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ABSTRACT

The demand of more powerful tools for remote sensing and management of
earth resources has been steadily increasing over the last decade. With the
recent advancement of area array detectors, high resolution multichannel
imaging spectrometers can be realistically constructed.

This report documents the error analysis study for the Shuttle Imaging
Spectrometer Experiment system foi the purpose of providing information for
design, tradeoff, and performance prediction.

Error sources including the Shuttle attitude determination and control
system, instrument pointing and misalignment, disturbances, ephemeris, earth
rotation, etc., have been investigated. Geometric error mapping fuanctions were
developed, characterized, and illustrated extensively with tables and charts.

Selected ground patterns and the corresponding image distortions have beea

1y

L

generated for direct visual inspection of how the various error sources affect

the appearance of the ground object images.
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I. INTRODUCTION

A. BACKGROUND

Earth resource management and utilization have experienced great success
over the last decade through the Landsat programs. In more recent years, both
NASA and user ccmmunities have envisioned the need for development of becter
and more powerful instrumentrs for surveying and managing earth reso;:;es. The
Landsat D's new sensor, Thematic Mapper (TM), the prcposed utilization of
Tracking and Data Relay Satellite System (TDRSS), and a more zs-anced grouad
system represent an advancement in the earth resource satellite developmeat [1].

The Thematic Mapper of the Landsat D (launched in 1982) has seven
spectral bands, two more than those of the Multispectral Scanner associated
with the ~czrlier Landsats. However, study shows that the reflectance spectrum
of earth surface materials contains a significant amount of information which
can osnly be idz2ntified with spectral resolution much finer than those of the
Thematic Mapper [2]. With the advuncement of area array detectors, a push
broom imaging spectrometer can be realistically comstructed for sirultanecus
imaging and registration of hundreds of spectral bands. For the case of
Shuttle Imaging Spectromerer Experiment, 128 spectral channels have been
proposed to cover the spectral range of 0.4 to 1.0 um for VNIR (visibla and
near infrared) and 1.0 to 2.5 ym for SWIR (short-wavelength infrared) with
ingtantaneous field of view of 30m. Table 1 shows the required seamsor perfor-
mance [2].

The purpose of this report is to document the error analysis stud;y for
the imaging spectrometer 2xperiment. Error analysis is an important aspect of

the overall remote sensing system, since errors from many sources, including




the spectrometer itself, the spacecraft tha; carries the instrument, knowledge
linitations on the true spacecraft attitude and locations, earth rotation.
curvature, and terrain variations, etc.,will all contribute to image distortion,
shift, rotation, and misregistration. Error correction or compensation are
necessary and are an integral part of the image processing. This work covers

the analysis of fundasmental and geometric errors and error sensitivities, the

development of geometric mapping functions, and the computation of ground

Table 1. Sensor Performance Requiréﬁents

Parameter Value Couments

Spectral Coverage 0.4 to 2.5 um Although the entire spectrum
is probably not required for
any one discipline, in the
aggregate of all remote
gsensing disciplines, the
entire region is required

Spectral Sampling Interval

VNIR (0.4 to 1.0 um) 0.01 um or better
SWIR (1.0 to 2.5 um) 0.02 ym or better
Instantaneous Field of View 0m Adequate for most research
topics
Swath Width at lesst 10-12 km This is adequate for

research if pointing capa-
bility is provided to assure
target access

Pointing Mirror Range

Along track at least + 45 deg Essential for atmospheric
and BRDF (Bidirectional
Cceoss track not more than + Reflectance Distribution
25 deg Function) Studies
Radiometric Performance (NEJR)
VYNIR < 0.52
SWIR < 1.0%
2

- > oiive 7 > r" . - 4

- " |

B
.




pattern distortions. The results are translated into many tables, plots, and
patterns for visual apprehension. It is believed that the results reported
here are important for design, trade-off, and performance prediction.
B. APPROACH

