Reprinted from

Eighth International Symposium
Machine Processing of
Remotely Sensed Data
with special emphasis on

Crop Inventory and Monitoring

July 7-9, 1982

Proceedings

Purdue University
The Laboratory for Applications of Remote Sensing
West Lafayette, Indiana 47907 USA

Copyright © 1982
by Purdue Research Foundation, West Lafayette, Indiana 47907. All Rights Reserved.
This paper is provided for personal educational use only,
under permission from Purdue Research Foundation.
Purdue Research Foundation



LANDSAT IMAGE REGISTRATION FOR AGRICULTURAL APPLICATIONS

R.«H: WOLFE, JR.

IBM Federal Systems Division
Houston, Texas

R.D, JUDAY

National Aeronautics and Space
Administration/Johnson Space Center
Houston, Texas

I. ABSTRACT

An image registration system has been
developed at the NASA Johnson Space Center
(JSC) to spatially align multi-temporal
Landsat acquisitions for use in
agriculture and forestry research.
Working in conjunction with the Master
Data Processor (MDP) at the Goddard Space
Flight Center, it functionally replaces
the long-standing LACIE Registration
Processor as JSC's data supplier. The
system represents an expansion of the
techniques developed for the MDP and LACIE
Registration Processor, and it utilizes
the experience gained in an IBM/JSC effort
evaluating the performance of the latter.
These techniques are discussed in detail.
Several tests were developed to evaluate
the registration performance of the
system. The results indicate that
1/15-pixel accuracy (about 4m for Landsat
MSS) is achievable in ideal circumstances,
sub-pixel accuracy (often to 0.2 pixel or
better) was attained on a representative
set of U. S. acquisitions, and a success
rate commensurate with the LACIE
Registration Processor was realized. The
system has been employed in a production
mode on U. S. and foreign data, and a
performance similar to the earlier tests
has been noted.

II. INTRODUCTION

Image registration forms a major link
in the chain of processes through which
Landsat MSS data flow toward agriculture
and forestry interpretation. That link is

necessitated by the merging of images
acquired at different times, different
orbital paths, and different Landsat
Sensors. Manual registration is

impractical for the volume of image data
investigated in such large-scale experi=-
ments as LACIE and AgRISTARS, and it is
necessary to resort to automated tech-
niques. Such an approach was developed
during LACIE, and the LACIE Registration
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Processor was established at NASA's
Goddard Space Flight Center (GSFC) to
provide the Johnson Space Center (JSC)
with multitemporal acquisitions. That
system edge~correlated each Landsat
acquisition of a given LACIE ground
segment with a base or reference acqui-
sition and performed nearest-neighbor
resampling to fulfill as pure translation
the required realignment. The resulting
alignments were shown by Kaneko?’3 to fall
within the specified 1-pixel accuracy, but
the presence of residual affine distor-
tions (scale, rotation, and shear) was
noted. with heavily-clouded scenes
removed, the system realized a success
rate of about 2/3, having failed to
register the remainder because of false
correlations or other anomalies. The
LACIE Registration Processor remained the
workhorse for registration of JSC-bound
data until as recently as the 1980-81
growth year.

Meanwhile, the Master Data Processor
(MDP)*’ % was developed at GSFC to geometri-
cally correct whole 185x170-km Landsat
frames. The registration process employed
by MDP geometric <correction performs
cross~-correlation of scattered image
patches or control points, in contrast to
the full-image correlation used in the
LACIE Registration Processor. The control
points are essentially hand-picked accord-
ing to their distinguishability and
expected stability (see Niblack's descrip-
tion®). Under optimal conditions, the MDP
has demonstrated subpixel (10 to 20-meter)
accuracy, and in such cases the imagery
would require. no further registration at
JSC or, at most, application of a pre-
scribed resampling to render the imagery
in the desired coordinate system. Often,
however, the conditions are not so favor-
able because of the sparseness of usable
control points caused by cloud cover or
correlation failures attributable to
temporal instability. At the time the JSC
Registration Processor was installed, MDP
control points were not yet available for
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a substantial portion of the world.
Sparseness or complete absence of control
points has "resulted in residual MDP
registration errors often ranging from a
few pixels to 45 pixels (2.5 km) or more.
It became obvious that a residual, 1local
registration could nevertheless be accom-
plished on the MDP products at JsSC by
selecting a concentration of control
points in the sample segment of interest.
In that manner, the JSC residual registra-
tion would act as a vernier correction to
the MDP process.

