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PREFACE

This document is a final technical report of work
supported by the National Aeronautics and Space Administra-
tion's Lyndon B. Johnson Space Center under Contract No.
NAS9-14123, Task I. The Principal Investigator for Task I

was D. A. Ausherman.

The report was prepared by members of the Radar and
Optics Division of the Environmental Research Institute of
Michigan, P.0. Box 618, Ann Arbor, Michigan 48107. The
optical radar data processing and digitization described in
this work was performed by A. Klooster. The development
and application of the digital-computer image registration
and tape-formatting capabilities was the responsibility of
L. Wilock. In addition, L. Wilock, C. Davis, and L. Bryan
made significant contributions to the analysis of the

multi-channel radar data.
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D ERIM |

RADAR DATA PROCESSING AND ANALYSIS

1
INTRODUCTION

The primary objective of the Radar Data Processing
and Analysis Task was to generate four-channel digital
radar imagery corresponding to particular scenes from the
Phoenix, Arizona soil moisture test site and the Huntington,
Indiana agricultural test site. A secondary objective, to
be pursued following the completion of the radar data digi-
tization on a resources-available basis, was the investi-
gation of digital processing techniques for extraction of
information from the multiband radar image data. The pri-
mary objective was successfully completed with the shipment
of radar-image data tapes to NASA/JSC and the University
of Kansas Remote Sensing Laboratory. In addition, the re-
maining resources permitted a preliminary machine analysis

to be performed on portions of the radar-image data.

The four-channel radar data consists of imagery'made
at two wavelengths, 3.2 cm (X-band) and 23.0 cm (L-band),
with two polarization configurations for each wavelength.
For each wavelength, horizontally polarized pulses are
transmitted and both horizontally and vertically polarized

~returns are recorded on signal film. Thus, the four
éhannels are (1) X-band horizontal-horizontal, (2) X-band
horizontal-vertical, (3) L-band horizontal-horizontal, and
(4) L-band horizontal-vertical. For brevity the notations
X(HH), X(HV), L(HH), and L(HV) will be used to designate
the four radar channels.

PROCEDING PAGE BLANE RUT FluMii
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The radar signal data is recorded on signal films
aboard the aircraft in the form of disp¢rsed two-dimensional
signals which must be further processed to form an image.
Currently, the required two-dimensional signal processing
is performed using a coherent optical data processor. 1In
the present case, the output of the optical processor was
digitized directly using an image dissector camera, and
the resultant image data were written on computer-compatible
tapes. Direct digitization provides a greater dynamic
range in output than would be possible if the image were
recorded on film and subsequently digitized. After digi-
tization, the four channels of imagery must be spatially
registered prior to interlacing and recording on a single
magnetic tape. This report will document the procedures
used for registering and formatting the four-channel radar-
image data.

Following the completion of the image digitization and
registration task, selected portions of the multiband radar-
image data were subjected to machine analysis. Univariate
statistics from single channels were extracted from indi-
vidual fields and analyzed with respect to field content.
In addition, linear discriminate analysis was applied to
the fields to determine the separability of dry versus wet
areas. Adjacent-cell averaging procedures were applied to
improve the performance‘of_thé"discrimination techniques.
The results of the preiiminary data analysis are presented
~in Seciion 3.3 ‘ :

10
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2
IMAGE PROCESSING, DIGITIZATION, AND REGISTRATION

In order to produce digital imagery, each signal histo-
ry is processed on a coherent optical processor, the output
of which is digitized using.an electronically scanned image
dissector camera. Since current optical processors are in-
herently single-channel devices, each channel of the multi-
band radar signals must be processed and digitized indi-
vidually. This process introduces between-channel spatial
misregistration (primarily translational) which must be re-
moved to produce meaningful multiband image data. This
section will review the procedures used to process, digi-
tize, and register the image data. A summary of the digi-
tal image data provided to both NASA/JSC and Kansas will

be given.

2.1 RADAR DATA PROCESSING AND DIGITIZATION

The concept of Synthetic Aperture Radar (SAR) is well
documented [1—3]. The SAR utilized for the present experi-
ment was the sidelooking radar configuration shown in
Figure 1. The objective of such a system is to generate a
two-dimensional continuous image of the terrain strip
illuminated by a microwave beam as the radar vehicle moves
in the azimuth (along-track) direction at a constant veloci-
ty. Range (crbssftrack) resolution is obtained by trans-
mittiﬁg'diSPersed'pulses and applying pulse compréésion
techniques to the returned signals. Azimuth resolution is
obtained by recording the Doppler frequency shifts associ-
ated with the returns from point scatterers as they mi-
grate thrﬁugh the antenna beam. Knowledge of the Doppler

11
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Region Illuminated at a
Terrain Strip to be Imaged Given Instant of Time

FIGURE 1.- SCHEMATIC REPRESENTATION OF STRIP-MAP MODE IMAGING RADAR

' REPRODUCIBILITY OF THF
ORIGINAL PAGE IS POUR
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frequency versus time relationship for a point scatterer
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at a given range allows one to precisely locate the scatterer
in azimuth in a manner analogous to the pulse compression
applied in the range direction. The uncompressed radar
echoes are recorded and subsequent two-dimensional signal
processing is applied to form an image.

For coherent optical signal compression, film is the
usual storage medium. The radar returns are coherently
mixed to video frequencies and used to modulate the inten-
sity of a CRT spot as its image is' swept across a photo-
graphic film at a constant velocity. The video signal
maintains a small carrier frequency to avoid any spectral
folding, and it is recorded about a D.C. bias level to en-
able the proper recording of bipolar signals. The result-
ant film recording is a linear correspondence between slant
range (time-delay) and the spatial dimension across the
film. Subsequent pulses are recorded side-by-side along
the film as the film is moved past the CRT at a rate pro-
portional to the radar vehicle velocity, as measured by
the aircraft's inertial navigation system (INS). The
spatial dimension along the signal film is therefore linearly
related to the azimuth dimension of the terrain. The de-
veloped film forms the input to the optical processor. In
the present case, the X-band signals are recorded on one
film strip and the L-band signals on another.

