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ABSTRACT

A workshop on issues associated with registration and rectification of NASA sensor
data for earth applications was held on November 17-19, 1981. Attendees from NASA
centers, other fed«ral agencies and departments, industry, and educational insti-
tutions discussed the issues in a broad context ranging from NASA earth observa-

tions systems to user applications.

Tne points and recommendations presented at the workshop can be divided into
three categories: &) concerns about the present situation and suggestions for
improvement, b) well defined near- and long-range applications research tasks
havir.g low manpower and funding requirements, c¢) some medium-range technology
augmentation research areas, elements of which were brought up by several panels,
which would require significant manpower and budget ressurces  Most of the
concerns raised can be forwarded to the NASA branches and program offices for the
appropriate disciplines, or incorporated as justification for Information Systems
Office funded SRT. Similarly, the suggestions for small applications research
tasks can be incorporated within the Information Systems SRT program or other

programs.

The medium-range (3-5 year) technology asugmentation research areas provide an
opportunity for the Information Systems Office to propose significant new starts

in FY83. Three proposed areas are: 1) Advanced Image Registration System,

2) Master Ground Control Point/Pattern Library System, 3) Error Budget Modelling

and Sensor Verification Testing System.
A longer-range goal should be the development of sensor platform stability and

associated attitude control to provide 5-10 meter multi-temporal registration

accuracy with minimal or no ground control.

1ii






. L

WDV - O

— d ad sd d d i b and  ud ——b

NN NN
» " e e e
W =0

. . .
* .
EwW D =

.
.

~N o000 UNNEESTWWWNHMODNONNNND O

.
N -

.
N —

N - i

w D -

L L) W W W w W W W o W W W W Wl w W
e & o o s ® & & & s+ s e o »

N —

. . .
= W

w W W w
® =N~ 9=

w
.

w W
o ™

N —

PRECEDING PAGE BLANK NOT FILMED

TABLE OF CONTENTS

rage

EXECUTIVE SUMMARY - 1
Highlights - 1
Recommended Research Tasks by Pane. -_— N
Image Sharpness Panel -- L
Feature Extraction Panel L
Inter-Image Matching Panel 5
Remapping Panel 5
Resampling Panel 6
Error Characterization and Error Budget Panel ---- 7
Verification Methods Panel 7
Proposed Technology Augmentation Program ————————_ 8
INTRODUCTION 9
Background -— 9
The Lata Systems Program (A. Villasenor) -—-———-——- 10
Workshop Rationale (F.C. Billingsley) ———————ceea- 13
PANEL RECOMMENDATIONS AND SUPPORTING DISCUSSION -- 21
Charg: to the Panels 21
Report of Subpanel on Image Sharpness e m——— e 22
vefinitions . 22
State of Knowledge 22
Requirements 24
Recommended Research Tasks ——=- 2k
Report of the Subpanel on Feature Extraction ---—- 27
State of Knowledge 27
Recommended Research Tasks 28
Report of the Subpanel on Inter-Image Matching --- 3
Recommended Research —————eeeemmmome 33
Research Priorities —-———mmeeemmmmmm e 36
Report of the Subpanel on Remapping Procadures --- 38
State of Knowledge o~ 38
Recommended Research 39
Report of the Subpanel on Resampling Functions --- 43
State of the Art ———e—mem o 43
Anticipated Requirements —- _— L3
Recommended Research - ————————————— Ly
Report of the Subpanel on Error Characterization

and Error Budgets -- e L6
State of Knowledge —————————— L6
Recommendations for Position Error Modeling

Research ——ce——- — -———- L9
References -_ - e ——— 55
Appendices to Error Characterization and

Error Budgets Subpanel ——eceomem oo 56
Report of the Subpanel on Methods of

Verification ——eeemmmme el 60
State of Knowledge - - ——————————— 60
Recommended Research e 60



4.4
u.s

4.6

PRESENTATIONS ON USER NEEDS --- 68

Introduction 68
USDA Registration and Rectification Requirements
(R. Allen) 69

Needs for Registration and Rectification of
Satellite Imagery for Land Use and Land Cover

and Hydrologic Applications (L. Gaydos) ---—---- T
Registration and Rectification Needs of Geology

(P. Chavez) 84
Data Registration on Integration Requirements for

Severe Storms Research (J. Dalton) 96

Oceanographic Satellite Remote Sensing:
Registration, Rectification, and Data Integration

Requirements (D. Nichols) - 105
PRESENTATIONS ON SPACE SEGMENT ERRORS ~=—=-————wer—- 112
Summary 112
Spaceborne Scanner Imaging System Errors

(A. Prakash) ——-- 113
Tnematic Mapper Performance (J. Engle) —ceme——ee_ 130
Scanner Imaging Systems, Aircraft (S. Ungar) -—--- 138
MLA Imaging Systems (K. Ando) 153
Geometric and Radiometric Distortion in Spaceborne

SAR Imagery (J. C. Curlander) 163
Spacecraft Induced Error Sources (H. Heuberger) -- 198
NAVSTAR/Global Positioning System (M, Ananda) ---- 202
PRESENTATIONS ON GROUND SEGMENT ERRORS ——-ece-eeme 207
Summary 207
Geodetic Control (J. Gergen) 208
Map Accuracy Requirements: The Cartographic

Potential of Satellite Image Data (R. Welch) —-- 215
Map Projections for Larger-Scale Mapping

(. P. Snyder) _— - 224
PRESENTATIONS ON PROCESSING AND VERIFICATION ---—-- 242
Summary - 2h2
A Discussion of Image Sharpness (P. Anuta) ———ee-o 243
The Digital Step Edge (R. Haralick)-—- -—————ceeemuc 251
Inter-Image Matching (R. Wolfe and R. Juday) ----- 304
Photogrammetric Aspects of Remapping Procedures

(E. Mikhail) - 337
Computational Aspects of Remapping Digital Imagery

(A. Zobrist) - 358
A Quantitative Assessment of Resampling Errors

(R. Dye) —veeeeen -— 371
Geometric Error Characterization and Error Budgets

(E. Beyer) =—-= -m—e— e e e 377
Geometric Veri{ication (G. Grebowski)-~---—-—--~---- 387
SYSTEMS PRESENTATIONS AND DISCUSSION PAPERS ------ 392
SUMPAry === e 392

vi



8.2

8.3

8.4

Misregistration's Effcts on Classification and
Projection Estimation Accuracy (R. Juday and

F. Hall)
Data vs, Information: A System Paradigm
(F., C. Billingsley)
Modeling Misregistration and Related Effects on

393

-—- 01

Multispectral Classification (F. C. Billingsley) Ll0

An Automated Mapping Satellite System

(A. P, Cclvocoresses) L28
A Multiple Resolution Pushbroom Sensor

(F. Billingsley) L4
Attitude Tracker (F. Billingsley) Lso
A Case for Inherent Geometric and Geodetic

Accuracy in Remotely Sensed VNIR and SWIR

Imaging Products (J. M. Driver) Lsk
A Concept for a Future Ground Control Data

Set for Imags Correctior (R. Bernstein) ~----——=- 469
Current Status of Metric Reduction of (Passive)

Scanner Data (E. Mikhail and J. McGlone) -—=----- 475
APPENDICES L87
Attendees 487
Names and Addresses of Workshop Presentors

and Panel Coordinators L93
Registration and Rectification Workshop Agenda --- 438
Panel Discussion Handouts 500
Definition of Terms 517
Data Systems Program Plan Viewgraph

Presertation (A. Villasenor) - 518



/3

1.0 EXECUTIVE SUMMARY
1.1 HIGHLIGHTS

A workshop on issues associated with registration and rectification of NASA
sensor data for earth applications was held on November 17-19, 1981, Atten-
dees from NASA centers, other federal agencies and departments, industry, and
educational institutions discussed the issues in a broad context ranging from
NASA earth observations systems to user applications. The results of the
presentations and deliberations showed that some promising technologies and
procedures can and should be implemented within the next few years to advance
the current technology and improve future ground segment processing. A goal
for 1990 should be the development of sensor platform stability and associated
attitude control to provide 5-10 meter multitemporal registration accuracy
with minimal or no ground control,

A long range goal of the Information Systems Office is to provide the set of
techniques needed to digitally register and rectify remotely sensed data, in-
tegrate remotely sensed data with conventional data, reduce image geometric
and mapping errors while maintaining image quality, and reduce system and pro-
duct costs through improving processing efficiency and adopting more automated
techniques. The workshop sought to provide a solid basis for NASA planning in
this area by identifying current needs, determining current technology, and
recommending programmatic elements. The agenda was structured to achieve the
stated objectives by having presentations on user needs, space segment errors
and ground segment errors during the first day. For half of the second day,
presentations were given on salient aspects of the registration and rectifica-
tion process as well as error analysis procedures. The remainder of the work-
shop was devoted to working group discussions. Each of the seven working
groups was charged to assess the state of the art, and identify research tasks
suitable for their subject area. The results of the working group recommenda-
tions and general discussions are summarized below.

The essential elements with registration were apportioned to three working
groups: image sharpness, feature extraction, and inter-image matching. All
three working groups noted the large amount of non-NASA work that has been
performed and recommended that state-of-the-art surveys be quickly undertaken
to prepare for key techn~logy augmentation research projects of significant
scope and provide justification for initiating low-budget SRT tasks. The im-
age sharpness group proposed near-term SRT tasks on the relationship between
sensor IFOV and effective IFOV on sharvening images for matching and ground
control point identification. They also noted the need for improved 3AR image
formation SRT, Longer-range studies proposed were concerned with the poten-
tial of techniques to avoid aliasing errors and diffraction-related blurring
on MLA sensor systems, The feature extraction group noted that recent re-
search results have revealed the potential to use subpirxel estimation of local
features to imprc 2 ground control point selection and inter-image matching.
Focused funding s. ,uld provide significant near-term results here. A longer-
range project of much greater scope would be the development of ground control
pattern (as opposed to control point) libraries to provide improved accuracy,
greater generality, and world-wide capability for the registration process,
As similar suggestions were brought up by other working groups, they were
treated in greater detail later, The inter-image matching group recommended




that several low-level SRT tasks be slated for early funding to assess the ac-
curacy of matching by different techniques under different conditions to guide
individual users and project-oriented image registration/rectification sys-
tems. This group also suggested that multitemporal and multisensor registra-
tion systems with their associated libraries be = major endeavor over the next
3-5 years.

The essential elements associated with rectification were apportioned to one
group concerned with remapping and another associated with resampling proce-
dures. Both groups pointed out the need for state-of-the-art technology as-
sessments prior to initiation of major programs, and the high potential return
from well formulated testing of algorithms on selected data sets of actual and
synthetic imagery. 1In addition, the remapping group pointed out the need for
SRT tasks that incorporate standard phctogrammetric methodology and foiinulas
and more fully utilize platform and calibration data from current anu pi-oposed
sensors to reproject digital imagery. The impact of improved platform stadil-
ity and integration of GPS measurements on reduced ground segment processing
needs to be critically assessed. The group also highlighted the need for a
substantial effort in the development of remapping software and systems that
are modular and transportable. This need stems from the fact that previous
and current ground segment image data rectification tasks are faced with ex-
ternal forces difficult to resolve, namely users wanting a wide variety of map
projections and data processing capabilities which private industry has not
yet cost-effectively developed nor has an individual government facility ef-
ficiently supplied. The resampling group also raised the need for transport-
able software and systems that could be integrated with remapping systems.
They pointed out the need for an SRT effort in algorithms to compernsate and
provide valid estimates for missirng data occurrences in upcoming TM and MLA
sensor systems, As a general point, it was noted that future sensor design
should take into account the fact that resampling/reprojection will be under-
taken and as a result sensor system designs should optimize for resampling
rather than IFOV concerns,

The error analysis procedures were subdivided into an error characterization
and an error budget group and methods of verification group. Both groups
pointed out that this area has little prior history within NASA but is experi-
encing considerable attention now that sensnr systems data are being inte-
grated with other information whose only common attribute is a latitude and
longitude position identified to a given level of accuracy. The error charac-
terization and error budget group recommended several SRT tasks, both short
and long term but at a modest level of effort, to evaluate existing error mod-
els (i.e., for Landsat D/TM) and develop error models for future systems def-
inition and trade-off studies. A major effort was proposed to help break down
the impasse that frequently occurs between user requirements and system devel-
opment decisions. It was proposed that a system that iterates user require-
ments and space imaging system error budget characteristics be developed to
achleve a satisfactory balance of alternatives that are most cost-effective,
The verificaticn methods group proposed a similar, large-scale program which
could mesh the error budget predictive modeling with end-to-end image verifi-
cation testing systems.

In summary, the pointc and recommendations presented at the workshop can be
divided into three categories: a) concerns about the present situation and
suggestions for improvement, b) well defined near- and long-range applications



research tasks having low manpower and funding requirements, c) some medium-
range technology augmentation research areas, elements of which were brought
up by 3everal panels, which would require significant manpower and budget re-
sources. Most of the concens raised can be forwarded to the appropriate NASA
discipline branches and project program offices or incorporated as justifica-
tion for Information Systems Office funded SRT. Similarly, the suggestions
for small applications research tasks can be incorporated within the Informa-
tion Systems SRT program or other programs.

The medium-range (3-5 year) technology augmentation research areas, however,
provide an opportunity for the Information Systems Office to propose signifi-
cant new starts in FY83. Each of the technology augmentations should improve
upon the registration and rectification elements of ground segment data han-
dling to a degree which would permit major as opposed to incremental improve-
ment of the situation as it exists today. The three proposed programs are:

1. Advanced Image Registration System: Expanded user reeds in registra-
tion of multiple sensor data and more precise local registration can
best be met for the next decade by improving the analyst capability
to discern matching ground control patterns/points. The system would
include smart imaging terminals augmented with image enhancement al-
gorithms and procedures designed to improve an individual analyst's
throughput and success/accuracy probability for registering multitem-
poral and multisensor ground control pattern/points. The system
would also include automated registration procedures and selected
projections for remapping imagery as transportable software modules.

2, Master Ground Control Point/Pattern Library System: Expanded re-
quirements for automated ground control point/pattern integration
with imaging sensor data will best be met by the orderly development
of a library that accepts and verifies data from a variety of sources
and 1s upwardly expandable to future sensor systems. The library
would include the variety of algorithms required for testing and up-
dating ground control point location in images of different sensors
under different conditions. It would :1so include the data archive
and data base management required to provide world-wide coverage for
NASA satellite sensor systems.

3. Error Budget Modelling and Sensor Verification Testing System: NASA
project management needs an iterative capability to evaluate user re-
quirements and potential engineering design trade-offs prior to
launch, It alsoc needs a general purpose end-to-end verification of
performance postlaunch. The testing system would provide a dynramice
environment to test and verify alternative registration and rectifi-
cation strategles (e.g., use of GPS for Landsat D) for ongoing and
future sensors which can be readily understood by potential users,
and minimize ambiguity associated with specifications and
performance.



1.2 RECOMMENDED RESEARCH TASKS BY PANEL

1.2'1

Image Sharpness Panel

Near-Term Tasks

1.

Study relationships between effective IFOV and "optimal" image struc-
tures for sharpening images (4 manyears, $20k computer, 2 year-
duration).

Study relationships of IOFV on performance of matching algorithms (1
manyear, $10k computer, 1 year duration).

Undertake a state-of-the-art survey of published and unclassified re-

search in image sharpening funded by DOD in recent years. (1 manyear,
1 year duration).

Long-~-Range Tasks

3.

Study the potential of using optical prefiltering on MLA systems to
reduce the potential for aliasing errors. (3 manyears, $20k computer,
3 years duration).

Determine appropriate compensation/sharpening techniques needed to re-
duce defractor limited image blurring associated with thermal IR MLA
sensors and passive microwave sensors (5 manyears, $40k computer, 5
years duration).

Investigate optical and digital correlator techniques to sharpen SAR
images. (3 manyears, $40k computer, 3 years duration).

1.2.2 Feature Extraction Panel

Near-Term Tasks

1.

Inventory of current capabilities and concepts of image/f~ature models
for estimating tre positions of image features to less 'hen a pixel.
(1 manyears, 1 year durition).

Accuracy assessment of models used <o estimate the positions of image
features to less than a pixel. (3 manyears, $20K computer, 2 manyears
duration).

Long-Range Tasks

3.

Development of subpixel feature estimation models for ground control
point identification and selection. (6 manyears, $40k computer, U
years duration).

Ground control pattern library design development and testing includ-
ing single or multiple sens.r feasibility and DBMS capabilities. (10
manyears, $50k computer, 5 years duration).



1.2.3 Inter-Image Matching Panel

Near-Term Tasks

1.

Investigate the potential utility of commercizlly avaiiasble special
purpose hardware to determine whether i: ‘3 economical to speed up
commonly used aigorithms for inter-imzge matching. (1 manyear, 1 year
duration;.

Study to determine interaction of iute--image matching procedures and
selection of GCPs for a given sensor, thereby providing guidance on
selection criteria for future libraries (3 manyears, $5Cx computer, 2
years duration) (multiple task).

Determine the feasibility of developing a centralized system to per-
form registration and rectification for various sensors (i.e., SAR,
MLA, MSS, etc.) (2 manyears, 2 years duration).

Long-Range Tasks

1.

Investigate the effect of number and distribution of control points
required for rectification of a given image (sensor) and its charac-
teristics using: a priori model, selection of degree model, or devel-
opment of a model with an adaptive warping function capability; and
determining the adequacy of fit. (5 manyears, $40k computer, U4 years
duration).

Study to determine the feasibility of a highly automated, global, mul-
tisensor control point library. (Similar to Feature Extraction and
Remapping Panel Recommendations).

1.2.4 Remapping Panel

Near -Term Tasks

1.

Development of a transportable software and general hardware design
specification for image warping and rotation for remapping. (4 man-
years, $20k computer, 2 years duration).

Generate simulated and standard data sets for aircraft and spacecraft
images and design simulation study aleorithms for remapping. (4 man-
years, $20k computer, 2 years duration).

Develop suitable techniques for image mosaicking and multitemporal
overlays (3 manyears, $20k computer, 2 years duration),

Develop and implement photogrammetric rectification and block adjust-
ment techniques for overlapping digital imagery (3 manyears, $20k com-
puter, 2 years duration).

Establisn uvptimized aircraft mission design alternatives (1 manyear, 1
year duration).



Long-~Range Tasks

1.

2.

4,

Investigate, model, and implement rectification to sensors (scanner,
MLA, SAR). (10 manyears, $50k computing, 5 years duration).

Develop correspondence (similarity) measures for finding control
points between images from different sensors. (4 manyears, $20k com-
puting, 4 years duration).

Investigate and develop models for compensation/correction of atti-
tude. Design advanced attitude sensors and develop capability for

on-board compersation (aircraft and spacecraft). (7 manyears, $20k
computing, 5 years duration).

Develop Ground Control Point Files (similar to feature extraction and
inter-image Mapping Panel recommendations).

1.2.5 Resampling Panel

Near-Term Tasks

1.

5.

Define the point spread function (PSF) that will yield the "best" re-
sult following resampling, Parameters would include noise, shape of
the desired output PSF, and instrumental constraints. (3 manyears,
$10k computing, 3 years duration).

Develop standard data sets of both real and synthetic data, test and
compare resampling algorithms under varying conditions, and publish
results. (5 manyears, 340k computing, 2 years duraticn).

Develop methods of filling data gap regions on scanner and MLA type
syst>ms associated wiih dead detectors or scan gaps. (6 manyears,
$20k computing, 3 years duration).

Document and test and last squares resampling approach. Cost benefit
analyses must also be done and clear definitions of applicability and
mitations ascertained. (1 manyear, $5k computing, 1 year duration),

Investigate the benefits of going beyond the linear restriction on re-
sampling algorithms. (2 manyear, $5k computing, 1 year duration).

Long~Range Tasks

1

2.

Discover a "benign" resampling method for archiving data (5 manyears,
$20k computing, 5 years duration, 2+ groups).

Investigate, from the erd use perspective, opiimal resampling func-
tions. Detcrmine optimal resamples based upon: radiometric accuracy,
geometric fidelity, or spatial feature er*raction (5 manyears $20k
computing, 5 years duratic:, 2+ group),



1.2.6 Error Characterization and Error Budget Panel

Near-Term Tasks

1.

2.

Obtain and evaluate the existing Thematic Mapper error models (5 man-
years, %50k comoutinz, 2 years duration).

Develop error models for future system definition and tradeoff studies
on advanced sensors, spacecraft/shuttle, processing, and information.
(5 manyears, $50k computing, 3 years duration).

Long-Range Tasks

1.

2.

Develop the system and procedures required to provide iterative user
involvement in system error budgeting and error model development,
with verification on real and synthetic data sets. (20 manyears,
$100k corputing, 5 years duration).

Create a Positioning Error Budget Study Group (2 maryears, $100k trav-
el, 5 years duration).

1.2.7 Verification Methods Panel

Near-Term Tasks

1.

2.

Idertify verificztion perfcrmance measures and review current verifi-
cation approaches. (3 manyears, $20k computer, 1 year duration).

Undertake an image verification end-to-end test using a selected sys-
tem as a test bed. (3 manyears, $20k computer, 1 year duraticn).

Long-~Range Tasks

1.

Com~ile synthetic and real data sets dispilaying the range of distor-
tion characteristics for advanced sensors (MLA, SAR, stereo) and iden-
.ifv recommended verification techniques (10 manyears, $100k compnt-
ing, 5 years duration).

Undertake image verification end-to-erd tests on advonced sensors
(i.e., MLA, SAR, stereo). (10 manyears, $100k computing, 5 years dura-
tion).



1.3 PROPOSED TECHNOLOGY AUGMENTATION PROGRAM

Three major systems developments or Technology Augmertations were determined
from several of the panel's recommendations to provide significant improvement
in the registration and rectification process for terrestrial (or planetary)
imaging systems plarnned for launch in this decade. All would involve a sig-
nificant commitment of manpower and budget resources over a 3- to 5-year de-
velopment phase., They represent significant engineering, systems, and scien-
tific modeling design challenges for NASA which, if accomplished, would serve
a wide community of research and applications users. The recommended systems
include:

I, Advanced Image Registration System: Expanded user needs ir registration
of multiple sensor data and more precise local registraticn can best be met
for the next decade by improving the analyst's capability to discern matching
ground control patterns/points. The system would include smart imaging ter-
minals augmented with image enhancement algorithms and procedures designed to
improve an individual analyst's throughput and success/accuracy probability
for registering multitemporal and multisensor grouni control pattern/points.
The system wculd also include automated registration procedures and selected
projections for remapping imagery as transportable software modules. (20 man-
years, $500k procurements, 5 years duration).

II. Master Ground Control Point/Pattern Library System: Expanded require-
ments for automated ground control point/pattern integration with imagirg sen-
sor data will best be met by the orderly development of a library that accepts
and verifies data from a variety of sources and is upwardly expandable to fu-
ture sensor systems. The library would include the variety of algorithms re-
quired for testing and updating ground control point location in images of
different sensors under different conditions. It would also include the data
archive and data base management required to provide world-wide coverage for
NASA satellite sensor systems. (10 manyears, $500k procurements, 4 years
duration).

III. Error Budget Modeling and Sensor Verification Testing System: NASA proj-
ect management needs an iterative capability to evaluate user requirements and
potential engineering design tradeoffs prior to launch. It also needs a gen-~
sral purpose end-to-end verification of performance postlaunch. The testing
system wouid provide a dynamic environment to test and verify alternative reg-
istration and rectification strategies (e.g., use of GPS for Landsat D) for
ongoing ana future sensors which can be readily understood by potential users
and minimizing ambiguitv associated with specifications and performance. (40
manyears, $500k procurements, 5 years duration),




2.0 INTRODUCTION
2.1 LACKGROUND

The range of useful applications for processed data have met initial expecta-
tions since the launch of the first satellites two decades ago. However,
there have been some areas cf concern regarding data delivery, the need for
improved spatial and spectral resclution, and the desire for registered and
map rectified data. Improved ground systems throughput and sensor and space-
craft related technology have shown continucus progress over the years; how-
ever, the rapid generation of accurately registered and/or map rectified data
has not progressed as quickly. There are 3aeveral reasons that have contri-
buted to this state of affairs, and they are the principal concern of this
workshop.

Remotely sensed data, particularly the Landsat series, present several chal-
lenges to digital data acquisition. First, the files are very large, requir-
ing special purpose algorithms and hardware for efficient processing. Second,
continuous along- and across-track distortions in the imagery -~ attributable
to sensor geometry and orbit ephemeris cnanges both systematic and nonsystem-
atic -- make precise data capture a difficult and sometimes costly procedure.
Third, NASA experimenters have been most interested in the spectral range,
spatial resolution, wide-area coverage, and rapid repeat cycle of earth obser-
vational systems. Unly with time has an appreciation of the need for geocod-
ing to accomplish an easy interface with other data sets become a task of sig-
nificant proportions to warrant a concerted effort.

There have been several developments in Landsat data capture in recent years.
The missior ground segment processing has moved from the initial photo product
orientation to a greater concentration on prepsring computer compatatie tapes.
Improvements have occurred in both expanding the number of framas processed
per day and provision for precision correction. Much work still ‘s ahead,
however, handling the data rates and geometric distortions asscciated with the
upcoming Landsat-D/Thematic Mapper and proposed MLA systems. In paralle! with
the mission ground segment processing has been the development at local facil-
ities of precision processing of selected areas to meet national map accuracy
standarda. These products characteristically overlap other maps or are digi-
tally interfaced with geographic information systems.

The workshop was convened in an effort to review Techniques used for efficient
and accurate registration/rectification and identify key research areas whick
need ‘o be addressed.



2.2 THE DATA SYSTEMS PROGRAM
A. Villasenor, NASA Headquarters®

The data systems program in OSTA has fairly specific gosals that try to improve
user access to space derived data (see Appendix 9.6). In the process of doing
that, we have to develop data management activities, put together catalogs and
provide data networks to move data from the space producers to the space data
users. At the same time we expect to reduce the cost and risk of flight mis-
sions. After all, the primary reason for flying missions is to gather data
and, historically, there has been considerable cost in processing space data.
Also, we expect to provide a base whereby providing new tools and making data
more available will enable ' »re questions tc be asked of the data and there-
fore enable new information capabilities. Our philosophy is to specifically
try to work with the users. We really don't have a program without require-
ments and that's one of the reasons why the first block of speakers represents
the user commur.ity. Once we know what the needs are, we can encourage and ap-
ply advanced technology to meet their need. I say "encourage™ because the
CSTA role i3 not to develop technology, it is to apply technology. There is
another office at Headquarters which is chartered to develop new components,
new hardware technologies. What we want to do is serve as a focal point to
encapsule the common requirements throughout NASA programs and have systems
which can be transpcrted from one application to another. Our role is in the
data system arena and not in data interpretation. We stop at the point of ex-~
trecting specific infermation, image classification for example, and try to
develop in-house expertise.

A Data Systems Branch role is to coordinate the data system needs which are
common; the Branch has the charter from NASA's applications office to develop
a data system plan. That means for the applications projects, common data
registration activities, common catalogs, and also pilot system developments.
We provide technical support to the program offices with respect to data sys-
tem activities. We try to apply advanced data systems technology such as
pipeline or parallel processors technology where needed to improve processing
speeds and efliciencies. We alsc need to establish and develop a skill base
for the data system managers in the various NASA rlight projects and establish
a focal point for NASA interfaces with other agencies or private industry.

We have several programs actively involved in applying technology to support
current and proposed flight missions. The Application Developmental Data Sys-
tem is to provide a near-real-time processing capability for Thematic Mapper
on Landsat-D. We are working on a synthetic apperture radar data system to
process Seasat/SAR-type images in preparation for future SAR flights. We're
trying to transfer some of the softazre-intensive image processing activities
into the VLSI technology (specifically image rotation). We are going to be
looking ac iigital disk applications in the '82-'83 time frame. Our second
thrust i{s in networking capabilities and what we are doing here is linking to-
gether a numbrr of data management systems and data anuiysis facilities which
support the atmosphere and climate program. This specifically is done at the
Goddard Space Flight Center. A similar activity is planned for the Earth Re-
sources Program strongly based on Landsat imagery at the JSC facility. We

* Edited oral presentation.
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Just began this year to develop a system for oceanographic research at Jet
Prcpulsion Lavoratory.

In the information extraction area we are trying to build a program; hence,
teday's workshop on image registration/rectification. We will also be looking
at data integration and at developing executive level software which can be
tiiried from one host system to another. Smart user terminals are being de-
v:loped at NSTL's laboratory. The intention there is to develop low~cost user
t:rminals for the markst for the small user. 1In the data management area we
.ave evaluated several commercial data base managemer: svstems with an appli-
cation to on-line catz'!og activities plus on-line image data bases. That is
an activity which we hzve begun and will continue into the '83 time frame. We
a.s0 intend to look a% data base hardware to make data access of image data
sets more efficient. Trere is a new activity in '82 if we receive full fund-
i 8 to look at data compression techniques and some elements of information
5 ience. I know for example there are some guestions as to why we should
2 quire all of the pcssible data that a sensor geierates. Perhaps we can ap-
pP.y some intelligence in either on-board or ground-based systems to be more
sc¢lective in acquirirg the data we need. We als> look at modeling elements,
modeling for the CYBER 205.

Ler. me just run throa~h the accomplishments to date. In the distributed data
systems area we did initiate activities in the cz2an pilot at JPL. We've got
the full neiwork op2ration at Goddard znd developed an on-line catalcg for
some of the Nimbus ZCS data. At JSC, we dev:loped the requirements for a
network of the earth —esources users. Within the Atmosphere Pilot we did put
togeather medium-speei networks to exchange image data and to develop a soft-
ware for exchanging duta files, building upon thre manufacturers supplied soft-
ware. We also had #n active program in standards for applications data sets
and data formats and protocols. In the advanced processing systems I did men-
tior the pipeline system which is built around a VAX minicomputer with a goal
to produce .0 MSS a-d 100 TM scenes a day six months after launch. In the
SAY processor we can now process a complete SaR digital image in 2-1/2 hcurs
and this year we expect to achieve approximately one hour.

In data management w2 evaluated several systeoms for some of the Pilots and
took advantage of *“he user requirements for on-line catalogs to install on-
line interactive ingiiries for the climate and the ocear pilot systems. 1In
the information extraction area we started developing some improved registra-
tiori ~echniqu:s at J3C. The AgRISTARS related work accomplished the capabili-
ty to look at and register three multitemporal scenes to one pixel accuracy.
JPL did ex onsive work on automosaicing in surport of the renewable resources
rrogram. The Transportable Applications Exec:tive which Goddard developed is
being installed in several computers at Godcard and JPL. We are developing
inf. mation extrac:ion software libraries fcr meteorology, geology, and the
o ans pilot i= werking on a similar package of algorithms for oceancgraphic
jork,

The e¢lement .. the program on image regist-ation and rectificatien requires
attention We have a very limited budget and have to make some choices as to
which ceater performed what kind of activity or in fact what made sense to do.
Our ommitment to support the user environment raised a number of questions,
ard 1 felt it was time for us to stop and to sit down with experts in regis-
.ration and rectification and try to develop a program for a 5- to 10-year
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period. There are needs for data compatibility so that we can exchange data
not only among NASA centers and between NASA and industry and universities.
We need to look at data integrity, data quality, and the kind of algorithms to
use. Perhaps we need tc look at transportable geocoded information systems.
The use of the VLSI technology to solve high-compute algorithm problems. We'd
like to look at improved ways to crder and receive data, and, of course, we
are always interested in low-cost user terminal systems. I wanted to assemble
experts in industry and government and universities to help identify what the
user requirements are and learn what the state of the art is. Knowing where
we are today we can identify what the "tall poles™ are and develop a program-
matic schedule through the next few years. I will be looking for specific is-
sues that we can pursue in the data systems program. I expect several results
out of the workshop. I expect we are going to publish proceedings and they
will be distributed by April and I will follow that up shortly with a data
system program plan.
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2.3 WORKSHOP RATIONALE
ot
)

F¢ C. Billingsley, JPL®

For the future, we've got to worry about how we can actually do data process-
ing in a manner that produces data which is of greater accuracy by the time we
use it. Very likely we are going to be dealing with a set of sensors which
may not be on a given spacecraft. This says that the data may or may not be
optimized for the type of processing which we are going to apply. This in
turn gives us some implications on the processing needed prior to analysis,
i ¢.. geographic registration and the whole questicn of how to get data geo-
code~d and in condition to register one set of data to the other. There are
also questions of on-board processing, data compression, and various specia:
pipe.irc parallel processor elements which are going to be required to get the
data through the system in the reasonable time.

As illustrated by Figure 1, we're dealing with a set of processing in one
piece of this total system starting with a sensor, a set that goes through a
preprocessing step, becomes archived, and is extracted from the archive; the
data is processed and finally applied to user models. We're trying to put the
data in a condition so that when the users request through the sv.tem they can
get the set of data they want in the condition they require,

In the general area of preprocessing we are going to be dealing with a number
of potential topics, among which is geometric rectification {which, of course,
is our main interest here). The question of radiometric preprocessing in
terms of this conference comes into play regarding whether or not the radio-
metric properties of the data have any effect on our ability to do any of the
geometric operations required. For instance in the earlier Landsats, until
the data were properly destriped, the correlations which were done for regis-
tration of ground control points tended to lock in on a striping rather ths=
on the data. For spatial resolution, we are concerned about frequency re-
sponses for interpolation kernels and what effect they may have on applica-
tions. For georeferencing and cataloging, if one can't find the data, it
doesn't do one much good. Georeferencing simply says that if we can register
any given set of data to a reference (I'll call it a grid), then, implicitly,
various data sets are "more or less" registered to each other and part of that
more or less is what we want to talk about in this workshop and panel ses-
sions. What we're trying to do is make the data correct, make data sets com-
patible so they can be used together, and eventually make them available,
which means put them in such a condition that when we call for them from the
archives, we get can get the data back fairly expediciously.

Now the net result: the net use of the data in the long run is extraction of
information. Most or the models which are now being developed required data
from numerous data sets. One example of the potential interplay of sets of
data from various sources is illustratd in Figure 2, which indicates some of
the interplays between data for a particular problem having to do with weather
questions. I don't expect to go through this illustration ir detail except to
indicate that there are a lot of crossing arrows and many particular processes
that have to be modeled in sc¢lving the users information extraction problem,

®Edited oral presentation.
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This calls for data from various sources in order to allow multiple users to
expeditiously do their problem solving.

Use of various data sets together is one thing, using data sets together with
data from other sources such as maps, or producing data in which the required
output information is map-related is another. What's involved basically, is
to produce a data set in which the indiviual data items in one form of geo-
graphic coding are implicitly related to a given position on the ground, be-
cause we have defined where the en%ire image matrix lies on the ground. Thus
we can convert latitude and longitude into a line and pixel in the data set.
In addition to the question of using data sets from various sources there is a
general question of being able to put it into the archives and get it out of
the archives in a geographically coded sense, so that we can begin to produce
data in a form that will make that whole process fairly expeditious.

The requirements involved the removal of distortions and then placing of that
rectified data in an archive where we can retrieve it; placing rectified data
on the ground in a given location is reviewed in Table 1. This is not sup-
posed to be a definative list, but a little table of some of the sources of
geometric distortion. Many of the items which are included in the table and
and figures are going to be subjects of the panel discussions. What I want
you to think abont is the fact that there are a number of causes of distor-
tion: some of them in the sensor its~'f, some of them in the spacecraft in
terms of its pointing, and some of them which are imp .:it in a remote sensing
system (such as the fact that the earth is round). And it may well be useful
in your panel discussions to consider the sequence of causes of distortions
and decide whether or not that sequeiice of causes of distortions gives you any
clues as to the seguence to remove the distortions and what might be done in
that process. Depending on which types of distortions you are faced with you
may treat them differently. Again these types of items and their specifics
are the kinds of things that you will be discussing in the panel meetings.

There are a series of problems involved in attempting to match one interest to
the other; I won't try to go through those because you have a set of questions
which has been ocutlined for the various panels as a guide to thinking. I do
have Figure 3, which will indicate the type of problem we are involved with in
doing the correlation of images to maps. Some of you may be familiar with
this process, and some of you may not, so I'll indicate it briefly. We are
trying to find a piece of an image and it's location with respect to a map.
We take each piece of an image control point area, taking a series of those
that are scattered around the face of a total frame, then that series of ties
between line and pixel and the location on the ground (latitude and longitude)
gives you the data you need to do ¢ geometrical warping of the image, so that
when you complete the dewarping process, you now have an image which can lay
on the ground -~ hopefully with all pisels registered. The essence of the
process simply is that maps and images do not cross-correlate very neatly in a
computer, as maps and features in images look different. We've got a real
problem in trying to define a way to do that correlation. The way it is cur-~
rently being done is to optically correlate, that is optically mix and over-
lay, and shuffle around until they match, a digital display of a small piece
of image and 3 piece of a map. When those two are optically mixed, then a
surveyed point on the map can be located in the small piece of visual image by
running a digital cursor around on the dispiay until it overlays the particu-
lar ground control surveyed point., The computer would know where the cursor

14



is in line and pixel ccordinates, and you'll tell it in latitude and longitude
where it is on the map. That gives you a tie between this little piece of im-
age, which in the NASA parlance is a ground control point chip, and the
ground. We know from the geometry of the general situation approximately
where the 138 in the incoming frame, so we pull out a large piece of the in-
coming frame digitall:, and we know from whence we got it., Now we have two
images. Those can be cross-correlated in a computer more or less accurately,
and since we know the position of the surveyed benchmark in the little piece
of image, we can determine through cross-correlation the position of each 1lit-
tle piece within the large incoming image to tie the large incoming image's
line and pixel with latitude and longitude. We have the transfer data now to
take that into the total frame domain, tie individual ground control points to
the ground, and develop the equations needed for the entire image. That's the
kind of process we currently go through. It requires building a library of
ground control points ahead of time, so when the incoming frames come we can
do this cross-correlation expeditiously on the way through the system, two-
hundred frames a day. Anything that people can think of during the workshop
to improve the process will be appreciated.

The process that I described for ground control points requires that that par-
ticular control point be known in x, y, and z altitude, and the basic dewarp-~
ing is normally a process of fitting a best-fit plane through that set of
ground control points. That's fine, but, as you know, in hilly country there
are intermediate points in the image, which may or may not be on that same
plane. If you have hills or valleys in between, they are going to be dis-
placed by a distance which is a function of the angle from which you are view-
ing those particular points, i.e., the relief displacement question. I worked
up a little graph (Figure 4) which shows that relief displacement is larger
than you like to believe when you are dealing with pixels of the Thematic Map-
per size. In particular, although a repeat visit over a given area on the
ground is inrtended to be a new image from precisely the same point, in prac-
tice that would not be true. It will be from some other point nearby. And
the question is how bad does that slight displacement displace pieces of the
image which are not on the same best fit plane. Well, here is the ret result
when you scale the Thematic Mapper pixels. It says, that with a surprisingly
small difference in elevation between a given local point and the best fit
plane, with a surprisingly small separation of the two vantage points (and re-
membering that the scatter of repeat visits on a given point is in the neigh-
borhood of 5-10 km), there is a fairly large displacement potentially of pix-
els which are not on that original plane. Even though you have a good fit to
normal control points, you may or may not have some other probilems in areas of
high relief. In particular with Landsat, the overlap area from side to side
is a 170-km line of displacement between the wings of paraoverlap images from
ad jacent tracks. We are going to get a fair amount of displacement distortion
due to elevation alone,

While there are a number of other items which we could talk about, I think
that is enough to give you the flavor of the kinds of problems that we see
coming up: potential areas of distortion, potential areas of lack of regis-
tration of the images to the ground. There are a number of specific questions
which nhave been outlined for the various individual panels and you will get
your crack at thinking about these and some of the other topics as you get in-
to the panel discussion.
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\
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/
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LARGE AREA FROM INCOMING
FRAME IN WHICH IDENTIF|-
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Figure 3. Ground Control Point Operations
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3.0 PANEL RECOMMENDATIONS AND SUPPORTING DISCUSSION
3.1 CHARGE TO THE PANELS

For each panel, the 3ix following items were requested. Appendix 9.4 provides

a complete listing of materials provided to initiate panel discussions. Each
panel was able to respond to most, if not all, of the requests,.

a. Develop a position statement on the state of the art for those ele-
ments in applications' techn’ques of concern to this subpanel for the
registration/rectification ot imaging sensor data. Use the paper pre-
sented as a point of departure, adding new elements neglected and delet-
ing elements of little concern to NASA and the user community.

b. Develop a position statement on anticipated requirements for those
elements in applications' techniques of concern to this subpanel for the
registration/rectificatiorn ¢f imaging sensor data. Use the paper pre-
sented as a point of departure, adding new elements neglected and delet-
ing elements of little concern to NASA and the user community.

c. Qutline the current status of the technology w!thin NASA., List the
centers of expertise (field center groups and university/industry support
groups).

d. Propose experiments that should be coanducted to test document areas
of concern to this panel in technique applications. This should include
synthetic and standardized data sets.

e. Discuss the feasibility of providing tested software systems pack-
ages to implement standard procedures presently developed. Recommend
candidate systems for the "registration processors" survey.

f. Identify research tasks that the subpanel fee® should be pursued
to vnhance near- and medium-range capabilities. Rec wmmend levels of ef-
fort (manyears, dollars) and task duration. Prioritize the research

tasks.
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3.2 REPORT OF SUBPANEL ON IMAGE SHARPNESS

The :mage sharpness subpanel met for a four-hour period on Mvember 18 and
again for four hours on November 19 to define research needs ir this subject
area for earth resource observation systems. The panei consisted of:

Bob Barker St. Regis Paper Co.

Bill Shelley St. Regis Paper Co.