The JSC system was conceived to
facilitate working toward an eventual goal
of consistent 0.2-pixel registration
accuracy, while also complementing the MDP
by performing residual registration. The
system 1is based on a merging of the
techniques employed in the MDP and LACIE
Registration Processor as augmented by the
experience gained in Kaneko's evaluation
of the latter. A number of enhancements
are included, as are apparent in the
following two sections. These sections
describe respectively the basic structure
of the JSC Registration Processor and the
detailed step-by-step registration proc-
ess. Following them, tests which have
been developed and used for evaluating the
registration performance are described,
and the performance results are reported.

I1I. STRUCTURE OF THE JSC
REGISTRATION PROCESSOR

Our design was driven by the desire
to have a system which could be used
immediately in a production mode, while
serving as a research tool for imple-
menting and testing new techniques. The
design was set up to facilitate expansion
to other sensors besides the Landsat MSS
and to allow easy replacement of algo-
rithms. To satisfy these requirements,
the system was built so that the process-
ing functions are modularized, that is
self-contained - with straightforward data

interfaces. Thus, each process, to be
described below, 1is contained as one
FORTRAN subroutine whose control data

interface is solely through the calling
arguments. Image data are handled by each
subroutine by calling a special set of
data Dbase access routines which were
designed to facilitate eventual transfer
to a standard data base system.

A number of alternative choices for
processing were built into the JSC Regis-
tration System. For example, two types of
normalized cross-correlation are available
at user discretion. Multiple choices were
accommodated because 1t was uncertain at
the design stage which ones would prove
most effective. Similarly, many of the
constants had not yet been settled upon,

and it was necessary to keep them under
user control. Thus, all control param-
eters and most constants can be changed by
the wuser, so that a fairly flexible
reconfiguration capability is maintained.
Much of the experimentation done on the
system has involved trying different
values for control constants and different
existing algorithm alternatives (as
described later).

At present, the image frames deliver-
ed by the MDP are too big to handle by the
JSC Registration Processor and a smaller
area of interest (632x632 pixels, or less)
is first extracted by the Landsat Image
Verification and Extraction System
(LIVES)? and delivered in the same basic
(MDP) format. LIVES also adds some data
of local interest, such as the geodetic
coordinates of the area of interest, its
intensity range, etc. The 1image data
occur in one of two forms called P or
A-data (or P or A-tapes). P-data consist
of the resampled image resulting from the
MDP geometric correction process. That
is, the pixels in a P-format image repre-
sent nominally a uniform spacing in a
standard map projection with geometric
distortion caused by sensor effects and
satellite pointing errors removed (to
within the precision possible, depending
on the number and quality of control
points used). A-data consist of the
original pixels, radiometrically cor-
rected, but not resampled, but data are
included to allow the recipient to effect
the same resampling as the MDP would have
performed. That is, the additional data,
in the form of geometric transformation
tables and sensor distortion constants,
facilitate conversion of the A-data to the
corresponding P-data. LIVES can extract
areas of interest from frames of A or
P-data, and those areas are passed along
unchanged. The registration processor
accepts either type, initially executing
the required resampling in the case of
A-data.