The optical processor acts as a two-dimenional filter
matched to the signal generated by a point scatterer. Thus,
the required two-dimensional pulse compression can be viewed
as the convolution of an appropriate reference function with
the recorded radar signal; “In the optical processor,'this

convolution is performed by configuring the lenses such that

13
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the impulse response of the processor is identical to the
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desired reference function. The primary advantage of the
optical approach is the nearly instantaneous processing
capability for two-dimensional signals with very high in-
formation content.

The optical processing facility usually utilizes a
configuration known as the tilted-plane optical processor.
This optical system has been previously reported [4] and
will not be described in detail here. For a brief descrip-
tion, consider the schematic diagram of the processor shown
in Figure 2. A spherical telescope, usually of unity mag-
nification, is-comprised of spherical lenses L1 and LZ' A
cylindrical telescope of variable magnification, consist-
ing of lenses L3 and L4 is in tandem. The signal-film
transparency S is illuminated with collimated, monochro-
matic (laser) light by utilization of a point source P and
collimator LO' The desired image forms at the output plane
I, where it is digitized by the use of an image dissector
system. Frequency plane filtering can éasily be accomplished
by placing the appropriate slits and weighting masks in
plane F, which is the spatial two-dimensional Fourier trans-
form of the input data. Such filtering is used primarily
to limit the passband of the processor. For certain forms
of coded radar pulses, the desired matched filtering occurs
as a consequence of the lens action and free space trans-

formations associated with the optical configuration.

1f the ranging signal transmitted by the radar is a
linear frequency modulated (chirp) pulse, the slant-range
image is formed near the signal film due to the propaga-
tion effects between the film and the image. This image

is then reimaged via the spherical telescope to the output

14



<1

Ly
Collimator

S

Q

Laser 0

Condenser
Pinhole
P

Signal
Film

Frequency Plane (Filter)

1
L L L
LD4
3 o
Spherical Cylindrical Output ngm}
Telescope Telescope Image Plane

FIGURE 2. TILTED-PLANE PROCESSOR

T

NYOIHDIW 4O ALISHIAINN FHL 'STHHOLVHOEVT NNH MOTTM ATHIWHOL



REPRODUCIBILITY OF THE
ORIGINAL PAGE I8 POOR

) ERiM

plane I. The azimuth signal history is a true microwave
hologram [3] which forms an image, usually in a different
plane and of different magnification than the range image.
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By adjusting the magnification and the position of the
cylindrical telescope (with no effect on the range image),
the range and azimuth image planes can be brought into co-
incidence with unity aspect at plane I.

The above processing method is complicated in that
the azimuth image plane is tilted with respect to the sig-
nal f%lm, while the range image is parallel to the signal
film." The solution is to tilt the input and output planes
the proper amount to bring the planes to a common focus [41
When the input plane is rotated about the azimuth coordinate,
the slant-range image formed by the unity telescope rotates |
the same amount. The azimuth image, however, is demagni-
fied by the cylindrical telescope and therefore rotates a
proportionally lesser amount. A tilt angle usually exists
which brings the two image planes into focus.

Frequency plane filtering is required in the processor
to remove the conjugate (the negative frequency band) and
undiffracted (D.C.) wavefronts which result from the holo-
graphic signal recording. A frequency plane slit is used
to ensure that these signal components do not corrupt the
final image. In addition, aperture weighting masks can be
inserted in the frequency plane to provide the desired

procesgsor impulse response. In the present experiment, an

“The azimuth image plane is tilted due to the fact that
the Doppler frequency vs azimuth position relationship is a
function of the range of the scatterer. This in turn im-
‘plies that the azimuth holographic signals have focal lengths
which vary linearly with range. ‘

16
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aperture was used to produce radar imagery with 9-m reso-
lution in both range and azimuth.

Because the optical processor is inherently a single-
channel device, each channel of the radar data is processed
individually. The L-band and X-band films are each run
through the processor twice to obtain the parallel and
cross-polarized images. A different portion of the film
is illuminated each time. This single-channel processing
introduces spatial registration errors which must later be
removed.

The radar processor used in this experiment was a
hybrid facility in that the processor output is digitized
directly rather than being recorded on film. This allows
one to obtain greater dynamic range than would be possible
by recording on film.

A block diagram of the hybrid facility is shown in
Figure 3. The key to the optical-digital interface is the
image dissector camera manufactured by ITT Aerospace/
Optical Division. The image dissector has been described
as a photomultiplier with a small electronically movable
photocathode area, thus acting as an all-electronic, low-
inertia microphotometer. The dissector camera is positioned
such that the output image of the optical processor is
focused upon the photocathode. Electrons are emitted from
the back of the photoéathode, forming an electronic image
with current density modulated according to the image input.
The electron image, focused by magnetic deflection, falls
upon an aperture plane at the other end of the drift tube .
The aperture samples the image by allowing only a small,‘
well-defined area of the electron image to pass through to

“the electron multiplier, which then multiplies the sampled
17
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photoelectrons by a factor of approximately 5 x 105. The

entire electron image is deflected, allowing the aperture
to sample different points in the input image.

In the IDD system, the aperture is "'scanned" only in
the range direction. The aperture is effectively displaced
in the azimuth direction as the input film is translated
between successive range scans. The dissector aperture
used is rectangular, measuring 0.0l mm in the range direc-
tion and 0.5 mm in the azimuth direction. The effective
width of the azimuth aperture can be reduced by placing a
slit of the desired width in the output plane of the opti-
cal processor and then reimaging the output on the dissector
photocathode surface. The spatial frequency response of
the dissector exhibits approximately 40% modulation at 30
line pairs per millimeter.

As shown in Figure 3, the dissector system with its
associated control electronics is interfaced to the PDP-8/E
minicomputer. This computer buffers a scan line of data
from the dissector interface and writes the data on a nine-
track, computer-compatible tape system, one line at a time.
The images are digitized to eight bits, giving 256 image-
intensity levels.