Bill Alford NASA/Goddard

Orback Zvi Honeywell E.O0.O.

Marvin Maxwell NASA/GSFC, Code 920

Arch Park G.E. Lanham, M.

Jack Engel Santa Barbara BResch. Ctr.
Demetrios Poros G.E. Lanham, Md.

Joseph Kundholm NASA/GSFC

Peter Hyde Un. c¢f Md. Cmptr.Sci.Ctr.

The format for the subpanel given as a starting point was followed in the ini-
tial discussions, but as time was short, it was decided to focus on the task
descriptions and the expected costs. The required items are included here to
the extent they were discussed and further information is to be added later.

3.2.1 Definitions

Initial discussion considered the definitions of the various functions and
parameters defining the sensor scene viewing process. Conflic. with existing
definitions occurred throughout and no consensus could be reached in the short
time without adequate references. The panel adopted the conventions that are
described and used in NASA SF-335, Advanced Scanners and Imaging Systems For
Earth Observations. Special reference is made to the section entitied "Reso-
lution Improvement Considerations" on pages 89 through 103 and on the section

entitled "Definitions Pertaining to Resolution and Sample Data" on pages 105
through 1u5.

PSF - Point Spread Function: blur due to optical elements in system
IFOV - Instantaneous Field of View: aperture width in scanner sensor system

EIFOV - Effective Instantaneous Field of View: composite blur function after
filter effects, PSF, 2nd IFCV have been combined.

These are really working definitions to allow panel members t: separate the
blur components of the sensor. They are not to be widely applied. Figure 1
depicts these steps. It was natural to have the thinking focus on multispec-
tral scanners and not on all the sensors which are of interest. These other
sensors include: Imoging Synthetic Aperture Radar (SAR), Separate Thermal IR
Images (HCMM), Multispectral Linear Array (MLA). The MLA contains unique
characteristics which set it apart from the scanning optics of TM and MSS, so
it is called out scparately.

3.2.2 State of Knowledge

The parameters defining the state of the art in sharpness were discussed but
not quantified. It was generally assumed that T was the state of the art in
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multispectral scanners and the digitally processed SAR was state of the art in
radar. Order of magnitude numbers are included in some cases.

Sensor: Atmospheric Blur/Scatter Function

Optical PSF
Scanner Aperture 3I0m
Filter Characteristics
Sample Rate 30m
Quantization 8 bits

Ground Processing:
Effects of Resampling on Sharpness cubic convoluticn
Sharpening Filters Much work done but not used
Sharpness Effects on Classification a few studies
Atmospheric Connection A few users doing

3.2.3 Requirements

Discussion initially focused on whether sharpness was to oe considered from
the standpoint only of registration or of impacts on clacsification as well as
registration, It was decided that unusual sampling rates would be needed in
the future to enable improved sharpening of imagzs through deconvolution.
Present sampling rates are too low to allow much improvement. Severe noise
effects arise even when moderate improvement is attempted. Requirements were
cited for sharpening in the context of forestry oapplications: a) resolution of
mixed (edge) pixel problem (improved classification precision, reliable change
detection results, more precise areal estimates); b: improved rectification
(improved definition of manually located GCP locations, verification of carto-~
graphics),

3.2.4 Recommended Research Tasks
Several key researcn tasks were proposed and are listed here:

I. Study of Relationships of IOVF or Performance of Matching: Unenhanced,
raw data is being used for template matching in major image geocorrection sys-
tems (e.g., MDP)., Sharpening processes appear to produce more visual detail.
This apparent sharpness could redvce position errors in template matching.
Various sharpening techniques should be applied to images before matching,
Since nonlinear processes are used for matching, usual linear analysis cannot
be used. Performance should be measured by experiments with real data.

IT. Conduct a study to determine the "optimur” shape for the Effective In-
stentaneous Field of View (EIFOV) and the samrling lattice to allow the gener-
ation of an Output > 70V (OEIFOV) in the sharpening or resampling operation
which is "optimized" for various applications such as photomap generator, mul-
titemporal multispectral classifica.ion, ete. 1In the study the variations in
EIFCV shape, size, and sample spacing in x and y will be construed to keep the
system cost approximately constant oy keeping the number of detectors or the
data rate constant,

III. Optical Prefilterting: e proposed to research the advantage of an op-
tical filter, to filter the image data before it reaches the "detector array."
It seems that for a system like MLA, where the image data is sampled by a dis-
tinct detector array, an antialiasing optical low-pass filter can be very
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helpful. In fact, an antialiasing filter for such a system can only be an op-
tical filter. It also seems that such an optical low-pass filter may be more
easily achieved than time-domain electronic low-pass filters. Therefore we
recommend that a research be established to evaluate the needs and the prac-

tical feasibility of an optical low-pass filter for an image-sampling-type
camera in order to avoid aliasing.

The sampling theory states that in a sampling-type system, a prefilter is re-
quired to avoid aliasing.

>
N

l.a. Original signal 1.b. The signal after ideal
low-pass filter of fs/2

I
|
i
1
ds ds
2

|

2
2.a. Original signal 2.b. Filtered signal after
after sampling and sampling and reconstruction

reconstruction
(an = aliasing noise)

As it is described by Figures ta, 1b, 2a, and 2b, the sampling theory states
that if the sampling rate is fs, the output has no frequency content above
fs/2, or the input will appear as aliasing noise at the output. Sampling sys-
tems in the time domain are very common today. In practice, a project time-
type low-pass filter cannot be achieved, and so a lot of systems use oversam-
pling to avoid aliasing noise. The new generation of ground observation
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imaging devices like MLA use a detector array approach. Such a system is im-
age sampling and obeys the sampling theory. As such, any spatial frequencies
greater than the half-sampling frequency will appear at the detector output as
an alaising noise. At that point the removing of the noise from the real im-
age is hardly possible, It then seems that the image data should be filtered
before it is sampl..d by the detector array. Such a filter could only be opti-
cal, It also seems that a spatial optical low-pass filter can be.ter achieve
the ideal performance since the whole data exists instantaneously as opposed
to time type of filtering. When the signal fromt = - o0 to t = + 00 cannot
be available to the filter, the optical filter then should be part of the op-
tical subsystem used to bring the image data to the detector arcay. A re-
search should be established to evaluate what kind of benefit would come out
of an optical filter in front of the detector array imaging devices. The per-
formance of a low-pass optical filter should be studied. The problem of dif-
ferent optical bands should also be considered. The final result of such re-
search shcould be the requirements for a low-pass optical filter for a specifiec
detector array, and whether or not such filter is cost effective at all.

IV, Utilization of DOD cCapabilities by NASA

An effort should be made to establish the state of the art on the capability
of the Department of Defense and the intelligence community to produce image
processors for sharpening (also resampling and feature extraction), to estab-
lish if their techniques could be useful to civilian applications. Efforts
could then be made to nave this information declassifed and made. available
through publication in the open literature.

V. Investigation of Effects of Diffraction

Appropriate compensation (sharpening) techniques need t be developed for use
on data in which the domirani cause of the image blur is defraction. Advanced
Thermal IR MLA sensors and passive microwave sensors will be "Defractor
Limited." Study should be conducted to establish the technique that would be
used and the performance improvement to be expected as a function of the scene
characteristics,

VI. SAR Image Sharpening

Research activity in support of synthetic aperture radar (SAR) must he identi-
fied, but there was no member of the panel with real experience in SAF pre-
cesses or interpretation. These tasks should be addressed later with appro-
priate people providing the needed inputs.
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3.3 REPORT OF SUBPANEL ON FEATURE EXTRACTION®

The feature extraction panel met during two sessions to define research needs
in this subject area for earth resource observation systems. The panel con-
sisted of:

Mr. Doug Carter Mr. R. Kent Lennington

iJSGS Lockheed

Mr. Michael Rassbach Mr. John T. Dalton

Elogic, Inc. NASA/GSFC

Dr. Thomas Lynch Dr. Ray Wall

NASA/GSFC JPL

Ms. Ruth Whitman Dr. Robert Haralick

ORI Virginia Polytechnic Institute

3.3.1 State of Knowledge

There are three issues in the subpixel feature estimation problem: 1) the
identification of image models which adequately describe the data and the sen-~
sor it is using, 2) the construction of local feature models based on those
image models, and 3) the important problem of trying to understand these ef-
fects of preprocesing on the entire process. We identified two classes of im-
age models for subpixel feature estimation which we thought were worthwhile
pursuing. We don't want to give the impression we thought that those were the
only two, but in terms of both what we heard from Bob Haralick and the experi-
ence of the people on the panel, we first distinguished techniques based on
surface fitting which have underlying assumptions about continuity and defer-
entiability of the intensity surface; these people tend o do their analysis
on a pixel-by-pixel basis, without any direct concern for the overall organi-
zation of features of edges and lines to form long straight lines with smooth
curves in the picture. This was opposed to what might be called structural
models, which essentially accommodate geometrical models which describe the
shape, size, and arrangement of pieces in a picture, and statistical models,
which teil you about the ways in which they are colored., These second types
have been distinguished from surface fitting models in terms of computations
by the fact that the feature detection is done more on the basis of analyzing
local neighborhoods to take advantage of the information in the geometric mo-
del, For example, assume that a picture is piecewise constant upon the edges
between piecewise constant regions to better than a pirel. That doesn't pre-~
clude combinations of these approaches or others, but we certainly think it's
important that people pay serious attention to this problem of being very spe-
cific about exactly what models they are using to describe the images and ex-
actly what the local feature models are that they are using to estimate the
location of these local features,

Another topic which we felt deserves some attention here, is integration of
these features into high-level descriptions of content in the image. Some ex-
amples, in case people aren't sure what we were talking about, include line,
curve, and intersection detection, shape detection for specific classes of

*Edited oral presentation.
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shape that might be important, deriving information about the topology of
areas in the picture, and more generally, segmentation techniques based upon
construction of local features. It is important to note that the analysis of
the effect of preprocessing on these local feature estimation te:hniques is
going to vary from sensor to sensor.

The development of ground control point libraries for automated selection pre-
sents two concerns. One is the organization of these GCP libraries for recti-
fication problems, i.e. the problems of automatically selecting by compute
the specific GCP's for particular registration tasks. Of concern are the
types of things that have to be contained in the description of any one of
these patterns, because we were looking for more general representations that
you can find in pictures besides just a range ol spectral infcrmation say de-
rived from a particular sensor in a particular time to represent that pattern
for matching for all other times. Second is the importance of integrating
ground control patterns in a data base management system, so that you can in-
terface to a large number of sensor image types with an automatic selection
System.

In terms of problems of operational and experimental validation, the issues
include choosing appropriate simulated and real-image and ancillary data, and
being able to establish validation criteria, to compare different techniques.

3.3.2 Recommended Research Tasks

We spent much of our time trying to establish a set of priorities in each one
of these areas. Figures 1 and 2 summarize our conclusions. In the local fea-
ture detection area we felt that priorities should lie with the construction,
design, and development of image and feature morels. A second priority ought
to be the actual data-set selection and the design of operational validation
techniques. A third should be investigation of these feature integration mech-
anisms again; that is, compute more structural description of image patterns
and put together the results of these lccal analyses. Then fourth, the ef-
fects of preprocessing on feature detecticn should be considered,

The other major topic was ground control point library priorities. Here, we
felt that the first thing that needs to be looked at is what the content would
be of such a library. Would it be an extended version of what's planned to be
made available now, in terms of including standard types of chips you have
now, or things like chain codes of shapes, information about texture and spec-
tral content? A second effort should be creating an automatic selection sys-—
tem for a single sensor (based around a data base management system, feasibil-
ity study in that area). A third possibilitv is dynamic ground control pat-
tern libraries; the idea here being that as you use chips over and over again,
you begin to collect information about not only the reliability of particular
noints for rectification, but also information on the what patterns would be
derived from map information only. Thus, when you start looking at different
types of sensors, and try to use these patterns to rectify, you can collect
information about the actual spectral properties on the ground for that type
of sensor. Furthermore, you can integrate that into the definition of that
¢chip and use it for subsequent selections., Then a fourth priority, a much
longer range task, is to look at the feasibility of multisensor systems that
have a much larger data base. Here we have to really face up to the problem
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of whether or not youu really can effectively construct patterns which can be
uwsed across sensors.

In Figure 3 we tried to show course approximations to times that should be al-

located to these tasks and their ordering in time; i.e., which one can over-
lap, and which necessarily proceed others for logical or cost reasons.
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3.4 REPORT OF THE SUBPANEL ON INTER-IM. MATCHING

The inter-image matching panel met for two sessions to define research needs
in this subject area for earth resource observation systems. The panel con-
sisted of:

Mr. H. K. Ramapriyan Mr. Donald Brandshaft
NASA/GSFC Santa Barbara Research Center
Mr. R. Bryan Erb Mr. Paul F. Maynard

Jsc Earth Satellite Corporation
Ms. June Thormodsgard Mr. Terry Silverberg

USGS U of MD

Mr. Jerry M. Cantril Mr. Richard Sigman

Computer Sciences-Technicolor Associates Department of Agriculture

Mr. Frederick W. McCaleb Professor Laveen Kanal
NASA/GSFC U of MD

Mr. George Austin
Lockheed

The survey paper prepared by R. Wolfe and R. Juday provided a good overview of
the state of the art and requirements. The panel concentrated upon developing
the design of and rationale for research efforts in this area.

3.4.1 Recommended Research
Six research areas were identified by the panel and are described below:

I. Correlation Considerations

The issues to be addressed under this topiec are those relating to matching
small sections of images (or information derived from images) to other images
(or map-derived information). We recommand considering the fcllowing topics:
a) types of correlation algorithms, b) preprocessing techniques, c¢) limits on
subpixed accuracy, d) relief and atmospheric refracticn effocts,

e) evaluation of success rate, f) avaluation of accuracy.

We are aware of various matching and preprocessing techniques as indicatec in
the survey paper. However, a study is still needed to compare these from the
points of view of interactions among them and their effects on accuracy of
matches. A study should be made of the theoretical limits on the subpixed ac-
curacy that can be achieved given that the images are sampled data. The va-
1idity of techniques used for estimating "subpixel offsets” (e.g., surface
fitting) for matching maps should be examined. The effects of relief and at-
mospheric refraction on the image-matching process should be quantified, es-
pecially in relation to higher resolution sensors., Techniques should be de-
veloped for estimating probabiljties of image matching success, false-alarm
and miss rates.
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The correlation techniques to be considered should include "nonraster™ data
types. Extraction of image features to match with "digital map" representa-
tions should be considered due to its potential for a common data base for
multiple sensors, Different data types may require differeat algorithms.
Both sensor data correlation and the recuired preprocessing should be studied.
A tradeofs study should be made to find the optimum combination of preprocess-
ing correlation and surface fitting for offset estimation in relation to vari-
ous sensor types (resolution, spectral characteristics, geometrics), ground
characteristics, and imaging seasons.

If correlation techniques guaranteeing successful image matching are not
available and verified, the specifications such as the Thematic Mapper equip-
ment of .3 (relative) and .5 (absolute) accuracy cannot be met. It has been
shown that hard specifications such as these imply high ground system costs,
Therefore it is necessary to establish realizabiiity of such accuracies so
that we either not be as stringent with the specifications and let users "live
with" the errors, or come up with techniques for achieving and verifying the
accuracies. Multisensor image matching and image to nonimage data matching

control point libraries.

Items a through d listed below constitute a coherent group. The prioritiza-
tion should be in terms of theoretical work and "he experiments to be per-
formed on various sensor types, data types, etc The sequence cof events
should be as follows: a) create a common software brary tc be shared amoig
researchers; ©b) perform theoretical studies of : pixed accuracies, relief
distortions and atmospheric refraction effects; c¢) identify sensor types and
experimental data sets (synthetic and real) to be u:ed; d) conduct tests of
technicians and trade off studies.

II. Study to determine interaction of inter-image matching procedures and se-
lection of GCPs for a given sensor.

The types of GCPs which should be selected for future libraries will most
likely depend not only on the characteristics of the GCP, but also on the
matching procedures in which the GCPs will be used. For remote sensing data
from a given sensor, an experimental design with the following analysis ele-
ments is proposed: a) preprocessing procedure analysis, b) inter-image match-
ing factors analysis (correlation measure, correlation peak determination,
match reject/accept criteria), c¢) CCP factors analysis (type of GCP, season

and scene characteristics of base chip, season and scene characteristics of
test chip).

Within each factor combination, chip pairs with known image-to-image matches
(determined manually) will be subjected to the processing factors. Measured
response data for the experimental design will be matches and summary statis-
tics (average, dispersion, percentiles) of the difference between true offset
and automatically determined offset fcor nonrejected matches, and measures of
the temporal stability of matching performance., The benefits of the above de-
scribed study are that the study conclusions will provide guidance in selec-
tion of GCPs for future libraries. The penalties for not performing the study
is that future GCP libraries will be built but will have low success rate in
automatically registering data.



III. Global multisens>r contrel point library faasibility study.

If ground coatro: points are to be used to iectify and/or register future re-
motely sensed image data, the feasibility of a higaly automated, global, mul-
tisensor controi point library should oe determined. Such a system should in-
corporate improved methods of loading control points, improved nser access
(including the capability for users to interactively load their own control

points from remote terminals), standard contrcl point formats, and & multi_en-
sor data base.

A global multisensor control point lidrary would reduce the operational costs
associated with precision rectification and registration of future sensor sys-
tems, In addition, the capability for users to load special sets of GCPs and
access the GCP librzry allows the user to guarantee the rectification and/or
registration accuracy uf specific data sets of interest to him.

The in’tial capital outlay to implement such a system would probably be in ex-
cess of $'0 miilion., 1In addition, multiseusor registration may well not be
easy to achileve.

IV. Multiple Conirol Point Cornsiderations

Elevation of observed control point misma‘ches to an image-level mismatch
charanterization is effected by fitting a distortion function to the GCP off-
sets, This distortion function could arise from (1) inadequacy in a priori
definition of the geometrical model (e.g., not including scan anomelies, ter-
rain effects, atrwospheric differential refraction, etc.), (2) from an incom-
plet> characterization of its form (e.g., role is modeled as third-order in
time but the duta is first order), or (3) the case that the a priori model is
propeirly characterized but with imprecise parameters {(e.g., polynominal coef-
ficients are refined with GCP data). Characterization of the model dictates
the optimal sizing and placement of control poirnts. The pcssibility of unde-
tected GCUP outliers (i.e.,, erroneous matches) dictates the need for estimation
techniqu~s bheyond conventional least squares.

The prcposed research would investigate the effect of aumber and distrivution
of controi points required a3 an effect of image (sensor) characteristics ade-
quacy of fit to an & priori model or selection of degree or model for werping
function in an adapiive sensz. The adaptive capability will reduce the number
of correiscions required for mapping well crdered data sets and consequently
*he processing time or equirment compleiriiy while extending tne capability to
nandle diverse data sets at limited througnput rates.

The following specific areas are recommended: a) Investigate spatiai distor-
tion filtering: derive new techniques or expand existing techniques, e.g.
Kahlman filtering; b) Test polynomial rubber sheeting in terms of compromise
batween order selection and reducing RMS error; c¢)investigate application of
robust estimation techniques to rudbei-sl.eeting and to fitting a pricri forms;
d) Investigate adaptive placement of control points, e.g., to effect minimum
RMS fit errors; e) Investigate magnitude of high-frequency geometrical dis-
tortions (atmospheric distortion, =ensor anomalies) and control point aizing;
f) Investigate methods to overcome geometrical distortions with a GCP patch,
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Candidate methods include iterative registration (correlate, remap, recorrel-
ate, remap, etc.) and application of the affine/Fourier technique of Emmert
and McGillam to determining the offset in an affinely distorted GCP.

V. Centralized System Study

A trade-off study needs to be undertaken that considers the optimal hardware
configuration for image production of data derived from different sensor types
with emphasis on software/hardware tradeoff for balanced computation and 1/0.
Of particular interest is the rzad to determine feasibility of developing a
centralized system to perform registration and rectification for various sen-
sors (i.e., SAR, MLA, MSS, etc.)., Development of a centralized system could
be the most economical and efficient approach to meet future image processing
requirements.

VI, User System Studies

By using a combination of systems analysts, a survey of user experience, and
experimental tests, it should be possible to determine the speedup factors a
user can expect by using commercially available special purpose hardware such
as array processors and bulk core memory. It should alsoc be possible to de-
termine whether it is economical to speed up commonly used algorithms by using
simple custom electronics. This study would assist users in hardware systems
desigrn.

3.4.2 Research Priorities
Priorities for the proposed research are subdivided in Figures 1 and 2 into

near-~ or long-term tasks. The elements listed are subsets of the six recom-
mended research areas.
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3.5 REPORT OF THE SUBPANEL ON REMAPPING PROCEDURES

The remapping procedures subpanel met for two sessions t- define research
needs in remapping for earth resources observational systems. The panel con-
sisted of:

Howard S. Heuberger Dave Nichols
NASA/GSFC JPL

Stephen G. Ungar Bert Guindon
Goddard Institute for Space Studies Canada
Victor Conocchioli M. Naraghi
ERQOS Data Center JPL
Christine Hlavka Phil Cressy
NASA/ARC NASA/GSFC
Edward Mikhail Al Zobrist
Purdue University JPL

3.5.1 State of Knowledge

Remapping is done by government data centers, private industry, and users.
Systems developed by government data centers (e.g., MDP) deliver a few types
of products which do not meet the range of needs of users. The need for sub-
sets and mosaics of frames, map quadrangles, various map projections, ete.
were documented at the 1977 Santa Maria Conference on Geobase Information Sys-~
tem Impacts on Space Image Formats. A value-added private industry service
has not developed because there is little available software and it is not
profitable for a company to fund remapping software efforts., Users typically
develop bits and pieces of remapping software as needed, All three types of
organizaticns would benefit from a fundamental research effort on remapping
software and systems which acnieve a range of products and are modular and
transportable. Related research is needed in areas of platform modeling and
calibration and photogrammetric methodology for current and proposed sencors
including spaceborne and airborne, Table I summarizes key problems facing the
space image data user community today.

It was noted by the panel that the remapping/rectification process could be
significantly aided through angineering systems improvements in attitude con-
trol, with subsequent improvement in spacecrarft ephemeris modeling accuracy.
Attitude/alignment error is the largest source of image rectificator. error.
Thermalily inducea relative alignment error between the image instrument and
the spacecraft must be measured or actively compensated for. An alternative
is to place the attitude sensors in close proximity to the image instrument to
minimize misalignment effects, It was noted that attitude error can be con-
trolled to 36 seconds with current generation star trackers and hydro. A star
tracker/hydro package capable of 3 seconds accuracy could be develnped. Fur-
thermore, an ephemeris accuracy of 10 meters is possible witn the NAVSTAR/GPS
system. With the GPS system it would appear we will achieve 150-U00 meter ac-
curacy in the absence of ground control points. This can be contrasted with
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TABLE I. Problems in Remapping

o MANY USERS DESIRE PRODUCTS IN MAP PROJECTED FORM AND USUALLY IN QUADRAN-
GLES ORIENTED NORTH

o REMAPPING SOFTWARE IS NOT TRANSPORTABLE/EFFICIENT

0 GCP LIBRARY NOT DISTRIBUTED

o QUALITY CONTROL ON STANDARD PRODUCTS (E.G.. MDP) NOT SUFFICIENT
o SENSOR/PLATFORM MODELS ARE NOT COMPLETELY UNDERSTOOD OR UTILIZED

o PHOTOGRAMMETRIC RECTIFICATION MODELS FOR SINGLE AND MULTIPLE IMAGES NOT
WELL DEVELOPED

o MODEL CALIBRATION DA1A ARE INADEQUATE

o RECTIFICATION ACCURACY LIMITED BY INADEQUATE KNOWLEDGE/AVAILABILITY OF
TERRAIN RELIEF DATA

the 10-15 meter accuracy possible without GCPs but using advanced attitude

sengsors and misalighment compensation and measurement on the next generation
spacecraft.

3.5.2 Recommended Research
The research tasks recommended are summarized in Table II.

There is a need for state-of-the~art technology assessments prior to initia-
tion of major programs, and the high potential return from well formulated
testing of algorithms on selected data sets of actual and synthetic imagery.
In addition, there is a need for SRT tasks that incorporate standard photo-
grammetric methodology and formulas and that more fully utilize platform and
calibration data from current and proposed sensors to reproject digital imag-
ery. The impact of improved platform stability and integration of GPS mea-
surements on reduced ground segment processing needs to be critically as-
sessed, The group also highlighted the need for a substantial effort in the
levelopment of remapping software and systems that are modular and transport-
able. This need stemws from the fact that previous and current ground segment
image data rectification tasks are faced with external forces difficult to re-
solve, namely users wanting a wide variety of map projections and data pro-
cessing capabilities which private industry has not yet cost-effectively de-
veloped nor has an individual government facility efficiently supplied.
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3.6 REPORT OF THE SUBPANEL ON RESAMFLING FUNCTIONS

The resampling functions subpanel met in two four-hour sessions on November 18
and 19 to d:fine research needs in this area for earth resource observation
systems. The panel consisted of:

Richard -fuday Lee Bender

NASA/JSC US3s

Arun Prakash Scott Cox

Generai Electric NASA/GSFC

Allan Mord Robert H. Dye

Ball Aerospace ERIM

Henry Muse Roger A. Holmes
E-Systems Inc. General Motors Institute
Paul Heffner David Dow

NASA/GSFC NASA/NSTL

Carter Glass
Goodyear Aerospacet

3.6.1 State of the Art

The state of current praztice in resampling appears limited to the use of lin-
ear filters, usually cubic convolution on nearest neighbor. Less frequently
used alternati’ses are bilinear and least squares filters. Nearest neighbor is
usually the choice when low cost is important or when it is believed that oth-
er meth~ds degrade the data. Resampling functions are established on incom-
plete theory. Cubic convolutions, for example, is based on a sine function
but does not employ statistical noise characteristics. There are several dif-
ferent bases for determining the cubic convolution parameters. It is un-
settled as to the "optimum" set of parameters.

Several important points related to resampling were brought up. The term "re-
sampling®" is not cl:zarly defined. A universally agreed upon "figure of mer-
it" does not exist. Communications between discinlines which enter the re-
sampling problem from different directions and with different terminology is
confused. Cubic convolution can not be used to fill image pixel gaps. The TM
uses spine weights for this purpose. Nonlinear filter technique. are reported
in the literature but do not appear to be used extensively in the civilian re-
mote sensing community.

3.6.2 Anticipated isquirements

Improvements in the use of resampling in applicaticns of remote sensing will
require development of a sound theoretical and philosophical basis predic.ted
on argueable cost, error, or benefit criteria. Two reasonatly distinct areas
of resampling usage are identifiable, with different levels of difficulty in
theoretical development. Spatially periodic and complete input lattices of
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sampled peints to be resampled to periodic output lattices of point values de-
scribes the more tidy area of resampiing. Input lattices which are irregular,
including such phenomena as missing points, missing lines, skew from one line
subset to another (TM extended line problem or MLA sudden yaw or pitch prob-
lem), attitude warp, and bow-tie or other mapping distortions pose a more dif-
ficult area with significant overlap with registration and rectification tech-
niques. Wwhen such sound bases are estsblished, the applications field will
require a portable set of standard resampling codes featurin® various known
levels of affordability in time and mcney and well-designed linkages with ar-
chival data annotation blocks.

The wide range of potential applications and expanded needs for resampling
versatility in nrew imaging sensors leaac> to a concern for creating standard-
ized test dats sets and ground training sites. The following 3teps need to te
taken: a) We need to develop synthetic data sets related to specilic disci-
plines. b) Data sets based on actual measurements should be tightly con.
trolled both geometrically and radiometrically. Information concerning the
creation of the data set should be made universally obtainable. For aircraft
acquired scenner data, extensive pre- and postflight performance evaluationa
should be und2rtaken. ¢) Ground training sites used for evaluation of vari-
ous sensor types and processing functions should be extensively mapped and
photograghed. Updates at reasonable intervals are mandatory. d) Experimiats
involving registration and rectification reg ire precise geometric and geo-
detic control, sites should be surveyed to present cadastral standards. An-
cillary recorded data such as DTM, soil type, etc. should be made available at

a grid size smaller than the expected IFCV or spaceborne sensors. One order
of magnitude smaller is desirable.

With respect to resampling algorithms, the possitility exists to construct a
library of tested algorithms available from NASA/Cosmic or an alternate
source. In pursuit of this goal, standards need to be developed with respect
to: a) transportability, b) documentation (should include the mathematicsl
basis of the algorithm as well as a thorough description of the algorithm it-
self), c) test data sets, and d) standardized performance specificatioas.

3.6.3 Recommended Researckh
Seven research areas were identified by the panel and are described below.

1. Perfo.m a study research task to develop a theory for defining an input
psf of an instrument such that upon resampling of the processed data into the
desired output grid the radiometric and geometric properties are a best esti-
mate of the true upwelling radiances. Such a theory would include noise, du-
sired output psf, and application specific best estimale parameter.

IT. Develop algorithms for estimating missing data or for ignoring missirg
Jauta. Such missing data sources to be considered are: a) dead detectors in
multiscanners (including MLSs), b) scanner sweep gaps, <c¢) transmission diop-
outs. Such algorithms should be characterized by their effect on the output

image such that the choice of procedure can be made by the user for the appli-
cation being considered.

I1T. Perform a study on optimel resampling functions. These optimal func-
tions may be application specific or determined for: a) radiom=tric accuracy,
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b) geometric fidelity, c¢) spatial feature enhancement and extraction. Ques-
tions to be addressed include the nature of data characteristics which permit
such optimality and what kind of trade-offs are made between the different
kinds of optimal filter and under what conditions can an optimal filter be de-
signed to be optimal for both radiometric accuracy and geometric fideiity.

IV, Standard Data Sets. The choice of a resampling function is problem de-
pendent., For a complex problem, the specific effects of a given resampling
function cannot be predicted by pencil-and-paper methods. As a result, a
two-stage simulation with standard data sets is recommended. Both real and
synthetic data sets are required because there are really two functions to be
performed. The synthetic data set can be used to study the behavior cf vari-
ous resamplers on controlled data. We can derive various figures of merit for
comparing filter performance and add controlled amounts of noise to study
noice-re jection performance. Synthetic data exhibits the following properties:
(a) ability to control dimensionality, (b) power spectral density, (e) type
and magnitude of noise, and (d) features, etc. An authentic data set is
needed to give the final level of credibility to the resampler performance.
Real data is essential to uncover phenomena which canno$ be anticipated by ar-
tifically contrived data. Real data should represent the problem ("Typical"®
scene or even "worst-cast" scene). The synthetic data set lends itself well
to determining quantitative, controlled performance measures. The real-data
set lencs itseif to qualitative (visual) comparison and discovery of gross
processing artifacts.

V. The least squares resampler developed by Dye should be further developed
and tested. Cost benefit analyses must also be done and clear definitions of
of applicability and limitations.

VI. There is a need for merit functions for assessing resampling techniques.
Various numbers and/or functions have been proposed as measures of goodness of
resampling operations. Confusion exists regarding the relationships between
them and what they measure. People expect that different end users will need
to optimize different figures of merit, but aren't quite sure which. The re-
search approach would: a) List and define all candidate merit functions.
Perform theoretical analysis to find the relationship between them and what
information they convey. b) Survey users in various disciplines to see which
merit functions look most useful to each. <¢) Compute all promising merit
functions for one or two examples of resampling. Focus on exploring the merit
functions, not the resampling.

VII. Derelop a benign resampling algorithm, Present "A to P" conversion for
Landsat D imagery introduces problems in the "P" data that makes some users
undertake the conversion themselves, or wish they could. Modern pipeline pro-
cessors may make some sort of A to P conversion strongly attractive, provided
that a kernal can be found which does not Jamage the data unacceptably. Re-
search should be undertaken to analyze resampling althorithms to find ones
which retain nearly all of the quality of the data originally collected while
doing rubber sheet resampling plus filling small fixed gaps. Characterize it
in terms of suitable merit functions. Design algorithms to be implemented in
fast hardwired processor. Demonstrate feasibility on real data.
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3.7 REPORT OF THE SUBPANEL CN ERROR CHARACTERIZATION AND ERROR BUDGETS

The sut; .nel on error characterization and error budgets met in two sessions
during November 18 and 19, 1982. The panel consisted of:

Dr. John L. Barker Mr  Arthur J. Fuchs
NASA/GSFC KASA/GSFC

Mr. Charles .I. Finley dr. Eric Beyer

NASA Headquarters Ceneral Electric

Dr. Joseph L. Bishop Mr. Wililum Pictraowski
RASA tleadquarters NASA Headquarters

Dr. Wi:liam R. Case Mr. Ken Ande
NASA/GSrC XASA Headquasters

Mr. Johu M. Driver Dr. Roy Welch

JPL University of Georgia
Coi. Alden P. Colvocoress Mr. Fred Billingsley
USGsS JPL

Mr. Frank Wong
MacDonalcd-Detweiier Associates

The ultincte objective of this end-to-end error anaiysis program is to maxi-
mizc the utility of the data to the user by minim.zirg the overall positioning
error in a zost effective manner. For existing land remote sensing systems,
such as Landsat-D, this implies measuring and isolating the key components of
crror in order to credict errors in inferred output variables, and to modify,
if necessary, mission operations and ground processing procedures. For future
systems, such as possible muliisensor multiresource miss:ons, error analysis
starts by modeling and predicting the key error sources and sensitivity in
systernc perrormance for speciric products in order to assist in the design,
fatrication and ‘rade-off phases. The methodology for %his error analysis
must be in place during the study phase of future systems in order to fully
examine bcth hardware and software zpproaches to meeting requirements.

The reporv is organized into two sections. The first reviews our current
state of knowledge of both user positioning requirements and error models of
current and proposed satellite systems. The senond section gives a broad out-

line of the subpanel recommendationc. In addition, there are two appendices.
Aopendix A details *he implications of an assumption that a strawman 1-24,000

scale wmapping requirement might be the criticzl driver for an operational land
observing system. Appendix B is a listing of subpanel members.
3.7.1 State of Knowledgz

3.7.1.1 User Requirements

Analysis of extensive user surveys on spatial and spectral requirements for an
cperational land observing system have recently been completed (Barker et al.



1980). There is little if any information in these surveys to quantitatively
Justify any specific positioning requirement. This is an indication of the
need to provide for 1iterative interaction with informed technical and
professional users since a significant mapping requirement was not antici-
pated. Furthermore, the majority of potential users of map quality digital
imagery would not have been surveyed hecause neither they nor the surveyers
recognized the applicability of satellite data to mapping. There were con-
sistent requirements for 2-m data for foresters and others in the USDA. The.=
requirements are about the same size as those needed to meet the most imper-
tant mapping requirement of 1:24,000 (Barker, 1G80) which was identified in a
Separste initial study of mapping requirements. Informal queries on foreign
maps indicate that a scale of 1:50,000 is probably the one most generally
used, Actual requirements for mapping from future sensors are part of an on-
going study under the ELOS activities at Goddard Space Flight Center (ERIM,
1981). Appendix 3.7.A details the implied requirements for a strawman
1:24,000 scale map.

3.7.1.2 Generic Error Source Modeling

Spacecraft systems need accurate characterization for error budget development
to accuracles commensurate with cartography to NMA standards at 1:24,000
scale. Analytic orbit propagators are not yet adequate to meet the need. As-
suming a minimal use of ground control points in the image registration pro-
cess, the accuracy standards delineated in tne following paragraphs must be
met.

Ephemeris measurement capability commensurate with GP3 capability (10-m posi-
tion) 1is essential for geodetic positioning adequate to satisfy the stated
user need. The operational processing of GSTDN (Goddard Space Tracking and
Data Network) data and the projected processing of TDRSS data do not provide
these accuracies.

Knowledge and/or control of platform dynamics to better than 0.001 deg point~-
ing accuracy and 10-6 deg/s pointing stability is needed for adequate geodetic
position accuracy. Landsat-D pointing control with 0.01 deg pointing control
and 10-4 deg/s stability represents the present state of the art for nadir
oriented platforms.

Sensor dynamics have been modeled to a significant extent for the scanning
type instruments as discussed below under "Existing Geometric Error Analys.
Models for Landsat-D".

liLA and SAR do not present any obvious dynamics problems and no significant
analyses have been dune to date., However, the need for continuous alignments
to a few arc seconds do not allow ruling out the need for such analyses. Al-
S0, pointable imagers such as may characterize an OLOS will certainly necessi-
tate analyses with regard to pointing dynamics and view angle aberrations,
Preliminary effects of view angle are indicated by Driver (1982).

Error sources not subject to control such as earth rotation, curvature, and
topographic variability have significant impact on potential geodetic pusition
accuracy and must be modeled and compensated for error minimization.
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Surface velocity and image configuration on a rotating triaxial ellipsoid must
be modeled and analyzed and methods sought for error minimization.

Ground control pattern utilization is common for obtaining high-accuracy geo~
detic position. However, this is a costly and slow method for image registra-
tion and rapidly becomes untenable for rapid repeat coverage or a global
scale, particularly for inadequate a priori estimate of geodetic position.
Furthermore, adequate ground control does not exist in many parts of the
world. Tentative error-compensation options have been advanced for the major
sources (Driver, 1982). <ignificant work is needed to determine the feasibil-
ity of such compensation options or others which will enable acquisition of
images with inherently accurate geodetic position on a global scale. The
projected 5~10 year time scale for the development of a TM GCP (Ground Control
Point) library indicates that future sensor systems of high spatial resolution
must place a greatly reduced reliance on GCPs.

3.7.1.3 Existing Geometric Error Analysis Models for Landsat-D

A number of error analysis models and simulations currently exist for the
Landsat-D TM image processing. These techniques can be categorized into TM
sensor, attitude measurement, attitude control, spacecraft structural dynam-
ics, Systematic Correction Data Generation, and control point error dynamics,

The TM sensor models include a dynamic simulation of the TM scan mirror assem-
bly (including open loop and closed loop structural interaction effects), a
scan line corrector dynamic simulation, and a TM optical model which categor-

izes off-axis pointing of each detector as a function of detector location and
optical misalignments.

The attitude measurement models include jitteir response (above 0,01 Hz) and
models of the Attitude Control DRIRU (gyro.* and the angular Displacement Sen-
sors (ADS). These models are incorporated i1 © a simulation which imparts at-
titude motion into the sensors, processes tne cata through prototype Attitude
Data Processing software and evaluates the accuracies of the processing sys-
tem. This simulation is used to determine the effects of DRIRU or ADS cali-
braticen error on overall system performance.

The attitude control model is a detailed simulation of the Attitude Control
System and low-frequency (less than 7-Hz) structural dynamics. Included in
this simulation are effects of the solar array drive and TDRSS antenna drive.
This model has been used to estimate the attitude control pointing accuracy
and the low-frequency spacecraft jitter.

The structural dynamics model is a aetailed NASTRAN model of the Landsat-D
spacecraft from which modal analysis is performed. This model has been veri-
fied by performing component modal tests of the TLiSS Antenna and boom, the
solar array, the Instrument Module Center body (including TM and MSS Mass Sim-
Pulators), and Multimission Spacecraft. This model i3 usea to predict on or.-

bit high-frequency (greater than or equal to 7-Hz) jitter caused bty the TM and
MSS mirror impacts.

The accuracy of Systematic Correction Data Generation is tested by comp=aring
the outputs of prototvpe software to those of a hign precision earth look
point and map projection models.
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The control peint error dynamics analysis includes< an 18-stgte covariance an-
alysis and a detailed simulation of control point location errors (this simu-
lation is currently in development). The covariance analysis and simulation
include dynamic error models for ephemeris, alignment, and low-frequency atti-
tude. The covariance analysis has been used for system studies to determine
processing feasibility and the simulation will be used to test the operational
control point processing software.

In addition to the above error analysis, the effects of gap resampling have
been studied using simulated TM edge responses and small sections of analyti-
cally generated TM imagery. The entire resampling processing has been devel-
oped in a prototype softwsre 3imulation which includes a bit-by-bit emulation
of the resampling hardware.

It must be noted that these analysis models and simulations are not currently
deliverable software packages. They are analys.s tools used by General Elec-
tric to design and analyze the TM procescing system.

3.7.2 Recommendations For Position Error Modeling Research

For specific recommendations were made by the panel in the limitad time they
haa to collectively discuss the issues. These are summarized below and are
discussed in more detail in Sections 2.1 tnru 2.4. In addition, a very pre-
liminary assessment was made by several of the panel members of the resources
that may be required to carry out the recommended research., Due to lack of
time at the workshop, the full panel was not able to be consulted onto the re-
quired resources.

The recommendations are:

1. Obtain and evaluate the existing error models for Landsat-D/TM (see
Section 2.1 for discussicn), Expected resources required: $0.5M
over 3 years with 5 MY civil service.

<. Provide iterative user involvement in system error budgeting and er-
ror model development and verification on real and syrnthetic data
sets (see Section 2.2 for discussion). Expected resources required:
$2.0M over 5 years with 20 MY civil service.

3. Develop error models for future system definition and trade-off stu-
dies on: a) sensors (MLA Advanced scanner SAR) b) spacecraft/shut-
tle ¢) processing/information (see Section 2.3 for discussion). Ex-
pected resources required: $0.5M over 3 years with 5 MY civil
service.

4, Create a Positioning Error Budget Study Group (see Section 2.4 for
discussion) Expected resources required: $0.1M over o years with 2 MY
civil service.

3.7.2.1 Needed Geometric Error Analysis Model for TM

A number of potential error mudels may be needed tc more fully caaracterize TM
sensor and processing errors. These include:
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o A TM dynamic structural model to evaluste the critical rigid body as-
sumption between the ADS mounting location and the TM optical axis.

o Effects of topological variation resulting from the orbit and attitude
control on the Landsat-D geodetic and temporal registration accura-
cies. Examination of the feasibility and desirability of developing
and appending a quantitative measure of topographic variability within
a TM scene as a direct or surrogate estimate cof misplacement of pixels
within the scene due to topography.

o Analyses of the correlation location accuracy which can be expected
from TM resoclution imagery.