The processes to be executed in
performing registration are shown 1in
Figure 1. The progression of these
functions is basically of the form Geomet-
ric Correction-Matching-Geometric Correc-
tion. Two images-~the reference and
registrant-- are handled, the latter being
conformed to match the former. The first
geometric correction is performed possibly
on both images to render them nominally in
the same coordinate system to simplify the
matching process. We have elected to
match the images by performing cross-
correlation in translation only; we
accommodate higher-order distortions or
mismatches by correlating on sub-image
patches distributed throughout the area of
interest. The patches must be small
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Figure 1. Registration processing flow.
enough that only translational error need IV. REGISTRATION STEPS

be accounted for over their dimensions,
yet large enough to yield cross-correla-
tion measures of sufficient singal-to-
noise ratio (SNR). The initial geometric
correction facilitates this compromise by
removing any previously known distortions
by use of available a priori data.
Examples of this process include conver-
sion to compatible map projections (e.g.,
sidelap rotation or Hotine Oblique
Mercator to Universal Transverse Mercator
projections) and the A-to-P conversion
required for A-data.

Next, the images are matched to
‘estimate the geometric distortion of the
registrant with respect to the reference.
Finally, the estimated distortion function
is incorporated in the overall geometric
transformation on the registrant, and the
second geometric correction 1is performed
on the original registrant data (A or P)
to produce the final registered image.

Geometric correction is divided into
Mapping and Resampling functions 1in
Figure 1. The former generates for the

latter the appropriate geometric transfor-
mation function based the desired map
projections, MDP-supplied A-to-P conver-
sion data, and the residual distortion
function estimated in image matching.
Matching is divided into a number of
functions as shown in Figure 1. These
functions form the basis of the regis-
tration system modularization.

A. MAPPING

The geometric coordinate transfor-
mation used for pixel resampling is
constructed in the same manner as the MDP,
viz. the bivarate mapping function is
constructed as a pair of tables from which
the input space position of a desired
output space sample can be found adequate-
ly by bilinear interpolation. The trans-
formation is separated, as illustrated in

Figure 2, into horizontal (sample-to-
sample) and vertical (line-to-line) shear
distortion transformations to allow

decoupling of the resampling convolution
in those directions. The "hybrid" space
occuring betwen the vertical and horizon-

tal shear transformations shares its
horizontal coordinate with output space
and its vertical coordinate with input

space. To build these tables, a uniform
grid is established in output space; it is
transformed through a residual distortion
polynominal if applicable, thence trans-
formed from the output map projection to
the input map projection (Hotine Oblique
Mercator and Universal Transverse Mercator
are presently accommodated). The charac-
teristics of the map projection depend on
the particular World Reference System
(WRS) format center coordinates associated
with the image. Different WRS points can
be associated with the input and output
spaces by virtue of different satellite
paths for the reference and registrant
acquisitions; this difference manifests
itself in sidelap regions in the form of a
sidelap rotation.
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If the input image 1is A-data, the
mapped grid is further transformed through
the MDP-provided grid tc yield finally the
output space grid in sensor space coordi-
nates. This last transformation uses
third order interpolation, rather than
bilinear, to preserve the precision
inherent in the MDP tables. The vertical
coordinate values of the transformed grid
constitute directly the tabular vertical
shear transformation to hybrid space; the
horizontal counterpart (hybrid-to-input
space) is attained by interpolating among
the horizontal coordinate values of the
grid in input space to produce values
aligned with input space horizontal lines.
Again, third order interpolation is used
to preserve grid precision. Our reward
for all this complexity comes in the form
of an effective consolidation of all
transformations, which eliminates the need
to successively resample the image for
each component of the transformation. For
example, the second mapping includes the

residual distortion function resulting
from image matching, and our procedure
folds that ©portion into the overall
mapping so that the final resampling

utilizes the original image rather than
resorting to double resampling.