The control electronics enable the user to select the
number of picture elements (pixels) digitized per scan line
up to a maximum of 3000 per 30-mm scan length. 1In addition,
the scan length can be selected by setting thumb switches
to the desired scan-start and scan-stop address or by ad-
justing the dissector deflection voltages. The integration
time per pixel is selectable in increments of 10 psecs from

10 pysecs to 990 usecs. (Integration is required to filter

19
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out electron shot noise introduced in the multiplier
stages.) Finally, apoint skip control allows the user to
vary the scan line resolution by skipping up to ten pixels

FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF MICRIGAN

between digitizations. Azimuth sample spacing is determined
by the speed of the precision film drive used to translate
the input film. The film-drive unit has a long-term sta-
bility of 5 x 10'3,per cent and a short-term jitter of less
than one micron.

The IDD system is capable of both hardcopy and soft-
copy display of the digitized data. Hardcopy is provided
with a 70-mm CRT film recorder while softcopy is accom-
plished with a PEP-400 analog scan converter image display
interfaced to a PDP-11/40 control computer.

The hardcopy CRT film recorder is interfaced to the
PDP-8/E and used for displaying digitized data stored on
the magnetic tape unit. The CRT is a fiber-optics, direct-
coupled, line-scan recorder capable of recording images up
to 3000 elements in range and virtually any length in
azimuth (limited by film length). The recording spot size
is approximately 20 microns in diameter and recording
linearity is *#0.1 per cent in range and *1 per cent in
azimuth. Although not as accurate as the digitization
process, this display technique is useful for hardcopy
visual presentation of digitized imagery. The CRT film
recorder was used to reconstruct the images shown in Section
3 of this report.

2.2 SPATIAL REGISTRATION

The use of a single-channel optical processor can in-
troduce various types and amounts of between-channel geo-
metric distortion in the output imagery. Unless care is

20 '
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taken, these distortions can include range and/or azimuth
scaling errors (magnification errors), image skewing errors,
translational errors, and even higher-order image distor-
tions caused by film drive and image dissector scan non-
linearities. The goal in providing the multiband radar
imagery described herein was to obtain between-channel
registration within several resolution elements (i.e., with-
in about 27 meters). In this case, the higher-order dis-
tortions are insignificant.

Sufficient care and precision were utilized in the
processor setup to ensure that the scaling and skewing
errors were within the stated tolerances. Translational
misregistrations were compensated for during the prepara-
tion of the interlaced image tapes. Measurements of key
road intersections were taken to determine the translation
corrections required and to ensure that the registration
tolerance was met in the delivered imagery.

Following the processing and digitization procedure,
there exist four computer-compatible tapes (CCT's) for
each of the image areas (one tape each for X(HH), X(HV),
L(HH), and L(HV) radar channels.). To determine the amount
of translational misregistration between these four images,
one must determine the position (tape record number and
pixel number within the record) of some prominent geo-
graphical feature in all four images. By comparing the
coordinates of the feature in all four images, the amount
of translation between images is determined.

In the present experiment, computer-generated gray-
shade plots of the image data were used to determine the

location of several prominent road intersections within

21
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each digitized area. The translation correction applied

to the images was the average of the translations indicated
by the set of registration points. In this manner, regis-
tration measurement errors could be minimized. In addition,
if the registration error between images is indeed purely
translational, then the translation required for all regis-
tration points should be the same. Thus, the individual
deviations from the average required translation are an
indication of both measurement errors and non-translational
spatial registration errors. In all cases, the residual
registration errors (after translation correction) were

less than 30 meters. A total of seven areas from the
Phoenix and Huntington imagery were digitized and registered
using this procedure.

Because of the different imaging properties of the two
wavelengths and two polarizations, it is often difficult to
find geographical features which image distinctly in all
four channels. Even road intersections are often difficult
to pinpoint. Because of this it is recommended that spatial
registration reflectors be employed in subsequent radar
data collection flights. For each area measuring approxi-
mately 4 x 10 km, an array of nine reflectors should be de-
ployed in a rectangular matrix. Each reflector must be con-
structed so as to be imaged by all four radar channels, and
should be deployed in areas of low-clutter return. Clearly
distinguishable registration marks would then be produced
in all four radar channels and would greatly simpdify the

registration procedures.
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2.3 RELATIVE SIGNAL GAIN IN THE DIGITIZED RADAR IMAGERY

Radar imagery, of the Huntington, Indiana test site
and of the Phoenix, Arizona soil moisture test site has
been digitized and recorded on magnetic tape for analysis.
The relationship between the reflectivity of target objects
and corresponding image intensity must be known in order
to apply the results of image analysis to the real world.
It would be desirable to have a linear and constant trans-
fer characteristic. However, the radar system does not
allow such a state. The relationship varies over the image
swath due to variations of radar range, antenna gain with
depression angle, and signal compression. A number of un-
controlled or unmonitored radar parameters existed in the
test flights. These include antenna gain patterns and
tilt angles, aircraft roll angle, and recorded signal off-
set frequency. Even the aircraft altitude above the target

area is only coarsely known by barametric altimeter reading.

Estimates of the relative signal gains at swath center
and both edges have been made utilizing assumed vertical
antenna patterns, theoretical signal compression and inte-
grated gains, free space radiation loss, and computer de-
pression angles. In making these estimates, it is assumed
that amplifier gains, transmitter power, recorded signal
offset and aircraft roll are all constant.

The estimated signal gain at the swath edges relative..
to the center was computed along with an estimate of k
accuracy (see Table 1).

The 13 September 1973 imagery of the Huntington test
site was obtained with the radar antennas depressed to
place'the beam peaks about 15° below the horizon. The

23
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TABLE 1. RELATIVE RESPONSE - ERIM RADAR X- AND L-BANDS

NEAR EDGE

CENTER

FAR EDGE

SEPTEMBER 13, 1973 - HUNTINGTON, INDIANA TEST SITE, PASSES 2 and 3

Depression Angle 33° 20° 13°

X-Band +5.7 dB + 2 dB 0 dB -4.4 dB =+ 1 dB

L-Band +0.3 dB + 1.5 dB 0 dB -6.9 dB + 1 dB
APRIL 5, 1974 - PHOENIX ARIZONA N-S PASS, AREAS A AND B

Depression Angle 49° 40° 34°

X-Band -0.3 dB + 2 dB 0 dB -6.4 dB + 1 dB

L-Band 0 dB + 1 dB 0 dB -4.3 dB = 2 dB
APRIL 5, 1974 - PHOENIX, ARIZONA E-W PASS, START OF AREA A (Near

Guadelupe City)

Depression Angle 64° 56° 49°

X-Band -9.3 dB = 2 dB 0 dB +3.6 dB = 2 dB

L-Band +1.8 dB + 3 dB 0 dB -1.8 dB + 2 dB
APRIL 5, 1974 - PHOENIX, ARIZONA E-W PASS, END OF AREA C (Near Eastern Canal)

Depression Angle 71° 62° 55°

X~Band -7.0 dB + 2 dB 0 dB +4.6 dB = 2 dB

L-Band 0.8 dB =z 3 dB 0 dB -1.3 dB + 2 dB

W3
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importance of the depression angle measurement was not
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realized at the time of the flight and no accurate measure-
ment was made. Computation of depression angle to the near
swath edge appears to have uncertainty of about £2° due to

uncertainty of the position of the digitized section of the
imaged swath.