RECOMMENDATION - Obtain and evaluate the existing TM processing error models.
This may require upgrades of the software documentation to deliverable status.

3.7.2.2 Create Interactive User Involvement In System Error Budgeting and
Modeiing and Verification on Real Data Sets

User "requirements" have been solicited from a variety of users, generally
without consideration of costs of obtaining them, without verbalized consider-
ation of any losses ir. utility if they are not met, and without verbalized
consideration of parameter tradeoffs. This prevents the system engineer or
scientist from being able to iterate potential system designs with the users.

To solve this problem, it is recommended that specific efforts be planned to
involve the users iteratively in the generic develop..ent of error budget meth-

odology prior to and during the mission designs.

One possible mechanism for facilitating cooperative involvement of the user
and system engineer in the transiation of user requirements into system per-
formance specification, subsystem allocations, error budgets, and error models
would be the use of mission system analytical models which are capable of
producing an output which simulates the actual data that the user would get
from the micsion. A capability could be generated for processing undistorted
input scones (real and synthetic) and creating distorted output scenes in the
users cata format. The analytical processing would be done using system mod-
els for the .ission and would include distorting estimates due to all sources
oi error tha' the platferm, instrument, and ground and flight data processing
systemc wou 4 introduce. In the early stages of mission definition and in-
str.ment cocnceptual design, these analytical studies could be based on simple
models of the missicn and the distortions. As the instrument and mission de-
sign forms up, the models and analysis could be updated and take on more com-
plexity i: required. If the mocdels also contained representatives of the oth-
er electro-cptical imaging characteristics of the instrument, the analysis
would produce an output image conlaining representations of all radiometric,
spatial, an< Zeodetic instrument data degradations. A byproduct of tnis ca-
pability would be that analytically produced data products would be obtained
which could be used to aid in the design and testing of ground data processing
systems. The expected result of an effort to produce this overall mission
analytical simulation would be to provide a systematic, highly visible, inter-
active approach for establishing optimum instrument performance specifications
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and error budgets which could also be used to assess expected instrument sys-
tem performance including ground data processing algorithms.

Before embarking on extensive data collection schemes, however, a study .hould
be conducted to see if synthetic scenes can contribute to the understanding of
positioning errors for future systems.

3.7.2.3 Identify Strawman Mission For Modeling Key Error Sources And Identify
Hardware and Software Metnods For Minimizing Errors

In order to identify the hardware and software technology needed to obtain the
registration and rectification requirements expected of advanced spaceborne
imaging systems, complete end-to-end system trade-off studies need to be per-
formed. These can be accomplished by identifying several strawman missions
which are expected to drive image registration/rectification technology and by
performing system studies on these missions. The system studies would identi-~
fy the error budgets for the missions> which would include errors due to the
orbit, platform, sensor dynamics, scene variability, as well as errors intro-
duced aue to any processing of data on-board or on the ground. Trade-off
studies could then be performed using system registration/rectification models
for the missions with all sources of error modeled. Trade-offs involving
hardware and software improvements for positioning error minimization could be
made in the areas of':

1. Platform attitude and ephemeris measurements/estimation/control

2. Instrument pointing and alignment measurement/estimation/control

3. On-board or ground processing of the data, including GCPs. To regis-
ter and rectify the images both within one mission data set as well
as with other data sets.

3.7.2.4 Develop Error Mcdels for Future System Definition and Trade-off
Studies

3.7.2.4.1 ZSensors

a) MLA: The MLA sensor operates in an integrating mode where the cross-track
scene is simultaneocusly imaged with fixed geometry and perspective., Unlike a
scanner, any spacecraft or sensor induced jitter or other disturbance will af-
fect all detectors equally. No pixel-to-pixel high-frequency jitter correc-
ition will be necessary.

The fixed nature of the detectors and the simultaneous imaging in the cro:s-
track direction should substantially reduce the processing required to produce
geometrically correct images.

Studies should be conducted to investigate the geometric effects which are
unique to an MLA~type sensor and its impact on rectification, One-dimensional
dewarping algorithms to simplify geometric rectification and the residual er-
rors resulting from attitude and ephemeris uncertainties should be investi-
gated. In order to realize the advantage of the smaller pixels and higher re-
solving capability provided by an MLA sensor, concurrent improvements in the
capabilities of the spacecraft attitude and ephemeris system will be required.
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Models and sensor simulations need to be developed to investigate and identify
the trade-offs between sensor ACS and ephemeris determination improvements and
sensor performance for various pixel =size, Semiempirical models of the
sensor/spacecraft interface including dynamic effects should be developed to
determine whether some form of active jitter or image motion compensation will
te needed tc¢ realize the 10-m baseline resolution of MLA.

A potential pushbroom sensor containing a central segment(s) of higher resolu-
tion end segments could provide the possibility of obtaining high-rezolution
data for mapping and ground control point location concurrently with acquisi-
tion of the "normal" multispectral data.

The added high-precision data allows the possibility of minimizing geometric
errors related to gr-und point locations (as well as providing the possibility
for subpixel texture information). This also provides data which can be used
to iterate spacecraft attitude models, at higher precision than would the nor-
mal lower resolution data.

b) Advanced Scanner: Scanning instruments such as MSS and TM create unique
problems with error budgeting and modeling. There is & suggestion that TM
could be modified to more than double its IFOV by increasing the number of de-
tectors in the focal plane and putting on more scan mirror monitors (to better
identify the scan profile).

Due to the tcrques involved in the scanning process, especially for highly ef-
ficient scanning techniques, high-frequency positioning errors (jitter) can
result from flexible body effects in the instrument as well as in the platform
to which it is attached. Techniques need to be developed, beyond those which
exist in the Landsat-D/TM, for budgeting and modeling these errors. This would
include the possibility of having to measure the instrument boresight includ-
ing effects of individual optical element motions.

In addition, techniques need to be developed to reduce the magnitude of the
positioning errors through the use of actively controlled optical elements . ad
the isolation of instrument dynamics from those of the platform.

¢) SAR: Unlike the scanning and MLA sensors, a significant amount of geomet-~
ric distortion can result in the signal processing segment. The purpose of
such segments is to convert from a raw image into a slant range/azimuth image.

Processing errors include: a) estimation of FM rate, b) azimuth compression
technique (time domain, frequency domain), ¢) range cell migration correction
and associated interpolation, d) block processing techniques, e) doppler
centered tracking accuracy, and f) terrain variation effect on point target
locations.

To map the slant range/azimuth image to a certain nap projection, remapping
and resampling errors are introduced. Remapping does not require attitude in-
formation. Remapping errors include: a) ephemeris, b) esrth curvature, c¢)
GCP accuracy. d) terrain variation, and e) atmospheric refracticn (very severe
for VOIR).

A focus of the study on the following is recommended: a) Study various signal
processing algorithms on the raw image and their tradeoffs. Develop e:iror
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models. Investigate how error propagates from one processing stage to the
another. bt Develop remapping/resamplirg error model. ¢) Develop an error
model for using DTM for rectification/registration. 1In SAR imagery, terrain
distortion is more severe than it is in the scanner imagery. d) Study the ef-
fect of terrain variation on processing algorithms, since terrain affects the
target trajectory in the raw image. e) For planetary missions, no GCPs will
be available. Study whether automatic {ocusing on strip-to-strip registration
can be used to replace ephemeris parameters. Develop an error model.

3.7.2.4.2 Spacecraft/Shuttle

Spacecraft and Shuttle models for future systems should include advanced sen-
s:r and system models which would provide increased knowledge of spacecraft
induced error sources which are commensurate with increased resolution ex-
pected from advanced sensors. Spacecraft subsystems which must be modeled in-
clude: a) attitude measurement systems, b) attitude control systems, c) orbit
determination sys 2ms, d) orbit contrcl systems, e) sensor alignment measure-
ment systems, f) time and frequency standards.

Examples of future spacecraft systems which must be modeled are: advanced
3tar trackers, advanced horizon sensors, fine pninting sun sensors, and ultra-
stable gyro systems. The above system models are components of the attitude
measurements and control systems.

An instrument could be provided which, through repeated overlapping images of
the ground, can provide the data to allow generation of attitude history with-
out reference to maps or other surveyed ground points. This will be of pair-
ticular use in shuttle or aircraft systems. This data, in turn, allows image
lina-by-line data to be positioned properly in the rectified image. This wiil
allow modifications of the error budget by providing images with greater geco-
metric accuracy.

For orbit measurement and con.r¢l systems, on-board orbit determination using
Global Positioning System (GP3) data or utilizing Trackirg and Data Relay
Satellite System (TDRSS) data must be modeled. Accelerometer packages to mea-
sure nonconservative accelerations could be modeled along with on-becard actu-
ators for orbit control. Ephemeris data resulting from precision ,~ound based
orbit determination must zlso be modeled.

Time maintenance and time transfer systems to be modeled include GPS and TDRSS
time transfer and/or flying with stablie oscillators.

Studies resuiting from the development of the above mod2ls would be the gener-
ation of error budgets for varying system configuration and performing end-
to-end trade-off studies such as cost impacts and enabling technology impacts
of improving spacecraft system knowledge such that GCP processing can be
either eliminated or substantially reduced.

3.7.2.4.3 Processing/Informaticn
Often in the design and development cf processing systems there are not strong

and specific identifications as to what function nust be perforwed to insure
that the end product is most veneficial to the user needs. The functions may
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be isolated to hardware or software components but mu ¢t include/reflect algor-
ithus that eliminate/reduce errors from the data source, sensor/spacecraft.

The development of supporting processing system Lhould begin concurrent with
the development of Lhe sensor/spacecraft at or during the phs > 4/B studies.
If the processing system was designed with the understanding oi w.ossible error
enhancament to this data source, then data recovery, correction, and error re-
moval procedures should be considered in the design.

Some factors that must be considered in this processing system to eliminate/
minimize errors are: a) ephameris accuracy/variations, b) sensor alignment,
¢) data tranclation, d) geometric errors and systematis correction (orbit/
attitude), e) scanning sensor's rates, gaps, and profile, f) lessons learned
from historical sensors, g) image corrlation/matching techniques, h) temocral
processing/data translation, i) pixel errors, j) carcographic and mosaic er-
rors, k) integration of multisensor data, 1) ground control point/pcinting
tolerances, m) edge detection/image snarpness/filtering, and n) image warping.

The processing system should also give the users some infortation about wha*
corrections, algorithms, filters, etc., were used in correlating the proiuct,
This data will facilitate the user understanding and use of the final pro.uct.

3.7.2.4.4 Study Group

It is recommended that a permaient Ad Hoc Earth Observing Sysi-m Error Aral;-
sis Working Group be established at the NASA Headquarters level. The pur'. se
of this working group is to advise the NASA Program Man-ger on technical e-
quirements and limitations relating to error characterization, <rror budgets,
and system verification.

Establishment of this working group is imperative to preserve continuity in
the Earth Observing Systems Techniques and Data Processing Development Prog-
ram. The working group members should be comprised of system designers and
system users and be representative of the govermment, industry, and university
communities.
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3.7.4 Appendices to Error Characterization and Error Budgets Subpanel
APPENDIX A

POSITIONING REQUIREMENTS COMPATIBLE WITh
NMAS FOR 1:24,000 TOPOGRAPHIC MAPS

The basic assu-ption in this exercise is to set-up a "straw-man" mission de-
signed to grovide data suitable for meeiing National Map Accuracy Standards
NMAS for 1:24,000 scale topographic and planimetric map products. This is a
geometric requirement rather than a nommetric informational requirement. 1In
addition, the change is to produce these x, y, z earth system coordinate data
with minimal reference to ground control. The gecmetric requirements will, in
turn, define the IFOV of the system. As will be noted, an IFOV cf abcut 3-4 m
will be required to meet the accuracy standards. The foilowing statements are
not meant to advocate this system, but rather to ccnsider its feasibility in
terms of error budgets and error budget modeling methodology.

I. National map accuracy standards (NMAS) for 1:24,000 scale map products
require:

a. 90% of horizortal pecsitions (for well defined points) be estab-
lished tu +12 m of their coerrect location. The acceptable RMSEx y (68%)
is approximately +7 m. ’

b. 90% of elevations interpolated from contour lines will be correct
to within 1/2 the contour interval (CI). The acceptable B8{MSE will
therefore t equal to the C.I./3.3. As most 1:24,000 scale maps have
C.I. of 5, 1., 20, or 40 feet (depending on the terrain), the RMSE re-
quirements are approximately +0.5, 1, 2, and 4 m respectively. Decause
elevation standards are the most stringent requirement, they will con-
trecl system design.

II. System Design Assumptions

a. The assumed imaging system consists of three line-array cameras op-
ert_.g in the pushbroom mode. Two of the cameras will be oriented ap-
proximately 24 degrees from the vertical in a convergent arrangement in
order to provide fore and aft coverage while the third camera is aligned
vertically so as to produce near orthographic coverage of the terrain.
This configuration results in potentizl hase-height (B/H) ratios of 1.0
for fore and aft stereopairs and 0,49 when the vertical is employed with
either fore or aft coverage.

b. Altitude -~ set between £ ~ and 1000 km, e.g., 713 km or 919 km

C. IFOV < 5 m: to be det_. . n.d by NMAS, geometric and correlation re-
Juirements, rather than by nonmetric information requirements

d. Swath ~ TBD in the range 60-185 km

e. The feasibility of a mission designea to most of the above NMAS re-
quirements remains to be demonstrated.
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II1.

Error Considerations and Scurces

a.

b.

Max imum RMSEs

1.
2.

Horizontal (X,

Y) = +
Vertical (2) = + 3 m

Tm
(for 10 m C.1.,)

Error Considerations

1.

General

The mission must provide essentially error-free geometric and
radiometric data if accurate map products are to be developed.
In theory, the spacecraft and sensor systems can be controlled
so as to preclude any special ground based camputer processing
(to correct the errors), which i3 both expensive and subject tc
delay.

The parameters which influence the geometric fidelity of the
image data include pointing control rate motion stability and
Jitter. The satellite line-array sensor system (which is re-
cording the terrain as a series of cross-track strips) must be
pointed correctly and held stable for approximately 100 seconds
to produce error-free stereo imagery. Any perturbation of the
sensor system during the recording period wili cause displace-
ments/errors in the data which, in turn, may require geometric
correction and resampling at a ground receiving station. Rota-
tion of the spacecraft about the X, Y, and Z axes (roll, pitch,
and yaw, respectively), although corstrained, will cause defor-
mations of the nominal image format as will changes in space-
craft altitude and oblateness of the Earth.

Eartih Rotation

The basic imaging concept is straightforward, however, because
o. Earth rotation, the satellite ground track is no longer a
simple great-circle route, and the vertical, fore, and aft cam-
eras will not automaticaliy image the same groundi area, even
with a perfectly stabie satellite. 1In order to obtain grcund
coverage common to any two cameras, a yaw motion must be intro-
duced into the camera/spacecraft. This motion is not constant,
but must vary with latitude to maintain imaqe registration.

Oblate Earth

The basic imaging concept assumes a spherical Earth and a cir-
cular satei’ite orbit so that a constant satelli‘*e altitude is
maintained. In practice, however, we must consider an oblate
spt.eroid and an orbit which only approximstes to a circle due
to variations in the gravitational effect of the Earth. These
cdeviations from the ideal situation create increases in slant
range and altituwde which in turn cause sc.le variations as the
satellite increases its distance from the equator.



Iv.

4, Resampling Considerations

Any image deformations which are not maintained within speci-
fied limits must be removed in the ground data processing. The
pixels may be resized, reshaped, realigned, and new grey level
values determined to provide the necessary image quality. An
objective of the mission is to acquire error-free data which
will eliminate the need for resampling (and minimize geometric
corrections).

5. Spacecraft Performance

In order to reach some conclusions regarding the geametri. ac-
curacy, it is necessary to consider the pointing, stability,
and jitter of the spacecraft and its sensors. Pointing accur-
acv is the factor most often quoted as a measure of geometric
performence. For example, the Multimission Modular Spacecraft
(MMS) which will be employed for Landsat-D has a pointing ac-
curacy specification oi +0.01 degree (one sigma). Thus, by de-
sign, the summation of ali factors that include the attitude
control subsystem should have a root-rear-square value of less
than the design specificaticn. In addition, other factors such
as orbit determination, timing, senscr aligmment with the atti-
tude control syster (including the effects of thermal instabil-
ities), and the torquing motions of s tape recorder {(if used
infiuence the pointing geometrv. Satel!ite stapility is ar im-
portant cons’deration., Extremely tight tolerance will be re-
quired (e.g., 107° deg/sec at the 3T levei cr votter).

The third preoblem is jitter. The satellite will respond to
dynamic disturbances caused by antenna or solzar panel motions
as would a tuning fork. Response is freguency dependent ve-
cause of structural qualitiaes. No moving paris are desired.

Error Sources Influencing the Mappirg Potential

From a cartographic viewpoint, the most significant problems sre likely
to he of a geometric nature. <cConsequently, it is desirable to determine
the accuracy to which X, ¥, 7 terrain coordiantes can be recovered from
image data recorded by the proposed line-array system.

Major Cactors whiich appear to determine the accuracy te which X, Y, and
Z terrain coordiantes can be recovered are listed below: An attempt is
made to estimate quantitatively the magnitudes of the starred error
sources in terms of root-mean-square error (RMSE),

Position of S/¢ Error Sources
Pointing of sensors and attitude control
Satellite velocity

Pre2ision of measurement

Fel .obility of ground control

Earth curvature, atmospueric trefraction, etc.
Processing equipment and procedures

Ad justment Procedures

W ~J O = )~



a)

b)

<)

d)

e)

f)

Position of S/C

The positional determination of the S/C must be within 10 w for all
three axes.

Sensor Pointing and Attitude Control

Nominal correction values for a constant bias can be determined
with the aid of ground control. In many areas of the world, how-
ever, ground control is inadequate for wmapping tasks, and alterna-
tive methods of establishing corrections for pointing errors must
be made available.

Attitude stabilitvy and maintenance of controlled yaw are critical
parameters. In order t¢ achieve acceptable ccordinate values witg
reasonable consistency, a worst-case correction rate value of 107
deg/sec at the 3~zigma level of confidence 1is required. This

equates to +4 m (approximately 1 pixel) over the 10~-minute time in-
terval and should provide an epipolar condition.

The overall requirement for pcirnting determination accuracy is bet-

ter than one arc sec (~4 m from 800 km). This will be a major
source of error.

Satellite Velocity

Variation in satellite velocity can be accounted for if accurate
timing marks can be incorporated in the data. GPS is e source for
time data.

Measurement Error

Measurement or correlation erro: must be limited to well within
one-half the RMSE value in order to meet ve tical accuracy re-
quirements. Thus, ' RMSEs in horizontal measurer must be on the
order of 1-2 m.

Reliability of Ground Control

It is anticipated that a minimum number of ground control points
will »e required. However, they will have to be accurate to i-2 m.
Possibilities for autotriangulation exist, but error figures cannot
be determined at this time.

Earth Curvature and Refraction

Errors due to Earth curvatu:re and refraction are systematic and can
te corrected during processing. The influence of variations in re-
fraction is negligible for a narrow (5°) field-of-view.

There are other error sources which will need to be considered,

However, the magnitude of the a~ ‘e errors in relation to NMAS can
be estimated.

59



N82 28707

3.8 REPORT OF THE SUBPANEL ON METHODS OF VERIFICATION®

The methods of verification subpanel met for two U-hour sessicas on November
18 and 19, 1981, to define research needs ir this area for Earth resource ob-
servational systems. The panel consisted of:

John C. Lyon Johr Snyde

GSFC USGS

Maria Kalcic Ai Chun Fang
NASA/NSTL NASA Headquarters
B.R. Seyfarth R.B. MacDonald
NASA/NSTL NASA/JSC

Johh Sos William P. Clark
NASA/GSFC NASA/GSFC

Gerald Grebowsky Len Gaydos
NASA/GSFC USGS

3.8.1 State of Knowledge

We refer to verification as a production oriented question because we are not
really doing verification for the uses of research activities. We're trying
to verify output data products from a production system for production ori-
ented users. Included in that class of production oriented users is the pro-
duction system itself, i.e., quality control of output. Verification is not a
well defined problem. We're just beginning to focus on understanding what
we're taslking about. Therefore we recommend a program tc improve the state of
understanding and of the meaning of verification and the application of veri-
fication procedures te a variety of sensor systems.

3.8.2 Recommended Research

The topics of interest that were identified are very strongly interrelated.
To show this we have developed a task flow in Figures 1, 2, and 3. Other than
having dJdone that, it was found that there is no real pricrity scheme thet
could be assigned, as this is an integrated activity designed to provide more
understanding into what needs to be done in imag- rectification. Task one
(Figure 1) is to develop verification procedures. Task two (Figure 2) in-
volves an experiments! rands-cn data demonstration and evaluation of those

procedures in a controlled test-bed experiment. For task one, the flow is as
follows: you first need to identify what performance measures you're really

concerned about. We've suggested a handful of starters such as the number of
control points, residual correlation mapped across an image, and the distribu-
tion of errorc within the image plane for individual and coincident sets of
images. Using that information, it is possible to gc directly to existing
data and compile real and synthetic data sets that can address that problem,
In parallel, one can review the current verification procedures that are used.

#fdited oral presentation.
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This is not a trivial undortaking in spite of the fact that the current veri-
fication procedures are very casual and unsystematic, There are some
activties going on in other fields, in mepping especially, that have orderly
procedures that are not exactly remote sensing oriented procedures but can bz
training grounds for a subseoi=snc task. From the existing procedures, identi-
fy and recommend the ones on hand that are usable in an operational system,
develop additional techniques necessary with some synthetic Jata sets, and
perform specific tests on individual package procedures to analyse the
results. The end result then is a set of verfication prucedures and software,
or at least algorithms, that can be useable, The oucput of that then goes to
task two, which is the verification experiment.

Task two is the end-to-end test experiment. The very first step in task two
is to identify the test bed, There are several possible options and it's a
matter of timing and some other subtle details that relate to exactly what
procedures and requirements you want to develop. The output of the first part
of task one delincates what verification you really want to do that will help
to choose a test-bed. The obvious choices on-hand are Landsat MSS data or, in
the nesr future, the lLandsat-D data processing capabilities. The next step is
to design the experirent to test verification procedures. This procedure in
development and selection activity is from task one, as it is essentially task
one that feeds into that knowledge of the sensor system itself, including er-
ror budgets, as a part of establishing the design. Then it's a matter of im-
plementing thz =xperiment. The output of doing software oriented measurements
on st:ndardized data sets allows one to perform some accuracy measurements.
You want to pay very close attantion to the feedback loop so that when you ge*
part way there you start looking at the users on the other side of the infcr-
mation system that need to see the results to help better understand what they
really wanted to have asked you for in verification. That finally leads you
to moving one step beyond to the internal problem and you start deriving the

error sources observed and finally report and assess the results of this
experiment.

Tables I and I1I outline in summary form the required elements for each task
described.
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4,0 PRESENTATIONS ON USER NEEDS
4.7 INTRODUCTION

It was the purpose of the User Needs presentations to discuss tne implication.
of sstellite image pcsitional accuracy capabilities upon their discipline's
use of the data. "Niscipline experts discussed the manner in which data are
incorporated into their inventory, decision, or analysis models and opcra-
tions. For each discipline area, monitoring and data base integration stra-
tegi~s were discussed; in part.icular, implications for registration and recti-
fication requirements. In addition, the discussants pointed out the potential
benefit that might accrue from improved registration/rectification uccuracy.
Where app. cabie, the discipline experts discussed their desire to implanent
muititemporal, multistage, and multisensor data sourcer for addressing a prob-
lem, as these imply constraints on registratiorn and rectification accuracies.
Users also described the experimental design (e.g., --mple segments or full-
image area coverage) usad to analyze a problem.
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4.2 USDA REGISTRATION AND RECTIFICATION REQUIREMENTS

Rich Allen
Statistical Reporting Service
U.S. Department of Agriculture

I am glad to have this opportunity to discuss some of the requirements of the United
States Department of Agriculture (USDA) for accuracy of aerospace acquired data, and
specifically, requirements for registration and rectification of remotely-censed data
acquired by space vehicles, such as Landsat, the Shuttle, and so on. The views presented
are for the most part my observations and opinions from work completed 1o date or
underway in the Department of Agriculture since only limited documentation exists on the
accuracy required for (egistration and rectification as such.

Definition of Terms

It is perhaps wise to first explain the terms to be used in the presentation. One of the
organizers of this conference indicated that registration refers to the accuiacy of location
of identical points on repeated acquisitions of data while rectification refers to accuracy of
matching remotely-sensed data with corresponding points on the ground. Many people in the
USDA use the expression "registration" for matching both scene-to-scene and scene-to-map
and use the term "rectification" for indicating accuracy of maps or aerial photographs. 1
will try to utilize the announced def.nitions of this conference, although I may often use the
broader term of positional accuracy to refer to the USDA requirements.

Remotely-Sensed Data: An Important Source of Information

In order to carry out its assigned missions, the Department of Agriculture must have
information relating to observations of soils, creps, and other physical features. For
example, we identify and map scil types, monitor conservation practices and conservation
s.ructures (construction of new conservation measures), and verify farmers' compiiance with
planting restrictions under various farm programs. All of these types of information
programs have intense, detailed data needs. Aerial phctography has been utilized to provide
much oi the needed data for these progiams. An aerospace sensor is not now foreseen as
being capabie of providing comparable data required in such domestic programs. I
emphasize the term “domestic". However, we can characterize the positional accuracy
needs of these information programs, and, in so doing, may provide general guidance for
aerospace sensor development programs.

If an aerospace sensor could be developed, budgets permitting, to satisfy some of the
needs above, t * sensor wotld have to have spatial resolution similar to that of aerial
photography to be judged useful to USDA or, better put, to be competitive with aerial
photography. By the same analogy, the USDA would need the same rectificaticn as with
aerial photography to utilize that spatial resolution.

Satellite Data Uniquely Suited for Specific Pregrams

However, in this paper | want to concentrate on four other types of information
programs, ones for which satellite data are being routinely used or at least currently
investigated for possible use later. In these, because of the unique features of the
requirements. satellite data are "competitive" with other information sources. These four
information programs are:

Foreign crop forecasting
Domestic crc~ acreaze estimation
Forestry information applications
Rangeland cond:tion evaluations
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I believe there are similarities and contrasts among these four programs which will illustrate
the range of USDA requirements for positional accuracy. These examples are not considered
an exhaustive list of USDA's present interests for satellite data.

Landsat and Metsat Data Used for Foreign Crop Conditior. Assessment

The foreign crop assessment approach that I wish to discuss is that of the Foreign
Agriculture Service's Foreign Commodity Condition Assessment Division (FCCAD). FCCAD
is processing large numbers of satellite scenes from bnth Landsat and meterological satellites
in its current efforts to mon‘_or areal extent of anomolies and production of major crops in
selected foreign areas. For che most part, FLCAD does not have access to ground collected
data. Thus, it depends on sec-iential reviews of satellite data as a piocedure for monitoring
and evaluating change.

Presently FCCAD does not perform any registration on the data received from Landsat
in the form of High Density Computer Compatible Tapes. Each scene is reduced to subsets
or samples of full resolution data by subsampling rows and pixels 1o obtain a data set better
suited to FCCAD's processing capabilities. This reduced data set can then be displayea on
limage processing equipment as raw data or by transforma‘ion to vegetative indexes, which
measure the "greenness" of plants, and are indicators of plant vigor and stress. The
Vegetative Index approach is an effort to standardize responses and allow meaningtul
comparisons within seasons and across seasons.

Much of the present analysis of FCCAD involves caiculation of average values for a
25-mile square grid. Without registration procedures there may be some shifting of points
included in a particular grid celi from acquisition to acquisition but the shifting should be
minor compared to the size of the grid cells.

The approach of not performing any additional registration of satellite acquired data is
not an optimum one in FCCAD's point of view but, in light of equipment and personnel resources
and the volume of data being handled, it is not feasibie to devote time to registration
activities at this time. If each satellite scene obtained had consistently "high" positional
accura~y to the ground and thus to corresponding scenes of other data, FCCAD weuld be
interested in a major refinement of its multitemporal analysis procedure. A much better
measure of changes in conditions or crop area could be obtained if the data for specific
sampling segments could be matched throughout a season and across seasons. Based on the
spatial resolution of the current Landsat Muitispectral Scanner (MSS) this might mean use of
a segment of approximately 15-20 square miles in size. All data, ‘ncluding vegetative indices
or other transfortnations, would be calculated and stored for these segiments.

Based on the size of the seginent visualized it would be reasonable to empioy this sampling
approach if satelli.e data wete rectified or registered to a mean accuracy of plus or minus
one pixel. This error in location from acquisition to acquisition would be small enough
compared to the size of the segment to be efiective.

If a sensor with finer spatial resolution was available, the FCCAD's accuracy requirement
would likely remain at one pixel. Its approach might become one of utilizing somewhat
smaller segment sizes but with data regisiered within one pixel to maintain the same relative
accuracy.

Use of L -.ndsat 1)ata for vomeastic Crop Acreage Assessment

Research into the nse of Landsat MSS data by the Statistical Reporting Service (SRS)
for the improvement .reage estimates of inajoer domestic crops provides a marked corntrast
to the procedures for :oreign areas. Unlike the Soreign Agricuitural Service which often has
no ground data, SR5 has available a saimple of ground observation data which by itself srovides
an accurate estimate of acreage.

One of the major inputs to crop acreage astimates in the United States is the June
Enumerative Survey (JES) conducted each year by SRS in the 48 coterminous states. The JES
is a probability area fraine survey in which each state has been divided into land use strata
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based on percentage of cultivation and type of 'and use. Each: stratum is divided into
sampling units, with size dep=nding on the stratum. In the Midwesi, intensive agricultural
sampling units or segments are typically one square mile in cize. Segment sizes in rangeland
strata are much larger and sizes in residential or commercial strata are much smaller.

The JES survey provides estimates of major crop a~reages with coetficients of
variation ranging from 2.5 peicent to 6.0 percent in major states. At the U.S. level these
coefficients of variation are as small as 1.0 - 2.0 percent.

Thus, the SRS research effort is an attempt to improve the precision for relatively
"good" acreage estimates. This is in direct contrast to the foreign crop forecasting
problem. Therefore, the Jemands for positional accuracy are much higher.

SRS uses the JES data for training of classification algorithms, for testing of
classification results, and for estimation of acreage through a regression estimator. The JES
data is closely edited on a field-by-field basis. Random fields of each cover of interest are
selected for training. The SRS approach exiracts interior pixels of training fields for
labelling so it 1s important to ensure accuracy of field locations. The training fields for a
scene are selected from JLES segments located throughout the scene. Typically, about 30
segments are available in a Landsat scene.

Once an analyst is satisfied with the ciustering relationships for a scene, each
segment in the scene and the entire scene (within boundaries of geographic counties and
excluding cloud covered areas) s classified. The classification of segments provides the
correlation results and regression parameters. The classification o. the entire scene
provides an adjustment for any differences in crop acreage relationship between the
sample of segments and the entire population of possible segments within the scene.

The measure of effectiveness of using the satellite data which is most meaningful to
SRS is relative efficiency. Relative eificiency is defined as the variance of the direct
expansion (ground) estimmate divided by the variance of the regression estimator. This
number indicates what amount of .dditional ground data would be needed to give an
estimate with the same precision as the regression estimator. Relative efficiencies in
practice have rarged from 2.0 to 4.0 or higher in most situations.

The research approach that SRS uses for full state estimates (having a revised acreage
estimate by the end of the estimation season) was first utilized in 1978 for the State of lowa
and has been utilized in 1930 for lowa and Kansas and in 1981 for those two States plus
Missouri and Oklahoma. Based on those experiences and other -esearch 3RS is projecting an
approach of utilizing unitemporal satellite data for estimates rather than a multitemporal
approach. While multitemporai data xave been used und would give better discrimination
for some classification problems, it is rare to obtain cioud free images during the growing
season in the Midwest or the Great Plaing, Soine counties in a scene are usually lost due to
clouds in the growing season acquisition date and if other counties are lost in a spring scene,
the resultant multitemporal data set might not hava enough segments remaining {or proper
training and estimation. SRS does have multitemporai procedures on line and will use them
for land cover estimates and for crop research in areas such as California.

Two Stages of Registration Insure Positional Accuracy of Landsat MSS Data

Since the SRS approach depends on the use of very specific data sets of fields for
training it is I aportant 1o meich as exactly as possible the satellite and ground locations.
Fresently SRS uses two stages of "registraticn" to insure cdequate positional accuracy of
Landsat MSS data. The first effort is called "global registration”. A sample of points is
selected across the scene from transparency data products. The corresponding points on
U.S. Geologicai Survey base maps are located and digitized. A mathematical t-ansformation
is calculated to adjust all pixels to predicted longitude/latituce locations. Thi, process
usually ends up witiv rectification within 2 | to 2 pixels across the scene., This operation is
now perforred by the Remote Sensing Dranch Support Staff and most scenes can be
“registered"” in about 3 hours, even with editing ¢t outlier points.
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The second stage of "registration" is called "local seginent shifting" by SRS. This stcp
is necessary because of scanner anomalies. A gray scale of a window enclosing the
predicted segment is created. An overlay of the digitized segment and field boundaries
(printed on transparent paper at satellite data scale and with boundaries adjusted for the
path of the satellite) is then placed over the gray scale. The overlay is shifted as needed to
properly iine up segment and field boundaries. This row and column shift from predicted
location is then utilized to cor-ectly identify the most accurate location of =ach field in the
segment.

This segment shifting processing rasuits in rectification of data to the nearest one half
pixel for each segment. No adjustment is made in the remainder of the scene from the f{irst
stage of rectification. Experience has shown that the segment shifting adjustments will
norinally vary across the scene in direction and size of shifts so the segment shifting results
are not imposed on the global rectification stage. This indicates that although SRS needs %
pixel accuracy for small scale classification of segments the accuracy of 1 pixel or so across
the rest of the scene i sufficient. There are large numbers of pixels associated with each
stratum within a scene and the | pixel potential error is not a critical percentage. SRS
would replace either or both of these "registration" procedures if data received always were
rectified to the appropriate accuracy.

The "40 meter Accuracy Requirement" Better Stated as "One-Half Pixel"

This might be the best point to discuss the USDA's "40 meter accuracy requirement”.
In the Domestic Crops and Land Cover project of the AgRISTARS research program SRS has
specified 40 meters as the desired precision for both scene-to-scene and scene-to-map
applications which utilize LANDSAT MSS data. Some members of the remote sensing
community have interpreted this to be an absolute (ground distance) requirement. The 40
meters originated because the resolution of the MSS data as acquired was assumed to be 80
meters. Accuracy to a haif pixel would be 40 meters. Regardless of effective pixel size due
to processing techniques the 40 meters was regarded as the feasible positional accuracy for
Landsat MS3S. The 40 imeters is not the important measure; the half pixel is the key.

SRS regards one half pixel to be the accura 'y goal for any advanced resolution sensor.
This is due to the emphasis on providing the most accurate data set for training on a field to
field basis. A sensor with improved resolution such as the thematic mapper should result in
improved classification results but only if a pure training and testing set can be insured.

Rectification and Registration in Forestry Applications

The U.S. Forest Service (USFS) has utilized aerial photography as a tool in providing a
number o1 inventory and management needs. The USFS approach is siinilar to that ot SRS in
that ground observation data is or can be availatle. The USFS objectives are more
demanding than those of SRS because a variety of types of information are desired. Insteac
of just estimating area of forest land there is a need ior determination of forest types,
measures of change, and some detailed estimates such as the annual increment of
production. USFS is often interested in production esuimates for land with considerable slope
and varied terrain in contrast to the relatively level terrain for crop acreage estinates.

The USFS has a major research effort refer.ed to as the Multiresource Inventory
Methods Pilot Test (MIMPT) which is an advanced demonstration of the use of Landsat
sateliite technology to supplement current methods of conducting recurrent invantories
over large land areas. The base program has established a lai ge sainple of sites which can
be periodically monitored for change and new resource assessment data. Much of the
necessary Jata can be obtained from aerial photography and thou: ands of aerial photos are
utilized when new photography acquisitions become available. The basic veference link is
providec by 7-1/2 minute USGS quadrangle maps.

72



Results from the first phases of the MIMPT indicated that computer interpreted
Landsat data combined with data from a relatively few aerial photos can replace human
interpretation of thousands of photos to estimate land use acreages. When the Landsat data
are included in a geographic information system with other data sources such as topographic
and soils data, it is possibie to derive variables needed in multiresource surveys such as
sedimentation, disturbances and other spatial dependencies such as public use, utilities, or
transportation infrastructures.

Because of the combination of Landsat data with other data in a geographic
information system and the necessity to extract specific features from ground sites for
training and evaluation, vary precise rectification of imagery is needed. The desired
accuracy of the USFS would be rectification of 95 percent of all pixels within ground sites
to within + 20 meters cf true ground location. This very precise goal is because of the
irregular shape of many features being observed and cf other variables such as topographic
information. In this specific application, the agency requirement is stated in terms of a
physical measurement irrespective of pixel size, in contrast to FAS and SRS requirements.

Rangeland Applications: One Pixel Accuracy May be Sufficient

The last aerospace remote sensing application of the USDA that I would like to discuss
is that of assessing rangeland condition. 1 will not attempt to discuss any prograins of the
Bureau of Land Management related to rangeland carrying capacity or other measures.
Instead | want to focus on research interests of USDA, notably of the Soil Conservation
Service (SCS). Although some initial work has been done, research is basically just getting
underway, and conclusions on accuracy are tentative at best.

SCS is interested in such factors as conservation needs ot rangeland as well as ra:ge
condition and biomass production. There is a great need for additional research into
methods for using satellite data in proper estimation of range condition. Rangeland
typically is quite variable across an area of any size. That is, there is not usually the
homogeneity that would be expected in a field of a planted crop. Sampling procedures tend
to obtain kinds and amounts of biornass for relatively small areas, often for points selected
by the range conservationist on the grcunc which are "representative" of conditions
observed.

One approach which might be helpful .1 the evaluation of range condition would be o
utilize an image as a stratification device and to collect biomass data for each stratum
present in the image. However, while range condition changes with longer term use or
abuse, range biomass changes quickly with rapid response to rainfall and drought. By the
time an image is availabie, interpreted, and in the hands of a person on the ground, the
conditions may have changed drastically. Thus, some type of sampling approach is needed
which collects data at cr near the time of satellite data acquisition to be related by cluster
analysis or some other type of estimation based on the satellite data.

One approach which might be applicable to the SCS information needs is to collect
data over some type of grid pattern. Collection of data for enough grid peints and
collection of biomass (or other information) for a large enough unit at each point to
minimize within sanipling unit variation would allow estirnation through a poststratification
approach with the strata based on the satellite imagery. Satellite data has not proven to be
easily integrated into SCS's conventional range site and condition surveys, nor t> the point
sample used in SCS pational inventories but it is an approach of great current inte. est.

Since there will not usually be "field" boundaries in rangeland areas it will not be
possible to imatch data as precisely as in the SRS crop acreage approach or the Forest
Service approach. Rectification of one pixel accuracy or registration at one pixel accuray if
repetitive coverages are interpreted should be adequate in light with the type of ground data
available. As with most other USDA applications registration or ~ectification needs for new
sensors would contiaue to be in terms of one pixel accuracy rather than a specification in
terms of absolute meters.
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Sampling vs. Whole Frame Studies

One topic of interest to individuals concerned with registration anc rectification is
differences in requirements for sampling approaches versus whole frame studies. From my
viewpoint of USDA requirements | feel that the answer is contained in the examples cited.
For estimation purposes when whole frame estimates are created in the SRS approach or
when FAS desires to make estimates for areas without corresponding ground data positional
accuracy of one pixel is sufficient. However, when sampling approaches are used such as
the SRS matching of ground data with corresponding satellite data for training or the USF$S
matching of various ground data items with satellite data, positional accuracy is more
critical and one-half pixel or greater accuracy is needed. These accuracy requirements are
relative to the purposes for which the data are used and should be thought of as related to
the resolution of each sensor and not norma.ly as absolute measures of ground distances.

Need for Standardized Concepts

As a closing note I would like to comment on observations from the communications
during the past two years and particularly from the past few weeks in preparing for this
workshor. Disagreement in ueilnition of terms was already addressed in the opening of the
paper. I :n within the use of a particular definition I think there is considerable
misunde standing.

Ai.>nugh the term "RMS" error as in "40 meters RMS" is widely used, 1 would question
if all pecple . sing it have the same concept of how to calculate RMS error and I feel from
discussions many users are misunderstanding what is meant by a certain result. At least as
used by the Statistical Reporting Service RMS error is a confidence interval statement that
two-t.. rds of all pixels will be within plus or minus that distance from "true" iocation where
true location may come from another data scene or frer map locations. Since so much
emphasi: has been placed on this RMS concept some cati: Lsers may believe that "all" data
are within this RMS bound. SRS has adopted a procezure of calculating a second accuracy
measure, the R-90 criterion, which is the radius of a circle containing 90 percent of the
deviations of pixels from "true" !ocations. This is felt to convey more information about the
accuracy of registration or rectification than just the RMS calculation. In the Forest
Service example above, the data users are interested in knowing how precisely 25 percent of
all poinis are registered which is essentially a Z.stance equal to twice the RMS measure.