B. RESAMPLING
The tabular mapping function is
utilized in the same manner as the MDP to

effect separate horizontal (along scan
line) and vertical (along sample column)
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Figure 2. Separation of the gcome-~

tric transformation 1n*. horizontal and

vertical shear components.
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Figure 3. Convolving function for
a mixture ~f linear interpolation and
nearest-neightor resampling. Tne parame-
ter £ governs the relative size of
the 1uearest neighbor region.

resamplings. This separation saves
considerable computation time but is
predicated on the assumption of a separa-
ble convolution filter. Two convolution
filters are provided, one being the TRW
cubic convolution® used by the MDP.
Alternatively, a combination nearest
neighbor/linear interpolation is provided
with a parameter to allow variable mixing
of the two. The corresponding convolving
function is presented in Figure 3.
Nearest neighbor resampling occurs when
the interpolated sample is within a
relative proximity £f_,/2 to an original
sample; otherwise, Ilnear interpolation
applies. The parameter f_ can be varied
from 0 to 1 to effect pure 1linear, a
combination, or pure nearest neighbor
resampling, repectively. The horizontal
and vertical resampling are decoupled, so
that one may specify, for example, cubic
convolution in the scan direction and
linear interpolation from line-to-line.

Several MSs effects,
relative detector misplacement, differ-
ential sampling delay, earth rotation
differential skew (staircasing), and
varying sample spacing, create geometric
distortions that vary from line to line.
Since these distortions cannot readily be
accommodated by the tabular transformation
functions, their compensation is built
directly into horizontal resampling as the
so-called high-frequency correction. The
correction need only be applied to A-data;
the MDP has already performed it when
creating P-data. The high-frequency
correction parameters are provided in the
A-data.

including
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cC. CLOUD DETECTION

The ERIM SCREEN algorithm is used to
generate a map of cloud, cloud shadow, and
data radiometrically inconsistent with the
expected range of earth data (i.e.,
garbled data). ERIM's method requires the
data to be in an absolute radiometric

scale; therefore, differences in radio-
metric adjustments or compensations
between current MDP data and ERIM's

LACIE-era data (supplied by the LACIE
Registration Processor) must be accounted
for. The required transformation thus far
has eluded accurate specification, and an
approximate recalibration has been esti-
mated!® by comparing recent data processed
by both systems. The recalibration is
applied Dbefore executing the SCREEN
algorithm. The resulting cloud/shadow/
garble map is used to eliminate such areas
from image matching.

D. EDGE DETECTION

It is desirable to match edge fea-
tures in agricutural scenes because of the
great radiometric variability from season
to season. Our method resembles that of
the LACIE Registration Processor but is
supplemented with the cloud map. An
absolute gradient is evaluated at each
pixel, or it is marked as ineligible if
associated with cloud, shadow, or garble.
The absolute gradient, a non-linear
filter, is computed as shown in Figure 4.
The weights are included to allow for
different scaling in the line and column
direction and for treating the diagonal
values differently. The ad hoc value of
271/2 has been .used for the diagonal
values, so far. Edge detection is per-
formed separately on MSS bands 5 and 7,
and the two binary edge maps are united
(OR-ed) together to form a composite in
the same manner as in the LACIE Registra-
tion Processor.

E. EDGE CORRELATION

The reference and registrant binary
edge 1images are matched by normalized
cross-correlation. A given reference
image sub-area or patch is overlaid on a
corresponding registrant search area
(patch plus border), and the number n_ of
coincidences of edge pixels is tabulSted

for each translational offset. Two
options are provided for normalization;
viz., the normalized cross-correlation N

is found from

n_/n (Template Matching)
N = ¢’ s
nc/annS , (Classical)
where is the number of registrant

n
search atea edge pixels within the refer-

- correlation

TL T TR
L M R
BL B BR

Figure 4. Pixel template for comput-
ing the edge gradient. The gradient at
Pixel M is WlolL-Rl + WOIIT"B; +W11|TL"BRI
+ Wy, |TR-BL|, the w's being weights.

ence patch overlay and n_ is the number of
edge pixels in the refdtence patch. The
first option was used in the LACIE Regis-
tration Processor and effectively treats
the reference edge map as a known tem-
plate; the second option, which more
closely resembles classical cross-correla-
tion, has been used generally in the JSC
Registration Processor.