This study has been performed in four progressive stages as shown in
block diagram form in Fig. 1. In Stage I, the error sources were identified,
dynamic disturbances and the Space Shuttle error dynamics were modeled, and
the error power spectral densities for two in-orbit configurations wétre
developed. Stage II of this study concentrated on the development of geometric
error mapping functions and error sensitivity analysis. Geometric errors due
to ephemeris uncertainties, attitude deviations, earth rotation, etc., were
studied. In Stage III, ground pattern image distortions caused by various
error effects and forward and side looking angular offsets, altitude change,
and effect of earth rotation were generatad. Stage IV consists of the analysis
of the imaging spectrometer instrument errors. These errors include optical
jitter, nonlinearities, processing errors, and repeatability. The study of
Stages I, II, and III has been completed and the results are included in this
report. The study called for by Stage IV has not been planned. It is emphasized
here that the imaging spectrometer error model development is an important step
for the overall performance prediction and design of the imaging spectrometer
system.

Major findings of this work are summarized in the following subsection.
In Section I1I, the orbital and imaging spectrometer configurations are described.
The attitude dynamics and error power spectral deansities are documented in
Section III; and parametric analysis of geometric errors are treated in Section
IV. Section V deals with the ground pattern image distortions. Conclusions

are summarized in Section VI.
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C. SUMMARY OF MAJOR FINDINGS

The following is a summary of major findings. The details of thesa are

treated in the sections to follow.

1. The results show that the IS Experiment with image pickup period of
20 seconds at a time is feasible with the shuttle properly phased --
inside the control deadband. The error PSD (power spectral density)
characteristic reveals that the system resonates at very low frequen-
cies (in the 107 o0 1072 Bz region). Excitations at thesz frequen-
cies must be avoided through design precautions. The analysis also
showed that errors below 0.0l Hz are dominated by the shuttle
dynamics reacting to disturbances,whereas those above 0.0l Hz are
dominated by the shuttle inertial measwurement system uncertainties
and its inherent noise. These high frequency errors limit pointing
performance and result in a one-sigma ground track error of 54.8
meters per axis. One-sigma rate errors are shown to be less than
4 meters per second per axis in the frequency range of 10"5 to
4 x 10"2 Hz. The image smear is not significant because of the short
millisecond-level line time.

2. The effects of earth curvature are very small for the application
here (see Fig. 42).

3. Altitude uncertainties cause only moderate geometric errors. The
worst lo geometric errors are 11,71 m in position and 0.133 m/sec
in rate with STDN and large unmodeled perturbations at 200 km orbit.
The performance improves with TDRSS. For the 300 km orbit and with
small unmodeled perturbations, the lo geometric errors will reduce to

0.22m and 0,0032 m/sec (see Table 11).
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The effects of other navigation errors are significantly greater.
The lo downtrack errors range from 203m (300 km orbit) to 8128m

(200 km orbit); and those for the crosstrack are 152m to 508m

(see Table 12). ce—
The effects of roll and pitch attitude errors are relatively large
compered with, for instance, those caused by yaw errors and altitude
uncertainties. The error semnsitlvity is 1.94 m/arc sec or appr;xi-
mately 7000 m/degree. The yaw sensitivity is O for 0° view angle
and 0.028 m/arc sec for the maximum view angle of 3_0.825o (see

Table 13).

The error sensitivities of attitude errors increase significantly
for large attitude offsets. For 20° side looking, the sensitivity
increases to 2.28 m/arc sec for roll errers and to 0.75 m/arc sec
for yaw errors and the pitch error sensitivity is almost unaffected.
For the 45° forward looking case, the sensitivities for the pitch,
roll, and yaw errors increase to 2.83, 4.36, and 1.97 m/arc sec,
respectively (see Table 13).

The performance of the Shuttle Imaging Spectrometer is limited by
the Shuttle IMU (Inertial Measuring Unit) accuracy, instrument mis-
alignment, etc., Shuttle RCS (Reaction Control Subsystem) deadband,
etc. unless some means of error reduction are employed. For instance,
ground control points may be used to reduce navigation predicticn
errors; and precision point mounts, such as AGS (ASPS* Gimbal System)

and IPS (Instrument Pointing System), may be used to reduce the

*Annular Suspension Pointing System

LYY
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attitude errors.

The single axis geometric errors due to the combined Shuttle/IS mis-
alignment, for instance, for normal nadir pointing, 20° side looking,
and 45° forward looking are 169m, 198m, and 379m, respectively
(refer to Table 10 for detailed breakdowns).