1f this workshop can publicize procedures 1or properly measuring or calculating
positional accuracy and can educate users as to proper interoretation of accuracy
statemeats, it will have accomplished a great aeal.
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Since little is documented in U.S. Department of Agriculture publications on
re~istration and rectification requirements an alternate approach is to provide a list of
references for more information about applications cf the various Agencies. Below are
listed individuals who can be contacted for the remote sensing approachs mentioned in this

paper.

Foreign Agriculture Service - Bobby Spires, Chief, Analysis Branch, Foreign
Commedity Ccndition Assessment Division, Foreign Agriculture Service, 1050 Bay
Area Blvd., Houston, Texas 77058.

U.S. Forest Service - Edgar Chapman, Cartographer, Nationwide Forestry Applications
Program, U.S. Forest Service, 1050 Bay Area Blvd., Houston, Texas 77058.

Soil Conservation Service - Bill Hance, Soil Conservationist, Inventory and Menitoring
Staff, Soil Conservation Service, 12th & Independence Avenue, S.W., 5241 South
Building, Washington, D.C. 20250.

Statistical Reporting Service - Rich Allen, Chief, Remote Sensing Branch, Remotie

Sensing Branch, Statistical Reporting Service, 12th & Independence Avenue, S.W.,
Room 4832 South Building, Washington, D.C. 20250.
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4.3 NEEDS FOR REGISThATION AND RECTIFICATION QF SATELLITE IMAGERY FOR
LAND USE AND LAND COVER AND HYDROLOGIC APPLICATIONS

reonard Gaydos
J.S. Geological Survey
240-8 Ames Research Center
Moffett Field, California 94035

ABSTRACT

Many land uvse and land cover and hydrologic applications require the
use of satellite imagery «iad data. Maps ana "regations are made from
the data which might exist in concert with other data in a geographic
information system. Users have basic needs for registration and
rectification of satellite imagery related to specifying, reformatting,
and overlayina the data. Presently, each user must accomplish these
tasks independetly because the present data pre-proceising system is
unreliaktle. These data are sufficient for users whc must expand much
effort in registering data. These users have requirements concerning
proiection, vixel size, resampling, and accuracy, and most would b
catisfied with data that met the standards proposed, but not consistently
achlieved, for the present system.

APPLICATIONS

Users of satellite imagery :or land use and land cover or hydrologic
aprclications generally are interested in interpreting land use and land
cover from the data to producz maps and aggregaticns, inputting the data
intc geographic information systems, detecting changes over time, and
using derived data in a predictive fashicn (ORI, 1979). Ancillary data
is imgoortant in every step, and the ability to incoroorate such data in*o
the analysis process directly increases utility for such applications as
1avenzorying, managing, and planning. The hydroloaic agplicaticn is
r2ally a subset of the more general land use a Jd land cover applica-
ticns. Freaquently, —~articular categories of land use and lard cover
affecting the hydrologic budget (such as irrigated agricultural land) are
mapted and utilizea in hydrelegic models (much like yeogrephic inferma-
ticn syctems) with other data sets.

Thcse users interested in areas at least as large as multiple ccunties
make most use of the present generation of catellite imagerv. We'll
focus on one prospective user, the U.S. Geological Survey (USGS) to
11lustrate needs most other users can be expectea to have.

USGS began a program in 1774 to map land use and land cover for the
entire Nation, to digitize the resulting polygons, and to make the data
avallable tor use in geographic infcrmation systems. Although present
satellite data have not been uced as primary source material, cdata © om
improved sensor packages may prove more useful. In any case, sat .ite
dara can be expected *o play a role in identifying areas in nee. of
updating (Milazzo, 1980), and Landsat digital data have proved wvaluable
in r2gicns where otiher source material is laciing (Morrissey and Ennis,
1s6l) .
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The “Water Resources Division of USGS has a need to map specific cate-
gories of land use and land cover as an indicect estimator of water use.
Fieid measurements and ancillary data are used to determine the average
amount of water used for each hectare of a given land use and land cover.
The resulting data are used in combination with other lavers of ‘a%a such
as recharge and disciharge rates and present saturated thickness Jf an
aquifer to predict futuie saturated thickness given alternative water use
Plans. A hydrologic nodel is used for this application in much the same

way that a geographic information system might be used to relate multiple
layers of data.

BASIC NEEDS

Land use and land cover and hydrologic applications users have basic
needs for registration and rectification of satellite imagery: (1) the
users must be able to locate data when given geographic coordinates or to
find geographic coordinates given data coordinates; (2) it must pe
possikle to reformat the data to fit given map projections; and (3)
scenes of the same area from different times must overlay each other.

Presently, each user solves these problems independently with cifferent
degrees of success and at varying costs. Typically the user first finds
a set of 30 or more control points for a Lendsat scene that can be
ifentified on the imagery and on the largest scale maps available,
Methods differ somewhat. Some users identify contrsl points from a
digital display. Others print grayscales for areas surrourding likely
control points on a lineprinter and correlated them with topographic
maps. Map coordinates are determined either through measur~ment with a
latitude/longitude ~r Universal Tranverse Mercator (UTM) ccordinates.
Sacond=- or third-degcee polynomials are computed bv analyzing the centrol
ncints and discarding those inaccurately determined. These polynowials
are used as a calibration file to reference the data. Other data can
then be registered to the Landsat base through the calibration Zile even
though that base might not actually be itself registered to a map.

For disclay of Landsat data as a map, though, additional processing is
required. .ypically the Landsat data wili be registe-.d to a map base bty
specifying a calibration, desired prcjection, size of final pixel, and
resampling scheme. This precision reformatting is a computation-intensive
procedure, and not every user is able to accomplish it.

Utilizir' more than one Landsat scene, either to mahe .32 of temporal
data in an analysis or to detect .change with time, reyuires registration
of cne 3cene to another. Again there are many wa,s to accomplish this
task. Some ucers use a modified version of the control poaint procedure
used to register a scene with a map. A digital displ=v or grayscales are
used to find control points on each scene, and calibration is established
based on a polynomial. A less labor-intensive methcd is to use auto-
correletion technigues. sometimes combined with gradient identification
techiiiques, <n a computer. This automatically finds control points that
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can then be edited. 1In adilition to the labor-saving advantages, such
systems frequently are able to find many mcre control voints than the
analyst is willing to find, say 200 rather thnan 50. Errors are usually
less with more control After the equations are established, one scene
is considered the primary scene, and the other is "rubber-sheeted" to fit
it, another intensive ccomputatio. job. Though many users are interested
in using multitemporal data for analysis, not cveryone can carry it out,
given the procedures required today.

PRESENT LIMITATION

The techniques outlined to solve ‘present reqgistration proLlems have bean
around for at least 5 years. EDIPS data have been around for 2 1/2
years. The same procedures used before EDIPS to solve registration
problems are as necessary today ¢s they were before EDIPS became avail-
abie. Th-re was great hope that the Master Data Prucessor (MDF) at
Goddard would alleviate many of the problems and provide reliably
~nrrocted data. The Landsat data corrected with ground control points
(GC#) chosen from 1:24,000~scale maps wou.d be less than one pixel for 90
serceni. ol the pixels in a scene. The Landsat Data-Users® Handbo.ok also
scecified that the temporal registration otffsets between two Landzat
scenes having the same path-row location would be l2ss than 0.5 pixel for
90 percent of the pixels in a scene (U.S. Geological Survey, 1379).

Those expectations are not being met, The ''.S, Department of Agriculture
(USpDA) compaiad registra*ion quality of data from the MDP with “heir
existing techriques and found that though they could nrot rely on it
presently, they could use data from the MDP as a starting point for an
algorichm that will automatically register their segment data to the
Landsat data .iraham and Luebbe, 198l). The Digital Mapping of Irrigated
Crcoland Technijue Testing project fouri it necesrary tc manually find
contrnl points for 36 scenes in 1981 “ecause results of testifg those
Landsat scervs from the High Plains with assessment ratings of thceee or
more where an average of no closer th... ten pixels from their expected
lccations (hoch, 1281).

Tte same Technique Testing prcoject found that not only was it neceszary
tu fiad control points for scen: to scene registration {multitemporal),
Lut there was more rotation of one scene .ith respect to another with
vata from he MDP than there had ever been before. The increase in
rotation requires much more computer memory for the “rubber sh~ %ing"
alaoithm. On the positive side, EDIPS data seemed to correlal cetter
than the old x-format, presumably because of the cubic convolution
resampling. This improvement was also noted by the California Irrigated
Lards Technique Testing project (E. Bauer, oral commun., 198l).

REQUIREMENTS
The present registration of Landsat data products :- insuf€icient for the

needs ~: 'aad use and land cover and hydrologic app.ications users. Much
time and  :tfort is expended in referencing the data by map cocrdinates,
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nracisica correcting it to fit mans, and overlaying multitemporal scenes.
Thes2 steps could be simplified considerably and avon eliminated for some
applications if data was really available in registered forin. Jser
demands in this arers are not extreme, It is fair to prezume that those
users presently dissatisfied with data registered by the MDP would be
guite happy with data that was registered as 211 as they are able to»
cbtain themselves.

Users with the ability to perform their own geometric correc*ions would
like Landsat data to come with information on image gecmetry (like list~
ings of ground control points) sufficient for facilitating geometric
corrections (ORI, 1979). This is probably -e most common demand heard.
Users would like listings of control peoints. With then they ~ouiu
perform their own correcticns, check out the accurucies of t! A=Y
corrected data, or use them as a base for adding additional points hen
warranted.

Those users who would like system-corrected datz are divided .: juestions
of prejection, rotation, pixel size, resampling, ~:nd accuracy. Let's
look at each cuestion, o~e at a time.

All users will not be zatisfied with data in just one staniard projzc-
tion, such os the Space Obligus Mercator (SOM) <: Hotire Cb .ique Mercator
(HCM) . Users of satellite imagery for land use and iand cover applica-
tions commonly use the data in combination with maps and ot»er data
layers. These maps can be cast on a variety of prejections, such as che
7y, Alters Conical Zqual Area, or polar Stereographic. What is nee=ded
is the ability to convert data from one projection to inother. USTE qoes
have a package of conguter routines, in Fortran, designed to pecmit tne
transformtion ¢f coordinate puirs from onz2 map projection to another

U.S. Geological Survey, 1981). Data cculd be made availablt in one c¢cr

t /o standar< projections with sofi-ware ..7;ailable to the users "o convert
vO other projecticns, cr the li.t of available projecticns could be
expanded for :the standard product with the user specifying his cholce.

Mosr users would prafer land ase an? land cover datsa that are geo-
metrically correcte ! before delivery to them to be rotated to North
Though arguments can b made that :(~tation 1s not really nec2csary, the
fact remains that when working with maps, and othecr data luvel:s derived
from maps, rotated data is a pleasure and unrotated da%a is a »ain.
There is a dilemna wich respect to this ques*.orn. When working with an
entire Larisat c.ene or multiple scenes, a t.tated data set is sub-
stantially larger than its unrotated counterpact. When working with 2
mab quadrangle, thougly, rotated daca fit jus*t right, and substantially
mo- -~ data are needed to get the quadrangle ¢ .rage irom the «nco.ated
set. 50 it really depends on the applicatior and the size oY the areca of
concern. The question of rotation shculd really he an opticn 1oy the
user. This would satisfy all.

Three pixel sizes seem to v.ie for attention., The S7-meter square

delivered with EDIPS seems to gJarner no real harsh feelings. lisers
understand that 57 meters 13 the resampling interval along a scan line
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and they understand the logic of choosing that for the resampled pixel.
There are perhaps stronger arguments to be made for going to a S0-meter
square pizel since it would cor:respond quite nicely to UTM coordinates
and be compati'le with the cell size of the USGS land use and land cover
data in the grid cell form. There are also those who would like to see
60-meter pixels which would be easier to compare with 30-meter thematic-
mapper data.

There has also been much disagreement over resampling. Most users who do
their own geometric corrections tend to use simple nearest neighbor,
most', because of cost considerations. Cubic convolution does appear to
proi i- ¢ smoother looking data. It does so by increasing the variability
of the pixel values making the data harder to compress and perhaps
adversely affecting the accuracy of classification algorithms that
utilize variance. Much of what resistance there is to convoluted data is
probably due mor- to unfamiliarity with it than to other factors.

The question of accuracy is probably the single most important issue. At
a minimum, users would like to know what the average accuracy of a
particular product is. This is important atove all else. If it is
reasonable to achieve only 10-pixel accuracy for a given scene, because
many l5-minute maps had to be used, the user needs to know. He can then
determine whether that accuracy is sufficient for his application and
improve upon it if necessary or possible. Perhaps the greatest dis-
appdintment from the AgRISTARS evaluaticn of data registration was the
poor correlation that was found between accuracy and assessment ratings
{Graham and Luebbe, 1981).

There are three distinct accuracies the user must worry about. The first
involves the referencing problem. 1t may be necessary to extract pixels
that lie within polygons digitized from a map. Most users would tell you
that for this they require root-mean-square (RMS) accuracies at least as
good as 1 pixel. This can be achieved, however, in two stages. The
first might reference the data to within several pixels, while the second
mist use local fit to achieve the sub-pixel accuracy desired.

For fitting the data to a map, the real consideration is scale. The
National Map Accuracy otandard for horizontal accuracy is 0.02 inches at
scales smaller than 1:20,300 (Thompson, 1979). This translates to 254
meters at 1:500,000, 127 meters at 1:250,000, and 51 meters at 1:100,000.
Judging from past performance it seems reasonable to expect precision~
corrected Landsat data to fall somewhere between the standards for
1:500,000- and 1:250,000-scale maps. This should be quite acceptable for
most users.

In a geographic information system environment, the resolution of the
coarsest unit determines the effective resolution of the entire system.
Since land use and land cover data are usually at a finer resolution than
other data layers, such as soils, problems with inaccurate registration
of a few pixels are not especially critical on the whole. 1In hydrologic

< -2
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applications over multi-State regions, land cover data from Landsat may
be at the finest resolution of the system even though it is reported for
areas as large as 1 square mile. Misregistration could be critical in
particular cases, though. Identifying residential land use within a
specified slope interval computed from digital elevation models of
l3-meter resolution would require very good, sub-pixel registration.
‘Reqistration becomes mosc critical when it come to overlaying data
collected from the same point at different times. The California
Irrigated Lands Technology Transfer project attains a 0.2 pixel RMS error
for multitemporal registration (Wall and others, 198l1). Error tolerance
depends mostly on environment and repetition. Larger.errors can be
tolerated if land use and land cover features are large and if only two
dates are being overlaid. Those same errors become intolerable when the
features are smaller (more boundary pixels) and when more scenes are
being overlaid. 1In general, most users would be quite pleased with the
error limits proposed for EDIPS, that is, 0.5 pixel temporal registra-
tion offset.

SUGGESTIONS

Most users are puzzled by the lack of quality registration coming out of
the MCP. This has limited some users without access to their own
geometric correction and overlaying algorithms and has increased costs
substantially for the others. ‘It 1s hoved that a result of the Registra-
tion and Rectificaton Worxshop will be an improvement in the accuracy of
MDP products. One critical element in any procedure to accurately
register satellite imagery to maps is selection of ground control points.
Thousands of control points have been picked by Landsa*t analysts in the
past. Perhaps a way can be found to aceept contributions of GCP's from
the users into the MDP library. There they would augment those already
in the library, increasing the number of pointis available for each scene
and the reliability of registration.

SUMMARY

Reliable registraticn of satellite imagerv would greatly increase the use
of such cdata for land use and land cover and hydrologic applications.
Wwhile some users can and do accomplish their own registration, most
cannot. The inability to work with registered data results in the loss
of the tenporal dimension, production of inferior map products, and
difficulty in using ancillary data that is registered. While sampling
strategies satisfy users from some disciplines, land use and land cover
are commonly interested in completing "wall to wall" surveys and produc-
ing map products.

Land use and land cover and hydrologic applications users have definite
demands for reqistered satellite imagery. While more variety with
respect to cptions is desirable, products which meet the standards
propcsed for EC."S wculd be welcomed. One addition that most users
mention i. a listing of control points that can be used to check accuracy
of a particular rrodrct or as a starting point for refinement. Satisfac-
tion of those requirements would greatly improve the utility »f satellite
imagery for iand use and land cover and hydroiogic 'applications.
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4.4 RECISTRATION AND RECTIFICATION NEEDS OF GEOLOGY®
Pat S. Chavez, Jr.

Geologic applications of remo’:ly sensed imaging encompass five areas of in-
terest. These include: enhancement and analysis of individual images; work
with small-area mosaics of imagery which have been map-projection rec’:fied to
individual quadrangles; development of large-area mosaics of multip.e images
for several counties or states; registration of multitemporal images; and data
integration from several sensors and map sources. Examples for each of these
types of applications are summarized in Tables 1 - 5.

Individual image work (Table 1) has been primarily applied for medium-scale
structural mapping and surface geology delineation. Small-area mosaics (Table
2) have been developed primarily for structural analysis also, but the recti-
fied image can be considered a map product. Both optical (i.e., photographic)
and digital rectification and edge matching have been undertaken. Large-area
mcsaies (Table 3) have been undertaken to provide geclogists with regional
views that display major tectonic features. Until recently, most of this
work has involved digital processing on subsampled Landsat scenes (i.e., a
resolution of 200 meters) or optical processing for photomecsaics. Temporal
processing (Table 4) has been applied to several imaging sensors to detect
changes over time associated with vegetation seascnality and of dynamic phe-
nomena such as ocean currents or ice flows. The last area of concern is data
integration (Table 5), in which a variety of remotely sensed and ancillary
data are map projected and overlain to assist in the analysis of geologic
structure. In data integration studies, satellite images form a limited but
essential contribution to the overall analysis. As the various data types are
being overlaid, the accuracy of image reprojection to a given map projection
and scale is of paramount importance.

In summary (see Table 6), geologists have first-order geometry corrections
with 1 to 250,000 scale. For the geologists, if you take care of aspect ra-
tio, earth rotation, variable scanning of the mirrors, tnings you can do auto-
matically, probably 60% of the time that is acceptable. But if geologists are
going to do very detailed lithology and lineament mapping, you need to go to
ground control points. For satellite ephemeris corrections, we have tried
several of those techniques and it never seems to give the accuracy needed,
probably because we haven't been able to obtain the ephemeris information for
that image. Digital correlation techniques already exist; this is what the
MDP is using and now more recently thne Purdue and JPL teams are using with FFT
techniques. For correction techniques, we look at image to map and image to
image. If you go from an image to one map and then another, the geologist may
want to convert from & JTM to an orthographic or other projection, This
brings out the guestion: should we really do the Landsat geometry corrections
right at the beginning at MDP or should you just supply the coefficient to the
vser so he can adjust the coefficients if he would really like to map projec-
tion 2 instead of map 1. This would reduce having to resample the data twice.

#®Edited oral presentation.



One of the Uthings that I feel may still need improvement is the accuracy in
the terms of pixels rather than meters. If you are working on a 1:250,000
scale you could get typically with Landsat +1 or 2 pixels. With the Thematic
Mapper, of course, the same distance would be more pixels but now we are going
to be working with 1:50,000 and 1:100,000 scale maps, so again the +1 or 2
pixels will probably be sufficient for the geologist. In other words, if
what I am mapping has accuracy within the width of my pencil line, that's all
I need. For digital-mozaicking accuracy though, I think that the geologists
will complain when they see a mismatch of one pixel, even if it falls within
their accuracy criteria from one image to the other. Right away they start
worrying that the area of mismatch may be a lineament, and mapping isn't as
accurate as it should be. They don't realize that its still within +80 or 90%
of the particular need that they ask for.

We talked a little about band-to-band registration problems. Again, I would
like to suggest that maybe somebody ought to investigate the idea of taking
the individual bands, trying some of the autocorrelation techniques used tc
select ground control points, and registering an individual band to your map,
and extending your autocorrelation from band to band for further correction.
Finally, I mentioned the geometry vs radiometry and topographic displacement.
Goddard has its ground control point library, and perhaps they could include
some of the new DTM 30-meter topographic data into their correlation? Perhaps
this could be added as another data set for topography.
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Table 1,

EXAMPLES OF INDIVIDUAL [MAGE W

® SAN FRANCISCO PEAKS AREA
- STRUCTURAL MAPPING

o SELECTION OF OPTIMUM RATIO COMBINATION BY STATISTICAL
METHODS

® DENVER/AUTOLINER PROJECT
- STRUCTURAL ENHANCEMENT IN DENVER AREA
« DEVELOP AN AUTOMATIC LINEAR MAPPING TECHNIQUE

® OFFICE OF INTERNATIONAL GEOLOGY
- SAUDI ARABIA
- STRUCTURE
- MATERIAL COVER
- MOROCCO AND TUNISIA
- MATERIAL COVER
- HYDROLOGY
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Table 2.
EXAMPLES OF SMALL- MOSAICS (QUADRAN

(DIGITAL AND/OR OPTICAL)

ALASKA (13 1°x2° QUADS FROM LANDSAT MSS/1974-76)
- DIGITAL MOSAICS
- STRUCTURE AND MATERIALS MAPPING

GRAND CANYON (4 LANDSAT MSS IMAGE MOSAICS/1978)
- DIGITAL MOSAIC DONE BY NASA/GODDARD
- USGS FLAGSTAFF DID THE FALSE AND SIMULATED NATURAL
COLOR PRODUCTS AFTER ATMOSPHERIC SCATTERING CORRECTIONS
-« MOSTLY OVERVIEW OF THE CANYON AREA AND FOR COMPARISON WITH
TOPO MAP

1:250K SAUDI QUADS (10 1°x2° QUADS FROM LANDSAT MSS/1979-80)
- DIGITAL MOSAICS
- STRUCTURAL MAPPING
- BLACK AND WHITE BASE MAP FOR GEOLOGIC MAPPING

SONAR (GLORIA SONAR TMAGES OF THE ATLANTIC/1980)
. OPTICAL MOSAIC OF 30-40 TRACKLINES
. DIGITAL MOSAIC OF *-5 TRACKLINES
. PRIMARILY FOR STRULTURE; BUT SOME MATERIAL TYPES

RADAR (AIRBORNE AND SATELLITE/1979-PRESENT)
. G- SCHABER, ET AL (SAN FRANCISCO PEAKS AND DEATH VALLEY)
. WALTER BROWN, ET AL/JPL
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Table 3.

XAMPLES -

(STATES AND/OR COHUNTRIES)

° NEVADA (1973-74)
« 32 LANDSAT MSS IMAGES
« DIGITAL

° SAUDI ARABIA (1978-81)
« 260 LANDSAT MSS IMAGES
. OPTICAL MOSAIC OF DIGITALLY PROCESSED IMAGES
« STRUCTURE AND BLACK AND WHITE BASE MAP

° FLORIDA
« AP®PROXYINMATELY 15 LANDSAT MSS IMAGES/USGS—RESTON
. OPTICAL MOSAIC

® ARIZONA
- APPROXIMATELY 20 LANDSAT MSS IMAGES/JPL
- DIGITAL MOSAIC

° NORTH AMERICA PLATE MOSAIC (NAM)
. PROPOSED PROJECT OF APPROXIMATELY 2200 LANDSAT MSS IMAGES
. DIGITAL/OPTICAL/HYBRID '
. STRUCTURE PLUS HIGH-QUALITY DIGITAL MOSAIC DATA BASE
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Table 4.
XAMP P P

° LANDSAT MSS
. FLAGSTAFF AREA - MONITOR/DETECT VEGETATION CHANGES FOR
SOILS TYPE INFORMATION AND SOIL EROSION
. C- ROBINOVE ET+AL. = ALBEDO MONITORING IN ARID LANDS
(REGISTERED APPROXIMATELY 20-25 LANDSAT MSS IMAGES)

® RADAR/SEASAT
« ASCENDING VS DESCENDING ORBITS FOR GEOMETRY AND TOPOGRAPHIC
INFORMATION BASED ON VIEWING DIRECTION DIFFERENCE
+ SEACE DYNAMIC AND ICE-FLOE TRACKINE

° HCMM
. OCEAN cATTERN AND LAND AREAS
« THERMAL INERTIA MAPPING (K. WATSON AND A. KAHLE, ET.AL-)
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Table 5.

DATA INTEGRATION (MULTI-SENSORS AND MULT}-MAP SOURCES)

° REDWOODS PROJECT (1976-77)
- DIGITIZED COLOR U-2 FOR ENHANCEMENTS AND VEGETATION .vc.
MAP
- GEOLOGY MAP
« PROXIMITY MAP
- TOPO/SLOPE MAP

PURPOSE: GENERATE A DERIVATIVE MAP THAT REPRESENTED THE
LANDSLIDE/ERGSION POTENTIAL BASED ON THE INTEGRATED DIGITAL
DATA SETS.

° CEMENT FIELD (1979-°9)
- GAMMA-RAY SPECTROMETRY - 4 PARAMETERS
- AEROMAGNETICS
- MULTI-FREQUENCY RESISTIVITY
. GRAVITY
« LANDSAT MSS
. COLOR U-=2
. GEOLOGY
- TOPOGRAPHY

PURPOSE: F©VALUATE VISUALLY AND STATISTICALLY THC CORRELATION
AMONG THE MEASURED VARIABLES CVER A KNOWN SURFACE AND NEAR-
SURFACE GEOCHEMICAL ALTERATION PATTERNS. IN THE STUDY AREA
USED, ANOMALOUS GEOCHEMICAL AND GEOPHYSICAL SIGNATURES HAD
BEEN PREVIOUSLY DOCUMENTED: IT WAS AN AREA WHERE HYDROCARBON
MICROSEEPAGE HAD INDUCED THE ALTERATIONS:
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TABLE 5.(continued)

® OCEAN BOTTOM DATA SET (FAMOUS AREA/1980-81)
- BATH |
« MAGNETIC
. GRAVITY
- PRESENTLY ADDING SONAR

® MULTI-SENSOR
« MSS/SEASAT
. MSS/RBY
. FUTURE - MSS/RBV/TM/sPOT
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TABLE 6 .
SUNMARY

° VARIOUS TYPES OF GEOMETRIC ZORRECTION TECHNIQUES EXIST
« FIRST—ORDER CORRECTION (I1+.E., AUTOMATIC CORRECTIONS ONLY)
. GROUND CONTROL POINT (GCP) CORRECTIONS
« SATELLITE EPHEMERIS CORRECTION
« DIGITAL CORRELATION TO ALREADY CORRECTED IMAGE

® CORRECTION TECHNIQUES CURRL.TLY IN USt
. IMAGE TO MAP
« IMAGE TO IMAGE
< IMAGE TO MAP 1 TO MAP 2

° IMPROVEMENT IS STILL NEEDED IN THE FOLLOWING AREAS
. ACCURACY VS COST
. BETTER EPHEMERIS DATA FOR MORE ACCURATE CORRECTION
. THIS WILL GREATLY IMPROVE THE USE OF THE IMAGES
BECAUSE MORE AUTOMATIC AND EASIER TO USE IN MOSAIC
. AN ABSOLUTE MUST FOR SEAICE MONITORING TYPE PROJECTS
« MULTI-SENSOR AND MULTI-RESOLUTION DATA INTEGRATIOU
« NEED A GOOD FRONT END (1.E., RECEIVING STATION) GEOMETRY
CORRECTION TO GET GOOD IMAGE-TO-iMAGE MATCHING FOR DIGITAL
AND/OR OPTICAL MOSAICS-. CURRENTLY THE COST PER IMAGE FOR A
600D DIGITAL MosSAIc IS FrRoM $800 1o $2500 PER IMAGE; NEED
TO GET THIS DowN T0 $200

“ ACCURACY
. DEPENDS OF THE RESOLUTIGN/PIXEL SIZE OF THE 1#: 3E BEING

USED
« GENERALLY FOR VISUA! INTERPRETATION %].5 PIXEL ACCURACY 1S

SUFFICIENT (1.E-., WIDTH OF A PENCI. LINE AS GORDON SWANN

WOULD SAY)
« FOR DIGITAL MOSAICS THE ACCUR. ¥ NEEDED iS MORE LIKE * 0.5

PIXEL
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1. Introduction

Severe storms research is characterized by temporal scales ranging from
minutes (for thunderstoms and tornadoes) to hours (for hurricanes and
extra-tropical cyclones). Spatial scales similarly range from tens to
hundreds o1l kilometers, depending on the phenomenon being observed.

Sources of observational data include a variety of ground based and
satellite systems. As one would expect, requirements for registration ard
intercomparison of data from these various sources are a function of the
research being performed and the potential for operational forecasting
application of techniques resulting from the research.

This paper presents an overview of the sensor characteristics and
processing procedures relating to the overlay and integrated analysis of
sateilite and surface observations for severe storms research. It is based
on a review of the literature, discussions with meteorologist researchers
in the Troposphere Branch of Godcard's Laboratory for Atmospheric Sciences,
and on experience in the development of the Atmospheric and Oceanographic
Information Processing System (AOIPS).

2. Severe Storm Data Sources

Data sources include geostationary satellites, polar orbiting satellites,
radar, aircraft, balloons, and meteorological models. Satellite, aircraft,
and radar data are frequently in image form, while the remaining sources
and information derived from satellite imagery are either in the form of
gridded fields or station observations. This section surveys the major
data sources, identifying the information provided and the spatial and
temporal characteristics.

2.1 Satellite sources - Geostationary Orbit

The GOES Visible and Infrared Spin Scanning Radiometer 1,2 (VISSR)
provides visible imagery showing cloud structure and patterns, and infrared
imagery showing surface and cloud top temperature. A full earth image is
generally scanned every 3@ minutes, however, limited area north-south scans
may be commanded at intervals as frequent as 3 minutes. Analysis of
sequences of these images provides meansurements of cloud motion winds and
storm growth rates. Spatial resolution is nominally 1 km visible and 8 km
IR at the subsatellitez point, but degrades away from that point due to
curvature of the earthés surface. The IR resolution is approximately 10
km, for example, at 46  latitude. Wind and cloud height observations
derived from VISSR are essentially randomly spaced corresponding to
locations where cloud features can be identified.

An improved sensor based on the VISSR - the VISSR Atmospheric Sounder3

(VAS) is currently being operated in a research/evaluation mode. A total
of 12 IR channels provide measurements of temperature and humidity
integrated over different layers of the atmosphere. When operated in Dwell
Sounding mode, all 12 channels are scanned for a selected north-south
extent. Because of multiple spin averaging to improve the signal to noise
of the radiances, an area the size of the U.S. requires approximately 3
hours to image. Four IR channels may be selected by ground command to scan
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at VISSR rates (30 minutes for full earth). This multispectral imaging
mode provides time sequenced imagery of temperature and water vapor
patterns and mction. Like wind fields derived from VISSR, temperatur: and
humidity profiles derived from VAS are generally randomly spaced
observations.

Earth location information for the VISSR and VAS data is derived from
interactive identification of landmark locations in visible imagery.

The initial method used was to fit Kepler orbital elements to direct
observations of satellite position and to fit the parameters for 4.5
spacecraft attitude and sensor geometry to landmark observations. ™’

In 1975, techniques were developed 6.7 to derive btoth orbit and

attitude state from image landmarks. ' Chebyshev polyonmials are now uzed
to model spacecraft position and image-sun angle as a function of time.
This allows predictive parameters to be generated and thus permits earth
location of image features inmediately after acquisition. The Chebyshev
coefficients have been transmitted by NOAA in the image iine documentation
since 1977.

The VAS navigation procedure correlates prestored 16 x 16 image chips to
locate landmarks. Orbit, attitude and camera biases are estimated using an
iterative weighted least squares technigue,

Comparison of image locations derived using this model with NOAA
landmark observations yields the following statistics for residuals:

mean a
pixel ~3.83455 1.335
line £2.0192 1.58

Using 20 landmark observations per day for a 3 day period allows navigation
parameters to be extrapclated for 48 hours with 3 pixel accuracy. The mean
pixel and line error vs. prediction interval is shown in Fiqure 1.

2.2 Satellite sources ~ Polar Orbit

Sensors on-board polar orbiters typically repeat coverage at 12 hour
periods. Because this is much longer than time scales of severe storm
dynamics, this source of data is not as heavily utilized as the GOES
sensors. The primary uses have been model initializaticn and comparison,
extraction of parameters not available from geostationary sensors, and
comparison with geostationary cbservations. Two sensor systems will be
summarized here for illustration and ccmparison.

The Electrically Scanning Microwave Radiometer (ESMR) orn Wimbus-6 provides
radiometric measurements in two bands for twe polarizations. The
instrument scans in a 707 area ahead of the spacecraft motion with a
constant 50 incidence angle with the earth's surtace. Nominal resolution
is 20 km cross-track and 45 km along-track. Multispectrzl

classification technigues are used tc identify areas of rainfall.?
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Four instruments on the TIROS-N and NORA-6 satellites provide
visible and infrared imagery along with sounding radiances.

The Advanced Very High Resolution Radiometer (AVHRR) scans a 1650 km swath
in 4 visible and infrared bands. The 1.1 km IFOV is oversampled by a
factor of 1.362 to produce 2048 samples per line at approximately 880 meter
separation. NOAA generates latitude/longitude values every 48 pixels (51
points per line).

The High Resolution Infrared Radiation Sounder (HIRS/2) scans a 2240 km
swath in 20 infrared bands. The 56 step scan produces IFOV's of 17.4 km at
nadir, degrading to 58.5 km (cross~track) by 29.9 km (along-track) at
maximum scan angle. NOAA generates latitude/longitude values for each scan
position.

The Stratospheric Sounding Unit (SSU) and Microwave Sounding Unit (MSU)
scan in 8 and 11 steps respectively; resulting in IFOV's exceeding 120 km.

2.3 Aircraft and Ground Based Observations

Aircraft flights are used to measure smaller scale cloud properties and to
test new sensors. The scanning resolution depends on the instrument and
aircraft altitude. The Cloud ‘lop Scanner, for ~xample, has a 180 meter
cross track resolution and a 2¢9 meter along-t ck resolution. Aircraft
navigation cdata is used to define image georeferencing parameters.

Ground based digital radar provides measurements of rainfall intensity and,
for doppler radars, velocity. Digital returns are oriented along radial scans
with varying range, range resolution, and azimuth angle resolution. The
Norman, Ok. doppler radar for example has a range of 456.2 km, range gate o 11
resolution of 0.6 km, and azimuth angle resolution of approximately @.8".
Elevation angle is varied to provide measurements at different altitudes.

Rawinsonde balloons provide measurements of temperature, altitude, dewpoint
and winds at 40 mandatory pressure levels from over 180 stations in the U,S.
every 12 hours.

3. Registration Requirements

Data registration processing for severe storms studies tends to have both
multi-temporal and multispectral aspects. As mentioned in the discussion of
the VISSR, multi~temporal imagery from a single sensor is freguently used to
extract measurements of atmospheric motion and cloud growth. The resulting
observations are often registered and overlayed on visible imagery from a
single time for comparison with cloud features and are registered and
integrated with other sources (e.g., ground based observations) for comparison
or integration with models. Examples of multi-source image registration
include GOES-west to GOES-east for direct stereo cloud top measurements, and
digital radar to GOES visible and IR for comparison of rainfall and doppler
velocities with cloud structure. These multi-source observations from
different times are then registered to produce time lapse displays and
temporal analyses. Because of its frequent coverage, its ability to show
mesoscale features, and the computional time required to remap sequences of
images to a common projection, the GOES imagery is generally used as the
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referei.ce coordinate system or map base for these analyses. Because of its
relative importance, the accuracy and remapping considerations of COES
sensors will be addressed further in the next subsection. Next, some
considerations involving point source and gridded field registration will be
discusseu. Finally, in the next section, the current multi-source
combinations will be summarized.

3.1 GOES Data Registration

As described in Section 2.1, the absolute navigation accuracy from current
VISSR and VAS landmark processing is on the order of 1 to 2 pixels (1-3 km).
Errors may be intrcduced by:

- operator errors in the identification and correlation of
landmarks,

- geometric irregularities in the image, and

- differences between
earth's surface.

12 the oblate spheroid model and the actual

For registration of successive image frames, relative errors are typically on
the order of a single pixel. In measurement of cloud drift winds, this
equates to an error of approximately 8.5 m/sec for 38 minute interval data and
3 m/sec for 5 minute interval data.

Stereo measurements of cloud top heights are made by remapping 512 x 512 image
sectors from one GOES satellite to the projection of another. The
orbit/attitude coefficients define a (latitude, longitude) to (line, pixel)
remapping function and its inverse. This is used to generate a remapping
grid, with bilinear iinterpolation used to relate corresponding locations
between grid points. Absolute georeferencing errors are reduced by shifting
registered images to align cloud shadows and other features. The resulting
relative error is on the order of a 5 pixel, with a resulting absolute cloud
height error on the order of 8.5 km.

Digital radar data is registered to GOES Visible and IR imagery through a two
step process. Data in radial scan orientation (B scan) is first resampled to
an earth latitude, longitude grid. Plane earth, low elevation and short range
approximations are used where possible to reduce computation time in
transforming from the radar to earth coordinate system., These approximations
introduce an error on the order of 4.5 km (one half a GOES visible pixel).
Next, the image in this earth latitude, longitude projection is remapped

to the GOES projection. Bilinear interpolation is used to compute 11
positions between user specified grid points (usually at 20 pixel spacing).

Polar orbiter data is not generally registered to GOES data for severe storms
observations, partially due to the disparate time scales and partially due to
the representation of the polar orbiter image location information as
latitude, longitude values at sampled locations along scan lines. The latter
makes the (line, pixel) to (latitude, longitude) transformation trivial, but
makes the inverse transformation difficult to solve. It is therefore easier
to register data using the polar orbiter image as a base.

101



3.2 Point Source and Gridded Field Registration

Point source or station observations (e.g., winds from VISSR, soundings from
VAS, and rawinsondes) have known locations and can easily be overlayed on maps
or GOES imagery. However, further analysis and comparison with image features
frequently requires gridded fields for contouring or diagnostic (e.g.,
divergence) computation. Furthermore, integrated analysis of multiple
parameters requires that all parameters be represented in the same grid
locations. A number of techniques are used to interpolate between point
source observations to compute values at intermediate grid points. These
techniques include weighting values by inverse distance within a search area,
eliminating points that are shadowed by closer points, and interactive schemes
that recompute weights based on residual errors between original point values
and values interpolated from the gridded field. The selection of technique
and algorithm parameters affects the degree to which the gridded field
represents features in the data.

4.0 Summary and Recommendations

Current multi-source and multi-~temporal registration requirements are
summarized below:

Multi-temporal

- GOES VISSR and VAS image frames to first image of a sequence

- Station observations and gridded fields to GOES image loops and
to map projections

Multi-source

- GOES VISSR/VAS - west satellite projection to east satellite
projection (or the reverse)

- Digital radar to GOES VISSR/VAS
-~ Station observations and gridded fields to GOES VISSR/VAS

Because the GOES image projection generally serves as a common base,
registration accuracy requirements are generally 1 km (1 visible pixel).

Registratior of the above data for research case studies generally allows
sufficient time for the remapping process. For nowcasting applications 13
as will be performed on the Centralized Storm Information System (CSIS),
the registration and overlay must be performed in minutes.

While the above capabilities for data registration are fairly powerful,
limitations still exist:

(1) Absolute errors on GOES VISSR image are as high as ¢ pixels. It is not
clear whether improved models or procedures can improve this, Furthermore,
non-linearities are observed in short interval images that are not found in 3@
minute data and are therefore not modeled in the navigation function.
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(2) Sterec GOES image pairs are currently offset interactively to compensate
for absolute navigation errors., Registration using relative control points in
the two images may improve the registration accuracy and thus the accuracy of
cloud height measurements.

(3) The incorporation of a new data source (e.g., a polar orbiting sounder)
into an analysis requires the development of additional software to identify
and extr-~t image control points and to perform the necessary resampling and
remapping to the reference map projection. It is also extremely difficult to
experiment with map projections, resolutions, and resampling functions. An
interactive "geographic information system" is needed that allows selection of
map projection, resolution, data sources, and resampling function for each
source. Image jeoreferencing function implementations are needed for
different data sources that embody approximations for computational efficiency
whiie maintaining required geographic accucacy. Finally, the system interface
should provide for straightforward addition of new sources i tems of format
and image location parameters.
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4,6 OCEANOGRAPHIC SATELLITE REMOTE SENSING:
REGISTRATION, RECTIFICATION, and DATA INTEGARATION REQUIREMENTS

David A. Nichols
Jet Fropulsion Laboratory

INTRODUCTION

Oceanographic remote sensing is still in its beginning stages of develop-
ment. Results from the early meteorological satellites suggested that para-
peters of oceanographic interest, such as sea surface temperatures, might
readily be obtained by satellite remote sen3ing. The accuracy of the data,
however, was found to be unacceptable. Later instruments, such as those flown
on Seasat¥, demonstrated the feasability of obtaining nearly all-weather
ooservitions of wind speed and directior, wave height, sea surface temperature
and elevation. These data, along with those obtained by the latest generation
of we- "her satellites, appear to be of much greater utility. The relatively
limited experience with these systems, however, places much of oceanographic
remaote sencing at a stage where results are still being verified and evaluated.
Calibrated geophysical parameters are available for many of the data items, but
the quality and significance of these observations is only now beginning to be
understood.

There are maay reasons why oceans remote sensing has lagged behind
meteorological and terrestrial applications. They cannot all be addressed
here, but a significant impediment has been the lack of appiopriate tools for
arquiring, processing and analyzing remotely sensed data. Until very recently
only a few oceanographic institutions had any semblance of an image processing
capability - a capability which is mandatory for processing and viewing image
data and extremely ivseful for processing and displaying nonimage data. This
lack of computerized tools for remotely sensed data processing, especially data
integration, has been an impediment to algorithm development and sensor
verification. The lack of appropriate mechanisms for acquiring the data
continues to cause problems but is currently veing addressed, to a limited
degree, by the Ocean !ilot Systeml.