Often the input registrant is so
greately misaligned that an efficient
technique 1is necessary to
reduce the basic misregistration to a few
pixels. The LACIE Registration Processor
full-image correlation method is wused;
viz., the mean and standard deviation
(S.D.) of correlations at every 32nd
(fourth line by eighth sample) offset are
computed to establish a rejection thres-
hold at mean plus thrice S.D.; an approxi-
mate correlation, determined from one-
ninth of the data (every third line by
every third sample), is compared with that
threshold; and the full correlation is
evaluated only at offsets for which the
threshold was exceeded. The highest value
then gives a reference offset from which
the finer, patch-level correlations can be

“'executed over a considerably smaller range

of offsets. The image-level correlation
is executed over an offset range up to 120
pixels; whereas the patch-level correla-
tion range has generally been limited to
10 or 20 pixels. A regular grid (nominal-
ly three rows by five columns) of patches
is established over the image to yield a
geometrically configured set of corre-
lation functions from which image geomet-
ric distortions of higher-order than pure
linear translation can be inferred.
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F. OFFSET DETERMINATION

The sub-pixel position of the patch-
level correlation peak is located by the
same method as the MDP to estimate the
peak offset from the correlation function
origin. Up to a fifth-order bivariate
polynomial is fit by least squares to the
array of correlation samples and the
polynominal's peak is determined by
iteration.

Assuming that a fit uncertainty
variance can be estimated from the least
squares residuals, we can estimate the
covariance of uncertainty in the poly-
nominal coefficients by multiplying the
fit uncertainty variance by the reverse of
the least squares normal matrix. By use
of perturbation techniques, small dis-
placements in the polynominal peak loca-
tion can be related to perturbations in
the polynomial coefficients, and it can be
shown that the uncertainty covariance in
peak location is

E =TET,

b = &2
where

T = (B, a) iR,

is a 2x15 matrix (2 peak coordinates by 15
fit coefficients for fifth-order), a is
the vector of fit coefficients, P is a
15x2 array of partial derivatiVﬁg ®f the
polynomial terms P (such that P a is the
polynomial) with respect to the two
spatial coordinates, and P is the
corresponding array of sec partial
derivatives. These partial derivatives
are evaluated at the estimated peak
location. The surface is fit to a 5x5
array of correlation samples centered on
the largest one, and the resulting 25
residuals are hardly adequate for estimat-
ing the uncertainty covariance of the 15

fit coefficients. Therefore, a fit
uncertainty variance has been selected a
priori based on some initial tries. The

peak uncertainty covariance so estimated
can be used (i.e., its inverse) to weight
the patch in the least sguares solution

for the residual distortion function.
Besides weighting each patch, a
peak-to-background ratio (an effective

SNR) 1is estimated and compared with a
threshold for possibly rejecting the
patch. That ratio is computed as the
value of the correlation surface peak
divided by the standard deviation of
correlation samples away from the peak,
consistent with the analysis of Mostafavi
and Smith'1’12_  Preliminary analyses by
wWacker et all? indicate adequate rejection
with a peak-to-background threshold of
4.2.

G. RESIDUAL DISTORTION FIT

Having produced an array of residual
translational offsets over the registrant
image based on the corresponding patch

correlaticns, we can fit a bivariate
polynomial to this array to characterize
the residual distortion. An affine

(first-order) model is assumed which will
account for translation, scale change,
rotation, and shear (rectangle-to-paral-
lelogram) distortion. The affine model
was adjudjed sufficient from early consid-

erations of the sample segment size,
accuracy requirements, and observed MSS
residual geometric distortions. The peak

uncertainty covariances are used as
weights in the fit, viz. the reciprocals
of the two diagonal elements are used as
weights for the two coordinates, respec-
tively. The uncertainty covariance of the
distortion polynomial coefficients is also
estimated to give a mesaure of registra-
tion accuracy.