Earth rotation causes shifts of images toward the direction of
rotation. The magnitude of this shift depends on the latitude of -
the object. For instance, at the equator the object moves approxi-
mately 462m in one second (for 400 km orbit}, and at 60° latitude

it moves only 23lm in one second. -
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II. ORBITAL AND IMAGING SPECTROMETER CONFIGURATIONS

A. SHUTTLE NOMINAL FLIGHT CONFIGURATIONS

Two shuttle in-orbit configurations have been considered, the Payload-
Bay Nadir and the Nose-Down Nadir, as illustrated in Figures 2 and 3, respec—
tively. It will be shown later that the Nose~Down Configuration is gravity
gradient stabilized and the Payload-Bay Nadir Configuration is not., However,
the Payload-Bay Nadir Configuration offers simpler instrument mounting and less
aerodynamic drag. Besides, for certain experiments that require large forward
looking angles, the Nose-Down Configuration will be unsuitable.

A circular orbit of 400 km altitude has been selected for this analysis.
This selection is consistent with the SIS-B parameters.*

There are a number of possible instrument mounting options that will
affect the pointing and the geometric errors of the instrument. These options
include:

a) Direct mount

b) AGS (ASPS Gimbal System) mount

c) IPS (Instrument Pointing System) mount
Since both the AGS and IPS systems are capable of providing precision payload
pointing and measurements, the system performance will be improved at the expense
of significant extra cost. The direct mount approach is the least complex and
rost cost effectiveyprovided that the errors are within the tolerance. In this

report the direct mount approach is considered. Furthermore, the shuttle IMU

*During the period when this part of the work was performed, SIS-B (Shuttle
Imaging Spectrometer-Configuration B) was considered. However, the methods
used here are mostly generic, and hence, can be applied to systems of similar
configurations.
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(Inertial Measurement Unit) and the shuttle state estimator unit are used for
obtaining attitude and rate information, without additional instrumentation,
Other options may be studied in the future if necessary.

B. IMAGING SPECTROMETER SYSTEM DESCRIPTION

In order to correlate the analysis reported here to the IS applications,
it is desirable to understand the basic operating principle of the IS instru- .
ment. Figure 4 shows a sketch of the basic elements of the IS,except the
memory banks, registers, and the processors. Some of the IS parameters that
are relevant to the geometric error aralysis,along with definitions of the IS
terminologies, are also listed in Fig. 4. It is understood that the sketch and
the parameter values used are for illustrative purposes only since the para-
meters may change as the development of the IS system is finalized.

Referring to Fig. 4, as the reflection from the ground objects passes L
through a narrow slit, it strikes the incident surface of the prism. The prism t-
separates the incident light into spectral images projected onto an areas 1irray
of light detectors. The area array consists of 384 linear arrays, corresponding
to 384 spectral channels. Each linear array consists of 384 detector elements.,

Each detector element corresponds to an image area of 30m x 30m on the ground.
Hence, each linear array corresponds to an image of a specific spectral channel
of the same ground area of 30m (along-track) x 11520m (cross-track). This 11.52
km cross-track measure, referred to as the swath width, defines the IS coverage
for each orbit pass. The 30m x 30m area is referred to as the pixel (picture
element) which defines the resolution of the image, i.e., within this element

no features can be resolved. The IS is operated based on a push broom principle.
That 1s, a specific detector element on the instrument (moving with the space-

craft) collects photons from the 30m x 30m moving window for a specific period

10
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N AREA ARRAY
N 2 (CONSISTS OF 36
MODULES OF
J! &4 x 64 DETECTORS)
384
PRISM
LIGHT FROM SLRoW
GROUND OBJECTS
DEFINITIONS

KEY PARAMETERS
o LINE TIME =4 ms

e SPECITRUM:
VISIBLE REGION 0A4~-1.0 pm
SHORT WAVELENGTHIR 1.0 - 2.5 pm

e FIELD OF VIEW: % 0.825°
o SWATH WIDTH: 11.52 km

o POINTING ANGLES (RANGE):
+ 459 (PITCH)
% 20° (ROLL)

o ORBIT: 400 km CIRCULAR

GIFOV (GROUND INSTANTANEOUS FIELD

OF VIEW): PROJECTION ON THE GROUND

OF EACH SQUARE DETECTOR

LINE TIME: TIME TO MOVE ALONG THE
GROUND A DISTANCE OF 1 GIFOV

DN: DATA NUMBER, THE "BRIGHTNESS* OF
OF THE ASSOCIATED PIXEL

PIXEL: PSCTURE ELEMENT (30 m x 30 m
HERE, IT DEFINES THE RESOLUTION OF
THE IMAGE)