Firm data integration requirements are difficult to pin down. Operational
applications are in the best position to dictate cdata integration requirements,
but operatiomal oceanographic applications usually require real- or near-real-
tize data. Data integration services, which are generally quite time
consuming, are therefore precluded, For this reason, data integration is
largely a problem pertinent to research oceanography and requirements of
research projects vary widely in the requireaents area. With the launch of
Seasat in 1978 and with the improved accuracy and availability of data from
meteorological satellites, ocean remote sensing is entering a period in which
the necessary analysis tools are being built and investigators are becoming
more familiar with the various sensor systems. This should lead to more
investigator concern with data integration requirements for scientific and
operational purposes.

Table 1 presents a summary of the primary satellite sensors of interest to
oceanograprhy. (See also WilscnS.) Since micruwave sensors are so prevalent,
resolving the different IFOVs and subsatellite coverages becomes extremely
difficult. All presently operating oceanographic satellites primarily contain
imaging-type sensors. Thi gekes image processing an important tool for
present-day oceanographic studies,
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TABLE 1

Summary of sensors of primary interest to oceanographers

! ! ' ! i | PRIMARY
H ! ! | IMAGING/ ! {GEOPHYSICAL
SATELLITE |{SENSOR {TYPE |CHANNELS |NONIMAGING | IFQV { PARAMETERS
' ! ] | : |
Seasat {Radar Al-}Active {13.5 GHz |Nonimaging {2.4-12 km |Wave height
GEOS-3 ivimeter | { H |(depends on {Wind speed
{ (ALT) ! | ! {Sea State) |Sea surface
H ! oo ' : ! height
| ! ! ! ! H
Seasat {Scanning {Passive | 6.6 GHz |Imaging 1120 x 79 km |Sea surface
NIMBUS-T® {Multi- | i10.7 GHz !(Low rate) | T4 x 49 km | temp.
{Channel | 118.0 GHz | | 43 x 28 km |Wind speed
IMicrowave| 121.0 GHz | { 38 x 25 kp |Water vapor
{Radiomeler 137.0 GHz | | 22 x 14 km {Liquid
{(SMMR) | !(Vertical | ' ! water
g H !& horizon-! ! !
H i ital polar-i{ H H
! H fity) H ' d
i ! ! H ! H
Seasat !Seasat~A !Active |[14.6 GHz {Nonimaging | 16 - 23 km i{Wind Speed
|Satellite! ! i ! x iWind Direc-
{Scattero-| ' H | 36 - 93 km | tion
imeter H H H ihighly vari-|
1(sass) | ! H lable geome- |
H ! ! d itry '
! | i H H '
Seasat Synthetic{Active }1.275 GHz !Imaging | =25 meters !Wave
!Aperture | ' H iDependent on|Spectra
{Radar | { ' iGround Pro -!Sea Ice
(SAR) ! H 4 lcessing_ ! -
Nimbus-7®* [Coastal |Passive |.433-.453 !Imaging 1.825 ko iChlorophyll
Zone t 1.510-.530 | H | concentra-
iColor ' {.540-,560 | g itions
|Scanner | !.660-.680 | H {Ocean Color
1(CZCS) ! !.700-.800 | i IDif fuse
' 4 110.5-12.5 | g lattenuation
i i ! ! H _lcoefficient
NOAA-6/T®* |Advanced !Passive 10.58-0.68 |Imaging 11.1 km iCloud cover
TIROS-N  |Very High| 1.725-1.1 | iChannel 1 |Sea surface
!Resolu~ | 13.55-3.93 | islightly i temperature
ition Ra- | 110.5-11.3 | ‘less !
{diometer | 111.5=12.5 | i i
| (AVHRR)___! ' ' ' '
NOTE: Nimbus-7 and NOAA-6 and 7 are the only currently operational
satellites

® NOAA-6 and TIROS-N contain only 4
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REQUIREMENTS

Data integration requirements for oceanographic remote sensingf1,6,7 caa be
placad irn several catesoriea, Coamparison of one observation with another at
the same geographic location is important as it is in all disciplines. Obser-
vations must be earth-located and interpolated in order to either initialize or
test numerical mcdels, Qbservations must be earth~located to measure magnitude
and motion of features. Finally, observations must be located, interpolated,
and map-projezted in order to provide maps depicting two-dimensional
distributions.

Comparison of observations is an importan. aspect of not only disciplinary
research but also sensor valicaition. Observations of a physical phenomenon
from a given sensor need to be compared with observations of the same
phenomenon from other sensors which may be on the same satellite, on a differ-
ent satellite or on ap aircraft platform. High-rate observations, svch as
AVHRR sea surface temperatures (1 pixel - 0.8 km) need to be compared with
other observations of the same parameter from a low-rate sensor such as Seasat
SMMR (1 pixel - 18 x 28 km).

The different IFOV sizes and shapes and sensor coverages on even the same
satellite make observations difficult to compare (See Table 1). Added to this
is the fact that the ocean is a dynamic system so that comparisons of observa-
tions taken at different times (even a few hours apart) require temporal
interpolation as well as spatial interpolation before valid comparisons can be
made.

Correcton of one sensor with data fromw another leads to an additional
integration requirement. A single sensor is often incapable of making all the
measurements necessary to derive a particular geophysical parameter. For
example, to make efficient path-length corrections to the Seasat Altimeter sea
surface elevation measurements, Seasat SMMR water vapor content asstimates are
used where available. The SMMR is also used to adjust scatterometer (SASS)
returns for atmospheric attenuation effects. If an outside correction source
is on a different satellite or even in an entirely different form (e.g., map
form) the data integration problem becomes even more acute.

Feature identification, measurement and mcvement tracking requires earth-

located data. Examples of these operations are found in the current warm ring
analyse38.9 bein, performed at severai institutions. Satellite projections do
not allow distance measurements in the image in line and sample coordinates.
A transformation from line and sample to geographic coordinates (lati-
tude/longitude) must be obtained and used. It is also necessary to compute
this transformstion to measure feature movement through time. The dynamic
ocean system precludes simple scene/scene registration and simple
differencing.

The two-dimensional) display of sensor observations implies mapping. Users
are accustomed to reading maps with specific o1 ‘entations, projections, and
cartographical characteristicsa., Satellites have yet to provide maps directly
which satisfy these predictions. 1In fact, many satellite projections are so
distorted that it is unreasonable to expect investigators to become accustomed
to them. It becomes necessary, therefore, at some stage of analysis, to place
the data into a suitable map projection and create a map using conventional
cartograpiuic methods (albeit automated).
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Mapping of imagery data seems fairly straightforward. However, it is
also important to create maps which are based on data from nonimaging sensors
such as the Seasat Altimeter3. (See Figure1.) Thes: data are, in general,
randomly spaced. For a number of reasons, a particular sample may be mi-3ing
or uureadable. Interpolation techniques for establishing a reasonable value
are nceded. Alternatively, cartographic techniques are require. ‘or
indicating missing values, yet providing an easily readable map. Ocea
ographers are concerned not only with two-dimensional distributions but also
with three-dimensional distritutions shown either synoptically, time 2 -eraged,
or as a time continuum. The only effective way to display the four-
dimensional information, as the latter requirement implies, is via anirat!>n
The art and science of computer graphics provides the technological basc for
animation. It Is necessary, though, to map-project, register, temporally and
spatially interpolate, and reformat the data tc take advantage of that techao-
logy.

Positional accuracy requirements for oceanography are not as stringent as
for terrestrial remote sensing but are more in line with meteorological ..ppli-
cations. Using present navigation (earth-location) techniques for polar=-
orbiting image data setsd, accuracicas are adequate for all but micro- and fine-
scale studies. Open-ocean positicnal confidence is probably withia 5
kilometers with accuracy being within a kilometer near landmarks. These
accuracies are adequate for macro~ and mesoscale studies. Additional posi-
tional accuracy in open~-ocean areas would enable much more activity in fine-
Scale research. Table 2 presents the spatial scales associated with various
classes of oceanographic research.

H ! ]
! RESEARCH ' FEATURE SIZE i
! ! H
H ! i
i macroscale ' global |
' mpesoscale i 10-1000 km 1
H fine-scale | 2-5 km !
! picroscale ' < 1 kx i
[} ] ]
1 ] \

TABLE 2

Comparison of oczanographic reg-arch areas and spatial scales.

AREAS FOR RESEARCH AND DEVELOPMENT

Data integration 1s a problem for oceanography Jjust as for any other
discipline. Areas where progress is needed include technique development and
evaluation, understanding requirements, and packaging techniques for speed,
efficiency and ease of use. Some specific topies for futher research anu
development are p.'esented below.
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TECHNIQUE EVALUATION AND DEVELOPMENT

Evaluate techniques for establishing geophysical
values in areas of missing data.

Evaluate techniques for temporal interpolation.
Compare and evaluate alternative navigation strategies.
Develop algorithms for autometed coastline detection and correla-

tion with vector-coded coastline data (e.g., ¥orld Data Banks I
and II).

FURTHER DEVELOPMENT OF REQUIREMENTS

PACKAGING

Define spatial scale requirements for fine~scale studies.

Define requirements for band-to-band registration of multiband
imagery.

Define requirements for multisensor data integration, where
sensors may be ¢n the same s=tellite, a different satellite, cr
on aircraft and satellites.

Define data integration requirements for operationmal applications.

AND SYSTEM DESIGN

Produce a well-organized, efficiently accessed, coastline and
landmark file for use in interactive adjustments to navigation
parameters,

Develop automated methods of acquiring, managing, and utilizing
orbital parameters and clock adjustments provided by tracking
facilities.

Develop analysis systems with user-friendly interfaces enabling
researchers to routinely perform data integration tasks in a
short period of time. . .aese systems would also provide the basis
for evaluating new integraticn techniques as they are developed
in research activities.

Provide transportable software so that tue minimum amount of
effc.t has to be expended in duplicating data integration
capabilities at various sites. This is important because the
research nature of oceanograchic remote sensing data integration
implies decentralized activities. Also, the wide variety of
sensors of interest suggests that centralized data integration
capabilities will not exist, at least until full-scale discip-
linary data systems are built.
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5.0 PRESENTATIONS ON SPACE SEGMENT ERRORS
5.1 SUMMARY

It was the purpose of the space segment errors analysis to firs: give a brief
overview of the individual sensor system design elements considered to be a
priori components in the registration and rectification process; and second,
provide an analysis of the potential impact of error burdgets on multitemporal
registration and side-lap registration, The presentations reviewed the
properties of scanner, MLA, and SAR imaging systems, Each sensor displays in-
ternal distortion properties which to varying degrees make it difficult tc
generate on orthophoto projectiorn of the data acceptable for multiple-pass
registration or meeting national map accuracy standards. Eacl) sensor also is
affected to varying degrees by relief displacements in moderate to hilly ter~
rain. Nonsensor related distortions, associated with the accuracy of ephemer-
is determination and platform stability, also have a major impact on local
geometric distortions. It was for this reason that a review of platform sta-
bility improvemerts expected from the new Multi-Mission Spacecraft series and
improved ephemeris and ground control point determination from the NAVSTAR/
Global Positioning Satrllite systems were reviewed,
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5.2 SPACEBORNE SCANNER IMAGING SYSTEM ERRORS
Arun Prakash (General Electric) ¢t
INTRODUCTION EAA

There are various stages and forms of error in a spaceborne scanner imaging
system, The instrument, in this case corsisting of the spacecraft and its
sensors, is designed to behave in a nominal or ideal way. In real operating
conditions, there are deviations from this nominal behavior, These deviations
are a source of error not only as independent entities but because of the in-
terdependence of the various components of the instrument. Thus, deviation
from design of one parameter may cause another to display nonoptimal behavior.

The deviations mentioned above are large enough that if they are ignored in
subsequent processing on the ground, the resulting images will be distorted
and misregistered to unacceptably high levels. Therefore, direct or indirect
measurement of deviations in instrument performance is necessary. Inaccura-
cies in measurements form a source of error which ultimately filter through to
the output image along with ground processing errors.

In this paper we will discuss errors due to deviation from ideal instrument
performance and due to the measurement system. The discussion will be within
the Landsat-D system framework which consists of the spacecraft and two scan-
ner type sensors——the Thematic Mapper (TM) and the Multispectral Scanner (MSS)
[1.2]-

Whatever the source of error in the instrument, when it propagates through to
the image the error can be classified as either radiometric error or geometric
error, On ground, it is difficult to distinguish betweer these two forms of
error but from the point of view of the instrument, there is no iifficulty in
making this classification. 1In this paper we discuss only those instrument
components which contribute tu geometric error, because radiometric error is a
function of parameters that are largely independent of the instrument being a
scanner type or not.

Geometric error implies lack of accurate knowledge of the position of a sam-
ple. To place a detector sample of the spacecraft sensor precisely on ground,
one needs to know the time the sample was taken, the position of the space-
craft, its orientaticn (in inertial space) and the orientation of the sensor
body with respect to the spacecraft all at that same time. These are the
platform or 3spacecraft components of the imaging system that need to be known.
In addition, the sensor characteristics and dynamics need to be known for all
time. Other important components which will not be specifically discussed
here are earth shape, spin, atmospheric effects, etc.

The next section discusses the platform errors and Section I1I covers the sen-
sor errors. For convenience, Table 1 shows the units often used inﬁs;nhange-
ably in describing the errors.

I1I. PLATFORM ERRORS [7,.8,9,11]

With the exception of spacecraft jitter, all platform errors vary sliowly
(low~frequency error) with respect to the time required to coilect data for
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one image. The direct effect of these errors on the image is a shift or reg-
istration error as opposed to distortion of features within an image. We now
discuss the four components of piatform error individually, remembering that
the Landsat-D System framework is assumed.

Time (7]

The spacecraft clock is updated once every 24 hours from the ground, The ac-
curacy of th2 updated time is +3 milliseconds. In a 24-hour period, the clock
can also drift by a maximum of +17 msecs. Thus a maximum of +20 msec inac ur-
acy can build up in the spacecraft clock This time error is essentially a
bias for any one image and may be treated as a spacecraft or 1image position
knowledge uncertainty.

Ephemeris {7,8,9]

The nominal spacecraft orbit paramsters and deviations from them are shown at
the bottom of Table 2. At the top of the table is shown the error incurred in
measuring the spacecraft ephemeris. This is the measurement error incurred
when ephemeris information is uplinked frcm the ground. In the GPS modes,
these errors would reduce substantially. The along-track and cross-track po-
sition error directly results in an image registration error, whereas the al-
titude deviation causes the ground projected pixel size to vary.

Attitude [7,8,9,10,11]

The nominal attitude of the spacecraft implies geocentric pointing of the sen-
sor optical axis. For the Landsat-D TM, the attitude errors are shown in
Table 3, along with jitter errors (which are high-frequency attitude errors).
The spacecraft attitude control is in error by 36 arc sec [1). This is a
low-frequency error, as shown. The TDRSS antenna d-ive interacts with the
spacecraft structure and causes attitude/jitter error of the magnitude shown.
It should be noted that most of this error is in the lower-frequency range and
can be measured by the gyros.

High-frequency jitter in the spacecraft is caused by the scanners themselves.
0Odd harmonics of the scan mirror frequency (7 Hz for the TM and 13.62 Hz for
the MSS) are fed back to the sensors through the spacecraft structure. An an-
gular displacement senscy (ADS) is used to measure tris jitter on the TM sen-
sor. In Table 3, the bLaseline and the worst case design values for jitter in
the roll, pitch, and yaw axis is given. Error in ADS and DRIRU (dry rotor
inertial reference unit) calitration causes measurement error in attitude/
jitter,

Alignment [7,8]

The spacecraft zssumes a predetermined alignment between the pointed axis and
the master reference cube in order to achieve proper pointing. This predeter-
mined alignment can, however, be achieved to within only a certain tolerance,
and the real alignment can be measured to only a certain accuracy. The values
are shown in Table 4., Another error source in alignment is the fact that it
does not remain constant, There is a dynamic component to it caused mainly by
tnermal bonding due to spacecraft temperature changes. The static error com-
ponent of alignment results in the sensor pointing away rom nominal and {is
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equivalent to .. attitude error. The dynamic component has a time constant
that is large enough (about 360 secs) that the resulting error over one image
is essentially constant. Both recult in image registration errors.

Table 5 shows the approximate geometric errors (in meters) in knowledge of the
position of an image due to platform errors. These errors are essentially
constant for one image and therefore result in image misregistration. The at-
titude error shown here is the result of the low-frequency (<2-Hz) attitude
errors. Higher-frequency attitude errors ( jitter) affect the scan profile and
will be dealt with in the next section. Note that the alignment error can be

extremely large but postlaunch calibration will reduce this error
substantially.

IIT. SENSOF ERRORS [5,6,8,9]

In this section errors in the sensor are discussed. Some of these errors are
a result cf platform errors such as spacecraft altitude or jitter, Others are
errors in the sensor itself. Specific errors will be discussed with respect
to the ™ and the MSS will be indicated, As background, the ar.icle by
Blanchard and Weinstein [3] on the TM design provides a good review of the es-
sential design components of a scanner imaging svstem.

One advantage of a scanning sensor over nonscanning kinds is tha%t object plane
scanning can be used. This simplifies the performance requirements for the
rest of the optical system by requiring the telescope to operate at only very
small field angles. Moreover, the same zone of each element is used at all
scan angles which eliminates many of the major problems of off-axis imaging.
The scanning mechanism, however, is also a major source of error in these sen-
sors. Ideally, the samples from ali the scans should form on evenly sampled
grid on the ground. Deviations from this idealization must be measured in
real time so that appropriate ground processing can te applied, In order to
understand these deviations, schematics of the MSS and TM sensor mechanisms
are shown ia Figures 1 and 2.

The MSS design is relatively straightforward. Fiber optics are used to trans-
mit the focused image energy to the detectors. There are four bands with six
detectors per band. Sampling of the detector outputs is done only during a
scan mirror forward scan. The reverse scan is used to bring the mirror back
to its initial position only.

The T™, on the other hand, does its imaging during both forward and reverse
scans. Due to the relative velocity between the Earth and the spacecraft in
the in-track direction, the forward and reverse scans when projected to earth
are skewed to each other. Another scan mirror (the Scan Line Corrector) thet
opposes the relative in-track motion, is used to compensate for this effect.
The T™ has seven bands and a total of 100 detectors. These detectors are di-
rectly placed on the focal rlane; thus fiber optic relays with their attendant
losses are bypassed. Spacing between bands is naturally larger in such a de-
sign -- up to 183 samples maximum (compared to a maximum of six samples for
the MSS). Scan profile repeatability and precise timing is therefore criticsal
for accurate band-to-band registration.

The mirror mechanism that does the scanning is a major source of error in
these sensors -- for the TM, this means the scan mirror and the scan line

115



corrector mirror., During active scan (when imaging is done) the scan mirror
design dictates that no torques act on it. Under these conditions, the scan
mirror moves at a constant angular velocity in inertial space. This velocity
is rredetermined by design. The scan line corrector mirror is also designea
to scan with a constant angular velocity opposing the in-track velocity of the
spacecraft with respect to the Earth. The design of the scan line corrector
angular velocity is based on the spacecraft altitv® and velocity.

Deviations from design conditions of the scan mechanism result in in-track and
cross-track efforts. We will discuss these errors in terms of the scan
profiles.

Cross-Track Prcfile

Thes . are the profile errors in the scan mirror motion. Again, the TM is used
as a base to describe the errors. Two kinds of errors occur, Design condi-
tions of torque-free inertial mction result in evenly spaced samples on ground
(ignoring the earth curvature effects and slant range effects) and a linear
mirror angle versus time plot (profile). Due to small residual torques, how-
ever, a nonlinear profile is actually achieved. This means that the mirror
motion is faster or slower than nominal and results in ground sample spacings
that are uneven. Cross-track profile nonlinearitv of the scan line corrector
alsc adds to the total cross-track profile linearity. However, the scan line
corrector nonlinearity is largely in the in-track direction.

The other error is called li.ne length error, and refers to deviations that oc-
cur in total active scan time with respect to the nominal of 60743 usec. The
sources of this error are the control system, spacecraft jitter in the roll
axis, and interaction of the two. The sensor scan mirror contrel system re-
sponds very well to jitter caused by itself but poorly to externsl jitter
sources.

The c¢ross-track profile nonlinearity and the 1line length are dynamic erro:
sources and must be measured in flight. Line length is easily measured by
clock counts taken from start to end of scan. The 3can mirror cross-track
profile for the TM is modeled as a six-term power series with time as the in-
dependent variable. It has been shown by extensive tests [6] that the varia-
tion in the profile car be accurately modeled by updating the Tirst-order and
second-order terms of the power series., This requires knowledge of first-half
and sec.nd-half scan times which are measured by a clock on the spacecraft.
Time is normalized using line length and jitter data.

Table 6 shows the magnitude of along scan (or cross-track) errors.

Along-Track Profile

The ground projected scan profile (i.e., the envelope of the projection of all
detectors of 3 band on ground during one complete scan) should ideally be rec-~
tangular, with each scan starting where the last left off. The real ground
projected scan profile doesn't follow this simple geometry, Gaps between
scans (underlaps) and scan overlzps are present for a number of reasons.
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The projected size of a pixel is directly related to the distance between the
detector and look point on the Earth's surface. At the spacecraft desig: al-
titude of 705.3 km, a detector (42,5 uradians) projects to ground as a 30-
meter square pixel. The slant range being larger than the nadir, the zcan
profile is wider at the ends than it is in the center. This effect is called

the bow-tie effect and results in a small scar overlap &% the scarn ends and an
underlap at scan center.

Spacecraft altitude variations (696 km to 741 km) affect the scan profile in
two ways. First, as described above, it causes a scan overlap/underlap. The
second error is due to spacecraft velocity variations as a result of altitude
deviations. The scan line corrector mirror rate design is based on the space-
craft velocity. ilen the latter changes, the scan line corrector comper+ation

is no longer correct. The forward and reverse scans thren are skewed to @ :h
other.

Spacecraft jitter in the vaw and pitch axis also shows up in the ground pro-
jected scan profile, High-frequency Jjititer causes underlap/overlap to vury
across the scan. See Table 7 for numerical values for scan gap error.

The profiles of the scan mirror and scan line corre~tcr mirrors “n the in-
track direction is a fixed function known & priori, and, thougn it doe3 make

the ground projected scan profile deviate from the rectangar case, it is a
constant, ¥nown deviation,

Knowledge «:f imaging geometry along with measurement of the parameter:c men-
tioned above (which cause in-track scan nonlinearities) allows one to accur-
ately describe the scan shape and position of samples on the Rround. The next
step is to defins an algorithm to perform image resampling uacer the cnndi-
tions, which will not be discussed in this parer.

Other snurces of error in the sensor are dete. ‘ment and the elecu. 'a-
ics. These errors are relatively small in comparison .« the 4acan nenlineari-
ties, They are summarized in Table 8 and will! bec briefly discussed. The ef-~
fective focal length (EFL) of the optical system determines the aimensions of
tue projectica of the detector cn ground, Because the imzge i3 scanned across
the detector arrays, the EFL is also responsible for the system trarsfer func-
tion. Tolerances must be tigr* if the real sampling is to mimic the design
trarsfer function characteristics, Values for the EFL fabrication and mea-
surement tolerances zre shown, as is deviation of EFL.

The spacirg between detector arrays for the different bands determines the
band-tc-band image spacing. Aligmment between detectcr arrays must be within
strict tolerance limits or band-to-band reg.stration will suffer,

Vibration of the detector layout cause; band-tc-band error tor bsud-to-cand
vibration and also overlap/underlap error for vibratiorn within any one band.
The electronics of the system introduces errors too. Detector response nonun-
iformity is one reason, The filter response and timing errors are other

causes. The vibration and detector/electronics responses cause cistortions
within an image,

This overview of spaceborne scanner imaging system errors shows the sensitivi-
ty of image errors to spacecraft component errors and alsc the interdependance
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of the imaging system components. As more sophisticated imaging systems are
developed, with greater resolution capabilities and stricter accuracy require-

ments, the need to understand and model these error sources becomes more im-
portant [4].
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ORIGINAL PAGE IS
OF POOR QUALITY

tate 4. STATIC ALIGNMENT

® ALIGNMENT REQUIREMENTS

~ ALIGNMENT BETWEEN ACS AX!S AND POINTED AXIS
WITHIN 1.25 DEGREES (30)

— POINT THE AVERAGED AXES OF THE MSS AND T™M

~ ALIGNMENT KNOWLEDGE ACS TO TM OPTICAL AXIS
ROLL =.10, PITCH = .21, YAW = .21 DEGREES (30)

® POSTLAUNCH ESTIMAT!ON OF SPACECRAFT STATIC ALIGNMENT
WILL BE PERFORMED

ACS: ATTITUDE CONTROL SYSTEM

DYNAMIC ALIGNMENT

® SPACECRAFT TEMPERATURE CHANGES CAUSE ALIGNMENT CHANGES
— EXAMPLE: 1 DEGREE GRADIENT ACROSS THE INSTRUMENT MODUL

CAUSES A 12 ARC-SEC ACS TO TM ALIGNMENT CHANGE.
(GODDARD ANALYSIS)
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Table 8. Summary of Error Sources

Error Source Magnitude
urad (90%)
Effective Focal Length (EFL) Band Across-Track Along-Track
EFL Measurement and Pabrication 1l to4 2 2
5to6 2 2
Stol 2 2

EFL Deviation
Focal Plane Tolerance

Detectors

Detector Array Aligmment Accuracy

Band-to-Band Vibration

One-Band Vibration
Detector Response Nonuniformity

Filter Response - Forward to
Reverse Scan

Filter Response - Bands 1-5 and
7 to Band 6

2 prad (max)
0.4 urad (max)

urad (90%)

Band Across~Track Along~Track
1l te 4 3 3
5 to 6 31 31
Stol 6 6
1l to & 1.5 1.5
5 to 6 1.5 1.5
Stol 1.5 1.5
2.6 prad random error (90%) in tests.
lro5 2 2
5 to 6 8 8
5tol 2 2

1.3 IFOV offset
5.2 IFOV offset

Bands 1~5 and 7
Band 6

3.0 IPOV offset
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5.3 THEMATIC MAPPER PERFORMANCE®
Jack Engle, Santa Barbara Research Corp

Just a brief cverview, if some of you aren't familiar with how the thematic
mapper primarily difrers from MSS. The spatial resclution " s the key improve-
ment where the TM has 30-meter resolution and the MSS has 30-meter resolution,
For the agricultural users, this should provide an abilitv to icc!rately clas-
sify 10-acre fields with the TM versus 70-acre fields wi.h the MSS data. As
far as spectiral resolution. there are six reflected light bands in the thema~
tic mapper. Two of those vands aure of basically a new spec*ral region out in
the the near IR, the shortwave IR region, 1.55 to 1.75 microns and 2.08 to
2.35 microns as opposed tc MSS's four reflected light bands. The other four
thematic mapper reflected light tands in the vicsible portion of the spectrum
are designated to enhance the classification capability. They are much more
ideally selected from a spectral standpoint, narrow spectral bands more opti-
mally selected to enhance classification accurscy. The TM also has better
signel-tc-noise ratio performance and radiometri. sensitivity, and in order tc
obtain that we have had to increase the size of the ~-ptics, basically a
16-inch telescope as opposed tc an 9-inch telescope in MSS. We've increased
the scz.: efficiency through the use of bidirectional scanning, whicn gives us
a scan efficiency of 85% versus 45% with the multispectral scanner, ana more
detectors per band, 16 versus 6., We also have greater encoding resolution in
our multiplexer, 8-bit resolution versus 6 bits for MSS.

One of the features that is of particular interest is the scan profile and the
registration capability. Certainly the scan profile is more linezr than was
obtained in the MSS, and for a large selection of the users, the imagery could
be used without resampling and I think satisfy many of the needs that I've
heard expressed today. As far as geometric accuracy or scan profile. a typi-
cal Landsat D M-S scan profile exhibits nonlinearities on the order of five
instantaneous fields of vies. Yor the MSS, with 80-meter resoluti-n, those
were on the order of 500-microradian nonlinearities in the scan profile,

The thematic mapper profile data, orn which, as I indicated, wz are still doing
some final refinements in the processing, i3 our me-zured forward scan pro-
file, as shown in Figure 1. You can see the peak non.inecarity in the scan has
a magnitude of about 30 microradians. The rms nonlinearity I believe is on
the order of 10 microradians. The reverse scan profile has a slightly differ-
ent shape (Figure 2). 1It's not quite as linear as the forwar, scan, but it's
well characterized. The peak nonlinearity in the reverse scan as measured in
our vacuum tests just prior to delivery was about 60 microradians. Each fig-
ure would have to be flipped end for end in order to see how they register in

object space. Note also that they are both plotted on a time scale ins.ead of
an object =pace scale.

As far as the overlap/underlap characteristics, Figure 3 summarizes the var.-
ous contributors to the overlap/underlap esfects within the system. We have
chosen tou optimize the scanning parameters at 712.5-km altitude and &an average
40° north latitude where most of tho scenes of interest appear to be lozated

®fJited oral presentation,
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throughout the world. As the scanning parameters were optimized for that al-
titude and latitude, the resultart underlap and overlap of about 3.4 and -3.4
microradians occurs (Figure 4),

The bow-tie effect (Figure 4) is basically due to the path length over the
scan angle. From one end of the scan to the other this contributes an overlap
effect of about £.5 microradians at the end of scan. Scan mirror performance
has these contributions. Basically, within the prime focal pnlane, we have a
maximum cver/underlap cf about 7.3 microradians, and with the t»sw-tie effect
included we have a maximum overlap of about 11,1. For the cooled fcecal plane,
we have 7.9 with a maximum cverlap of 10.5. Our requirement is 8.5 microra-
dians neglecting the bow-tie effect so we're fairly well within our require-
ments. Basically, the altitude veriations globally sort of wash uut or cer-
tainly dominate the overlap/underlap performance on a global scale.

As far 23 band-to-band registration, we chose the band-to-band registration
between bands § and ba{ 1 which are the furthest separated bands within the
thematic mapper (Figures 5 and 6). The nominal band spacing is 146 instan-
taneous fields of view and the dynamic registration measured at 30 points in
the scan profile is as plotted with a typical, an average registration of
about 145,95, Our requirement is that the prime and cool focal planes be reg-
istered to within .3 of an instantaneous field of view and about ihe nominal
band separation. So we are well within our requirement on a dynamic registra-
tion basis between tue prime ard cooled focal planes. All the other spectral
bands, with respeci to band 1 are more closely registered.
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5.4 SCANNER IMAGING SYSTEMS, AIRCRAFT
Stephen G. Ungar
NASA/Goddard Institute for Space Studies
with the advent of advanced satellite-borne scanner systems,

the geometric and radiometric correction of aircraft scanner data
has become increasingly important. These corrections are needed to
reliably simulate observations obtained by such systems for
purposes of evaluation., This paper reviews the causes and effects
of distortion in aircraft scanner data and discusses an approach to
reduce distortions by modelling the effect of aircraft motion on

the scanner scene,.

Causes of Distortion

Both the location of an observation (or pixel) on the ground
and the target area (footprint) contained within the instantaneous
field of view (IFQV) of the sensor system are governed by the
following three factors: aircraft position; aircraft attitude; and
sensor system can angle. Terrain relief may interact with
aircraft/scanner geometry to further complicate determination of
pixel position and footprint in planar cocrdinates. For purposes
of tris discussion, we shall address only cases in which the

te rain effects are negligible.

During the acquisition of a single scan line, the scan pattern
on the ground is largely a function of the scan geometry convoluted

with the attitude of the aircraft. It is convenient to
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characterize an aircraft's attitude (orientation) in terms of a
fusilage axis and a wing axis. The fusilage axis passes from tail
to nose through the aircraft's center of gravity. The wing axis
passes through the center of gravity parallel to the wing surface.
The orientation of the fusilage axis is expressed in spherical
pclar coordinates as follows: the angle of rotation east of north
about a vertical axis (clockwise rotation looking down at aircraft)
is called heading (¢); the angle of the nose above the horizontal
is called the pitch (g). An additional angle, roll (p), is
required to specify the final orientation of the wing axis and is
measured by the degree of clockwise rotation of the aircraft about
the fusilage axis looking towards the nose. Since the aircraft
scanner systems treated here rotate in a plane perpendicular to the
fusilage axis, roll can be combined with the scanner orientation to
determine the effective scan angle. The scan angle (¢) is the look
angle of the sensor measured clockwise from a direction mutually
perpendicular to the fusilage and wing axis (i.e., the nadir
direction for an aircraft in level flight). Therefore, the

effective scan angle may be expressed as (we = p+y).,

Given the altitude of the aircraft and the coordinatec of
the nadir point below the aircraft, the position of the instantaneous
viewpoint on the ground can now be located in terms of the atti-
tude parameters. Table 1 presents the detailed formulas required
for making this calculation. "h" is the altitude of the aircraft

above the ground, XO and YO are the coordinates at aircraft nadir.
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We have selected a coordinate system in which the positive x-
direction is east and the positive y-direction is south in order

to conform to conventions found in most image processing systems.

Impact of Aircraft Motion

In principle, both the attiﬁude and position of the aircraft
changes during the acquisition of a scan line. However, contem-
porary scanner systems actively gather image data only during a
time interval of approximately 12 to 28 percent of the scan period.
Typical scan periods range from 0.05 to 0.1 seconds. Therefore,
in practice, changes in aircraft attitude may be considered
negligible during the active portidn of the scan. The forward
motion of the aircraft will introduce skew in the scar line
pattern which amounts to approximately one-tenth pixel displacement
at the end of the scan line for contemporary systems. This corres-
ponds to an angle of about 0.01 degrees. A viable geometric
correction scheme need only update the aircraft's position once

per scan line, specifying the aircraft coordinates at ¢ = 0.

Rectification of Scanner Data

Table 1 outlines a method for rectifying aircraft scanner
observations in cases where reliable navigational data is available.
As previously discussed, the first half of the table relates the
planar coordinates of the pixel to the navigational parameters for
a given nadir location (XO,YO). The remainder of Table 1 describes
an integration scheme for updating the nadir position during the
course of the flight. The scheme is valid for situations ir which

navigational data is available at time intervals wnich are com-
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parable or less than the scan period. The values of all naviga-
tional parameters including aircraft velocity may be estimated

at the center of each scan (y = 0) by cubic interpolation as
indicated in Step 2. r.inally, the aircr2f{ nadir displacement

in both the x and y-directions between scans may be calculated as
indicated in Step 3. For roll-compensated systems, the scan mirror
moves with a constant "inertial" velocity and At represente the
period of (we = p + Y). Under these circumstances, the colutions
to the equations in Table 1 are equivalent to assuming p = 0 at

all time~ and dropping that term out of the analysis.

Simulated Flight

The impact of variations in flight parameters on aircraft
scanner imagery can best be illustrated by simuleting a flight
over a geometrically regular pattern and varying the flight para-
meters in a controlled way. The simulated scanner system selected
for this study is patterned after NASA's NS00l scanner systm
flown onbonard a Cl130 aircraft. Nominal flight and scanner para-
meters are given in Table 2. Simulated flights are conducted over
a checkerboard pattern consisting of half mile square sections
(approximately 800 meters x 800 meters). Figures l(a-L) show
the results of such flights with flight parameters deviating from
the nominal values as specified. The left portion of each
figure displays the scan system pattern projected on the ground
as follows: the "footprint” for each observation alony every
90th scan line is represented as a plotting point; in addition,

the footprints of observations on every scan line are plotted at
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10 degree intervals (from -50 to +50 deyrees). The scanner
"image", consistinag of radiometric values of the simulated
checkerboard terrain, is displayed in scanner coordinates (pixel
position, scan line) to the right of its corre., -ading ground

pattern.

For agricultural applications, it is instructive to draw
an analogy between the checkerboard squares and field boundaries.
Figure 1(A) represents an ideal case of the aircraft fiying from
north to south, parallel to field boundaries,with all parameters
fixed at corstant altitude. The foreshortening of fields at
the edges of the flightline is duvz to the oblique look .ngle at
the ends of the scan. 1In Figure 1(B), we introduce a drift
(vx component) in the aircraft motion while keening the hruding
{(orieatation) of the aircraft north-south (in positive y - -irection).
Motion of this sort occuars in situations where aircraft flying
at fixed headings are subject to substantial constant cross winds.
The drift component introduces a skew in north-south field
boundaries caused by the shift in x value of the nadir coordinates
along the aircraft ground track. Figqure 1(C) illustrates a
flight with heading 20 degrees west of scuth as opposed to due
south. This produces a flight pattern identical to that of
Figure 1(4), but rotated with respect to field boundcries. The
accompanying image shows the typical S-shaped distortion in the
field boundaries that is so characteristic of linear features
in aircraft scanner data. This occurs because the road sections

are no longer aligned with the scan direction, although the
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distortion is still in the scan direction. Figure 1l(D) portrays
the impact of the aircraft flying in a banked position. The scan
centcr ground track is displaced 20 degrees to the west of the
aircraft nadir ground track. Many aircraft scanrer systems,
including the NS00l, are "roll-compensatied” to maintain the scan

center along the aircraft nadir ground track.

Many of the distortions in scanner imagery result largely
from variations in orientation of the aircraft during the f£light.
For example, a change in pitch results largely in a iixed displace-
ment along the ground track such that the aircrait is looking
somewhat ahead of where it ..ormally would. In addition, each scan
covers a somewhat wider swath on th> grouid. However, variations
in pitch results in distortions such as *hose displayed in Figures
1(E) and 1(H). 1In Figure l1(E), the pitch varies linearly from 0
Gegrees at the start of the f’ight segment to 20 degrees at the
end. The most apparent effect is the widening coverage in the <co-
direction as the flight progresses. In addicion, the changing pitch
angle contributes to increasirg the effective ground velocity
beyond vy. Thus the distence between scan lines is increased,
resulting in a squeezing of fields in the y-direction on the scanner
image. Figures 1(F) and 1(G) display the impact of similar type
variations in heading and drift, and in roll. 1In particular,
Figure 1(F) shows the combined effect of a 10 degree linear varia-
tion in heading and a 10 degree linear variaticn in aircruft

tracking angle due to drift.
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In general, aiicraft motions are more complex than can be
adequately represente? by a linear variation over the course of the
flight. Typically, motion will be osciliatory in nature, since it
is generally desirable to correct departures from nominal flight
parameters., Figures 1(R)} through 1(L) portray the effects of
sinuso.dal variations in selecred flight parameters. In Figure
1(H) the aircraft nose pitches up to a maximum angle of 20 degrees
and then is brought back down, passing through the horizontal, ~o a
negative pitch angle of 20 degrees and finally back to horizontal
flight by the end cf the flight segment. The scan pattern near the
center of the flight segment indicates that, although the aircraft
is moving forward the center line of the scanner moves backward
because of the variation in pitch resulting in & prolonged viewing
period for areas on the ground at this point in the flight. This
is clearly seen by field distortions in the accomparying image.
Figure 1{. shows the result of similar variation in heading. The
turning of the aircraft can cause the edges of the scan line to
move backward with respect to forward motion of the aircraft during
portions of the flight segment, This can result in a rather
distorted image since the same area on the ground may be viewed
more than once during the flight segment. 1In efiect, at the time
the aircraft is experiencing i‘: maximum change in heading, it may
be considered as moving perpendicular to a radius of curvature
lyinag alcng the scan dir~ction. Ground a. :as near the center of
curvature will be obse v ¢ repeatediy while the edge of the scan,

beyornd the radius of the curvature, will be covered in reverse
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direction (from south to north) during that portion of the flight
segment. As the variation in heading is reduced the normal forward
motion of the aircraft will force the scan coverage at the edge to
once again procead from north to south doubling back over the area
covered. In fact, some areas near the edge of the scan line may be
observed as many as three times during the course of the flight
segment. This creates a racher significant probiem in attempting
to recabture or correct for radiometric values, even in the

situations where the scanner geometry is well-known.

As can be seen in Figure 1{(J), variations in the aircraft
tracking angle equal to these occurring in Figure 1(I) can be
obtained by varyinag the drift angle. The scan center ground track
in Figure 1(I) is identical to that of 1(J). However, in 1(J}
the orientation of the aircraft is maintained constant and the
scan pattaern is consequently much simpler, with no crossing of
scan lines. Figure 1(K) displays a situation in which the heading
and drift are varying simultaneously in a manner such that the
trackin. angle variation is identical to that of Figures 1(I)
anf 1(J). Once again, it is difficult tc establish a one-to-one
mapping between actual ground coordinate radiometric values and
the values which appear in the scanner image. Figure 1(L) portrays
a sinusoidal variaticn in roll angle, beginning from level flight,
banking to 20 degrees below the horizon in the west, and returing
to level flight. 1In this instance, the flight segment is flown

in the time egual to the half period of the sinuscidal variation.