The Phoenix flights were made after adjusting the an-
tenna to place the radar beam peaks at 43° below horizontal.
Computation of near-edge depression angles is more uncertain
at these large depression angles than at smaller angles be-
cause a slight error in assumed altitude or slant range
represents a large variation of angle. 1In the E-W flight,
the aircraft drifted off course toward the target line
(Guadelupe Road) and ran the depression angle up continuously
during the pass. Thus, the relative response is given both
at the end of Area C (near the Eastern Canal). Between
these two points the response should gradually progress
linearly with azimuth position from the former to the latter.

2.4 DATA TAPE FORMATS

The basic image storage tape format used in supplying
the radar data was the standard LARSYS version 3 format.
In some instances, a minor deviation from this format was
used. These differences are documented herein. A descrip-
tion of the basic LARSYS-III tape format follows.

There are four types of records on the multispectral
image storage tapes. They are

(1) ID Record - 200 full words fixed length
(2) Data Record - variable length
(3) End-of-Tape Records - 200 full words fixed length
(4) End-of-File Records - IBM standard
25
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A multispectral image storage tape contains one or

more data runs consisting of an ID record, several Data
records, and an End-of-File record. After the last data
run on the tape, an Eﬁd—of-Tape record and two End-of-File
records are written on the tape. The physical tape format
is IBM nine-track standard with 1600 bits-per-inch density.
No system tape leader or trailer records are used.

For purposes of this presentation, a word is defined
as 32 bits and a byte as eight bits. Details regarding the
record formats follow.

ID Record. The run identification record is the first
record of each data run and, thus, the first record of a
data tape. The record is 200 words fixed length and each
word has the following definitions:

Words Word Type Description

ID(1) Integer LARS Tape Number (e.g., 1, 17,
102, ete.)

ID(2) Integer File number on this tape

ID(3) Integer Run number (8 digits-aabbbbcce)

aa - last two digits of the
year data was taken

bbbb - running serial number
for the year data was
taken :

cc - unique digits for runs
which would otherwise
have the same run
number :

ID(4) Integer ~ Continuation code

ID(4) = 0 means the first
line of the run
follows this ID recoxrd

26



ID(5)
ID(6)

ID(7-10)

ID(11)
ID(12)
ID(13)
ID(14)

ID(15)
ID(16)

ID(17-19)

ID(20)

ID(21-50)
ID(51)

ID(52)

Word Type

Integer
Integer

Alphanumeric
(4A4)

Integer
Integer
Integer
Alphanumeric

(1A4)
Integer

Integer

Alphanumeric
(3A4)

Integer

Integer
Real

Real

FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF MICHIGAN

Description

ID(4) = X means that the
data following this
ID record is a con-
tinuation of a run
started on tape X

Number of data channels (spec-
tral bands) on tape (in this
case two or four)

Number of data samples per
channel per line (must be an
even multiple of four)

Flight line identifications
(16 characters)

Month data was taken
Day data was taken
Year data was taken

Time data was taken (local,
military)

Altitude of sensor platform’
(feet)

Ground heading of sensor plat-
form

Date data run was generated on
this tape (12 characters-mmmm,

dd, yyyy

mmmm - month
dd - day
yyyy - year

Number of data records in the
run

All zero (to be defined later)

Lower limit in micrometers of
first spectral band on tape
(3.0 x 105 for X-band, 2.5 x
106 for L-band)

Upper limit in micrometers of
first spectral band on tape [in
this case, same as ID(51)]
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Words Word Type Description
ID(53-55) Real Not applicable (all set to 0.0)
ID(56-200) Real Repeat of ID(51-55) for ID(5)

channels in order of appearance
in Data records

ID(51-200) Real = 0.0 if data channels do not
exist

Data Record. The data records for a run follow the
run ID record and comprise the text of the data run. Each
data record is a physical record block on the tape and con-
tains the data samples for ID(5) (see ID record) channels
for one scan line. The first half-word (bytes 1 and 2) of
each record is the data rec¢oird number, where the first data
record has number one. The second half-word (bytes 3 and

4) will be the remote sensing platform roll parameter in-

dicating relative position of the roll of the platform for
this line of data. Since the roll parameter is not known,
it has been set to 32,767. ’

The fifth byte of the data record is the first data
sample from the first channel. The sixth byte, the second
sample from channel one and so on through ID(6) samples
and ID(5) channels. Thus, byte 4+2%ID(6)+1 is the first
sample of channel three and each data record of a given
run is 4+ID(5)*ID(6) bytes long.

The data samples of each channel are from the field of
view of the sensor, except the last six. The last six are
usually used as calibration sources for multispectral data
in the visible and near-visible spectrum. For the radar
data, the calibration values are not applicable and are
therefore all set equal to 0.0.
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Data sample values are in the range of 0 to 255 (eight
bits) with no sign bit. Zero represents low relative radar
reflectivity and 255 indicates high or saturated radar
response.