SWIR: SHORT WAVE LENGTH IR
VIS: VISIBLE WAVE LENGTH

Figure 4, Imaging Spectrometer Basic Operating Principles
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of time callea the line time. The line time in this case i1s the time required
to move 30m along-track,which is determined by the orbit. For a 400 km circular
orbit, it is about 4 ms. At the end of each line tima, the total number of
photons collected by each detector is recorded and processed and the Jecector/
register is reset and a new 4 ms cycle is repeated. For digital processing,
the amount of light collected by a collector is assigned a number called DN
(data number), which is proportional to the number of photons accumulated.
Therefore, the processor has to record and process 384 x 384,0r approximately
1.475 x 10° DN's every & ms.

As the shuttle flies over an area, barks after banks of DN's are
collected. By spacing the banks of DN's 30m apart, the features of the grcund
image emerge. The ratios of the DN's of various channels for the same area are
of special interest, as these ratios are closely correlated to geological and

ecological states of the earth including mineral deposits, forestry, crops,

ALONG-TRACK
POINTING
MREOR

rORE-OPIIC
comECTon
waiCe

Figure 5. Shuttle Imaging Spectrometer
Optical System Configuration
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disease and insect infestations, land and soil erosion, precipitation in
the form of snow and ice, air and water quality, etc.

The Imaging Spectrometer optical system configuration and the arrange-
ment of lenses, mirrors, slit, prisms, focal plane detector, etec. are

shown in Fig.5 [2]. Additional information on the instrument design and require-

ments can be found in Refs. 2 and 3,

13
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A. ERROR SOURCES
There are two types of errors that are important to the imaging
spectrometer experiment — the direct errors and the derivad errors. The

direct errors are those pertaining to the spacecraft and instrument pointing,
ephemeris, and instrument errors as shown in Fig. 6.

the geometric errors and pattern distortions of ground objects which resule

III. ERROR SOURCES AND SHUTTLE ATTITUDE DYNAMICS

from the direct errors and the effects of earth rotatiom, curvature,

oblateness, and local vertical uncertainties.

the error sources and the system dynamics,

ATTITUDE DEVIATIONS, RATE ERRORS AND STRUCTURAL VIBRATION
MEASUREMENT NOISE AND DRIFT
MISALIGNMENT OF SHUTTLE IMU AMD ATTITUDE REFERENCE FRAME
MISALIGNMENT BETWEEN SHUTTLE AND IS INSTRUMENT REFERENCES
EPHEMERIS PREDICTION ERRORS
EARTH ROTATION, CURVATURE, AND OBLATENESS
IS INSTRUMENT ERRORS INCLUDING

- OPTICAL JITTER

- NONLINEARITIES

- PROCESSING

- REPEATABILITY

Figure 6. Error Sources
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Fig. 1 shows relationships of




In this section, the steady state analysis is performed in the

frequency domain. The PSD (power spectral demsity) for the pcinting errers
and the rate errors were obtained by considering the dynamics cf the Space
Shuttle Orbiter, the IMU (Inertial Measurement Unit), the attituds coatrol
state eetimator, the measurement noise, the misalignmen: of reference frames,
and the disturbances including gravity gradient, gyruscopic torgques,and aero-
dynamic drag torques.
B. SHUTTLE MASS PROPERIY
The shuttle mass propertiee employed here were obtained {.om the

Shuttle Operational Data Book [4] for OV-102/STS-3. The mass and the c.m.
are, respectivelys

Shuttle mass: 102,153.73 kg (224,738.21 1bs)

Shuttle c.m.: xo = 1105.5", Yo =0, Zo = 374.3" !
wnere the coordinates xo. Yo, and Zo are the Orbiter Coordinates [5] defined in :
Figure 7. The moment of inertia matrix (kg-mz) is, in the shuttle bedy frame