In summary, if sufficient navigational information 1is
available, aircraft scanner coordinates may be related very
precisely to planimetric ground coordinates using the approach
outlined in Table 1. However, the potential for a multi-value
remapping transiormation (i.e., scan lines crossing each other),
adds an inherent uncertainty, to any radiometric resampling schemre,
which is dependent ¢n the precise geometry of the scan and ground

pattern.
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TABLE 1

AIRCRAFT SCANNER GROUND PATTERN EQUATIONS
X=Xo+h ton 8 sin¢-h(tan (pey;/cos B)cos ¢
Y=Y,-h 4008 cos ¢-h(ton (pey)/cos §)sin ¢

Xolt-&t): Xolt) « fv sin( B
Y, (t+A1)= Y, (1) - v cos (¢-B)dt

where: X, .Y,z nadir coordinates

At = scan penied p=roll

6= pifch ¥=scan angle

¢ = heading h=altitude

8 =drnift v=ground speed

UPDATING X,,Y. WITH NAVIGATION DATA ( NERDAS)

(1) Find nearest observation times from NERDAS
t=tst.  where: i=INT {(1-t)/f+i]
f=frequency of observation
(2) Obiain values for each scan by cubic interpolation

Ziil: g.oa,i’
where: Z repeesents  [8.4.5. p.h. or v]
using NERDAS values for Z(1) 1-1= k=i+2
solve fora. 0n:=0,.4
(3} Colculate nadir dispiacement between scans assuming
[Tard S {11y 1)
where: Z represents v sin{¢+8Jor -v cos{¢+3)

and @, is determined by technique used in step (2)

147



OR!GINAL PAGE IS
OF POOR QUALITY

SIMULATED NS001 FLIGHT
NOMINAL FLIGHT PARAMETERS

DRIFT

HEADING

PITCH

ROLL

GROUND SPEED

ALTITUDE

SCAN ANGLE

SCAN FREQ,

IFOV

Vg = 280 knoTs

H = 25,400 FeeT
- 50°< ¥ < 50°
F =15 Rps

0=2.5m



EIGHRE 1 (A - €
SIMULATED FLIGHT -SCANNER GROUND PATTERN AND IMAGE

oan cawren
Bl TRty

KBk B B B B EEY)
(i3 B BB B BB
Il BB E BB
ISR BB B e
premE mE e
GEE N N S W HuN
iEB BB BB SEIl
G0 B B B EEE
JEERE ® W Eeuy
TEEE s REE
JIEE R E B RER)
rEE e R
piBEE m E e

- ]
it B %
N

(A)

BLAnmEn ‘ LOUE ANBLE
Noming! flight porometers

SCAn eiin
BROURE TR



FIGURE 1 (B - F)

SIMULATED FLIGHT ~SCANNER GROUND PAT TERN AND IMAGE

BiAn DEuvER s i i
SIG TRALR BBOM0 TRl

= »mm_% -

20° chonge from nominal roll (p=p 4 20)

(E)

1C" linecr woriotions in heoding ond drifi

CROM W WK RN
RO G EEEILIN
BE N X K E R
(R R R R
B mm e s e
R R R
EE B EEEEIIN

O m W R B
BE G 8 EBaRIILN
ROR O W W W R
EEE E W ERI
T EE e

N R RN X
BB EEEEEEI

ORI

poorng

et

gy
o

e

Ao

e
P

i
el

S

‘ e P e 4{4
. « i e 4
Cltiabnkos 0 thie LW

OF POOR QUALITY




FIGURE 1 (6 - I

= = S
-

¥ : e 73
Qf%i}ﬁ.@ he oralel A

. ... . . O pOoN GUALTY

SCaR CENTRR
SEOSD TRALE

“ pecsceons v}

: ;3,
i’
g
i
¥

)

)

)

R
i

LX)
|

o

a;u’
@

§
i
0K
o
X
0

=s"sls
L]

o

)

u

)

¥

]

&

L}
@
U
u
"
L
-

E . W

e
'ﬂ

L]
' ¥y
"

¥
o)

PN

()

[ |

| |
|

§
:,«
1
‘i
o
x




PIGIRE | () - [}
IGHT -SCANNER GROUND PATTERN AND

Boan QERTER

BRNG TRALY

MAGE

!

SIMULATED FL

sin wi)

+20

&

20° sinuzoido! veiiotion in drift (8=

1%

Ll G

OF POOR GQUALITY

ORI

REAx CERTER

SALUND TRALK

ft

i

10* sinusoido! voriations in heading ond dr

BUkE CEWTER

LRDUME TRACK

20° sinusoidol variation in 1ol (pep + 20 sin wi)



EN82 2g9vyg 77

5.5 MLA IMAGING SYSTEMS®
Ken J. Ando, NASA Headquarters

MLA is the abbreviation for "Multispectral Linear Array." Wwithin NASA, MLA
has evolved to become the generic term for the sensor concept and technology
associated with solid-state electronically scanned linear arrays operating in
the pushbroom mode for resource observations. The overall program objective
is to develop the enabling technology and instrument/mission definition phase
for the application of advanced solid-state sensors for future experimental
remote sensing missions. The approach being taken is to develcp complem.atary
multiyear efforts at GSFC and JPL. GSFC will concentrate upon focal plane de-
velopment, instrument concept/design development, mission studies, and service
requirements; JPL is concentrating on development of an imaging spectrometer
technology and a Shuttle sortie mission definition.

There i3 a heavy emphasis on technology. The technologies that we are devel-
oping are the shortwave infrared focal plane technology, primarily mercury-
cadmium-teluride, platinum-silicide, visible chips, the optics, passive radia-
tors —- all the critical technology acquired for the implementation of an MLA
system. We are also developing instrument concepts and we are doing this
through a number of Phase A studies. In addition, we have support activities.
Primarily we are trying to define what the requirements are from a science
standpoint, and what the user requirements are, and how can we best utilize
this technology. We are in the process of forming a science wo ng group,

And finally, we are looking into various concepts and scenarios tor missions
for validation of the technology.

I want to mention the fact that besides the MLA activity there are other com-
plementary technology efforts within NASA. There is the information adaptive
system effort which is being funded by OAST. This is an effort to develop and
demonstrate a breadboard for on-board signal processing MLA-type data. Spe-
cifically, this breadboard process will correct all the MLA data at the 80-
to 90-megavyte range, and, in addition, generate all the geometry correction
factors cuch that it can be resampled on the ground. The input will be the
ephemeris information, the attitude control information and the thermal data
from which the resampling coefficients will be calculated. There are two
other activities, one called TIRA (Thermal Infrared Ray)--an effort which has
been under way for about two years to develop an 8- to 12,000-micron element
linear array. Finally there is another activity -- TIMS (Thermal Infrared
Multispectrai Scannerd): this is an effort to develop a 6-channel imaging spec-
trometer radiometer for aircrari utilization. I might mention that the scan-
ner will be delivered to JPL for calibration, tnen in the June-Jjuly time frame
it will be flown on the Lear 23 Jet out of NSTL.

One of the areas that we're looking at is the possibility of some sort ot &
Shuttle experiment, Originally, our major interest was in some sott of a
free-flyer; however, with the budget uncertainties we felt that a Shuttle-type
mission might be a viable and perhaps a more realistic alternative as a pre-
cursor for a full-up experimental mission utilizing a frer-flyer. What I have

summarized here are some of the objectives, technology validation objectives,
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and some research objectives. It turns out that there are some problems util-
izing the Shuttle for this type of research., Primarily the Shuttle does not
have a very adequate pointing system. The way we think we can circumvent that
is to utilize some of the pointing modules which are currently under develop-
ment with NASA. One of them is the IPS, and I understand there is ancther
pointing module which is being developed by Langley. By tilting the Shuttle
about 45° and looking simultaneously at the stars, we think we can both track
and get ALCS information in addition to imaging on the ground,

Figure 1 provides a comparison between MLA and other Earth observation imaging
systems. There are three types of techniques to generate imagery. There is
the conventional scanner -- the mechanical scanner -- which scans back and
fortn across the ground with the spacecraft providing the motion and the scan
in the in-track direction. The next level of scanner beyond this, which is
strictly mechanical, is the MLA approach which is basically a linear array
which provides electronic scan in the cross-track direction and the orbital
motion provides the scan in the in-track direction. The key here is the fact
that the pushbroom-type scanner provides simultaneous imaging in the cross-
track direction -- it maintains perspective in one direction at least., TJf you
go Lo a conventional framing camera li%e a 35-mm camera, the perspective is
imaged silmultaneously in both directions -- the conventional framer, Again,
NASA examples are the return beam videcon and the large format camera -- which
is a film camera. What I want to summarize here are some of the pushbroom-
type scanners which have been proposed and one which is actually in the hard-
ware stage. The imaging spectrometer (Figure 2) is an approach which JPL is
developing and basically is an approach wherein a slit, which corresponds to
one line on the ground, is simultaneously imaged in a number of spectral
bands. The slit is dispersed by the defraction grading and " hen reimaged onto
the area ray. The advantage is that you have inherent registrations because
of the fact that you are imaging only the slit and all the colors simultane-
ously. The other advantage is the fact that by programming the array you can
arbitrarily change both the spectral path and the center frequencies.

As far as the potential advantages of the pusrbroom mode of imaging with the
MLA, one of the limitations of the mechanical scanner is the question of scan-
ner linearity. Witn an electronic scanner 1_xe the MLA, for all intents and
purposes, there is no linearity because of the fact that you are electronical-
ly scanning as opposed to mechanically scanning. One of the advantages is
that you simultaneously image a line--all the pixels in one line--so that
there is less than a jitter problem--because you have literally frozen the
line in time and space. There is no high-frequency jitter component variation
from pix2l to pix~l because you don't scan across the line, you simultaneously
image it. The other advantage is the fixed geometry, and again that provides
the true perspective in cross- ack direction and that potentially will reduce
the geometric correction requirements and resampling requirwients simply be-
cause of the fact that the detector geometry was fixed. The other attribute
is the fact that sin:ze the scan is electronic, you can change them and program
them; for example, if you have orbit anomally, you can presumably change the
scan rates dynamically such that you don't have the overlap-underlap problem.
Finally, inherent band-to-band registration is possible. One of the reasons
why we are insisting on obtaining band-to-band registration and one cf the re-
Guirements of the definition study is that band-tc-band registration be less
than 1/10 of a pixel. This requirement is made because, for example, if you
have a 15-meter pixel and a misregistration of 1/10 of a pixel, then the best
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you can do as far as the error in the ratios is of the order of 2%. We are
currently invelved in an instrument definition study, and we have four con-
tractors studying alternative instrument configurations. One of the things
that's come out of the studies is the fect that it's geing to be very, very

difficult to mechanically register each of che bands to less thrn 1/10 of an
IFOV.

What the Table 1 chart does is compare the results ot monnting a Fairchild
Loreors and the MLA requirements. As you can see, it looks like it's possible
to get to 1/10 of an IFOV, but this is the current state of the art in terms
of the physical location and mounting of chips to form a contiguous array.

I just want to quickly touch on two considerations as far as misregistration
is concerned. One is the impact of the Eartih's rctation {see Figure 3). If
you have a displacement of the array in the focal plane -~ leti's say you have
a six-linear array focal plane consisting of six-linear arrays with integrated
filters, the physical displacement between band one and band six had to be
less than 20 IF7s. The impact of the rotation of the Earth is shown in
Figure 3, There are two ways to compensate for the misr ¢istration and that
is to introduce a yaw and a pitch in the direction opposite the westerly rota-
tion of the Earth. The other is to simply change the heading, and reduce the
velocity vector associated with the rotation of the Earth. Another considera-
tion —- and this one is equally applicable to scanners and to pushbroom arrays
-— 1s che effect of off nadir viewing and the geometric conci-2ration {Figure
4), As yon view off nadir, obviously what nappens is that you get panorama
effect. You get geometric distortion, but in addition, there's a resolution
and 2 scale change. 1 might add that the field of views currently being con-
sidered for the MLA is +7-1/2 to 15 degrees. It turns out that the pushbroom
array, because of the fact that it simultanecusly images, has an advantage.
By maintaining perspective, it turns out that there's a slight geometric dis-
tortion advantage to the pushbroom over the scanner. But as you can see if
you point off nadir, there's a significant change in the perspective which we
call the panorama erfect. That impacts the problem associated with absolute
geolocation and misregistration because any attitude change will result in a
considerably larger uncertainty ir term= of registration and geolocation off
nadir than on nadir. So to summarize some of the issues associated with off
nacir viewing, any system we're gcing to consider in the future will have the
capability to point off nadir. The reason we'd like to go to off-nadir point-
ing is to increase the temporal visitation, For example, with 3POT, their
26-day overpess cycle is reduced to one to five days by a +26° off-nadir view-
ing capability. From the research standpoint, there are additional desirable
features of off-nadir pointing. These include the ability to investigate at-
mospheric effects, adjacency effects, and calibrate the atmosphere. A key is-
sue for %the conference to be concerned with as far as off-nadir poiating is
the possibility of registering a nadir scene with an off-nadir scene, given
the georetric distortions and +the other problems associated with off-nadir
viawing.
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1. INTRODUCTION

Synthetic aperture radar (SAR) [1,2] is a side-looking sensor capable of
very fine along-track resolution. This characteristic, in addition to its
all-weather wmonitoring capability, makes it an attractive inst:ument for
generating space imagery. A SAR typically operates in a spectral region
(1-10 GHz) that complements most optical scanners (LANDSAT). In this region,
the subsurface sensing depth is much greater and the reflectance properties
of lmaged terrain objects are different [3]. A SAR will therefore collect a
complementary set of "terrain signatures' that when registered with other
spectral data can greatly facilitate the interpretation of remotely sensed
imagery. But before multisensor data can be properly registered, the various
types of distortion inherent in SAR imagery must be quantitatively analyzed.
This requires an understaanding of the properties of the sensor as well as the

data processing system used in the image formation.

The production of quality imagery from spaceborne SAR dats requires
extensive processing of the raw echo data. This procedure is more complex
than previously used for aircraft SAR imagery due to the large iicrease in
sensor altitude. The correlation procedure must compensate not only for
undesirable spacec: :ft motion, but also for target motion resulting from
Earth curvature and rotation {4,5]. To simplify this procedure,
approximations are often made that can resilt in both geometric and
radiometric distortion in the Lmage product. Furthermore, the viewing
geometry of the SAR aad the characteristics of the data collection system
will also ilntroduce distortion into the imagery. Precise registration of SAK

imagery with cther types of remotely sensed imagery requires the
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identification of these distortions and the development of post-processing
techniques to rectify them. Furthermure, considering the large quantity of
data, it is desirable that these pe-*—processing techniques be automated and
designed to intertace directly with the image processor to generate a
geometrically and radiometrically correct product without supervision or

[ ]
operator interaction.

This paper wili summarize what is currently known about these
distortions and describe the develcpment to date of unsupe-vised
post-processing rectification techniques. The geometric distortion can be
divided into two cetegories. The first catagory consists of distortion
derived from the radar viewing geometry. This includes such effects as
ground range nonlinearities, rada: foreshortening and radar layover. The
second category consists of distortions introduced during the data
processing. These distortions result from approximations made during the
correlation such as in estimation of the taiget phase history, cor
compensation for the earth rotation. The processor induced distoriions will
obviously depend on the specific correlation algorithm used for image
formation. This paver generally addresses the effects on the image , roduct
resulting from assumptions during the processing and it specifically
conciders distortions inherent in digital imagery produ:zed by the digital

image processor at JPL [6].
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Il. SAR REVIEW

This section is intended as a brief tutorial on SAR system
characteristics and processing techniques. Basic system parameters are
introduced that are relevant to understanding the sensor and processor
induced distortion to be discussed in subsequent sections. Interested

°
readers will find an excellent creatment of various characteristics of SAR in

a recently published collection of papers ' 71.

2.1 BSAR Sensor Characteristics

The viewing geometry for a SAR in the imaging mode is illustrated in
Figure L. The sensor moves along a predetermined orbit track rediating
energy in the form of pulses and receiving the backscattered signal. This
data is either recorded on film Zor later optical processing or is
transmitted on a downlirk to a tracking station where it is digitized and
recorded on high-density tape for digital processing. The antenna pointing
direction is normal to the flight path and its orientation with respect to
che spacecraft is normaliy iixed. Two important system parameters are the
antenna look angle 8, defined as the angle ~f the antenna beam with respect
to nadir directica,and the slant range R, the distance from the sensor to the
imaged target area. The radar antenna range beamwidth ﬁr and the
spacecvaft altitude l, determine the cross-track dimension of the radar

tootprint.

The radar transmitier is typically designed to operate in a frequency
reglon between L-band and X-band, thus permitting cloud and fog penetration.
The pulse repetition frequency (PRF) of the radar and the spa: .raft velocity

determine the azimuth (along-track) resolution. This is typically designed
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to be several times higher than the range (cross-track) resolution so that
the azimuth return can be divided into several looks for incoherent summation
to reduce the speckle noise. The range resolution is determined by the
spectral b%pdwidth cf the transmitted pulse. Coded pulses “uch as a chirp
waveform are typically used to achieve the maximum resolution for a given
level of trarsmitter power [8]. During the image processing these pulses
must be compressed to a poini respouse. Imrerfect compression can result in

both reduced resolution and range sidelobes in the image.

2.2 SAR Processor Characteristics

Procesging raw echo deta into finished imagery essentially consists of
the following four steps (16):

(1) Range pulse compression;

(2) Doppler parameter estimation;

(3) Azimuth correlation; and

(4) Speckle reduction.

2.2.1 Range Pulse Compression

The purpose of this step 1s to compress the time dispersed radar
transmitted pulse infto an impulse. A chirp functioa is the radar pulse
waveform typicaliy used because of its focusing capability in an optical SAR
processor. The key to attaining an adequate signal -to=. ~ e ratio is
ti :nsmission of a wide~band pulse and use of the data processor to compress

this pulse. The range resolutiosn can be approximated by

(V)

r«.)'n
X



ORIGINAL PAGE IS
OF POOR QUALITY

where ¢ is the speed of light and W is the pulse bandwidth. Spaceborne SAR
requires unusually large pulse compression ratios compared with aircraft

radar to achieve fine image quality.

2.2.2 Doppler Parameter Estimation
Formation of the synthetic aperture is critically dependent on accurate
estimation of the phase delay history of the return echo signal. This phase

delay can be approximated by {9]

(L) =6(0) + Zﬂ'(tdt + -2— fdtz) (2)
where ¢ (0) is the phase at t=0, fd is the Doppler frequency shift of the

echd datasand fd is the Doppler rate, both evaluated at t=0. These two
parameters, fd wnd fd, can be estimated based on the orbit =and attitude

data. [f an accurate ephemeris is not available, these estimates car be used
as initial predicts ana further refined by evaluation of certain
characteristics in the resultant imagery. Details of these refinement
techniques, termed autofocusing :zox id and clutterlock for fd’ can be

found in tne literature (9,lv].

2.2,3 Azimuth Correlation

One of the primary features of SAR 1s its very high .sowution. /3
previously discussed. tine range resolution is achieved by transmission of a
wide bandwidth pulse and compression of this pulse in the data processor. A

high azimuth resoluticn is achieved by coherent processing of echo dat: from
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Successive rudar pulses. The azimuth co.rel:tion operation essentially
simulates a very narrow effeccive beamwidth in the azimuth direction by
coherently adding the returns of sevzral radar echoes. This operation is
performed on range compress2d data and inv-.'ves shifting the pliase reference

function giver in (2) and summing th- resultant detected echo data.

The complexitv of the azimuth correlation is increased by the range
migration or th:. target as it passes throughk the antenna beam. .ais
migration cons.ists of a vange walk term which s divectly propcitinral to the
elapsed along-track time and a range curvature term, which is propcrtional to
the square of the along-track time. To compensate for the ruct that the
target transverses may range resolution e¢lements, the indut data is resampled
before 'he phase reference function is appii-dJ. After plase detection, the
return from each pulse over the length of the synthetic »nerture is summed to
ohtain a refined estimate of the target's brightness., If the returns are
added over the fu.l aperture, a single-look full resolution image 1is
produced. If the aperture is divided into sections, seveisl single=~look
reduced resclution images are produced. For example, twe single-look images
can be produced by dividing the phase reference function in half and
processing the first and second portions of the target response separalely.
The single-look images are then added incohereutiy as discribed in the next

section to obtain a multiple-look .mage.

2.2.4 Speckle Reduction

Cotzrent processing of radar echo data is used to acniev: very fine

along-tr:ck resolution, but this same processing also makes the ‘m-ges
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susceptible to speckling effects. Basically, speckling results from
scattering of non-uniformly distributed reflectors within a resclution cell
during the period the cell is within the antenna beam. The speckles are
signal dependent and therefore act like multiplicative noise. Techniques for
speckle suppression essentially fall into two wain categories: 1) averaging
« veral reduced resolution images produced from independent looks; and

<) filtering a full-resolution single~look image to smooth the speckle.

The mulciple-look overlay technique is typically used for image
production because it can achieve a satisfactory level of specxle reduction
with a minimal amount of additional computation {(l11]. To produce multiple
looks, the phase reference function is divided into segments during azimuth
correlation. Each segment is applied to the appropriate portion of the
return echo data to produce a reduced resolution single-look image of the
target area. The single look imagery is then registered and averaged to

produce a multi-look product with reduced speckle noise.

The speckle can also be reduced by filtering a single-look high
resolution image [12]. Smoothing algorithms have been devised based on the
local statistics of the noise. In general, these filters can achieve a
greater speckle reduction for a given resolution product then the
muitiple~-iook overlay technique, but because of the additional computational

ioad, this approach is not feasible for large-scale image production.



I1I. GEOMETRIC DISTORTION

SAR iinagery is subject to several types of geometric distortion that
must be corrected tefore the lmagery can be properly registered with other
sensor data. These distortions can be classifed into two main categories:

1) sensor derived distortion, and 2) processor derived distortion.

3.1 Sensor Derived Distortion

The geometric distortions classified in this category are mainly derived
from the viewing geometry of the radar. Design parameters such as the sensor
altituse, look angle ,and range beamwidth are critical in determining the
degree of distortion in the imagery. In most cases, post-processing will be

required to correct these distortion effects.

3.1.1 Cround Range Nonlinearity

Perhaps the most predominant distortion in & spaceborne SAR image 1is the
ground range nonlinearity. This effect results from the fact that each pixel
represents a constant slan: range distance rather than uuiform ground
spacing., Figure 2 illustrates che type of distortion inherent in a slant
range projection. Features in the near range of a slant range image are
compressed with respect to the far range. For example, a circle in the far
range would have the appearance of an ellipsoid in the near range of the
image. To project the lidge 1n a ground range format, the ground distance
represented by each pixel 1. the slant range projection must be determined

tromn

AT
sind

(3)
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where Ar is the slant range pixel spacing and ¢ is the incidence angle of the

radar beam at the target. The slant range spacing is constant and is given by

.

AT = %— (4)

where ¢ is the speed of light and fs is the sampling frequency. The
maximum frequency is limited by the range bandwidth. For SEASAT SAR, this

frequency was 45.53 MHz producing a slant range spacing of 6.59 w.

The incidence angle, ¢, can be related to the beam elevation angle, @ ,

by trigonometric means as follows (Figure 3)

[t +Rr) sineg

$= sin = (5)
R
e

where Re i1s the radius of the earth, H is the spacecraft height and 8, the

look angie, 1s given by

1

- e
6= cos

(6)

RZ + (H + Re)2 - sz
ZR(H + R ) J
e

The relationships for ¢ and 8 in(5) and (6) have been derived assuming a

smooth spherical surface with a radius equal to the radius of the earth at

the target. Since the incidence angle is a function of the terrain, equation

(5) is ony approximate for a rough surface. This could result in an error in

the ground range projection.
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3.1.2 Radar Foreshortening [13)

Radar foreshortening is the variation in apparent size of identical
features at different slopes with respect to the sensor. The effect for
terrain sloping toward the radar is an increase in the effective incidence
angle. Terrain sloping toward the radar will therefore appear elongated with
respect to terrain sloping away from the sensor. This is i1llustrated in
Figure 4. Since terrain features are recorded as a function of the slant

' in the i1mage

range distance from the sensor, slope ab is mapped into a'b
plane wiile bc is mapped into b'c'., Although ab and bec are identical in
length, b'c' will be more than three times larger than a'b’ in the image.
Quantitatively stated the elongation (or shortening) factor is given by

a'b’

= sin (0~ ps) \7)
EEE— = sin ( 8+ ﬁs) (8)

where ps is the surface slope and @ is the look angle. Thus tor a look

angle similar to the terrain slope, the foreshortening etiect is most severe.

The foreshortening can be corrected if the radar altitude and look angle
are known and a terrain map of the target aresa is available. One technique
to correct the foreshortening is as follows [14]: A digital topographical
map is illuminated from the same angle that the radar used to generate the
original foreshortened image. This can be routinely done using a radar
simulation program. The resultant movemeat of each pixel in the simulated

image 1s recorded. This image is then registered to the actual radar image
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and the inverse of this movement is applied. The result of this type of
process is shown in Figure 5. Note that the presence of certain geological
features becowmes readily appare.t. This technique, although capable of
producing an image without foreshortening, is a tedious process which
requires exact registration of the simulated image with the actual radar
image. In addition, this techaique requires a priori terrain information for

the ilmaged area which may not be available.

3.1.3 Radar Layover [13]

Radar layover is a distortion inherent in all radar imaging of irregular
terrain. It results from an image pixel being placed in its cross-track
location based on its range from the sensor. If the target area contains
features with steep slopes, the top of the feature can be at a closer range
than the bottom. This effect is shown in Figure 6. It is especially severe

when features of appreciable level relief appesr in the near range.

3.1.4 Earth Rotation

The earth rotation effect is common to satellite scanning systems where
the scan lines are gathered serially in time while the earth's surface is
rotating during the imaging pericd. This results in the near edge of the
1mage being skewed with respect to the nadir track of the satellite as shown
in Figure 7a. This effect, known as range walk or range migration can be
compensated by resampling the echo data during the image processing.
Figure 7b shows the outline of an image frame after data resampling to
compensate for the range walk. The stairstep edge is an artifact of the
muitiple-look overlay process and does not result in any discontinuities

within the frame.
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3.2 Processcr Derived Distortion

The distortions generated during image formation are obviously dependent
on the specific processing algorithm. Generally, approximations made in
determining the phase reference function will result in a skewed image. This

sectiorn discusses some typical approximations and the resultant distortions.

3.2.1 Earth Curvature and Rotation

in the previous section, the range walk effect that results from the
Earth rotation was described. This rotation in conjunction with the Earth
curvature can alsc result in an image skew in the azimuth direction. This
skew occurs during the image formation process. As previously discussed, to
process raw echo data into imagery the Doppler frequency and freguency rate
must be determined. The rotaticu and curvature of the earth, however, result
in a complex Doppler response that is a function not only of target latitude
but also depends on target position within the swath. A plot of Doppler
frequency as a function of swath position and latitude is s .wn in Figure 8.
It is extremely difficult to design a processor that adapts to the varying
frequency without introducing reduced image resolution resulting from
misregistration during the multiple~look overlay. As an alternative to
precise tracking of the Doppler frequency during the processing, an optimum
fd is selected for the entire image frame and the resultant skew 1S
corrected in the post-processing. This skew resulting from the Doppler
mismatch is essentially in the azimuth direction as shown in Figure 9. The
amount ot skew 1s dependent on the ditference between the actual Doppler

response of each target and the f  used in the processing and is given by

ANy =T L 9



where PRF 1s the pulse repetition frequency, L is the number of looks, Afd
is the Doppler frequency mismatch, fd is the Doppler rate and ANaz is the

azimuth displacement in pixels. Note that since the iso-Doppler lines are
nearly linear, a linear correction can be used to deskew the image. For a
100 km swath width as in SEASAT SAR, a typical skew is AN . = 150 pixels or

2.5 kmywhich corresponds to a skew angle of 1.5 degrees.

3.2.2 Sensor Parameter Shift

The eccentricity of the spacecraft orbit requires adjustment of the
sensor parameters at certain intervals during the orbit. This can result in
either a discontinuity, or variation of the pixel resolution within an image
frame, A sharp discontinuity in the image results from a shift in the delay
of the pulse sampiing window. This parameter shift is made in the data
collection system to maintain tue optimum signal-to-noise ratio in the
sampled echo data. If the rulse sampling window were not adjusted as the
spacecraft altitude changed, this window would not center on the portion of
the signal with the strongest return and the resulting imagery would be
degraded. The effect on an image produced from data collected during a
sampling window shift is to displace one part of the image in rauge with

respect to the other, resulting in a line of discontinuity across the frame.

Another parameter requiring adjustment based on variatioun in the
spacecratft orbit is the pulse repetition frequency (PRF). The PRF is
ddjusted to prevent pulse mixing or range ambiguities. An upper limit on the
PRF is set tu avoid interference between successive pulses. This limit 1is
dependent on the rvange swath width which 1s in turn a function of spacecraft

altitude. A lower limit on the PRF is determined by th= resolution and
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azimuth ambiguity requirements. This bound is also dependent on the

spacecraft orbit. To keep the PRF within these bounds, it must be adjusted
according to variation in the spacecraft height. Certain frames therefore
may contain pixels of mixed resolution if the PRF was adjusted during that

frame's data collection period.

3.3 Radiometric Characteristics

Registration of a SAR image to an optically sensed image or another SAR
image can present a difficult problem since the apparent brightness of an
image pixel is critically dependent on the relative position of the sensor.
A small change in the aspect angle can significantly alter the appearance of
a scene as shown in Figure 10. Furthermore, SAR imagery is corrupted by both
speckle and thermal noise, pulse compression sidelobes, ambiguity responses
and weak signal suppression effects [6]. With proper radar and processor
design, the effects of most of these distortions on the final image product
can be minimized. The image degradation resulting from speckle noise is
greatest in coherent imagery of terrain with a surface roughness comparable
to the wavelength of the illumination [L15). The speckle can be reduced by

summarion of looks or filtering at the cost of pixel resolution.

When attempting to register SAR imagery from two adjacent passes for the
purpose of constructing a mosaic, the distortion resulting from speckle can
cause misregistration. This results from the fact that for a small change in
the sensor ~osition (4 km for SEASAT) the speckle noise in the resultant
imagery 1s totally independent. Therefore, from one pass to the next a
fes“ure may be distorted differently resulting in a poor correlation between

the two frames. An additional factor that can cause image misregistration

between two adjacent passes 1s 8 phenomenon called specular point
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migration iljlustrated in Figure 11. This effect occurs when a feature with a
varying slope is imaged from two different sensor positions. Tne apparent
position of a feature changes reletive to other features within the frame
because the point of maximum reflectivity of that feature occurs at a slope
perpendicular to the radar beam. This effect can also result in apparent

misregistration of features in SAR imagery.

178



IV. CURRENT PROGKESS IN REGISTRATION/RECTIFICATION OF SAR FREQUENCY

Many of the _cometric and radiometric distortions present in digitally
processed SAR imagery do not occur in optically sensed imagery. The effect
of these distortions cn image resolution, rectification and ultimately
mosalcking have not been fully investigated. To date very few mosaics have
been constructed with digital SAR imagery and at present no ccmprehensive
studies have been conducted to investigate the feasibility of generating

unsupervised mosaics.

The SAR processing research group at Jet Propulsion Laboratory has laid
the ground work for development of an unsupervised mosaicking procedure and
plans to implement this procedure within the next year. Recently completed
is an s'gorithm capable of determining the absolute lccation of an image
pixel without the aid of ground reference points [6]}. This algorithm
utilizes information provided by the spacecraft ephemeris and characteristics
of the sensor data collection system to predict the latitude and longitude of
an arbitrary image pixel.Tests have -hown this technique has an accuracy of
better than 200 m for SEASAT SAR data. The target location uncertainty is
primarily dependeut on the accuracy of the spacecraft position and velocity
pPrcvided by the ephemeris and the validity of the assumed geoid in the target

area.

The capability for unsupervised pixel location is a prerequisite for
automated rectification and mosaicking of SAR imagery. With informtion on
both the sensor and target position, the parameters for slant range to ground-

range conversion can be determined as well as the Doppler shift in the echo
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data. Using this information and the image processing parameters, it is a
simple procedure to conduct range and azimuth interpolation to remove the
ground range nonlinearity and azimuth skew distortions. An algorithm has
been developed at JPL to correct these distortions for digitally cor~ ' d
SEASAT imagery. A preliminary version of this algorithm has been ‘plemen:
utilizing the hardware architecture of the digital processor. This rardware
configuration, shown in Figure 12, was designed both for efficiency and
economy [17]. The host computer is a Systems Engineering Laboratory 32/77
which features very rapid I/0 data transfers. Attached to the host are three
Floating Point Systems AP120b array processors and four 300 Mbyte discs. The
image data is transferred from disc to the array processors through the

host. Each AP operates simultaneously on a separate area of the image and

Teturns the rectified product to the host to be merged and transferred to
disc. It is anticipated that with proper design this approach can rectify a
6000 x 6000 pixel frame which covers a 100 x 100 km ground area in under
30 minutes. This approach is compatible with the image processor and could

be easily incorporated into the image production procedure.

A preli-inary version of this algorithm is curr.:itly operating at JPL.
It utilizes a single AP and makes some simplifying assumptions in generating
the rectification parameters. The current operating time for a full frame
is 80 minutes. The output has been resampled to 12.5 m spacing in both the
range and azimuth dimensions. As a result of approximation, the rectified
product still contains some residual skew. Tests show approximately a 200 m
registration error across a 100-km frame. The expected registration error
using a more exact version of the algorithm is less than 50 m or about

2 plxels.
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Following completion and test of the rectification algorithm, studies
are planned to investigate the feasibility of generating unsupervised image
mosaics. Imagery from parallel passes as well as ascending and descending
passes will be examined. Statistics will be compiled on the correlaticn of
common features as well as the misregistration between geometrically
corrected images from two adjacent passes. Automated feature detection

techniques are also being considered to locate suitable tie points.

Obviously much work remains to be done with regard to rectification and
registration of SAR imagery. It is clear that digitally correlated imagery
offers distinct advantages over optical imagery such as: reproducible
processing, large inherent dynamic range and highly accurate pixel locatiou.
The refinement of these techniques utilizing SEASAT SAR data will provide
insight into the design of future sensor systems to optimize the registration

and rectification accuracy.
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Figure 5. Results of compensation for radar foreshortening using
digital tervain mode!.  a) Simutated radar image from
topographical map, b)Y Corvected SEASAT image, <) Origi-
nal SEASAT imave., Note the enhancement ot tault lines
not evident in original image (Narazhi, 1981).
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look angle. Signal scattered from the top of
features 1 ard 2 will be placed at a nearer cross-
track position in the image than signal scattered
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Figure 7. Range migration of the ground track resulting from
earth rotation during the imaging period is shown
in a. The range skew distance is given by d, = V -+t
where Vo is the velocity of the earth and 5t is the
imaging time for the frame. The cross track skew
shown in b is applied during the image formation.
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Figure 8. Plot of Doppler frequency as a function of
swath position and latitude. Nominal values
for SEASAT SAR were assumed for spacecraft
in descending mode (Wu, 1981).
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brightness of target, Figure 1Ca was imaged
during a descending mode and rigure 10b during
an ascending mode
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Figure 12. Block diagram of digital processing system at
Jet Propulsion Laboratory. Data is recorded
on high density digital tape (HDDT) at the
tracking station, It is received at the
processing facility via an optical link and
recorded on disk for processing (Wu, 1981).
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5.7 {§PACECRAFT INDUCED ERROR SOURCES®
(3‘ L .
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H. Heuberger, GSFC

I'm going to say a few words about spacecraft induced error scurces, basically

attitude errors on the Landsat spacecraft, the 1, 2, 3 and D, and ephemeris
errors from various tracking systems.

First, I want to talk about the attitude control system and attitude measure-
ment system on Landsat-2 (actually 1, 2, and 3 as they are basically the
same). Table I reviews the kind of attitude information we had to work with
on thcse three spacecraft. The attitude control system uses horizon scanners
and gvros to solve for pitch and roll dircctly, and once those are brought in,
there is a gyrc in the ro’1/yaw plane; knowing the roll and the rate from that
gyro, you can sclve for yaw and bring the yaw error in,

TABLE 1

Landsat-2 Attitude Control and Measurement

o Attutude Control System (ACS)

- Horizon scanners and gy:os provide pitch and rc¢il :rror sensing

- Rate Measurement Package (RMP) in roll/yaw plane used to determine
yaw error

- Pointing Control

= deg
- Pointing Stability

0.1
= 0.01 deg/s

o Attitude Measurement Sensors (AMS)

- Iindevendent of ACS

- Horizon scanners fore and aft determine pitch and roil

- Yaw assumed proportional to roll

- Measurement accuracy = 0.1 deg

- Horizon scanners susceptible to atmospheric effects (e.g., cold
clouds)

The specification on the platform is a pointing control of .10 and stability
of .01° per second. Now on that spacecraft the measurement system or what we
actually know about tne attitude is independent of the control system. We
have infrared horizon scanners for pitch and roll, There's nothing though
that gives us the yaw error so we assume it's proportional to roll., Basically
because of the way the control system solves for yaw, we have the same speci-
fication there of .1€.

What people are really seeing is quite a 't worse because the infrared hori-
zon scanners are susceptible to cold clouds etc. Depending on who you listen
to, .5%9 is not unusual -- even possibly 19, TI've heard numbers like that. Onm
the last slide, I'll translate all these numbers into what an image error
would be from tnat type of attitude error.

#Edited oral presentation.
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Table II reviews the situation on Landsat-D. It is the same as the previovs
Landsats for course acquisition and there's a fine sun sensor that's used for
transition and the nominal mode is star trackers and gyr¢s. Star trackers end
the gyro information are filtered to update quaternians #1d actually the star
trackers are used to upcate the gyro drift. We have a much improved syste.
here, as we have pointing accuracy advertised as .01° and very good stability.
and from talking to different people, that's the specification and it seexs to
be that it will be achjievable, 1In fact, we may do quite a bit better than
that by a factor of 2 or something. On Landsat-D, the attitude measur.umerts
came from the control system Kalman filter and the DRIRU.

TABLE II

Landsat-D Attitude Control and Measurement

Same as Landsat-2 for coarse acquisition

Fine sun sensor used for transition to fine acquisition

2 star trackers and 6 gyros (3-axis redundant) used to update quaternians
Pointing accuracty = .01 deg

Pointing stability = 10-6 deg/s

Attitude measurements from control system Kalman filter and DRIRU

o000 O0OO0

- Quaternians every 4.096 s
- Gyro measurements every 64 ms

Table IIIa reviews the ephemeris. I'm not contrasting Landsat 1, 2, and 3
against D because basically they're the same class of spacecraft. It depends
on what type of data you have to work with for ephemeris error. Now some of
these numbers you've already seen from the GE people, in fact some of these
number: come off GE's slides. The altitude variation is due to earth oblate-
ness and variations in eccentricity etc. Along-track variation is not by it-
self too important because the spacecraft is basically following the same
grouud path. Dr. Prakash said four kilometers cross-track; I got 5 kilometers
from the people who are responsible for the orbit control. That's probably
the most important number there. If Mr. Billingsl, was talking about relief
displacement, that's the kind of number we would be looking at for relief dis-
placement, if you were 5 kilometers off on your look angle there.

With conventional processing, and operaticnal processing of the Goddard net-
work and standard netiork, we generally :an get around 100 meters in ephemeris
error. This is definitive, as you get 24 hours of data and do a least squares
fit to crbit or doppler data and do a batch fit or sequential filter. You can
characterize errors pretty reiiably and usually find 100 meters or better,
Orbit predicts (a second method) generally represent what is uplinked to the
spacecraft. They claim these are 2-day predicts; 1 would think they would be
more like 1-day predict numbers. Five-hundred meters after 2 days is doing
pretty good; I would say 1 day or somewhere in there. All of these numbers
are 1-sigma numbers and it depends on who you talk to and what your assump-
tions are.

Table IIIb looks at tracking systems of Lhe future. On lLandsat D, using TDRSS

data and from szimulations and error analysis, we find out we can do about the
same that we dc now——processing 24 hours of TDRSS data may get you 90 meters,
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TABLE IlIa

Landsat-D Orbit Variations and Ephemeris Accuracy

o Variations from nominal
- Altitude (705.3 km nominal)
- 696 to 74t km over earth

- 19 km variation over fixed latitude

- 4long track: + 95 km

- Cross track: + 5 km at equato.

- inclination: 98.21 + .045 deg
(o] Conventional Processing Ephemeris Error (GSTDN Data)

Operaticat
Post Processing Orbit Predicts

Along track 100 m 500 m
Cross track 30 100
Radial 20 35
RSS 105 510

you might do slightly better generally, but it's about the same measures as
using the ground tracking. The really good news is the GPS, the Global Posi-
tioning System, which is a system of DOD satellites and navigational develop-
ment satellites, which will significantly reduce ephemeris errors., As a re-
sult, the combined attitude and ephemeris errors, as shown .n Table IV, are

expected to experience better than an order of magnitude improvement over the
previous Landsats.

TABLE IIIb

Landsat-D Ephemeris Accurany (cont.)

o] Ephemeris Error with TDRSS

Definitive Orbits

Along track 80 m
Cross track 30
Radial 25
RSS 90

o Ephemeris Error with GPS

4 nds. Inview Poor Visibility
Along track 10m 50 m
Cross track 6 25
Radial n 20
RSS 12 60
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TABLE IV

Attitude/Ephemeris Scene Distortions

Along/Cross-Track Error (MET)

Distortion Landsat-2 AMS Landsat-D ACS
Source GSTDN Tracking GPS

ATTITUDE

Pitch 1570/~ 123/-

Roll - /158¢ - /125
Yaw 160 / - 124 / 125
EPHEMERIS

Along Track 100 /7 - 10 / -
Cross Track -/ 30 -/ 6
Radial -/3 -/ -

RSS 100 7 30 10/ 6
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5.8#}NAVSTAR/GLOBAL POSITIONING SYSTEM®
X
0

M. Ananda, The Aerospace Corporation

The Global Positioning System (GPS) has been developed to proviue highly pre-
cise position, velocity, and time information to users anywhere in the neigh-
borhood of earth and at any time. The GPS, when fully operational, will con-
sist of 18 satellites in six orbital planes. These usatellites will be at
about 20,000 km altitude with a 12-h period and the orbits will be inclined to
550, The satellites will transmit Ly (1575.42-MHz) and L, (1227.6-MHz) sig-
nals. Navigation information such as the emphemeris of the satellites and
satellite clock model parameters and the system data are superimposed on these
radio signals. Any GPS user, by receiving and processing the radio signals
from the constellation can instantanecusly determine navigation information
(position and velocity parameters) to an accuracy of about 15 m in position
and 0.1 m/s in velocity., T is radio navigation system is primarily developed
for utilization by the Department of Defense. However, there exists a broad
spectrum of civi. users who would benefit from this system.