End-of-Tape Record. The end-of-tape record is similar
to the ID record containing 200 full words. The word defi-
nitions are:

Words Word Type Description
ID(1) Integer LARS tape number

ID(2) Integer File number on this tape
ID(3) Integer Set equal to O

ID(4) Integer Continuation code

ID(4) = 0 means end of data

ID(4) = X means data in pre-
vious file is con-
tinued on tape X

ID(5-50) Integer All zero (may be defined later)
ID(51-200) Real 0.0 (may be defined later)

For the Phoenix radar data which were shipped to
NASA/JSC, there is a slight discrepancy in the tape format
used. For those data tapes, the data-sample count supplied
as word ID(6) was used to indicate the number of data sam-
ples per channel per line, not including the six calibra-
tion data values. The correct LARSYS-III format dictates
that this count is to include the six calibration data
values. Thus, for the NASA Phoenix tapes, the number
stored in word ID(6) is six less than it should be accord-
ing to standard LARSYS documentation. This fact must be

taken into account when utilizing the data types. The
Huntington data tapes adhere correctly to the standard
LARSYS-TII format.
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2.5 SUMMARY OF DATA SUPPLIED

A summary of the data which has been processed, digi-
tized, registered, and shipped to NASA/JSC is given in
Table 2. The areas covered by the Huntington radar data
are shown in Figure 4.

With respect to the Huntington data, only L-band
imagery has been digitized, registered, and interlaced on
the LARSYS tape. The two channels of X-band imagery col-
lected are not acceptable for digital processing and have,
therefore, been omitted. Two problems occurred during the
data collection flight causing X-band image degradations
and making the digitized data relatively useless for mean-
ingful processing. The first problem encountered was an
interface failure between the aircraft inertial navigation
system (INS) and the two signal film drives. Normally,
velocity information supplied by the INS is used to control
the speed of the film drives. When this linkup failed dur-
ing the flight, a manual override technique was adopted
which consisted of continually observing the aircraft's
_airspeed indicator and manually adjusting the speeds of the
.Ewé film drives. Each film drive must be adjusted indi-

vidually since one must run slower than the other to account
for differences in radar wavelength. Since the adjustment
was done manually and was, at best, only approximate, azimuth
- spatial distortions occur in the imagery from all four
channels. Since both polarization configuretions for a
single wavelength are recorded on a single drive, the two
channels for each wavelength can be registered to one an-
other. However, the X-band imagery cannot be registered
to L-band using techniques available at ERIM since the

relative distortion between film drives is unknown. Thus,
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TABLE 2.

SUMMARY OF DIGITAL MULTIBAND RADAR IMAGERY SUPPLIED TO NASA/JSC

Scanning® Pixel® Radar™
Data Item Image Size Aperture Spacing Resolution
(Date Shipped) Area Description (Pixels) Size (m) (m,R&A,) (m)
Phoenix N-S Pass 1/2 mile on either 948 x 5946 .03 x2.03 2.03x2.03 9.14 x9.14
Area A side of 9lst Street
(8 November 1974) from south of
Thomas Road to
Peoria Avenue
Phoenix N-S Pass 1/2 mile on either 960 x 5570 .03 x 2.03 x 2.03 9.14 x 9.14
Area B side of the Salt
(8 November 1974) River to Thomas
Road
Phoenix E-W Pass 1/2 mile on either 876 x 5955 .03 x 2.03 x 2.03 9.14 x 9.14
Area A side of Quadalupe
(6 December 1974) Road from west. of
Interstate 10 to
east of Alma
School Road
Phoenix E-W Pass 1/2 mile on either 896 x 5606 .03 x 2.03 x 2.03 9.14 x 9.14
Area B side of Quadalupe
(6 December 1974) Road from west of
Anzona Avenue to
east of the
Eastern Canal
Phoenix E-W Pass 1/2 mile on either 932 x 3417 .03 x 2.03 x 2.03 9.14 x 9.14
Area C side of Quadalupe
(6 December 1974) Road from west of
Eastern Canal to
east of Sossaman
Road
Huntington Pass 2 (see Figure 8) 1014 x 7078 .03 x 2.03 ' x 4.06 9.14 x 9.14
(16 Januaxry 1975)
Huntington Pass 3 (see Figure 8) 1014 x 8000 .03 x 2.03 x 4.06 9.14 x 9.14

(15 January 1975)

"All measurements given in meters with respect to slant range

plane.
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at best, only two sets of two-channel registered imagery
could be used.

The second problem encountered seems to preclude use
of the X-band imagery altogether. It was discovered after
the flight that an X-band antenna-wander problem occurred.
Apparently the antenna gimbal allowed the antenna to ex-
perience pointing errors in azimuth direction. These
pointing errors cause the energy in the Doppler frequency
spectrum to periodically shift up or down in frequency.
This causes the azimuth spectrum in the processor to "wan-
der" in and out of the processing aperture which, in turn,
causes intensity striations to transverse the image in the
range direction. At times this phenomena causes intensity
drops of from 3- to 8-dB. Because of this degradation,
the image intensities cannot be taken literally to repre-
sent the strength of radar returns and, hence, are relatively
meaningless for digital processing applications. Therefore,
it was decided not to incur the expense of digitizing and
registering the two X-band channels. Photographic reprc-
ductions of the X-band imagery have been supplied to Kansas
for their visual analysis, however. The image striations
are evident in the portion of X-band imagery shown in
Figure 5.

An additional effort has been made to supply radar
data to the University of Kansas directly. Kansas does not
have the equipment to read the 1600-bpi tape densities as
supplied by ERIM via NASA, so an attempt has been made to
supply them with data in a 800-bpi tape format. This was
done to save Kansas a two- to three-week delay in having
the tapes converted on equipment located at Wichita State
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FIGURE 5. HUNTINGTCN RADAR IMAGERY SHOWING STRIATICNS CAUSED BY
ANTENNA POINTING ERRORS. 3.2 cm wavelength, like-polarization.
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University. The following data has been supplied directly
to Kansas:

Data Item Data Shipped or Delivered

(1) Phoenix, (N-S pass) 23 October 1974
preliminary, 1 area,
3 channels each

(2) Phoenix (N-S pass) 8 November 1974
2 areas, 4 channels
(MTS copy)

(3) Phoenix (N-S pass) Hand-delivered
2 areas, 4 channels 27 December 1974
each (MTS copy)

(4) Phoenix (N-S pass) Hand-delivered
-2 areas, 4 channels 27 December 1974
each (PDP-11 copy)

(5) Phoenix (E-W pass) 13 January 1975

3 areas, 4 channels
each (PDP-11 copy)