Similarly, the MDP provides an
uncertainty covariance (actually, its
inverse in the form of the weighted least
squares normal matrix) to measure its
registration accuracy. The two measures
can be compared to grade the residual
registration performance of the JsC
Registration Processor against the MDP's
initial registration performance. If the
latter is significantly better than the
former (as would occur if the MDP had many
good control points, while JSC's area of
interest showed poor feature definition),
then the residual distortion estimate
should be ignored, or at least downweight-
ed. On the other hand, if the MDP's
estimate is poor compared to the residual
solution, the latter should be relied upon
in full. This concept can be implemented
heuristically as follows. The MDP implies
there is zero residual distortion in its
output imagery to a level of confidence
characterized by its covariance. The JSC
system implies there is a residual distor-
tion to a level of confidence character-
ized by its covariance. A better estimate
of the distortion is attained by computing
a weighted average of the MDP's =zero
estimate and the JSC system's estimate,
where the weights are the inverses of the
respective covariances. Hence, the final
vector X of affine coefficient estimates
is

- -1 -1 y-10-1

2= (@Gpp * Csc) Suscdusc
from the MDP covariance C (reinter-
preted as a covariance of<g¥%ine uncer-
tainty) and JSC-estimated residual affine
coefficients X and covariance C sc- B
scalar parametéX a is included aﬁ%&é to
rescale the MDP covariance if desired. So
far, problems with control points have
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caused the MDP covariance to underestimate
its error significantly, requiring a to be
set very small, and the above algorithm
has not really been usable. Recent
improvements in MDP control point handling
should make it useful in the future.

The residual affine coefficients are
delivered to the Mapping function so that
the residual distortion can be included in
the final mapping and resampling.

V. OBSERVED PERFORMANCE

The registration processor is cur-
rently in a period of confidence testing
during which results are carefully scruti=-
nized, operational procedures are refined,
operating parameters are adjusted, and
programming and algorithmic problems are
resolved. The system is in production
status, and a file of experience is being
accumulated. Although we are not yet ready
to issue definitive statements regarding
its performance, certain trends and
quantitative results are available. Work
is underway to characterize fully the
behavior of the processor.

A control test was devised in which
registration error was introduced into a
selected Landsat MSS image according to a
specified transformation. The spatial
resolution of the transformed image was
degraded slightly by using Dbilinear
interpolation in the resampling. A
196x177-pixel area of the original image
was defined as the reference, the pair of
images was registered by the processor,
and the resulting mapping estimate was
compared with the known one. The compar-
ison was converted into an RMS value over
the image, and a value of 1/15 pixel was
obtained. The image was a very clean one,
having good field definition and no
atmospheric difficulties (though clouds
would not have deleterious effect in this
unitemporal, unisensor registration). The
induced affine distortion was one exactly
modellable by the processor. Thus, the
test would tend to show a maximum accuracy
of the processor,

Comparing that test's 1/15-pixel
result with the 1/5-pixel production goal
indicates to wus that accommodating the
vagaries and vicissitudes of real data
should be the major focus of our immediate
successive efforts. We note here that the
sharpness in determining the peak of the
cross-correlation surface is 1limited by
variations in the data, rather than by the
technique. One of us (AGW) found that the
sharpness inherent in the method is on the
order of ten times better than the result
of our known-distortion test, as evidenced
by the results obtained from autocorrela-
tion. Thus, the finite size of the

results is thought to originate in the
discrete nature of the cross-correlation
raster, the forced binary nature of the
edge images being cross-correlated, and
the fact that the cross-correlations were
done between the uncorrected images. We
have considered modifications to the
system that would reduce this wvalue by
doing cross-correlation iteratively (i.e.,
repeat cross-correlation of the registr-
ant after correction based on the first
correlation).