The GPS system has three separate segments. One is the space segment, which
is t'ie satellite itself, then what we call a control segment, which is respon-
sible for providing the information to the satellite, and the third is the
user segment. The user segment includes individual user MANPAC or automo-~
biles, trucks, ships, aircrafts, and satellites. With regard to program his-
tory, originally tie Navy was responsible for initiating a navigation system,
the TRANSIT program--and it is still operational now. They have five satel-
lites and the accuracy is reasonable. The GPS mission program was a prelimi-
nary study which the Navy originated and 621-B was a program the Air Force
initiated; they were subsequently combined and te<came the Global Positioning
System, During the program evolution there are .hree phases: (1) the concept
validation phase, (2) the full-scale engineering development and testing {pre-
sent phase), and (3) full operation capability., In Phase I we had four satel-
lites and two planes; in Phase II we have 6 satellites; however, one of the
satellites is not functioning properly because of the on-board clock. It is
not giving the accuracy we need. 1In Phase II] we will eventually have 18 sat-
ellites and this will be a different satellite than what we have now.

Let's briefly look at the space segment, Once we have 18 satellites, each
satellite will be in a 12-hour period at 20,000 km altitude, (Figure 1). Cur-
rent clock accuracy is about 1:10-13 to 5:10-™.  cClock performance is ex-
trewely good even though the design specifications show only 2:10-13. We have
two L-band frequency signals, L-1 and L-2, at 1.2 GHz and 1.5 GHz, and we also
have an L-3 but that's not a user oriented band, it is used for a specific

purpose. We may use that L-3 which is a cross-link capability from one satel-
lite to another satellite,

Now the concept of getting navigation information from the GPS satellites.
The satellites will provide signals from which you can, if you have a receiv-
er, get range information and simultaneously if you can get full range infor-
mation properly distributed in the sky, you can determine your own position
and the bias in your clock. If your clock is not as precise as the satellite
clock, you can determine instantaneously our precision plus the timing bias.

#fdited oral presentation,
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If you have the range rate information in addition to the range information
you can also determine the velocity if you are a user. The accuracy we are
currently broadcasting (Figure 2) we would get is 15 meters of spherical dis-
tributed error for all these types of users, whether a MANPAC, an automobile,
ship, aircraft or Shuttle. When you deviate from 800-1,000 km altitude, like
Landsat, your accuracy will be improved because of some of the errors are as-
sociated with atmospheric modeling.

In comparison of navigation systems (Figure 3), the GPS is a navigation system
purely based upon radiometric measurements. There are a quite a large number
of navigation systems in existence. Currently, LORAN-C, OMEGA, INS, TACAN,
TRANSIT-—these are all radio based navigation systems. The TRANSIT is probab-
ly closer to GPS because it has a global capability; however, the accuracy de-
grades in between orbits. GPS provides the same accuracy globally everywhere
anytime. That's the key point. Ir other systems the errors are fairly large
and obviously there is a lot of lost information you will not recei-e., GPS is
a very simple concept and versatile, and obviously, a very expensive system
also. For user equipment, as I said earlier, you need to have four satellites
simultaneously visible. Simultaneous in the sense that you don't need to have
a four-channel receiver in order to do it; you can do it sequentially. How~
ever, the four satellites have to be available to the user and the constella-
tion is designed to be able to achieve at least four satellites at any given
time, anywhere near the earth.

The performance of the user csystem depends upon several things (Figure 4).
The vehicle environment -- of concern in particular to defense related prob-
lems and constellation geometry —— is very geometry dependent and dependent on
the dynamics of the vehicle and the way the ionosphere and troposphere are
modeled. The ionosphere can he monitored better if you have a two-channel re-
ceiver because you have two frequencies going in and separated in frequencies
so we can calibrate real time. For a single receiver, we have provision in
the rnavigation message which will provide some kind of table for modeling the
ionospheric effects. It may not be very accurate, but sufficient for that
type of user.

Reviewing the error budget (Figure 2), true navigation error is a product of
what we call GEODOFF, that is, geometry delusion of precision. If you multi-
rly the GECDOFF times the user equivalent range error component you get the
navigation error. The GEODOFF data varies from one place to another place and
the best GEODOFF is 2 or 2.2. So if the satellite dependent range error is
multiplied by 2.2, it would give you around 15-meter accuracy, which is the
total of the variou:s error sources. The satelite clock 1s minus 13 over a
24-hour period and we update once in 10-hours. Each clock will have a differ-

ent elapsed time because the update time will be different for each satellite.
A single satellite will be visible once or twice a day from a given ground

control station. Another interesting element is that if you use GPS in a rel-
ative mode for a relative navigation, all these errors tend to cancel out. So
the only error you will be left with is a user related erro~ of approximately
2 meters, Most of the civilian types of purposes can be used in a relative
mode depending on what your particular application is. For that reason, we
have what we call for security purposes seiective availability, so we cannot
guarantee any user the real accuracy the system would provide. However, the
degraded accuracy would be available to everyone. We don't know what the dJe-
graded accuracy is or whether it will be opted; those decisions are to be made
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at a much higher level, but we have the ability to introduce whatever error we
want. However, that will not affect a user using a relative mode,
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Position Velocity
Accuracy e ey Rengs of
System {m} 1m/eec) Operation Comments
GPS 1& [SEP) 0.1 (AMS per | Worldwide Operationsl worldwide with 24-hour
30 axis) all-weather coversge.
Loran-C 180 {CEP) No velaciiy U.S. Coast, Operaiicns! with locatlzed coversge.
(Note 1) data Continental Limited by skywave Interferencs.
U.S., Selected
Overseas areas
Omega 2,200 (CEP) | No velocity Near global Currently operational with localized
(Note 1) data (90% coverage) covarage. System is subject to multi-
path errors.

Std INS 1,600 max | 0.0 after 2 hr | Worldwide Operational worldwide with 24-hour
(Note 2} | after 1st (RMS per axis) all-weather coverage. Degraded per-
hour (CEP) formance in polar aress.

TACAN 300 (CEP) No velocity Line of sight Position sccurscy is degraded mainly
(Note 1) daia {presont air because of azimuth uncertsinty which

routes) is typically on the order of £1.0
degree.
Traneit 200 (CEP) No vetocity Worldwide The interval between position fixes is
(Not. 3) data about 90 minutes. Tor use ' slow
moving vehicles
NOTES: 1. Federsl Radio Navigation Plan, July 1680

2. ENAC-77-1V, Characteristic for 8 Moderate /.ccuracy Inertisl Navigation System,

August 1979
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6.0 PRESENTATIONS ON GROUND SEGMENT ERRORS

6.1 SUMMARY

The position papers on ground segment errors reviewed the underlying theory
for essential elements in the rectification prr~ess and also reviewed posi-
tional accuracy standards. Geodetic control can be characterizea as well es-
tablished in developed countries but having somewhat more poorly developed
networks in many otner parts of the world, Furthermore, it is frequently dif-
ficult to obtain geodetic information in many countries as it is considered of
strategic value and each country has a different datur upon which it bases its
horizontal control. As a result, rectifying spacecraft to a particular map
projection within map accuracy standaris must be considered on a case-by-case
ba<is for most areas of the world.

National Map Accuracy Standards (NMAS) apply to both horizontal and vertical
position error, A fundamental relationship between spatial resolution, x-y
positional error, and vertical elevation error points out that vertical reso-
lution capability is twice the nominal spatial resolution for a stereographic
pair of images. Thus, a 5-meter IFOV resolution system could provide 10-meter
elevation contour interval data. This fact combined with national map accura-
cy criteria would indicate “hat a 15-meter resolution system could achieve
1:50,00. NMAS planimetrically but only 1:250,000 NMAS for topographic mapping.

The review of map projections illustrated salient points. First, all projec-
tions distort the real condition extan: on the spherical earth in some way.
As a result, each map must compromise size, shape, or area. The smaller the
scale, i.e., the larger the . _gion being displayed on a map, the more apparent
these distortions become. Most maps in use tcday are based on lines of longi-
tude, or meridians, and therefore are criented north/south and east.,'west. The
Space Oblique Mercator projection in use with Landsat MSS data is based upon
the nadir track of the spacecraft, a convention which eases computational con-
siderations. However, because of the nadir tracks®' continuous positiona:
changes with each overpass, this projection undergces continuous variation,
resulting in its not being adopted by the majority of the map-base oriented
users.
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6.2 GEODETIC CONTROL® OF POOR QUALITY
3 Gergen, NOAA et DWW

Geodetic Control nets are built over time depending on the resources avail-
able, In the U.S. the situation around 1900 looked like Figure 1. You had a
translation scheme along the east coast, you had some activity around the
great lakes, and the major accomplishment of 25 to 30 years was the Transcon-
tinental Arch of Triangulaticn. So that was the first _ime when people even
knew how far it was froam one coast to the other one. By 1931 (Figure 2), the
situation had changed to a ratier nicely developed pattern with the arch of
triangulation going MNorth, South, East, and West. You see in Fig' . 2 ex-
tremely large triangles, and the basic principle of triangulation ob . rvations
is that one measures the angles in a triangle and occasicnally one weasures a

distance between two points, a side of a triangle. By that you can compute
the coordinates and resolve all the unknowns in the triangle and get coordi-
nates. If you have a starting value, you can build upon that as you go along.
The accuracies that are involved depend very much on how frequently you update
your distance, because that is the most degrading effect. By 1946 the situa-
tion in North America looked like Figure 3: a highly developed system in the
conterminous United States with hardly anything in Canada, some attempts t. do
sometning in Alaska, and a development in Mexico by virtue of the Inter-
American Geodetic Survey. By 1956 the number of points reached over a 100000
in the U.S. The situation as it stands today, looks like Figure #. 1In the
conterminous U.S. it has grown to an inventory of about 250,000 points.
Canada has alsc made progress; there is significant progress in Al .ska, and
one should expect much more in Alaska with the current developments in energy.
The control net has been pushed all the way through the Central Arerican

Republics into the northern part of South America with all of the connections
to *=lands.

The instruments that are used to build a herizontal network have been primari-
.y the thecdolites and they are considered part of the classical arsenal of
instrumentation. We can measure directions with the theodolites to a standard
errcr of about 6/10 of a second. We now have electronic distance measuring
instruments which can measure distances most accurately to 1 part in a million
of the distance. We make satellite doppler observations which give us point
positions with accuracies of standard deviations of level of 1less than 1
meter. In recent years, inertial survey systems have been developed and they
are primarily used for identification purposes. For the future, there will be
Global Positicning Satellites, but in our concept it will come down to stand-
ard deviations between 2 and 4 centimeters. That is the difference from the
15-meter and 6-meter deviations mentioned before. The point is we have more
time, ve don't need it instantaneously. We can sit there at the station for a
nurber of hours and that will improve the accuracy. Furthermore, we will use
GPS only in a relative mode because we have 200,000 points already. We can
put one receiver at a known point, and then relatively position any other
point within 200 km from the first point, to this kind of accuracy.

The relative and absolute accuracies of the U.S. horizontal network are shown
in Figure 5. We distinguish between several orders of accuracy. The first
order is the most precise one, it has direct accuracy of 1 in a 100.000 and

#fdited oral presentation,
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the others just decrease to 1 in 5,000. What is more interesting possibly for
this audience is the absolute accuracy of the U.S. netwerk which is on the
North American datum of 1927. The accuracy in the absolute sense is about 15
meters, and that is due to the existing distortions in the network. We are
actively working now on a project that will give the North American Datum in
1983, where ail positions will be known to about 1/2 meter. That 1/2 meter
refers to the worst; we contemplate just 4-5 centimeters precisicn for some of
the best points in the network.

For the U.S. network on the 1927 datum, all points are related to a mathemati-
cal surface which is an ellipscid placed in space many many years ago, in such
2 way that there is an offset with respect to the Geocenter of 22 meters in x,
157 meters in y, 176 meters in z. These numbers are not to be looked at as
errors, but they are very well known numbers. Still, we will move the mathe-
matical surface from one point to another point because when this was done
originally no one knew where the earth's geocenter was. But todajy because of
satellites it is very easy to determine where the Geocenter is. The most sig-
nifi ant datum defined by the Defense Department was the world generic system
of 1972. We know these numbers that relate to the U.S. datum, but we also
kriow these numbers fcr the other datums. Figure 6 gives an example of the ma-
jor datums in the world and what these shifts to the Geocenter are, but you
see that these numbers vary depending on how these datum were defined to begin
with. The thing that needs to be remembered is that one cannot apply one
philosophy to all datums and assume that they are 2ll consistent in the same
covrdinate system. Each of them is a separate coordinate system, and in order
to make one earth coordinate we have to take all of these datums and shift
them to ¢ne common place, an” the most logical common place today is the geo-
center. International meetings have agreed that the geocenter makes sense,
The International Association of geodesy has defined the geodetic reference
system of 1980 as a geocentric system.

The availability of geodetic information within the U.S. is the responsibility
. the National Geodetic Survey and the information is freely available in
this country. That is not the case in general. Other countries have looked
at geodetic activities very much in terms of their military establishment. As
a consequence the information is generally unavailable because these countries
classify the information. However, there are old publications that you can
find that show what these datums look like, and give you some idea of what the
accuracy is. There are international units of measure in geophysics national
reports *hat one can consult, and one can read between the lines and see for
exampie the Peoples Republic of China has a network that is similar to ours in
terms of accuracy or you can obtain it from the gecdetic organizations that
are inclined to make that information available. For the accuracies that we
can estimate relative between two points, the worst that you can find is 1 in
5,000. That is due to the instrumental errors because you are dealing with an
accuracy only from one point to another 2-3 miles away. However, when you
look at these in terms of an absolute reference (where is this vis-a-vis the
geocenter?) then of ccurse you can have errors as high 200 meters. Some¢ of
the datums in other comvinents are much weaker in terms of the way they were
constructed, and the instrumentation that was used, 30 you may very well get
to that number,

In general, if one gets some coordinates, either latitude or longitude or some
other types of coordinate system derived from latitude and longitude any place

209



on the Earth, one cannot immediat. assume that tiiat's part of the seme coor-
dinate system that we have in the U.S. The Doppler Survey System today is al-
lowing us to make exact determination of what these changes and what the er-
rors actually are, An example of this problem is the Universal Transverse
Mercator projection. The UTM coordinate system is a way to represent coordi-
nates if you don't want to deal with latitudes and longitudes. Basically the
system divides the Earth up into sixty zones and the center meridian for Zone
1 is at longitude 1800 east. The scale along the central meridian assumes a
false easting of 500,000. Now what's important is that this is not a univer-
sal transverse Mercator in an absolute sense. Its universal within a particu-
lar datum. It should be possible to compute, if you know the information
world-wide, all your coordinates and put all them into one datum, a Geoscent-
ric Datum and then you can transform all these points a given projection.
Then you have indeed a universal projection. All of this is done by the mili-
tary, but I don't know of an inventory of coordinates world-wide that is con-
sistent from all these points of view. The problem is not only in the posi-
tion of the mathematical surfaces, but also the size and shape. When you
bring in the size and shape, the semimajor axis of the reference elipsoid and
the flattening, you get Jjust as many combinations of datums; there are hun-
dreds of datums wcrld-wide each of which look at the problem from their own
point of view. Basically, the characteristic of geodetic control is that it
is in direct proportion to the technological development of the countries in-
volved [1,2]. World-wide you find good coverage in terms of geodetic control
in the U.S., in western Europe, and in Japan. You find less than full cover-
age even in the Soviet Union and South America, and Asia and so ferth in other
large areas.
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Relative Accuracy ‘
between directly connected adjacent points

Second order | Third order

Class! Classll Classi Class i
1:100,000 1:50,000 1:20,000 1:10,000 1:5,000

First order

Absolute Accuracy

e NAD27 15m
e NADS83 0.5m

Figure 5. U.S. Horizontal Network

Shifts to Geocenter
AX(m) AY(m) AZ(m)

1. North American - 22 157 176
2. European + — 84 -103 - 127
3. Tokyo - 140 516 673
4. Arc 1950 - 129 — 131 - 282
5. Indian 293 697 228
6. Australian - 122 - 41 146
7. South American —-77 3 - 45
8. Pulkovo — — —

9. South Asia 21 -61 -15

Figure 6. Major Geodetic vatums
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6.3 MAP ACCURACY REQUIREMENTS: THE CARTOGRAPHIC POTENTIAL OF SATELLITE IMAGE
DATA*
A

Rf>we1ch, University of Georgia

The topic of this presentation is map accuracy requirements. I am going to try
to relate map accuracy requirements to the cartographic potential of sateilite
image data. The objectives are to consider, first,if resolution will be adequate
for the identification of control and for the compilation of map products. Then,
second, to define map accuracy standards and to determine the potential for meet-
ing these standards with image data from the film camera, scanner and linear
array systems of the 1980s.

Cartographic products fall into a variety of classes. We have topographic maps
that are concerned with planimetric information and elevations or heights. We
have thematic maps, which might be used for geology. vegetation, water, or to
display these subjects. We have digital elevation maps that would be produced
from digital tervain data, and finally we have image maps. In terms of satellite
applications, we've dealt primarily with thematic maps and with image maps, and
in the future we would like to be able to develop some digital terrain models

and topographic map products.

Table 1
EARTH SATELLITE PROGRAMS--1980s

SATELLITE SENSOR 1FQV SWATH
Shuttle/Spacelab (1982) Film Cameras (LFC, MC) 5m* 225 km
Landsat-D (1982) Mechanical Scanner

(™) 30 185
SPOT (1984) Line Array (HRV)** 20 60
MOS {1985) Line Array (MESSR) 50 200
Stereosat (?) Line Array** 15 61
Mapsat (?) Line Array*+* 10-3u 185

*Equivalent IFOV
**stereo

We would like to be able to develop an array of points for which we know
the X, Y, and Z coordinates and then interpolate from these points the contours
or the elevations. [ might point out that the accuracy with which we inter-
polate may be a problem here. In addition, sensor resolution must be con-
sidered.

Table 1 summarizes the terrain imaging satellite programs for the 1980s. It
is important to note the Shuttle/Spacelab film cameras. These film cameras
have an equivalent IFOV of about 5 m and represent t. > baseline against which
the other sensor systems will have to be compared.

*Edited oral presentation.



The conventional 1:250,000 scale map contains contours and considerable plani-
metric detail. One can see the outline of towns, the different classes of roads,
and the vegetation patterns. This is typical of a 1:250,000 scale map product.
Now, I'11 talk about well-defined points. By well-defined points I mean the
intersection of roads or where a bridge crosses a river, things of this nature.
Well-defined points don't exist in any great frequency in undeveloped areas, so
this is a problem if we are going to extract contrcl from maps.

kith the Skylab Earth Terrain camera photograph we can detect the highways, the
urban development, the airfields and suv on. This is about the best resolution
data that we've had to-date and is representative of what we will get with the
Shuttle cameras. This is our baseline information. How good a map can we pre-
pare with an approximate equivaient 5 m IFOV? Well, we can prepare quite a good
map as a matter-of-fact. We can delineate the outlines of the urban areas, we
can show most of the roads, we can pick-up the vegetated areas, we can obtain
quite a bit of ini rmation. If we go to the map compiled from a RBV image of
Landsat-3, it in no way compares to a 1:250,000 scale map, nor does it compare
in any way to a map which was compiled from the Skylab photography. So if we're
talking about Thematic Mapper data which may be of slightly better resolution
than the RBV, it's very unlikely that we're going to be able to compile maps in
the traditional sense of the word.

Now, what are U.S. National Map Accuracy Standards (NMAS, Table 2)? First of

all we can divide them into horizontal and vertical accuracy standards. For
horizontal accuracy, the U.S. standards say that 90% of well-defined points
should be plotted at the map scale to within + 0.5 mm of the correct position.
For example, if we have a map scale of 1:100,000, the bridges, road intersections,
and so on, must be correct to + 0.5 mm on the map. Thus, we can say that 90% of
the points must be within + 0.5 mm on the map and + 50 m on the ground. For
spot heights, 90% of the elevations that are determined from contours shall be
correct to within cne-half the contour interval. Thus, if we have a contour
interval of 100 m, ninety percent of the interpolated elevations should be
correct to within + 50 m.

Table 2
U.S. NATIONAL MAP ACCURACY STANDARDS

A. HORIZONTAL - 90% OF WELL-DEFINED POINTS SHALL BE PLOTTED (AT THE MAP
SCALE) TO WiTHIN + 0.5 mm OF THEIR CORRECT POSITION, e.g.,

MAP SCALE = 1:100,000
+ 0.5 mm AT MAF SCALE = + 50 m ON GROUND

THUS, 90% OF PQINTS MUST BE WITHIN + 0.5 mm ON THE MAP AND + 50 m ON HE
GROUND.

B. VERTICAL - 90% OF THE ELEVATINNS DETERMINED FROM CONTOURS SHALL BE CORRECT
TO WITHIN 1/2 THE CONTOUR INTERVAL (C.I1.), e.q.,

C.I. =100 m

THUS, 90% OF ELEVATIONS REFERENCED TO CONTOURS SHALL BE CORRECT TO WITHIN
+ 50 m.



In terms of horizontal accuracy now, let us introduce root mean square error
(RMSE). By RMSE we mean that $8% of the points tested 1ie within the specified
distance from the correct grid coordinates (Figure 1). For example, if the
RMSE is + 15 m, 68% of the points tested lie within + 15 m of the correct loca-
tion. For the 90% contidence level specified by NMAS, we must multiply 15 m

by 1.65 which yields + 25 m. Next, we wart to determine the largest scale map
(which is really what we want to know) that can be compiled from these data

and still meet NMAS. As Figure 1 notes, the largest scale map compatible with
horizontal errors of + 25 m at the 90% level of confidence is 1:50,000.

Figure 2 reviews vertical accuracy (Z). If the RMSEy is + 15 m,that means

68% are to be within that value. But NMAS state that 90% of interpolated Z-values
must be correct to within one-half the contour interval. So statistically, the
closest contour interval which will meet NMAS is 3.3 times the RMSE;, or 50 m

in this instance. From this discussion we can make the general observation that
elevations &re the problem, not the planimetric positions.

Figure 3a notes areas ¢f the world with poor map coverage, and it is precisely
these areas where satellite data are going to be most useful. These are aisc
areas that have poor control nets.

Figure 3b indicates the standard contour intervals associated with maps around
the world. The 1:50,000 scale maps normally have a 20 m contour interval. The
contour intervals found on 1:100,000 scale maps range from 20 to 50 m and those
on 1:250,000 maps from 50 to 100 m. If you are going to talk about compiling
topographic maps at these scales, you have got to be able to meet the accuracy
standards for elevations. For example, with a 1:100,000 scale map. planimetric
accuracy requivements mean + 50 m at 90% or + 30 m RMSE. A 50 m contour inter-
val requires an RMSE, of + 15 m.

The other subject which we have to consider is ground control and I'd like to
make these points. First, ground control is normally required to establish

the exterior orientation of the sensor system. Second, ground cortrol will
consist of well-defined points within the image data set for which the X, Y, Z
terrain coordinates are known. Third, most ground control to be used to
rectify satellite image data will be obtained from existing topographic map
bases. Thus, the accuracy of the source maps may be an important factor (Table
3). Fourth, in the absence of ground control there must be an external means
of establishing the X, Y, Z coordinates of the spacecraft or sensor system: e.q.,
orientation data from a star tracker and position and time from the NAVSTAR
GPS. As satellite data are likely to prove most useful for mapping areas with
poor control, the external means of dete mining spacecraft position, sensor
attitude and time are extremely important.

Table 3

ACCURACY OF GROUND CONTROL POINTS OBTAINED
FROM MAPS MEETING NMAS

SCALE OF MAP  HORIZONTAL RMSE ~ CONTOUR INTERVAL  (c.I./3.3-C.1./2)

1:250,000 75 m 100 m 30-50 m
1:200,000 60 100 30-50
1:100,000 30 50 15-25
1:50,000 15 20 6-10
1:25,000 7.5 10 3-5
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Future sensors will employ MLA technology in which a line array is pushed over
the earth and there is a time element involved. You are not recording the
entire frame at one instant in time. You are recording one line of data at a
time. Threre cre several sources of error with MLAs. We have pointing, atti-
tude stability, satellite velocity, measurement precision and accura-.y, relia-
bility of ground control, earth curvature refraction, processing equipment,
adjustment procedures, and relief disnlacement.

Pointing and attitude control are a major problem. If we are gning to map we
require stereo coverage, and most of the stereo systems such as Mapsat or
Stereosat are going to take coverage with a forward-looking camera and with

an aft-looking camera. The time interval between the fore- and the aft-looking
coverage is on the order of 90 to 100 seconds (B/H = 1.0). During that 99-

to 100-second period, the attitude of the spacecraft has to be very stable.

If one assumes for the moment that we have a combined error due to pointing
errors and attitude errors on the order of five seconds of arc, the error in
X,Y is + 10 m and the Z error is going to be about + 20 m. The elevation
component is the critical aspect, and attitude control is absolutely essential.

A hypothetical combination of errors is reviewed in Figure 4. Given the assump-
tion that sensor attitude is maintained to five seconds of arc, the errors in
X,Y and in Z are about + 10 m and + 20 m respectively. Let's also assume we
have a measurement or correlation error equivalent to a half of a pixel. That's
about + 8 m. Additional miscellaneous errors may equal another + 10 m. If we
combine these errors by taking the square root of the sum of the squares, we
obtain + 15 to + 20 m Tor planimetry, and about + 25 m for spot heights. The
largest scale map that we can reproduce from such data, working in even incre-
ments, comes out to about 1:100,000 scale and the contour interval that meets
NMAS is on the order of 100 m.

In conciusion then, I think that we can say that, first of all, for topographic
mapping at scales of 1:100,000 and larger, an IFOV of 10 m or less will be
required, as wil' reometric accuracies of + 20 m or better. Secondly, the film
cameras to be emp.oyed on the shuttle missions will provide baseline data

against which the scanner, line array and radar systems can be evaluated. Third,
automated mapping will require error-free image data. Thus, in my opinion, it
appears reasonable to emphasize satellite positionina and attitude control rather
than to rely solely on the availability of dense ground control and on costly
image processing techniques to create rectified image data sets. Finally, sate-
1lite systems which provide data meeting rigorous topographic mapping require-
ments will also satisfy the accuracy requirements for thematic mapping.
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ROOT MEAN SQUARE ERROR (RMSE) -68% OF POINTS TESTED LIE WITHIN THE ~ECIFIED
DISTANCE WITH REFERENCE TO THE CORRECT GRID COORDINATES, e.g.,

RMSE = + 15 m
THUS 68% OF THE POINTS TESTED LIE WITHIN + 15 m OF TH. CORRECT LOCATION.

FOR A 90% CONTIDENCE LEVEL AS SPECIFIED BY NMAS, IT IS NECESSARY TO MULTIPLY
THE RMSE BY 1.65, e.qg.,

+15mx1.656 =+25nm
THUS, THE LARGEST SCALE MAP WHICH CAN BE COMPILED AND STILL MEET NMAS IS:

MAP SCALE FACTOR = 3!§Eﬁégl;§§

- 25000 mm

50,000

FIGURE 1. HORIZONTAL ACCURACY (X,Y)

e.g. RMSE; = + 15 m (68%)
NMAS STATE 90% OF ELEVATIONS TO + 1/2 C.I.

STATISTICALLY,
Cc.I.
NMAS = 3.3 x RMSEZ
= 3.3 x 15
=50m

THUS, THE CLOSEST

(@}

.I. WHICH CAN BE COMPILED TO MEET NMAS IS 50 m

FIGURE 2. VERTICAL ACCURACY
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Figure 3a. The shaded areas represent countries or regions with 50 percent or
less of their area mapped at 1:100,000 scale or larger in 1976
(United Nations, 1975).
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SEMSOR ATTLIyDE -+10mINX, Y
(e.g. + 5 Sec) +20minZ

MEASUREMENT ERROR - +1/2 PIXEL (e.g. + 8 m) in X, ¥, Z
MISCELLANEQUS ERRORS - + 10 m IN X, Y, Z

(DUE TO GROUND CONTROL, PROCESSING, REFORMATTING, RESAMPLING, ADJUSTMENT
PROCEDURES ETC.

RSME, v = V102 + 8¢ + 10°
= +15-20m

14

vV 20¢ + 82 + 102
+25m

RSMEZ

i

MAPPING CONSIDERATIONS

20 X 1.65
0.5

33 (000
3.2

MAP SCALc FACTORy y

66.000 = 100,000

C.I

"TTNMAS = 3.3 X 25

83= 100~

FIGURE 4. COMBINATION OF ERRORS (Based on H = 80C km, IFQV = 15 m)
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6.4 MAP PROJECTIONS FOR LARGER-SCALE MAPPING*

.chn P. Snyder
U.S. Geological Survey
National Center, Stop 522
Reston, Virginia 22092

ABSTRACT

After decaaes of using a single map projection, the Polyconic, for its map-
-ing program, the U.S. Geological Survey now uses severa! long-estahlished
.wojections for its published maps, both large and small! scale. For maps

ot 1:1,000,000-sca’e and larger, the most common projections are conformal,
such as the Transverse Mercator and Lambert Conformal Conic. Projections
for these scales should treat the Earth as an ellipsoid. In addition, the
YSGS has conceived and designed some new projections, including the Space
Oblique Mercator, the first map projection designed to permit low-distortion
mapping of the Earth from satellite imagery, continucusly following the
groundtrack. The USGS has prograrmed nearly all rertinent projection equations
for inverse and forward calculations. These are used to plot maps or to
transform coordinates from one projection to another. The USGS is also
publishing its first comprehensive map projection manual, describing in
detail and mathematically all nrojections used by the agency.

INTRODUCTION

The U.S. Geoloygical Survey was created in 1879, and detailed large-scale
napping of the country soon became one of its primary objectives. It has
relied heavily over the years on the former U.S. (oast and Geodetic Survev
{UUSC&GS, now the National 0Ocean Survey) €or guidance on map projectinns,
intil the late 1950's, only the Polyconic projection was used for the primary
USGS mapping product, i.e., large-scale quadrangle maps.

The Polyconic projection was apparently “nvented and certainiy promoted hy
Ferdinand Rudolph Hassler, the first head of what was to hecome known as %the
Coast and Geodetic Survey. In the 1950's, the USGS quadrangle projection

was changed to the Lambert Conformal Conic and the Transve-se Mercator projec-
tions, which had been adopted by the Coast and Geodetic Survey in the 1030'g
for the State Plane Coordinate System. The development of standardized zones
based upon the Universal Transverse Mercator and the polar Stereographic

led to USGS use of these projections. In additinn to these, the regular
Mercator, the Oblique Mercator, the Albers Equal-Area (onic, and the Azimuthel
fquidistant have been used for other larger-scale mapping by the UISFS and
other agencies. Although authors and organizations variously de ine large-

*Note: This paper is adapted with several modiications from one hv the author
published in the Proceedings of the 1981 ACSM Fall Technical Meeting,
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and intermediate-scale mapping, for the purposes of this paper, the term
“larger scale" will apply to scales larger than 1 to 2 million.

When the space age added its impact to mapping, classical projections (Mercator,
Lambert Conformal Conic, and Stereographic) were chosen {or the mapping of

the Earth's Moon, three other planets, and a number of other natural satellites.
Some projections, especially the Space Oblique Mercator, originated within tISGS
to assist mapping from satellite imagery.

TYPES OF PROJECTION

Before describing the projections themselves, 1'd 1ike to review briefly the
different types. Equal-area or equivalent projections of the globe are used
especially by geographers seeking to compare land use, densities, and the
like. On an equal-area projection, such as the Albers Equal-Area Conic,

a coin laid on one part of the map covers exactly the same area of the actua!
Earth as the same coin on any other part of the map. Shepes, angles, and
scale must be distorted on most parts of such a map, but there are usually
certain lines on an equal-area map as well as on other types of projections,
along which there is no distortion of any kind. These so-called "standard
lines" may be a meridian, cne or two parallels, lines which are neither,

or not a line but a point,

More commonly used in larger-scale mapping are conforma! (orthumorphic)
projections such as the Transverse Mercator and the Lambert Conformal Conic.
The term means that they are correct in shape, but, unlike the term "equal
area,” the conformal principle applies onlv to each infinitesimal element of
the map. Angles at each point are correct, and consequently the local scale
in every direction around any one point is constant, so the map user can
ineasure distance and direction between near points with a minimum of diffi-
culty. Conformal maps mey also be prepared by fitting together small pieces
of other conformal maps which have been enlarged or reduced; non-conformal
projections require reshaping as well. When the region consists of more

than a small element, distortion in shape as well as area becomes appreciable.
This is especially serious with the most famous conformal projection --

the Mercator -- because cf its widespread use in classrooms, especially

in the past. Because there is no angular distortion, all meridi=ss intersect
parallels at right angles on a conformal projection, just as the, 4o on

the Earth. “Standard lines" may also be applied to a conformal wcp to elimi-
nate scale and area distortion along these lines and to winimize distoriion
elsewhere.

Some map projections, such as the Azimuthal Equidistant, are neither equal-
area nor conformal, but linear scale is correct along all lines radiating
from the center, along meridians, or following other special patterns. 1In
addition, there are compromise projections, almost entirely restricted to
small-scale mapping, which are used because they balance distortion in scale,
area, and snape.



Projections are often classified by the type of surface onto which the Earth
may be mapped. If a cylinder or cone that has been placed around a globe

is unrolled, we have the concept of cylindrical or conic projections,

such as the Mercator or Lambert Confoimal Conic, respectively. If the axis

of the cone or cylinder coincides with the polar axis of the globe, the
projection has equally spaced straight meridians, parallel on the cylindrical
projections and converging on the conics. The parallels intersect the meri-
dians at right angles, being straight on the cylindricals and concentric
circular arcs on the conics. The spacing of the parallels is seldom projective.
A plane laid tangent to the globe at the pole leads to polar azim-thal projec-
tions, such as the polar Stereoaraphic, with the parallels mapped as arcs

of concentric circles and meridians as equally spaced rad’i of the circles,
Scale remains constant along each parallel of latitude on a reqular cylindrical,
conic, or polar azimuthal projection, but it changes from one latitude to
another. Directions of all points are correct as seen from the center of

an azimuthal projection.

If the cylinder or cone is secant instead of tangent to the globe, the projec-
tion conceptually has tws lines instead of one which are true to scale.
Wrapping the cylinder about a meridian leads to transverse projections. Ry
placing a plane tangent to the Equator instead of a pole, equatorial aspects
of azimuthal projections result., Tilting the cylinder, cone, or plane to
relate to another point on the Earth leads to an oblique projection, and the
meridians and parallels are no longer the straight lines or circular arcs

they were in the normal aspect. The lines of constant scale are correspond-
ingly rotated.

THE EARTH . AR ELLIPSOID

For maps at scales smaller than 1:5,000,000, and which cover regions larger
than the United States, the distortions from mapping the spherical Farth

on flat paper are much greater than the slight additional corrections needed
to compensate for the ellipsoidal shape of the Farth. These corrections

may then usually be ignored. The ellipsoid should be, and normally is,

used for large-scale mapping of small areas, or for long narrow strips,

For such areas, the flattening of the round Earth usually produces less
distortion than the use of the sphere instead of the ellipsoid.

A shift from one ellipsoid to another has a negligible effect, even on arge-
scale maps, upon the projected shapes and positions of meridians and parallels.
A greater effect is the translation of latitude and longitude for all points
on a map, due to a change in datum, that chany2s the position of the ellipsoid
relative to the Larth. For this reason, the notation in the corner of USGS
quadrangles stating “North American Natum 1927" or "1933" is as important

as the parameters of the map projection in defining the basis of these maps,

PRINCIPAL PROJECTIONS

Polyconic Projecticn

About 1820, Hassler began to promote the easily constructed Polyconic



U0§333f0oug 24u03£ 04

OF POOR QUALITY

ORIGINAL PAGE IS

227



ORiGINAL PAGE IS
OF POOR QUALITY

projection as the basis of large-scale mapping. The USGS used this projec-
tion for the earliest quadrangles, only changing in the 1950's to other
projections, although relabeling the map legend lagged considerably behind
the change. The Polyconic is neither equal-area nor conformal. For 7-1/2-
and 15-min, quadrangles, however, the distortion is negligible. Along the
central meridian, it is free of distortion. Each parallel is also true to
scale, but the other meridians are too long, and constantly change scale.
The projection is not recommended for maps of considerable east-west extent
and, in fact, should not be seriously used for any new maps in view of other
prejections available.

The parallels of latitude are circular arcs spaced at their true distances
along the central meridian, but with radii equal to the length of the element
of a cone tangent at the particular parallel. The projection receives its

name from the fact that each cone is different. Meridians are marked on each
parallel at the true distances, but the meridians are complex curves connecting
these points. Lines of constant scale run roughly parallel to the central
meridian, but they are curved.

Mercator Projection

The Mercator projecticn is the most well known of all. It was presented by
Mercator for navigational purposes in 1569, because rhumb lines, or lines of
constant compass bearings, are plotted as straight lines. This is still the
most justifiable use of the projection for a map of regions away from the
Equator. It is a normal cylindrical projection, on which the lines of constant
scale are straight and run parallel to the Equator. On the Mercator, the

scale increases away from the Equator.

The USGS has used the Mercator projection for maps of part of the Pacific
Ocean, of Indonesia, and for portions of each of the outer bodies mapped to
date, from our Moon to the satellites of Saturn. In some cases, the chosen
scale applies to standard parallels placed symmetrically north and south of
the Equator. The shape of the map does not change. The scale along the
Farator could still be called correct if the stated scale of the map were
5lightly decreased.

Transverse Mercator Projection

Rotating the cylinder of the Mercator so that it lies tangent (or secant)
alory a meridian of the globe leads to the very important conformal projec-
tion called the Transverse Mercator. The central meridian, the Fquator, and
eaca meridian 90° from the central meridian are straight lines. All other
meriuians and parallels are complex curves. For the sphere and normally for
the ellipsoid, the central meridian has a constant scale, but this is
usuc1ly reduced from the nominal map scale to balance errcrs in measurement
over the rest of the map. The lines of constant scale are straight lines
parallel to the central meridian for the sphere, and nearly straight for the
ellipsoid. when the scale factor along the central meridian is reduced, the
lines of true scale are symmetrical with respect to the central meridian.
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Lambert presented the spherical projection in 1772, but Gauss and later Kruger
developed the mathematics for the ellipsoidal form. The ;rojection was a1most
1gnored until the 20th certury, when it was adopted for much ¢f the topcaraphi
wapping in Euror: under the name Gauss- Kruger and in the !!nited States for the
State Plane Coordinate System of States predominantly north and south in

extent and for the Universal Transverse Mercator or UTM projection and grid
system. The UTM has two special restrictions: {1) The central scale factor

is 0.9996, and (2) the Farth is divided into sixty zones, each 6~ of

longitude wide, with the central meridians placed at every sixth meridian
beginning with the 177th West. (There are minor exceptions.)

When USGS stopped using the Polyconic projection for large-scale quadrangle
maps, the Transverse Mercator was adopted for maps of areas where it was

used for the State Plane Coordinate System. (Recent metric quadrangles are
based upon the UTM). In the State Plane Coordinate System, each zone follows
county boundaries and is designed to restrict scale variation over the map

to one part in ten thousand. The USGS uses the predominant zone for the
projection of quadrangles which cross county boundaries. The central scale
reductions, which change between zones, vary from 1:160,000 to 1:10,000,
Central meridians have been individually selected for each zone.

Equations in series form are used for the Transverse Mercator calculations
for the 21lipsoid. These are limited to a 6° to 8 band of longitude and
cannot he safely extrapolated for use over a whole continent. Simpler closed
formulas can then be used if the Earth is assumed to be a sphere. To extend
the ellipsoidal form a greater distance from the central meridian, much

more complicated formulas are available.

When USGS converted from the Polyconic projection, with a central meridian

on each quadrangle, to the State Plane Coordinate System, this included
employing the central meridian and other parameters used for the new zone.

The discrepancies in measurenents on the Polyconic and the Transverse Mercator
forms of the same 7-1/2- or 15 min. quadrangle depend especially upon the
distance of the quadrangle from the central meridian of the zone. The new
quadrangles can be mosaicked for the entire zane.

The 1:250,000-scale 1 x 2 quadrangle series covering 49 of the States was
originally to be cast on the UTM. When the Army Map Service prepared chese,
the UTM central scale factor of 0.999€ was used, but the central meridian of
the quadrangle itself was used in place of that of the UTM zone. These

central meridians agree with those of the UTM zones for only one-third of

the quadrangles. fast-west mosaicking within a UTM zone thus cannot be achieved
with the existing naps, which are now being updated and distributed by USGS.

As these areas are remepped, they are being recast with the UTM central
meridians.

Oblique Mercator Projection

A cylinder may be placed around the sphere so that it is tangent alcng a great
circle which is neither a meridian nor the Equator. In this case, the Oblique
Mercator may be conceptually projected for conformal mapping of a region chiefly
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extending along this great ~ircle. Nearly all meridians 2nd parallels are
cunplex curves. Here the lines of constant scale run paraliel to the oblique
great circle path, which may have a reducad scale. Its topograpnic use

by USGS is confined to the State Plare Coordinate System of the southrast
extension of Alaska and to the mapping of candsat data from 1978 to the prescnt,
srior to impiementation ¢f the Space Oblique Mercator projection on Landsat N,
There are several ways of adapting the Oblique Mercator to the ellipsoid,
although none is ideal because either the central line does not remain at a
precisely constant scale or conformality is no* precise. Hotine's adaptation,
which is exactly conformal, is used in these USGS applications.