(6) Huntington (Passes 17 January 1975
2 and 3) 2 channels
each (PDP-11 copy)

Upon the second shipment of data to Kansas, tape com-
| patibility problems began to occur. The Kansas University
Computer Center could not read the tapes generated on the
Michigan Computer SYstem (MTS) without an unacceptable
number of parity errors occurring. Some test tapes were
exchanged which led to the belief that the tapes were some-
how picking up bit errors in transit between ERIM and
Kansas University. To further isolate the problems, two
more sets of the Phoenix N-S data were hand-delivered to
Kansas University on 27 December. One of these sets was
generated on MTS, while the second was a copy of the first
made on ERIM's PDP-11/45 computer facility. ERIM experi-
enced no problems in reading the MTS version to make the copy;
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Upon trying the tapes, Kansas found that they could
acceptably read the PDP-11/45 versions, but still could
not successfully assess the data on the second set of MTS
tapes. At this point, it was decided to generate all
future data for Kansas on MII and then make additional
copies on ERIM's PDP-11/45 facility. The remaining two
shipments (Phoenix E-W and Huntington) were sent as PDP-11
copies.
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3
PRELIMINARY DATA PROCESSING

The resources available following the preparation and
shipment of the required digital image data permitted only
a preliminary analysis of portions of the image data. Both
univariate and multivariate statistical analysis has been
applied to fields which exhibited various surface conditions
during the data collection cycle. The results, though
limited in extent, have shown that there is high correla-
tion between soil moisture content and the multiband radar
returns, at least for the extreme ends of the moisture
spectrum. However, other surface conditions such as sur-
face roughness, furrow orientation, and vegetation type and
coverage appear to have equally significant effects upon
the multiband radar returrns. Thus, future analysis efforts
must be directed towards determining those surface charac-
teristics which have the dominant effect upon the radar
signatures and developing techniques for isolating the

effects of the surface conditions which are to be measured.

The use of digitized radar data for earth science
applications is a relatively new endeavor. Consequently,
although much experience has been gained through the em-
ployment of digital analysis of multispectral scanner
imagery, it is still uncertain if there is a high degree
of transference of these analytical techniques from the one
data system to the other. It is apparent that the multi-
spectral radar which was employed during the Phoenix Soil
Moisture Test (5 April 1974) has ahigh potential for quantita-
tively detecting variations of the earth's surface. The
exaét.interpretation and the ultimate application of these
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data are, however, still quite speculative because a de-
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tailed, thorough, and complete analysis has not been con-
ducted. The nature of the detected variations also con-

tinues to be under investigation. The next section will

describe those areas selected for analysis.

3.1 SELECTION OF FIELDS FOR ANALYSIS

Because of the limited resources available, the num-
ber of fields to be analyzed had to be restricted. To mini-
mize the tape handling expenses involved, the fields se-
lected were all chosen to lie within a single, digitized
area; in this case the Phoenix North-South pass, Area A
data tape was selected. Within that data set, it was fur-
ther decided to analyze a set of fields which were situ-
ated along a line of constant slant range in order to mini-
mize the need for correction of the range-dependent target
amplitude effects discussed in Section 2.3.

The fields immediately adjacent to 91st Street in the
N-S pass were ruled out for analysis since the radar returns
in the majority of those fields were corrupted by small
signal "capture' effects. These effects are caused by
radar system saturation in the presence of extremely large
radar returns. The uncompressed radar signal saturation
virtually erases the small signals from neighboring areas,
causing the disappearance of small returns (e.g., clutter)
in the vicinity of extremely strong returns, such as those
returns from the ''dihedral-like' sides of the irrigation
canals which parallel 91st Street. Thus, the fields chosen
for analysis were restricted to thosé more than 1/4 mile
from 91st Street.
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The fields actually chosen are delineated in Figure 6
using the NASA-assigned field numbers. The six fields
originally selected were numbers 38, 42, 51B, 60B, 97, and
99B. Visual analysis of same-day IR color aerial photog-
raphy revealed that the ground-truth information for field
60B was incomplete. It was determined that approximately
1/3 of the field had been recently irrigated and exhibited
small pools of standing water in the extreme bottoms of the
furrows. The remainder of the field appeared to have re-
mained dry so it was assumed that the recorded ground-truth
information still applied to that portion of the field. To
permit analysis of the two surface conditions exhibited

within the otherwise homogeneous field, the radar data

i
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were further divided into a wet portion (renamed field No.
60C) and a dry portion (still labeled field No. 60B). A
summary of the ground-truth information available for the

selected fields appears in Table 3.

3.2 VISUAL ANALYSIS

After selection for analysis, the individual fields
were assessed visually using the four-channel radar digital
imagery, and the "same-day'" aerial photography coverage
(both B&W and color IR). The intention was to isolate any
anomalies in the selected data which might affect the
processing results. It was this visual analysis which pro-
vided the '"discovery" of the wet portion of NASA field No.
60B. One mode of visually assessing the four-channel radar
imagery is by the use of CRT film recordings of the digi-
tized data. Figure 6 was produced in this manner with the

field boundaries inserted into the image by the computer.
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TABLE 3. SUMMARY OF GROUND TRUTH FOR FIELDS SELECTED FOR ANALYSIS
PERCENT MOISTURE
Depth (cm) Rows

1.0 12.0 [5.0 9.0 15.0 Veg [N/s | E/w | BARE
38 1.50 11.96 | 6.38 | 10.22 | 12.45 - X | - X
42 11.30|2.08 1 7.78 | 11.20 | 13.19 - X - X
518 |1.85(2.33 | 3.83 5.77 7.81 - X - X
60B 1.4 |2.10 | 4.36 8.35 | 10.99 - X X
60C - - - - - - X
97 - - - - 1007 | X - -
998 (3.2 |7.77 |15.88 | 19.00 | 20.73 - X - X

i3 {

NVOIHOIW 4O ALSHIAINA FHL ‘SAHOLYHOBYT NNY MOTIIM ANHINWSOA



FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF MICHIGAN
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An alternate approach for visually analyzing the four-
channel radar image data is through the use of three-
dimensional isometric plots. Such plots provide a more
quantitative display of the relative radar intensities
within each field. Isometric plots of the two X-band chan-
nels for field No. 42 are shown in Figures 7 and 8, re-
spectively. Adjacent cell averaging (5 x 5) was applied
to the radar data prior to making the isometric plots.