(refer to Fig. 8),

[ 1.36 x 105  -4.69 x 10°  -3.49 x 10° |
1, = |-4.69 102 1.00 x m; -3.32 x 103
-3.49 % 10 -3.32 x 10 1.05 x 10
[ 1.36 x 10° 0 -3.49 x 10° |
- 0 1.00 x 10’ 0 (i)
-3.49 x 10° 0 1.05 x 10’

The magnitude of the off-dlagonal terms of the inertia matrix IB
suggests strong couplings exist especially between the Xi-;nd tae ZB-axis. To

simplify the dynamic equations, it is convenient to cousider principal-axis

15



ORBITER COORDINATES

~~

TYPE:

ORIGIN:

Rotating, Orbiter referenced

Approximately 200 inches (5.1m) ahead of the —
nose and approximately 400 inches (10.2m) -
below the centerline of the cargo bay

ORIENTATION AND LABELING:

The X~axis is parallel to the centerline of
the cargo bay, negative in the direction of
launch

The Z—axis 1s positive upward in landing attitude

The Y-axis completes the right-handed system

The standard subscript is 0

Figure 7. Orbiter Coordinate System
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pointing instead of budy-axis pointing, e.g., pointing -Zp rather than

illustrated in Figure 8.

% -5.18°
xB
Orbit
,//f/—“’—_-_-__-"\.\\\~
Earth
Surface
Earth
Center

(XB, YB' ZB) -- Shuttle Body Coordinates

(XP, YP’ ZP) —- Shuttle Principal Axes

Figure 8, Shuttle Body and Principal Coordinates
(Payload-Bay Nadir Pointing Shown)

The orientations of the principal axes can be determined by rotating

the tody frame an angle a about the YB-axis, i.e., let B: XB -> Xp, then
cosa 0 ~gina
B = 0 1 0
sina 0 cosa
and
T
IP B IB B

1t can be shown that

-ZB as

) -

3)

. SBECBL P . - ’

W o st e

(%)



a=gtan | (g (%)
BZZ BXX

provided that IBXY = IBYZ = 0,

6 2 7 2
For IBXX = 1.36 x 10" kg-m", = 1.05 x 10" kg-m", and IBXZ =
5

3.49 x 10 kg-mz, the angle a = -2.18°, Therefore, in order to do principal-

g2z

axis nadir pointing, the shuttle has to rotate 2.18° about the orbit normal (see

Figure 8). The moments of inertia about thke principal axes are

6 7

I, = dtag (1.38 x 10°, 1.00 x 107, 1.05 x 10’), kg-n®.

c. ASSESSMENT OF DISTURBANCES

The shuttle motion is characterized in part by the environmental
disturbances, the major sources of which are the aerodynamic drag, gravity
gradient, gyroscopic effect, solar radiation, and on-board causes such as
astronaut activities, equipment vibrations, and venting. On-board activities
may be partially eliminated or reduced through mission planning and their
effects will be assessed in the future. Ia this subsection, the gyroscopiz
torques, the gravity gradient torques,and the aerodynamic drag torques are
estimated. The solar pressure is at least one order of magnitude less than
the aerodynamic drag forces and,hence,it is not included in this analysis.
C.1 The Aerodynamic Drag Torques

To estimate the aerodynamic drag torques, an approach referred to

as the three-plate model [6] has been used. Referring to Figure 9, let'ﬁi, n.,

and 33 be the urit normal vectors for the equivalent plates 1, 2, and 3.

Where ;;, ;é, and ;5 are in the direction of Xﬁ; Yﬁj and ZB-axis, respectively.