Space Oblique Mercator Projection

Among the more cunplicated projections is the Space 7bliaue Mercator,
conceived by A.P, Colvocoresses of USGS in 1970 arc ma.hematically imple-
mented in 1978. It is "ntended specifically for .he continuous mapping of
imaging from satellites such as Landsat for which a rudimentary form was

used 1975-1978., The more accurate form is to be used for Landsat D. The
groundtrack for the satellite is held *: e t¢ scale, and mapping is made
basically conformal. Because of the relative motion of Earth and sateilite,
the groundtrack is curved, and appears almos* sinusoidal on the map. Fc-mulas
have been published ir summz-ized form, and very recently with detailed
derivations as USGS Bulletin 1518, It is designed for use with the ellipsoidal
Earth, and vith circular or elliptical satellite orbits.

Cassini Projection

A non-conformal transverse cytlindrical projection called the Cassini was
used for British topogranhic mapping until about .320, when it began to be
replaced with the Transverse Mercatcr. On the Cassini, scale is true along
the central meridian and along lines on the map perpendicular to the central
meridian. In a direction parallel to this meridian, scale is cunstant, but
it is increasingly too large as the distance from the meridian increases.
Thus share, anales, and area are distorted. It may also be cast obliquely.
The projection was used for Landsat from 1972 to 1975, but is hardly used
at present.

Lambert Conformal Conic Prqiectibn

Nearly all the States predominantly east and west in extent use the Lambert
Coiuformal Conic as the projection for the State Plane Coordinate System.

It was therevrore adopted oy USGS for post-1950 quadrangle mapping of these
areas. This projection, presented by Lambert in 1772, maps parallels as
concentric circular arcs and the meridians as equally spaced radii of those
circles. One pole is a* the center of the circles, while the nther pole is
at infinity. The parallels are more closely spaced * tween the normally
two standard parallels, which have no distortion.

For the USGS map of the ccnterminous United States, the standard para.lels
are 33° and 45° N., and USGS tas made bas. maps of each of the 48 States using
these standard parallels at a scale of 1:500,00, The base maps therefore
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match along the boundaries. FEach zone of the State Plane Coordinate System
has its own standard parallels. These are the parameters used for tISGS
quadrangles which have been produced on this projection; thus, quadrangles
edge-match within the zone.

The Lambert is aiso used for the map sheets of the International Map of
the World series at @ scale of 1:1,000,000. The projection for these sheets
was changed from a Modified Polyconic in 1962.

Albers Equal-Area Conic Projection

The Albers Equal-Area Conic is probably seen more than the Lambert Conformal
Conic as the projection for maps of the United States and its larger regions.

In 1805, Albers showed that by preper spacing of the parallels on a conic
projection, there is no area distortion, and along one or two standard parallels
there is no scale or angular distortion. The projection was nearly dormant
until Oscar S. Adams of USC&GS began encouraging its use for equal-area maps

of the United States in the early part of the 20th century.

Adams's tables of coordinates for the 48 States are based upon standard
parallels of 29-1/2° and 85-1/2° N. It should be noted that the United

States on the Albers projection cannot be distinguished from a Lambert
Conformal Conic version if the projection is not identified, except by

careful measurements. Like the Lambert, the Albers, which is the equal-area
counterpart, has cencentric arcs of circles for parallels, and equally spaced
radii as meridians. The parallels are not equally spaced, but they are
farthest apart in the latitudes between the standard parallels and closer
together to the north and south. The pole is not at the center of the circles,
but is normally an arc itself.

Scale along any given parallel is constant, as on the Lambert, with scale

too small between the standard parallels, and too large beyond them. The
scale along the meridians is just the opposite, to maintain equal area.

While Adams recommended that standard parallels be placed one-sixth of the
displayed length of the central meridian from the northern and southern
linits of the map, this is empirical. The standard parallels may be selected
in other ways.

Since meridians intersect parallels on the Albers at right angles, it may at
first be thought that there is no anqular distortion. It exists, however,
for any angle other than that between the meridian and parallel, except at
the standard paraliels.

tereographic Projection

For larger-scale maps of polar regions, the Stereographic projection is
conmonly used. This is a perspective projection of the sphere onto a tangent
or secant plane. The point of perspective lies on the opposite side of the
globe. For the sphere, the Stereographic is both perspective and conformal.
For the ellipsoid, it may be one or the other, but not quite both; in
practice, it is used conformally in every case. All great and small
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circies on the sphere are shown as circles or straight lines on the map.
This includes all meridians and parallels.

The Stereographic is also azimuthal, and lines of constant scale are circles
centered on the projection center. In the polar aspect, a parallel other

than the pole is therefore often made true to scale to balance scale varia-
tion. The USGS has used the projection for maps of the entire Antarctic
continent as well as for 1:250,000-scale quadrangles of portions. It is also
used for polar portions of the International Map of the World, and for portions
of extraterrestrial bodies centered at the poles or at basins elsewhere

on the bodies.

Azimuthal Equidistant Projection

Familiar to many air-age atlas users is an azimuthal projection which shows
both distances and directions correctly from the chosen center of the map,
whether the North Pole or a major city. Scale in other directions varies,

and is too great except at the center; therefore shape and area are distorted.
In addition to several spherical applications, the Azimuthal Equidistant
projection has been used in the ellipsoidal form for the Plane Coordinate
System of Micronesia, for which each major island provides a center for

one of the zones.

Because of the increasing digitization of data from and onto many different
maps, most of these as well as several other map projections have been
programmed by USGS in both forward and inverse form, to transform geodetic
coordinates into rectangular coordinates, and vice versa. A bulletin describing
i detail ail p=ojections which have heen used by 'SGS, including numerical
examples of formulas, is soon to be published. We hope that such analyses

of both the past usage and capabilities of map projections will serve the

public at large as well as our own mapping development.
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7.0 PRESENTATIONS ON PROCESSING AND VERIFICATION

7.1 SUMMARY

For each working group, position papers were given to survey the state of the
art in applications techniques and anticipated requirements and focus the
workshop discussion. Three papers discussed ways to improve procedures for
identifying and matching ground control points (image sharpness, feature ex-
traction, inter-image matching). Three papers reviewed the procedures and
essential elements in rectifying images for registration and map reprojection
(photogrammetric and computational aspects of remapping and resampling). Two
papers used case studies to illustrate the complex, muitiple-component charac-
ter of error characterization/error budget analysis and verification proce-
dures used for spaceborne imaging sensor systems,
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7.2 A DISCUSSION OF IMAGE SHARPNESS®
Paul Anuta, Purdue University

There has been a great deal of werk done on image sharpening, image filtering
and related areas. It is a very large field of activity with hundreds of ref-
erences which you could site in this area. The image sharpness problem can be
perceived in terms of the block diagram in Figure 1. Basically a scene is
viewed by a senso:, and the sensor has some sort of function which is a non-
point observing function. It's a function that gathers energy from some re-
gion around a point in the scene. That energy is integratec and is :cntribu-
ted to each point or each sample that is taken of the scene. The sampies
become the pixels, and the pixels are assembled together into the digital
image. Each one has some blurr or some of what is called the point's spread
function creating the value of information or data that you see in each pixel.
Then the sensor and electronic part of the system acts on that signal out of
the sensor and perhaps adds more blurring, more loss of resolution to the sys-
tem. Finally, sampling and quantization of the data produce their effects.
You sample the signal at some rate and create the ditigal image from that.
The sampling or digitizing process puts the continuous voltage or whatever you
have into a number of discrete binary levels, and you have another error in-
troduced there.

After quantization you end up with the digital array of numbers known as the
remote sensing image. It should be noted that the point sprcad function of
the atmosphere is something in addition that causes blurring . the image at
the point the sensor sees it.

The terminology of the imaging process often creates confusion. Table 1 sum-
marizes the definitions frequently used. The only term or function that 1
feel comfortable with is the point spread function, the function which de-
scribes what an infinitely small source in the scene would look like in the
image. The image is spread by the optics and by the other effects in these
systems to produce the final image. How that is affected by the system is
what we call the point spread function.

The point spread function is a two-dimensional function describing how a point
is blurred in the scene. The IFOV we take as a number; a single number tel-
ling you what the resolution or size of the point spread function is. That
can be any functional derivation of the PSF and we like to use the gaussian
point spread function due to the mathematical ease of applying it, and we feel
it relatively well expresses the imaging system. Effective field of view and
resolution field of view is something to be discussed in the panels later in
trying to define what those mean, They describe the imaging aperture asso-
ciated with the imaging process.

The point spread function is what we use to describe what's goin: ¢n in the
imaging process and that can include the filter-like effects of the sensor,
actual optical effects, and perhaps the atmospheric effects also. Right along
with that is a function called the modulation transfer tunction which is the
Fourier transform of the point spread function (Figure 2). It is the fre-
quency domain representation of the blur properties of your system. That is

%fdited oral presentation.
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what you seek to find for an imaging system, It's what defines the sharpness,
what will result in the particular image sharpness that you have, and the
problem then is to figure out what to do about that. Is it a satisfactory
characteristic for your system? If it isn't, what do you do to compensate for
the effects of that? How do you sharpen the image that you have other than
building a whole new sensor that has a sharper optical characteristic? Can
you mathematically process the imagery to improve the sharpness?

Some other terms are shown in Figure 3; these include the edge spread func-
tion, the one-dimensional version of the point spread function whirh tells you
how the response will look going over an edge in one direction in an image.
Then there is the term resolution, defined as the number of black and white
square bars that can be discerned from a particular unit distance in an image.
Accoutance is another term I'm not familiar with but related to the slope of
the edge spread function. We have not used that in any of our work.

Defining the point spread functicn or the sharpness of an image is done after
the system is built and in the platform. That is a hard job; you normally do
that in the laboratory by special test panels, scenes that you use to evaluate
the system, Once it's in orbit, trying to check it out you need to to find
optics in the scene that will simulate line or point sources so that you can
measure what those blurr function are. You usually assume separable point
spreaa functions so that lines in one direction or another can be used to
estimate that function, If it's not symmetric, you have a problem like the
computer-aided tomography problem where you're trying to image the solid by
using projections and you have to define lines at many different directions
and use techniques of tomography to try and estimate the pcint sy “ead func-
tion.

One can look at an image as a one-dimensional sequence of stair-step changes
that is convolved with the point spread function in the imaging process as *+1e
sensor scans asross the scene and produces a smootn or blurred version of the
scene (Figure U4). The idea is to try and get back the original image or ori-
ginal signal. The output is the convolution of h, the point spread function
and the image called x there. It would appsar that a simple division in the
frequency domain takes the Fourier transform of these functions. This becomes
a simple division to remove the effect of h and you wculd get x back., But it
doesn't work out that easily. There are noise effects, and there's the prob-
lem of zero's of the point spread function in the frequency domain causing
discontinous points in the solution. And it turns cut to be a rather tricky
problem to try and do this. And a great deal of literature is in existence on
attacking this problem,

There are problems with the i.verse in that as 1/h(f) goes to zero, you have
singularities, you find ghosts can be created, artifacts in the restored image
due to the combination of these problems of taking the inverse, noise effects
and quantization. Quantization can amplify the effects of noise and there is
more to that prcblem than iritially meets the eye. Therefore, we form a model
that describes the way you want to take a look at the problem and set up the
mathematical representation of the model, and then define the means of solving
for the filter you want which would be here.
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7.3 THE DIGITAL STEP EDGE

Robert N. Haralick
Departments of Electrical Engineering and Computer Science

Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

Abstract
We use the facet model to accomplish step edge detection.
The essence of tiue facet model is that any analysis made on the
basis of the pixel values in some neighborhood has its final
authoritative interpretation relative to the underlying grey tone
intensity surface of «which the neighborhood pixel values are
observed noisy samples.

Pixels which are part of regions have simple grey tone
intensity surfaces over their areas. Pizxels which have an edge
in them have <complex grey tomne intensity surfaces over their
areas. Specifically, an edge moves through a pixel if and only
if there is some point in the pixel’s area having a zero crossing
of the second directional derivative tesken in the direction of a
non~-zero gradient at the pixel's center.

‘To determine whether or not a pixel shounld be marked =ns a
step edge pizxel, its underlying grey tome intensity surface must

be estimated on the basis of the pixels in its neighborhood. For
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this, we use a functional form consistingy of a linear combination
of the tensor products of discrete orthogonal polynomials of up
to degree thrse. The appropriate directional derivatives are
easily computed froe this kind of a fumction,

Upon comparing the performance of this zero crossing of
second directional derivative operator with Prewitt gradient
operator and the Marr-Fildreth zero crossing of Laplacian
operator, we find that it is the best performer anmd is followed
by the Prewitt gradient operator. The Marr-Hildreth zero-

¢crossing of Laplacian operator performs the worst.
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I. Introdu an

What :s an edge in a digital image? The first intuitive
notion is that a digital edge occurs on the boundary between two
pixels when the respective brightness values of the two pixels
are asignificantly different. Significantly different may depend
upon the distribution of brightness values around each of the
pixels.

We often point to a region on an image and say this region
is brighter than its surrounding area, meaning that the mess of
the brightness values of pixels inside the region is brighter
than the mean of the brightness values outside the region.
Having noticed this we would then say that an edge exists between
each pair of neighboring pixels where cz¢ pixel is inside the
brighter region and the other is outside the region. Such edges
are referred to as step edges.

Step edges are not the only kind of edge. If we scan
through » region in a left =right manner observing the brightness
values steaiily increasing and then after a certain point observe
that the brig:ttness values are steadily decreasing we are likely
to sav th: . there is an edge at the point of change from
increasing to decreazing brightness values. Such edges are
called roof edges.

It is, therefore, clear from our use of the word edge thst
edge refers to places in the image where there appezrs to be a

jump ir brightness value or a local extrema 1in brightness value
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derivative. Jumps in brightness values are the kinds of edges
originally detected by Roberts (1965)., Relative extrems of first
derivative in a one dimensional form is used by Ehrich and
Schroeder (1981) and in an isotropic two-dimensional suboptimal
form by Marr and Hildreth (1980).

In some sense this summary statement about edges is quite
revealing since in a discrete array of brightaness values thare
are jumps, in the literal sense, between neighboring brightness
values if the ©brightness values are different, even if oanly
slightly different. Perhaps mozre to the heart of ths matter,
there e.ists no definition of derivative for a discrete array of
brightness values. The only way to interpret jumps in value or
local extrema of derivatives when referring to a discrete array
of values is to assume that the discrete array of values comes
about as some kind of sampling of a real-valued function defined
on a bounded and connected subset of the real plane Rz. The
jumps in value or extrema in derivative really must refer to
points of bhigh first derivative of f and to points of relative
extrema in the second derivatives of f. Edge detection must then
involve fitting a function to the sample values. Prewitt (1970),
was the first to suggest the fitting idea. Heuckel (1971, 1973),
Brooks (1978), Haralick (1980), Haralick and VWatson (1981),
Morgenthaler and Rosenfold (1981), Zucker and Hummel (1979), and
Morgenthaler (1981) all use the surface fit concept in

determining edges.
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Edge finders should then regard the digital picture function
as & sampling of the underlying function f, where some kind of
random noise has been added to the true fumction vilues, To do
this, the edge finder must assume some kind of parametric form
for the underlying function f, use the sampled brightness values
of the digi;nl picture function to estimate the parameters, and
finally makxe decisions regarding the locatiors of discontinuities
and the locations of relative extrema of partial derivatives
based on the estimated values of the parameters.

0f course, it is impossible to determine the true locations
of discontinuities in value or relative extrema in derivatives
directly from & sampling of the fumctions, The 1locations are
estimated by function approximation. Sharp discontinuities can
reveal themselves in high values for estimates of first partial
derivativoes. RP.lative extrema in first directiomal derivative
cen reveal themselves as zero-crossings of the second directional
derivative, Thus, if we assume that the first and se~ond partial
derivatives of any possible underlying image functionm have known
bounds, then any estimated first or second order partials which
exceed these known bounds must be due to uiscontinuities in value
or in derivative of the underlying f{unction. This is basis for
the gradient magnitude and Laplaciau wagnitude edge detectors.
However, edges can be weak but well localized. Such edges, as
well as the strong edges just discossed, manifest themselves as

local extrema of the weriva ve taken across the edge. This idea
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for edges is the basis of the odge detector discussed here.

In this paper, we assume that in eack neighborhood of the
image the underlying function f takes the parametric form of a
polynomial in the row and column <coordinates and that the
saxyling producing the digital picture functionm is a «ra3gular
equasl iaterval grid sampling of the square plane vhicJ is the
domain of f. As just mentioned, we place edges not at locations
of high gradient, but at locatioms uiI spatial gradient maxima.
More precisely, a pizxel is marked as an edge pizel if in the
pixel’s immediate area there is a zero <crossing of the second
directional derivative taken in the direction of the gradient,
Thus this kind of edge detector will respond to weak but
spatially peaked gradients.

The wunderlying functions from which the directional
derviatives are computed are easy to represent as linear
comhinations of the polynomials in any polynomial basis set.
That polynomial basis set wvhich permits the independent
estimaticon of each coefficient would be the easiest to use. Such
8 ypolynomial basis set is the discrete orthogonal polynomial
basis set.

Section II discusses the polynomials, In section I1II.1 we
discuss how to construct the onme dimensional family of discrete
orthogonal poiynomials., In section II.2 we discuss how arbitrary
two dimensional opolynomials can be compu‘ed as linear

combinations of the tensor products of o1e ¢ .mensiona. discrete
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orthogonal polynomials. In section II.3, we discuss how the
discretely sampled data values are use’ to estimate the
coefficients of the linear combinations: coefficient estimates

for exactly fitting or estimates for 1least square fitting are

calculated as linear combinatiozs of the sampled data values.

Having used the pixel values in a neighborhood to estimate
the underlying polynomizsl function we can now determine the value
of the partiezl derivatives at any location in the neighborhood
and wusc those values in edge finding. Having to deal with
partials in both the rowv and <column directions makes using these
derivatives a little more <complicated than using the simple
derivatives of one dimensional functions. Section IIX discusses
the directional derivative, how it is relatszd to the row and
column partial derivatives, and how the <coefficients of the
fitted polynomial get used in the edge detector. In section IV
we discuss the statistical <confidence of the estimate of edge
existence and the edge angle. In section V we show resulc
indicating the superiority of the directionsl derivative ze-o
crossing edge operator over the Prewiti jr-dient operator and the

related Marr-Hildre.h zero-crossin, of the Laplacian operator.

IX. Ihe Djscrete Orthogons] Polvpomials

These polynomials are sometimes called the discrete

Chebychev polynomials (Beckmann, 1973). In this section we ¢ . »
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how to c¢onstruct them for one or two variables and how to use

them in fitting data.

II.1 Discrete Orthogonsl Polynomia] Constructicn Tecknigue

Let the index set R be symmetric in the sense that reR
th

implies -r=R. Let Pn(t) be the n order polynomial. We
define the ¢rnstrustion technique for discrete orthogonal
polynomials iteratively.

Define Po(r) = 1.

Suppose P,(zr),..., P ,(r) have been defincd. In general,
Pn(t) = % 4+ ar_lrn_l tooo. foar +oag. Pn(r) ..ust be aorthecgonal
to each polynomial Po(r).....Pn_l(t). Hence, we must L:ve the n
equetiocns
2 n '_l"l = = -

Pk(r)(r toa g MEEERIR AR PR I ao) 0, k=0,...,2-1 (1)
reR
These eqoations are linear equations im the - ak:own B0s ces8 4

and are easily soived by standard techniques.

The first five pclynomial functions formulas are
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Py(r) = 3 = {ug/py)r

wherc

II.2 Two Dimensional Djiscrete Orthogonal P .lynomicls

Two dimensional discrete orthogomal polynomials can be
created frcm two sets of one dimensional discrete wrt‘ogonal
polynomials b; taking temsor products. Let R ani C be index -ets
satisfyin, the symmetry condition rzR inplies -reR and ceC
implie- -ceC. Let {PO(t)""‘PN(‘)} be a set of discrete
polynomials on R, Let (Qo(c),....Qu(c)] be a set of discrete
polynomials on C Ther the set
(Polr)Qple),...,P (r)Qpte) s ., Ey(2)Qu(e)) 43 & zet of discre.e

polynomials on RXC,
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The proof of this fact is easy. Consider whether Pi(:)Qj(c)

is orthogonal to Pn(”Qn(“)‘ when n # i or m # j. Then

Y Y Pi(nQ (IR (r)Q le)

reR ceC

L}
N

P, (r)P_(r) > Q (e)e, (e) .

reR ceC

Since n # i or m # j one or other of the sums must be zero.
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Examples:

Index Set Riscrete Orthogonsl Poiynomial Set
{-1/2, 1/2} {1, r)

(-1, 0, 1) {1, r, 2 - 2/3)

(-2/3, -1/2, 1/2, 3/2) {1, r, £ - S/4, 13 - 41/201}

(-2, -1, 0, 1, 2} (1, r, £2 -2, 3 - 11/s,
et o+ 3:2 4+ 12/35)
{-1 ,0 ,1} x (-1 ,0 ,1} {x ,r ,c ., e? - 2/3 , rc , c2 - 2/3 ,
1(c? - 2/3), o(e? - 2/3),
(r2 - 2/3)(ec? - 2/3))

Figure 1 and 2 show some of the window masks used for the 3 1 3
and 4 x 4 caseos.
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I1.3 Fitting Data With Discrete s)rthogonal Polynomials

Let an index set R with the syametry property reR implies
-reR be given. Let the nomber of elements in R be N. Using
the construction techmique, we may construct the set

{Po(r).....PN_l(r)} of discrete orthogonal polynomials over R.

For each reR, let a data value d(r) be observed. The
exact fitting problem is to determine coefficients Bhseeesy g
such that

The orthogonality property makes the determination of the
coefficients oparticularly easy. To find <the value of some

coefficient, say L multiply both sides of the equation by Pm(t)

and then the sum over sll reR.

N-1
Y P (£)dls) =Ya ) B,
reR n=0 reR

Hence,
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= ) P (n)ale) /Y Rix) (2)

rsk rsk

The avproximate fitting problem is to determine coefficients

‘0:.‘-|‘xa x S N"l anh th‘t

K
o =Y ey - Y ap ()2

reR a=0

is minimized. To find the value of some coefficient, say L
take the partial derivative of both sides of the equation for 02
with respect to a;. Set it to zero and use the orthogonality

property to find that again

2
a_ = ) P _(£)d(r)/ Y pieo (3)

rsR rsR

The exact fitting coefficients and the least squares coefficients

are identical for ma = C¢,....,K.

Fitting the data values; {d(r)lreR) to the polyncmial
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now permits us to interpret Q(r) as a well behaved real-valued

function defined on the real linme. To determine

dQ
-- {z,_)
dr 0

we need only to evaluate

N ar_
} 8, ;--(to)
n=0 r

In this manner, any derivative at any pcint may be obtained.
Similarly for any definite integrals. Beaundet (1978) wuses this
technique for estimating derivatives employed in rotatiomally
invariant image operators,

It should be noted that the kernel used to estimate a
derivative depends on the neighborhood size, the order of the
fit, and the basis functions used for the fit. Figure 3
illustrates one example of the difference the assumed model
makes. This difference means thst the model used muost be
justified, the justification being that it is a good fit to tke

data. In particular, a not sufficiently good justification for

266



ORIGINAL PACE 1S
OF POOR QUALITY

using first order models is that first order partial derivatives

are being estimated.
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Assumed Model Eernel Mask for Row Derivative
g(r,c)=a_ +a . r+a..c i itk ettt 5
00 ®10 01
I-1 [-1 |-1 1
tmm b —p———t
1/6 ol ol ol
tmm—p e ——t
P11 1111
b ——t
glr,c)= a_ . +a +a,,¢ bt
0
210:01 ) lol-11 o0
8 + a,,(r%-2/3)+a  1c +a,,(c"-2/3) b m— bt
) ) 1/72 ol ol o
ta,,(r%-2/3)e + 8,,(c"- 2/3)s e .
lofl 11l o0l
b — e ——
Figure 3 illustrates that the assumed model does make a

difference in the kernel mask used to estimate a quantity such as
row derivative.
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IIX. The Directional Derivative Edge Finder

We denote the directional derivative of £ at the point (r,¢)

in the direction a by fu'(r.c). It is defined as

£.(r,6) = lim —mmmmommmmm oo (4)

The direction angle a is the <clockwise angle from the column

axis., It follows directly from this defimition that

fa‘(r.c) =3f(r,c) sina + 3f(r,c) cosa (5)
ir dc

We denote the second directiomal derivative of f at the
[

’
point (r,¢) in the direction a hy fa (r,c¢) and it quickly

f0llows that

. azfsinza + Zazfsina cosa + ézfcosza

f = ——= —-——— -— (6)
@ ar2 drc acz
Taking f to be a cubic polynomiel in r and ¢ which can be

estimated by the discrete orthogonal polynomial fitting

procedure, we can compate the gradient of f and the gradient
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direction angle at the <center of the nyighborhood wused teo

estimate f. Letting f be estimated as a two dimensional cubi-

f(r,c) = k1 + kzr + k3c (1)

+ k4t2 + ksrc + k6c2

3 2 2

7% + kst c + k9:c + k10c3

+ k

we obtain a by
. 2
sina kzl(k2 + k

(8)

- 2
cosa k3/(k2 + ks

At any point (r,c), the second directional derivative in the

direction a is given by

'
fa (r,c) = (6k7 sinza + 4k8 sinacosa + 2k9 cwsza)r (9)

+ (Lklo cosza + 4k9 sina cosa + 2kg ;ana)c

+ (2k4 sinzc + 2k5 sina cosa + 2k6 cosza)

We wish to ounly consider points (r,c) on the linme in

direction a. Hence, r=psina and c=pcosa. Then
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’

fa'(p) = 6[k7sin30 + kssinza cosa (10)
*+ kgsina coszc + klocossa]p
+ 2[k4 sinza + kg sina cosa + kg cosza]

= Ap + B

[} [}
If for some p, lpl ¢ Poe fc'(p) = 0 and f_(p) # O we have
discovered a zero-crossing of the second directional derivative
taken in the direction of the gradient and we mark the center

pixel of the neighborhood as an edge pixel.

IV, Statistjcal Analysis

In this section we show how the randomness of the =noise
induces a randomness in the least squares coefficients and then
how the randomness of the 1least squares coefficients induces a
randomness in the estimated gradient value, the estimated angle

of the gradient, and the estimated location of the zero-crossing.

IV.1 General Model

We let P.s n=1,...,N denote the =names of the discrete
orthonormal basis functions, n denote the independent and
identically distributed mnoise, eand g denote the_ gray tone

intensity function. Under this model, the observed image can be
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written as

N
g(r,c) = 2 a_ p (r,c) + n(r,c?
na=]l
0: n*ll
where 2 pylr,c) pplr.c) =
r,c 1 na=m

and the least squares estimates ai,....aﬁ for

coefficients 8,,...,8 are given by

a) = 2 g(r.c) p (1,¢)

t'c

the

(11)

unknown

(12)

Substituting the formula for g(r,c) into the equation

for a; ar.. simplifying reaults in
’ =
al = a ¢+ 2 pylr.c) nir,c)

r,c

clearly showing that t; has a determiristic part aad

(13)

a random

part, the randomness being due to the noise, We assume that the

2

noise is independent normal having mean 0 and variance o°.

Therefore, the estimated coefficient a; das mean

02 and is uncorrelated with every other coefficient:

272
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E [l;] = a,

E [l; a;] = aa ,n # n

E [a;zl = ai+ 02

' 2
v [ln]= a

The zesidnal error e is defined as the difference between
the observed values and fitted values. It too is a random

variable.

N
e{r,c) = g(r,c) - 2 aj pn(r,c) (14)

n=1

N
= 2 (an- né) pn(t.c) + n(r,c)

n=1

It is not difficult to see that at each (r,c), the residual error
has mean zero and 1s uncorrelated with each estimated coefficient
l; since

E ll; e{(r,c)] =0
After some algebraic scbstitutions and nanipulation, the total

tesidual error, Sz, can bhe written as
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N
s? = 2 ez(t.c) = 2 qz(r,c) - 2 (;n- ;;)2 (13)

r,c £,¢ a=]1

Thus, if the noise is assumed normal and there are K pixels ic a

window

2 nz(r.c)/ o2 has Xi,
£,¢

a8 chi-squared variate with K degree of freedom,

N
2 (an-:;)zlcz has X;

n=]1

. 2 2
which maxes } e“(r,c) have xk_N

r£,c

IV.2 Estimating the Figst Partials

If the discrete orthogonal basis functions ars polynomials
then each first partial derivative at (0,0) in the row and column
directions is given as some linear combination of the -stimated
coefficients. Furthermore, tne linear <combination for the row

partial will be orthogonal to the 1linmear <combination in the
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column partial. Letting the <coefficients of the 1linear
combination for the row partial be S{scceasy and the coefficients
of the 1linear combination for the column partial be tl....,tN.

where

N N
2
5 a2 -y elan,
n=]1 a=]
we have,
N

N
Ko = 2 ta 4

n=]

as the true but unknown values of the row and column nartials.

The estimates arc
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N
=2ty %
a=]

and they have mean and variance given by

E [u;] = u,
E [ucl il
Vil = o’k
)
v [Fc] s‘k
E

’ ’ =
(egpll Ry B,

Hence, the estimates for the row and column partial derivatives

are uncorrelated.
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7.3 Bypothesis Testing For Zero Gradient

To see the effect of the randomness on the estimate of
the gradient magnitude, consider testing the bhypothesis that
a, = u, = 0. This hypothesis must be rejected if there is

“o be a zero-crossing of second directicnal derivative. Cnder

‘his hypothesis,

- — - — ————

has a Xg distribution.

The total residual error normalized by the mnoise variance,

2, 2
S“/a”, has a xi_N distribution. Hence

(el w2y
x 82/(K-N)

has a Y2 g-ny distridbution and the hypothesis of Be= B,= 0

would be rejerted for suitably large values.

IV.4 nfidence Interval For Gradient Direction
To see the effect of the randomness on the estimate of the

direction of the gradient, consider the relationships portrayed

'}

in figure The axes are the row and column partials B and

B Tue direction sngle O of the gradient is given by

[}%
~i
~3
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cos € = ur/(ui + uz)ll2
2 2,1/2 (16)
sin © = p_/(n_ + n_)
The center of the circle is at the estimate (u;,ué). Upon
substituting the estimates n; and né for B, and §_, we
obtain the estimated direction angle 6’ by
ccs B! = p,/(",2+ ﬂ,2)1/2
b r c
2 2,1/2 an
3 ' = .
sin © R/ (u'+ w’ )

From a Bayesian point of view, the arca of the <circle
represents the conditional probability that the unknown
(ur.pc) lies within a distance R {from the observed
(u;.né) given that the variance of u; and pé is known
and equal to koz. Assuming a normal distribution for the

2 2
noise, this conditional probability is q = l—e.R /2ka Hence,
if probability q is given, the corresponding radius R is
R =k o [-2 log(1-q31%/2 (18)
To determine confidence interval for 6 of the form
@' - A( 8 (8'+ A, we have from figure 4 that
2
5 X (-2 log(1l-q)}
sin®A = R et St (19)
[ ) &
U O
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Note that the 2A confidence interval 1length depends on the
probability ¢ of the circle confidence region for (ut.pc)

and the unknown noise variance a>. Although~cz is not
known, we do know s? which has a o> XZK-N distribution., We can
handle the ©problem of ths unknown oz by determining a joint

confidence region for (p_,pn ) and 02 (Foutz,1981). Taking
r'Fe

p to be the probability that a chi-squared random variable with

2

i-N degrees of freedom has an observed value greater than X K-N.p

ve have the confidence interval (O, szlsz_N P] for ol having
at least probability »p. Replacing 02 in equatioan (19)
by SZIXZN_K.P we obtsin

x S2(~2 1log(1-q))
$inA = —mmcmmmmce oo (20)

A confidence interval for € having st least probability pq is then

(6’- A, '+ A).,
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Figure 4 illustrates the geometry of the confidence interval
estimation for the edge angle.
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IV.S Edge Hypothesis Testing

In this section we first take the edge direction a to be a
fixed constant, We let oy and Kp be the expected values of
the random variables A and B appearing in equatioa (10). The
null hypothesis is that an edge exists. The null hypothesis is
satisfied if for some p, o ( p £ d, Hap + Hg = 0.

The observed random variables are A, B, and the residual

fitting error Sz. The bivariate random variable

A [ e, k, ©
. . . 217"A
is normal having mean and covariance o
B kg 0 kB
- ]
where kA and kB are known constants. For a window of K pizxels

. . 2, .2 2
and a cubic fit, S°/o“has a XK-IO'

From this it follows that

((A-1,) /K, 1% + ((B=p /kp2)1/2
A A B'"B
Z(ﬂA.uB) = ------E ------------------------
s$“/(K-10)
has an F, K-10 distribution.
We defise R = {(x,y)|for some p, o ( p ( d, xp + y =
0] Then the null hypothesis is rejected at the p significance
level if

mia Z(HA,pB)
(uA.pB)e R

is larger than Fz K-10 1-p-
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An edge strength probability can be defined by q where ¢

satisfies

W e Z{ryoug) = Fy 310 ¢
Hy-kp

Of course the edge direction a is not fixed. But we do
have a confidence interval for it. And for each value of a in

the confidence interval, the random variable A(a) and B(a)

can be computed and the null hypothesis tested. If for all a
in the confidence interval the null hypothesis is rejected, then
the existence of an edge is also rejected.

In practice, we can perform a non-exact hypothesis test
selecting only the left end, middle, and right end values of a
from its confidence interval. If for each of these three values
of a the null hypothesis is rejected, then the existence of an

edge is also rejected.

V. Experimental Results

To understand the performance of the second directional
derivative zero-crossing digital step edge operator we examipe
its behavior on a well structured simulated data set and on a
real aerial image. For the simulated data set, we use a 100x100
pixel image of a checkerboard, the checks being 20x20 pizxels.

The dark checks have gray tome intensity 75 and the light checks
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have gray tome intensity 175. To this perfect checkerboard we
add independent Gaussian noise having mean zero and standard
deviation 50. Defining the signal to noise ratio as 10 times the
logarithm of the range of signal divided by RMS of the noise, the
simulated image has a 3 db signal to noise «ratio. The perfect
and noisy checkerboards are shown in figure 5.

Section V.1 illustrates the performance of the «classic 3x3
edge operators with and without preaveraging compared against the
generalized Prewitt operator. Section V.2 illustrates the
performance of the Marr-Hildreth =zero-crossing of Laplacian
operator, the 11x11 Prewitt operator, and the 11x11 zero-crossing
of second directional derivative operator. The zero-crossing of
second directional derivative surpasses the performance of the
other two on the twofold basis of probability of <correct
assignment and error distance which is defined as the average
distance to closest true edge pixel of pixels which are assigned

non—-edge but which are true edge pixels.

V.1 The Classic Edge Operators

The <classic 3x3 gradient operators all perform badly as
shown in figure 6. Note that the usual definition of the Roberts
operator has been modified in the natursl way so that it uses a
3x3 mask.

Averaging before the application of the gradient operator is

considered to be the cure for such bad pecrformance on mnoisy
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Figu.e 5§ illustrates the noisy checkerboard used in the
experiments, Low intensity is 75 high intensity is 17§5.
Standard deviation of noise is 50.
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Figure 6 iilustrates the 3+3 Roberts, Sobel, Prewitt, and Kirsch
edge operators with a hox filter preaversging of 1x1, 3x3, 5§ §
and 737,
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images (Rosenfeld and Kak, 1976). Figure 6 also shows the same
operators applied after a box filtering with a 3x3, 5zx5, and 7z7
neighborhood sizes.

An alternative to the preaveraging i3 to define the gradient
operator with a larger v dow, This is easily done with the
Prewitt operator (Prewitt,1970) which fits a quadratic surface in
every window and uses the square root of the sum of the squares
of tb - coefficients of the linear terms to estimate the gradient.
(A linear fit actually yields the same result for the nolynomial
basic function. A cubic fit is the first higher order fit which
would yield a differeant result.) This is illustrated in figure
7. A 3x3 pre-average followed by a 3x3 gradieat operator yields
a resulting neighborhood size of 5x5. Thus in figure 7 we also
show the 3x3 preaverage followed by a 2x3 gradient under the 5x5
Prewitt and we show the 5x5 pre-average followed by the Jx3
gradient under the 7x7 Prewitt. The noise is higher in the pre-
average edge—detector. For comparison purposes thc 5x5 Nevatia
and Babu (1979) compass operator is shown alongside the §:°
Prewitt in figure 8. They give virtually the same result,. The
Prewitt operator has the advantege of =requiring half the
computation.

It is obvious from thcse results that good gradient
operators must have < .rger neighborhood sizes then 3x3.
Untfcrtunately, the larger neighborhood sizes also yield thicker

edges.



Figuce ! illustrates the Prowiit Opersior don~» by wusing s least
sguares guadratic fit in the neighborhond vwversns doing
presveraging and using a smaller fitting neighborhood size, The
n0 preaveraging resnlts show slightly higher contrast,




Figure 8 compares the Nevatia and Babu Compass operator with the
Prewitt operator in a 515 neighborhood,
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To detect edges, the gradient value must be thresholded. In
esch case, we chose a8 thrzshold value which makes the cosditional
probability of assigning am edge given that there is an edge
equal to the conditional probability of there being a trane edge
given that an edge is assigned, True edges are established by
defining them to be the two pixel wide region in which each pizxel
neighbors some pixel having a value differert from it on the
perfect checkerboard. Figure 9 shows the thresholded Prewitt
operator (quadratic fit) for a variety of mneighbarhood sizes.
Notice that because the gradieant is zero at the saddle points
(the corner where tonr checks meet), any operator depending on

the gradient to detect an edge will have troutle there.

V.2 The Second Derivative Zero Crossing Edge Operators

Marr and Eildreth (1980) suggest an edge operator based on

the zero crossing of a2 generalized Lapliciam. In effcect, this 1is
non-directional or 1isotropic second derivative zeruv croessiag
operator, The mask for this generalized Laplacian operator is

given by sampling the kernel

r2+c2 -1/0_53:53
1 - k-—=—3-- “ 2
- [+4
c
at row colum ccordinates (r,c) designating the center of eack

pizel positicn in the neighborhood and then setting the value X

so that the sum of the resulting weights is zero. Edges arc



Fignre 9 illustrates the edges obtained by thresholding the
results of the Prewitt cperator,




! >
GRiG/AL PASE 15

OF POOR QUALITY

detected at all pixels whose generaiized Laplacian valune is of
one sign and one of whose neighbors has a genmeralized Laplacian
vaelue of the opposite sign. A zero-c¢rossing threshold strength
can be introduzed Lexe by insisting that the difference between
the positive wvalos and the n2zgative valwe must exceed the
threshold value before the pixel is declared to be sz +ue zixel,
Figure 10 illustrates the edge images produced by this technique
for a variety of thresholid values and a8 variety of values for o

for an 11 by 11 window. It 1is apparent that if all edge pixels
are to be detected, there will be many pixels declared to be edge
pixels which are really nct edge pixels. And if there are to be
no pixels which are to be declared edge pixels which are not edg-
pixels, then there will be many edge pixels which are not

detected. Its performance is poorer than the Prewitt operator.

The directional second derivative zero crossing edge
operator introduced :n this paper is shown inr figure 11 for a
variety of gradient threshold values. If the gradieat exceeds

the threshold value and a zero-crossing occurs in a direction of
+ 14.9 degrees of the gradient directionm within a <circle of one
pixel length centered in the pixel, then the pixel is declared to
be arn edge pizxel. This technique performs the worst at the
saddle points, the corner where four checks meet because of these
being a zero gradient there.

Table 1 shows the comparison among the Prewitt operator and

the directional and the Marr-Hildreth nonrn-dizectional second
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Figure 10 1llustrates the «edges obtained by the 11x11 Marr-
Hildreth sevo-crossing of laplacian operator  set for thiee
different zero-crossing thresholds and three different standard
deviations for the associated Mexican hat filter,
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Figure 11 illustrates the directional derivative edge operator
for 4 different thresholds.
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derivative zero crossing edge cperators. The threshold used is,
as before, the one equalizing the comnditionnal probability of
assigned edge given true edge and the conditional probability of
true edge given assigned edge. It is clear that the performance
of the directional derivative operator is better than the 2rewitt
operator and the Marr-Hildreth operator, both on the basis of the
correct assignment probability and the error distance which is
the average distance to closest true edge pixels of pixels which
are assigned aon—edge labels but which are true edge pixels,
Figure 12 shows the corresosonding edge images of the 11x11
Prewitt operator usisnsg a cubic fit rather than a gquadratic fit,
the 11x11 Marr-Hildreth operator, and tlhe 11x11 directiomnal
derivative zero-crossing operator, The thresholds used are the
ones to equalize the conditiona]l] probabilities as given in Table
1. A visual evaluation also leaves the impression that the
directional derivative operator produces better edge continuity

and bhas less noise than the other two.
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Figure 12 Compares the directions] derivative edge ope-ator with
the Marr-Hildreth vedge operator and the Prewitt edge operator.
The thresholds chosen were the best possible ones,
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For the <case of <constant variance additive noise,
thresholding on the basis of the hypothkesis test of sectionm IV.3
yields essentially the same results as simply thiesholding the
gradient value.

Figure 13 illustrates the second directional derivative zero
crossing operator on an aerial image which has been median
filtered and then enhanced by replacing each pixel with the
closer of its 3x3 neighborhood minimum or maximum. The technique
is so good that it is possible to determine region boundaries
essentially by<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>