This averaging makes the sampling resolution roughly equi-
valent to the radar system resolution (roughly 9m x 9m).
Thus, in Figures 7 and 8, the height of each intersection
of lines in the plot represents the average radar return
within a radar resolution element.

It is immediately apparent from the isometric plots
that the radar response over a given field is far from
homogeneous. Some, but not all, of the radar response
variatien can be attributed to the coherent radar system
clutter or '"'speckle." The variances whose extent is larger
than a single resolution element must be attributed to in-
homogeneities in the surface condition of the field itself.
The appearance of such variations leads one to question
whether or not ground-truth measurements made at isolated
positions within the field can be expected to accurately
represent other locations within the fields. Further an-
alysis and experimentation will be required to determine

the viability of the ground-truthing procedures.

3.3 COMPUTER ANALYSIS

The initial analysis efforts were directed towards
univariate statistical analysis of individual channels for

individual fields. The simplest procedure applied was to
42
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calculate the means and standard deviations within the in-
dividual fields. 1In some cases, a single radar channel

was useful for delineating soil surface conditions.

As an example, consider the univariate statistics
calculated for the wet (60C) and dry (60B) areas as shown
in Table 4 which indicate that there is a fair amount of
separability between the wet and dry areas with respect
to the L(HV) channel. For this case, the distance between
the means is greater than either of the within-field stan-
dard deviations. The rather large standard deviations may
be attributed to the coherent radar system clutter effects.
If one can reduce the system clutter without appreciably
affecting the average radar returns, then better class
separability can be obtained.

Adjacent cell averaging (a form of non-coherent inte-
gration) is one technique for reducing system clutter vari-
ance. Adjacent cell averaging is the process of using the
average value of a set of neighboring pixels to represent
the radar return from the corresponding larger area. This
has the effect of reducing the variance of the coherent
radar system clutter while not affecting the average
strength of returns. (One should also remember that there
is a loss in radar resolution in this case which will affect
the ability to accurately determine the boundaries between
areas exhibiting different surface conditions.) The net
effect should be an increase in the separability between

data classes.

Adjacent cell averaging of 5 x 5 and 10 x 10 were
applied to the extracted field data. The effect of these
operations upon the univariate statistics is apparent in
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Tables 5 and 6 for adjacent cell averages of 5 x 5 and
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10 x 10, respectively. 1In general, the means remain
approximately the same for each field, while the variances
decrease as expected. (Theoretically, the means should be
exactly the same, but the dimensions of the original areas
in terms of pixels were not always integer multiples of 5

or 10. Consequently, slightly different areas are being
analyzed for the various amounts of adjacent cell averaging.)
In order to test the separability of the wet and dry areas
as a function of adjacent cell averaging, a linear discrim-
inant decision rule was derived and tested.

A linear discriminant analysis algorithm was applied
to the four-channel data extracted from the wet and dry
areas. The discrimination was made on a pixel-by-pixel
basis. Each pixel is comprised of four numbers represent-
ing the returns from the four radar channels. The ground
area covered by a pixel is determined by the aperture size
used in the digitization procedure. In this case a pixel
covers a 2 x 2 m slant range area. The actual radar reso-
lution for this data was purposefully limited to 9 x 9 m
(allowing DoD declassification of the data), so the un-
averaged digital image data is oversampled by approximately
4.5 in both coordinates. = The results of the discriminant
analysis on the raw data are shown in Table 7.

The discriminant analysis algorithm arrived at a de-
cision rule which classified 2616 of the 3900 wet pixels
as belonging to the wet class, and 7690 of the 8580 dry
pixels as belonging to the dry class, for an overall per-

centage correct classification of 82.6.
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TABLE 4. STATISTICS FOR WET VS. DRY AREAS
(UNAVERAGED)

AREA |CHANNEL | NO. PIXELS | MEAN |STD. DEVIATION
X (HH) 3900 40.9 32.6
T
wet | ¥ (HV) 3900 51.9 43.3
(60C) "1, (um) 3900 78 .6 57.5
L:(HV) 3900 121.0 72.3
X (HH) 8580 - 45.9 37.6
Dry  I"x@mv) 8580 33.5 32.9
(60B) ™ ) 8580 54.8|  46.6
(V) 8580 40.8 38.3
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TABLE 5. STATISTICS FOR WET VS. DRY AREAS
(5 x 5 AVERAGING)
AREA [CHANNEL| NO. OF PIXELS | MEAN | STD. DEVIATION

X (HH) 182 42.0 27.6

Wet X (HY) 182 49.6 29.0
(60C)

L (HH) 182 76.9 42.0

L (HV) 182 126.0 43.5

X (HH) 338 45.5 27.1

Dry X (HV) 338 32.9 25.3
(60B)

L (HH) 338 54. 8 36.2

L (HY) 338 40. 3 28.1

TABLE 6. STATISTICS FOR WET VS. DRY AREAS

(10 x 10 AVERAGING)
AREA CHANNEL NO. OF PIXELS MEAN STD. DEVIATION

X (HH) 39 40. 4 15.3

Wet X (HV) 39 51.5 21.5
(60C)

LR 39 78.1 33.3

L (HY) 39 121.0 25.3

X (HH) 78 448 17.2

Dry | X(HV) 78 31.7 14.0

(60B ;

L (HH) 78 54.9 27.9

L (HV) 78 39.2 21.0
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TABLE 7. LINEAR DISCRIMINANT ANALYSIS OF WET VS. DRY
AREAS USING UNAVERAGED FOUR-CHANNEL RADAR DATA
[X(HH), X(HV), L(HH), L(HV)]

True Decision Class Percentage

Class Wet Dry Correct (%)

Wet 2616 1284 67.1

Dry 890 7690 89.6
Overall Percentage Correct: 82.6 ]

TABLE 8. LINEAR DISCRIMINANT ANALYSIS OF WET VS. DRY
AREAS USING (5 x 5) AVERAGED FOUR-CHANNEL RADAR DATA

Decision Class
True | Percentage
Class Wet Dry Correct (%)
Wet 157 25 86.3
Dry 24 314 ; 92.9
Overall Percentage Correct: 90.6
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When adjacent cell averaging was applied to the data,

even more encouraging results were obtained. As in the
univariate analysis, the effect is to reduce the within-
class variance without altering the means, thereby obtain-
ing better separability between classes. The increase in
performance is evident in the results shown in Tables 8
and 9 for adjacent cell averaging of 5 x 5 and 10 x 10,
respectively.