However, limitations of time and
resouces will delay attention in favor of
more pressing problems. The operational
improvements (i.e., sensor and preprocess-
ing idiosyncracy accommodation) that are
in work as of this writing comprise the
following: selection of thresholds for
peak~to-background ratio that optimally
balance success rate and false registra-
tions; determination of the optimum patch
size; improved spectral recognition of
clouds (necessary because of unknown
changes in the absolute ratiometry between
LACIE and MDP processing); and recognition
and deletion of outliers in the family of
cross-correlation peaks amongst the
patches. The methodological improvements
to be developed and tested as time permits
include: allocation of "edge" pixels to
be done at the patch level, so as to
distribute control of the remapping more
evenly over the image; iteration, in which
a roughly-determined registration drives a
patch resampling (followed by finer
cross-correlation that takes advantage of
the reduced differential rotation, scale,
etc.); and methods of sharper edge defini-
tion and cross-correlation.

Visual examination of a substantial
number of registrations has been done by
blink comparison on a CRT. The accuracy
is typically high enough to make nugatory
the use of the color in the CRT, the
registration accuracy usually being better
than the color alignment; so the compar-
ison 1is done by blinking in only one
color. To permit semi-quantitative
analysis, there are also displayed images
that have been resampled onto warped grids
of known displacement. The images with
the known warpings are put up on the CRT
to serve as 'calibration" images; their
motions of analytically-known distances
are used for visual comparison to estimate
the size of motions in the imagery being
examined. The threshold of detectability
is somewhat smaller than 1/10 pixel by
this technique. In an alternate embodi-
ment, subimage magnification by interpola-
tion and replication gives similar sensi-
tivity. The strong feature of this
evaluation method is that the eye is used
to do whole areas of image intercompari-
son; the context enables sharper discrimi-
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nation than does a concentration on
edge~labelled pixels alone. Additionally,
image morphology of order different than
the 1limits programmed into the processor
is evident to the eye. And finally, the
visual technique avoids the circularity of
using the same metric methods to register
and verify. Consistent results are the
more believable if the methods are inde-
pendent. The data reviewed were taken by
Landsats 2 and 3 over agricultural areas
in the central and eastern U.S. They
represent a dispersion of field types and
sizes, seasonal epoch, and weather condi-
tions. Typical results are a % to l-pixel
maximum relative displacement with RMS
values around %, but with an occasional
gross miss. In the production data
currently being run (calendar year 1981
MSS acquisitions) we see frequent obvious-
ly incorrect wvalues of "line length
majority", a value delivered by Landsat
and passed through a sequence of GSFC
processors ending with the MDP. It causes

fractional-pixel motion of selected
six-line strips (i.e., sweeps) 1in the
images. Some of the gross misses are

attributable to poor initial location and
the periodic structure of agricultural
scenes. During the blinking of those
examples, the eye notices first the edge
structures that the cross-correlator
caught, and the registration at first
appears satisfactory, when suddenly, as a
dramatic revelation, it becomes clear that
the miss is large. In only one (of many
tens reviewed) was there a registration
that was disappointing by reason of a poor
geometric shape resulting from the resid-
ual mapping. The solution was incorrect
in shear, by up to 3 or 4 pixels at one
diagonal pair of corners, with the other
pair of <corners well 1in conjunction
between the images.

Production registration of 1981 data
sets from the U.S. and Argentina have
indicated results similar to the test
results. The initial misregistration of
Argentina scenes often reached 45 pixels
(2.5 km), due to the 1lack of control
points in the MDP correction; yet, the JsC
registrations were wusually successful.
Detailed statistics have not yet been
compiled, but it is apparent that at least
2/3 of the cloud-free scenes are register-
ing properly to an accuracy roughly in
line with the foregoing discussion. That
success rate 1is comparable to the one
realized by the LACIE Registration Proces-
sor.

VIi. CONCLUSIONS

The available evidence indicates the
JSC Registration Processor has surpassed
our 1initial performance expectations;
however, room for improvement is evident.

It is apparent that reaching a consistent
0.2-pixel registration accuracy is feas-
ible. Emphasis should be placed on
increasing the success rate, and a number
of improvements in that direction are
underway. We envision an evolutionary
growth consisting of successions of tests
of new parameters and algorithms on the
existing systen, followed by system
upgrades reflecting those test results.
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