To express n, in body frame,

i8

1

- e
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.
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n

1 0
- ] .5'2- 1
0 0
‘4112"f'YB
Vehicle

X c.m.| o~

21

N

\.’Jl

(5)

2

a1
w

Figure 9. The Three-Plate Aerodynamic Model in Body Frame

Let A

pressure applies, and E}l' E}Z' and 653 the three corresponding centers of

pressure, respectively. The model assumes that the aerodynamic force applies

to each area in the direction oppcsite to the vehicle velocity vector and

assumes no shading among the plates.

coefficient CD i3 constant and the 1ift coefficient C

- T .
Let vg " (VBI’ Vgos VB3) be the inertial velocity vector in the

It is further assumad that the drag

L

is zero

body frame, with magnitude v. The force and torque applied on

F

T

where ¢ 1a the atmospheric density at the orbital altitude, u

1. 2 - = -
31 =~ G Gp v APy, up)] uy

- = 1 2 - -y - =
i = Tpy X Fg == G Cp vAD| (ag, wp] rp x v

B

B

Ai are
(6)
(7N
- ;ilv the

B

1’ Az, and A3 be the corresponding areas on which the aerodynamic

unit velocity vector, and rgy; the vectors of the center of pressure of Ay relative

to the vehicle center of mass.
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The total aerodynamic forces and torques on the vehicle are

3
- 1 2 - = -
Fy= 9, - GCp v a)| @, up |y (8
i=1
2 1 2
"fB = Z =G Cpv A | (n;, uy) | Tpy X Uy 9
i=1

The value of CD depends on the shape of the vehicle, 1In Ref., 7,
the values of 2.5 to 3.0 were suggested. The value of CD = 2.0 i3 used here
as it was used in Ref. 6 for Space Shuttle Simulation,

The atmospheric mass density p can be found in a JPL internal memo-
randum. For 1985 mission time, the peak density is expected to occur in Aprili
for the 400 km orbit; the densities are

2.64 x 10-1‘ kg/m3 (predicted) o

and
-12 3
3.77 x 10 kg/m (97.7 percentile)
The orbital velocity v for a 400 km circular orbit is computed as
v = 7669.60 m/sec or v> = 5.882 x 10 (m/sec)>. -

The plate areas, according to the attachment (SSFS On-Orbit Aero
Data, 7/24/80) to Ref. 6, with Cargo Bay doors open, are
ap = 119.45 o
Ay = 229.92 % (10)
A3 = 454.46 mz
However, a different set of values are given in Ref. 8.
A, = 64,1 mz

1

2
Ay = 212.7n (11)

Ay = 367.0 ?
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The values in (10) were used in this work.

1\

-

v

The position vectors rBi may be obtained using data given in Ref. 4
and Ref. 6. The values are,
r -y
3.797
tBl = ] m
- 0231
L .
.927
?BZ - 0 m (12)
- .742
B i
P -
1.166
rB3 = 0 m
~1.,074
L 4
The torques Tsi for the predicted density, are
“TB13%p2 * T12Yp3
-— -}
x - “ +
TBI 1.855 x 10 luBll Ta13%s1 ¥ Tp11%s3
“TB12"81 ¥ TB11%p2
-
T323Y82 ¥ Tp22%3 |
T o - -2 4. -
Tgp = = 3:570 x 10 " up,| 323981 T T21Y3 (13)
“Tp22%s1 ¥ TR21%m2
- + -y
TB33%s2 ~ TB32Y83
— -2 T ..., — T, ..U
Tyy = = 7.057 x 10 |uB3| 33331 B3l B3
- +
*p32%p; © TB3t'm2
- .
21
i > [ 22l T S
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In Eq. (13), the torques are known once the unit velocity vector u, is

specified, u

C.1l.1. Drag Torques for Configuration A

B

B varies with the pointing configuration and spacecraft attitude.

Referring to Fig. 2, since this is "-ZP" pointing, for nominal

attitude, the vehicle moves ia the XP direction. Let G} be the unit velocity vector

in the P-frame and let Aa be the rotation matrix due to a, then

- cosa 0

T = A G = 0 1
B a “p

-sina 0

|

| cosa

- 0
-sina

Since a(= - 2.18= -,038 rad) is small,

Using Eqs. (12),(13), and (15), and

Tp = Z Aq Tgy

i=1

sina 1
0 0
cosa 0

(14)

(135)

(16)

the terguzs in the P-Frame, for nominal attitude, are

0
oy -3
T, = 19.84 x 10

v N-m
0

For small attitude errore, $, 8, and ¥, from the rotating orbital frame,

22
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where,
1 ¥ -8
A= |-y 1
0 -4 1
and
1
IIB = A: Alo
0

(20)

Using Eqs. (12), (13), and (20), the predicted aerodynamic torques become, by

retaining only the first order terms, in N-m,

3
TP -Z AaTBi
1=1
4.29 x 1070y
-3 -2 -2 -2
= 14,29 x 10~ + 7,04 x 10~ (8-¢) + 7.58 x 10 “|e-a| + 2.65 x 10 |y|

I]’°" x 1072 )

C.1.2. Drag Torques for Configuration B

(21)

Referring to Figure 3, under this configuration, XP is in the Nadir

direction and Y, is in the direction of motion for nominal attitude.