In order to better estimate the performance of the
linear discriminant analysis, additional areas were classi-
fied using the previously derived decision rule. These
areas, indicated in Figure 2, were all considered to be in
the dry class (moisture content less than 16% to a depth
of 5 cm). No other ground-truthed fields within the se-
lected area were moist enough to be called wet. (The se-
lected fields were all located at the same slant range to
prevent system gains which are a function of range from
altering the results.) Thus, five additional fields were
added to the set of data subjected to the linear discrimi-
nant rule (these fields were not used to derive the rule).
The results of the analysis appear in Table 10. As can be
seen from the table, the inclusion of testing data does not
significantly decrease the performance of the classifier.

These preliminary results indicate that the multiband
radar image data can be related to soil moisture content,
at least at the extreme ends of the moisture spectrum.
Further analysis is required to determirte if this correction
holds over the entire moisture spectrum or whether the
moisture related effects are dominated by the effects of
other '"extraneous" surface conditions such as roughness or

vegetation. ,
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TABLE 9. LINEAR DISCRIMINANT ANALYSIS OF WET VS. DRY
AREAS USING (10 x 10) AVERAGED FOUR-CHANNEL RADAR DATA

True Decision Class Percentage
Class Wet Dry Correct (%)
Wet 38 1 97.4
E 'Dry 5 73 93.6
FﬁOverall Percentage Correct: 94.9

TABLE 10. TESTING OF LINEAR DISCRIMINANT ANALYSIS
USING (10 x 10) AVERAGED FOUR-CHANNEL RADAR DATA

Decision Class
True Percentage
Class Wet Dry Correct (%)
Wet 38 1 97.4
Dry 84 1024 192.4
Overall Percentage Correct: 92.6
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Future efforts should also examine the use of self-
normalizing techniques which minimize the requirements for
radar system calibration. Lack of sufficient calibration
information may require that the radar image data be con-
sidered not as absolute values, but as relative wvalues be-
tween radar channels. To this end, serious consideration
should be given to ratios and other transforms of the data
which result in quantities which are insensitive to absolute
radar response. Examples of such operations are:

(1) X(HH)/X(HV)

(2) L (HH)/L(HV)

(3) X(HH) - X(HV)

(4) L(HH) - L(HV)

(5) X(HH) - X(HV)/L(HH) - L(HV)
(6) X(HH) - X(HV)/L(HH) - L(HV)

In which X(HH) is the uncalibrated backscatter for X-band,
parallel-polarized energy; and similarly for X(HV); L (HH) ;
L(HV).

Figure 9 shows the cumulative distributions of one
such‘variable [L(HH)/L(HV)] for the set of field data which
has been discussed herein. Some obvious groupings occur
in the data, although the physical characteristic¢s giving .
rise to the groups have yet to be fully determined. The
extremely wet area (60C) does separate out, however. The

groupings are interesting enough to warrant further study.
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4
Z VALUE
FIGURE 9. CUMULATIVE DISTRIBUTIONS OF SAR DATA. Ratio: L(HH)/ L(HV)
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4
SUMMARY AND RECOMMENDATIONS

Approximately 127 square miles (statute) of ERIM dual-
polarization X- and L-band radar imagery has been digitized,
spatially registered, and tape formatted for transmittal
to NASA/JSC and the University of Kansas. Imagery corre-
sponding to both the Phoenix, Arizona and Huntington,
Indiana test sites was provided. Due to the failure of
portions of the airborne radar system, only L-band imagery
(like- and cross-polarized) could be provided for the
Huntington agricultural test site.

Post-processing registration of the digitized four-
channel imagery was difficult due to the lack of clearly
identifiable homologous image points. Because of the dif-
ferent imaging properties of the two wavelengths and polari-
zations, it is difficult to find geographical features (for
use as registration points) which image distinctly in all
four channels. To simplify the registration process, it
is recommended that spatial-registration reflectors (visible
in all four channels) be employed in subsequent radar data
collection flights.

Additional thought should be given to the choice of
quantization levels when converting the radar image inten-
sities to 256 shades of gray. To avoid severe saturation
of strong returns from man-made objects, the data presented
herein was digitized in a manner which forced the majority

- of returns from the fields to fall into about 32 gquantiza-
tion levels. Conversations with the users®™ of the data

“Dr. Fawaz T. Ulaby, the University of Kansas, Remote
Sensing Laboratory, personal communication.
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indicate that this number of levels in the data range of
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interest may be insufficient. Finer-intensity quantization
of the returns from fields could be easily obtained (at

the expense of cultural target saturation) by employing a
logarithmic amplifier prior to A/D conversion of the dissec-
tor camera video.

Multivariate statistical analysis and discrimination
was applied to portions of the Phoenix radar image data to
determine separability as a function of soil moisture con-
tent. Preliminary results indicate that the multiband
radar image data can be related to soil moisture content,
at least the extreme ends of the moisture spectrum. Further
analysis is required to determine if this correlation holds
over the entire moisture spectrum or whether the moisture re-
lated effects are dominated by the effects of other "ex-

traneous' surface conditions such as roughness or vegetation.

The most detrimental aspect of the digital SAR data
produced to date is the lack of adequate system calibration.
Ones ability to detect and quantify field surface conditions
is greatly limited by the loose tolerances associated with
our current knowledge of the range response of the radar.

In analyzing the data, intensity trends were noticed which
could not be adequately explained by the calibration data
described earlier (Table 1). Thus, the analysis described
in this report was limited to data occupying a relatively

small range.

Such an approach places an unacceptable restriction on
the use of the data. Thus, ERIM recommends that the nec-
essary equipment be built and procedures established to
ensure the best possible SAR system calibration for future
radar remote-sensing missions.,
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