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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
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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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