P
0
% 1
0
0
- T —
ug = Ay Yp
0

and from Eqs. (12), (13), and (23),

3
T = z AThy

i=1 -

23

[ - -

In this case,

(22)

(23)
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-3.96 x 10~2

= 0 N-m (24)
4,53 x 1072
In the presence of small attitude errors, ¢, 6, and ¥, the aero-
dynamic drag torques are

2

-2.45 x 1072 = 7.58 x 1072]|~4.29 x 1073¢}+3.31 x 10 %a

P = -3.31 x 10726 + 2.65 x 10~y (25) (25)

2

~(3.31 x 1072 + 8.23 x 1072[¢|+7.06 x 107%|y|+2.65 x 10~2a)

C.1.3. Estimation of Disturbamnce PSD
Before the PSD's are estimated, the uncertainty part of the distur-
bance torques has to be determined. The torques of Eqs. (21) and (25) consist
of static parts and the dynamic parts. The dynamic parts are functions of the
attitude errors 9, 5, and Y. The attitude errors are assumed to be random and time- ‘:
varying with standard deviation of 1° (.01745 rad.) per axis. Therefore, the |
estimated valies of the random disturbance torques are, for Configuration A

— -l
7.48 x 10" |

°c = 1.86 x 1073
Tpoa 1.23 x 1072

Vbevas 2o

=
[]
]

)

Y

(26)

and that for Configuration B are,
(1,33 x 1972
- 7.40 x 10°* | N-m (27)

| 1.89 x 107 |

o
Tep

aand the corresponding PSD's are cbtained by the following approximation with

the correlation time of T = 180 seconds,

Q. = 2T (Ei )
PA PA

24
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N

2.01 x 10°°
-3 2
- 1.25 x 10 (N-m)“ -~ sec (28)
S.44 x 107
- 21 (@)
PB PB
6.32 x 1074
= 1.97 x 10-4 (N-m)2 - sec (29)
1.29 x 1073
C.2 The Gravity Gradient Torques and Gyroscopic Torques

The gravity gradient torques and the gyroscopic torques can be

estimated using the following equations, respectively.

O A R
gP o U“re P “re (30)
and
Tere ™ “op * Hp ™ Yop Tp Yop (31)
Where :RP and Eop are the unit earth vector and the spin velocity vector,

respectively, in, principal frame, and Uep is the skew symmetric matrix of the

vector u,.. For Configuration A,

RP r~
|
th = A)O (32a)
1]
-0.,
EoP - 1| a (325)
o]

and for Configuration B,
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- Tt r— > Ao

;ir =A 10
’ 0
L

- 0
oP A

a8

-0-1

-1

(33a)

(33b)

the correspcnding torques, to include only the first order effect, are, for

Configuration A

and for Configuration B

-

gP = -3 wy (

(

(Tpzz ~ Ipyy)?

(Ipgz = Loy’

0

:

-(1 Io)¢

PzZ = PYY

G

(1 S 17

PYY = “PXX

(1

I I...)6

PZZ ~
Ipxx = Tpyy)?

- ]
(Ipzz = Tpyy) ]

pzz ~ lpxx)®

0

1.92 ¢
33.11 9

0

- 35.03 8

43.71 ¢

~-.64 ¢
11.68 6

0

(34a)

(34b)

(35a)

(35b)

Since the gravity gradient torques and gyroscopic torques are propor-

tional to the attitude errors, they may be included in the equations of motion
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as part of the vehicle dynamics rather than disturbances to the plant.
D. THE MISALIGNMENT AND MEASUREMENT NOISE

In this subsection, the errors that will contribute to pointing
uncertainties are estimated. These error sources include the misalignment
errors of the IMU and the IS instrument, and the sensor noise.
D.1 The Misalignment Errors

Let b,. be the misalignment between the IMU and the shuttle reference

MS

frame; let bSI be the misalignment between the shuttle and the imaging spectro-
meter reference frame.
Based on the space shuttle perfcrmance requirement [5], the IMU 30

misaligument uncertainty is i_.133°/axis, hence,

0. = .044°/axis = 159.6 arc-sec/axis (36a)

bMS
However, based on a JPL internal memorandum, the shuttle flight test performance

is much better,

= - 36b
Tus 82 arc-sec/axis (36b)

The performance data Zq. (36b) was used in this report.

The misalignment data for the IS instruzent is not directly available.
Based on Ref. 9, the estimated LANDSAT D initial alignment bias between the sensor
optical axis and the vehicle pointing vector was + 200 arc-sec. The alignment
bias can be measured before launch and can be removed from the image data. The
variation part that cannot be remcved without ground control points was estimated

as + 30 arc-sec. This latte: -Tumber was used in this work,

O, = 30 arc-s. .8 @n
SI
Therefore, the total misalignment error becomes
2,172
g = (ab2 + gy ) /
bo MS SI )
= 87.32 arc-sec. (38)
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D.2 The IMU Model

The sensor dynamics for the shuttle IMU was modeled approximately

by the first order low pass filter as shown in Figure 10.

+

—_—1 1 —
1+ 1s +N
\'4

Figure 10.Simpl.fied IMU Model

Where T is the time constant and v the white gaussian noise. The time constant
was estimated from a DRIRU II Mcdel,

1 1
= ;: Tan = .023 sec _ (39)

That is, this measurzment is assumed to have a 7 Hz bandwidth.

To determine v, from Ref. 5, the 30 IMU readout error is + .C73%/axis.”
Assuxme that the mé_nsuremenr. noise is the readout error, then

g, = .0243%/axis = 87.6 arc-sec/axis (40)
However, the actual pcrformance c¢f the shuttle IMU was much better; it has a
15 gyro resolution error (URESO) of 20 arc-sec/axis. If we assume the random
noise has the same amplitude as tnat of the resclution noise, then

a, = Z 9RESO (41

The corresponding measurement noise PSD, R, is estimated as,

~ /1 2
R 2 llnr) 9% -
= 8,55 x 10-10 (rad)"' -sec (42)
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" smaii rall, pitch, and yaw angles, respectively. Let w = (w

E. SHUTTLE DYNAMICS AND INSTRUMENT POINTING ERRORS
E.l The Equations of Motion

Consider Configuration A. For simplicity, the subscript P for
principal axes is dropped frrm all equations. Again, let ¢, 8, aad ¢ be the
%* Yy UZ)T be the
angular velocity vector of the shuttle, thewn for small attitude errors, .
w, = 5 + ¢ wy
w, = 0 +uw (43)

Yz, = % - ? wo

@ 3 e

(44)

mZ V- Yo
With this simplified relation between the inertial rates and the attitude error
rates, one can show that the equations of motion may be summarized as follous,

accounting only for first order effects:

. 7 . _ 2
Ix¢ + (Ix - IY + Iz) w,¥ + 4 (;Y Iz) Wy P

.. 2 -— —

IYG +3 (Ix - IZ) w, ) = Td + Tc (45)
- . s - 2,

v - \Ix - I+ IZ) w,® (Ix IY) w Y

The left-hand side of Eq. (45) accounts for the body dyramics ana the gravity
gradient and the gyroscopic torques; and on the right-hand side of Eq. (45) ?A
and E; are the disturbance torques and the control torques, respectively.
E.2 (he Space Shuttle State Estimator

The Shuttle State Estimator ccnsists of two parallel Kalmarn-type
filters, one for acceleration estimation and one for rate estimation [10].
The attituage estimate is the extrapolation of the measured attitude and the rate

estimate may bte approximated by using a second order filter with parameters
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determined by the filter gains. Wich the current baseline filter data, the
equivalent damping coefficient and the corner frequeacy for the rate filter are

.8 and .04 Hz (for vernier rate filter), respectively {l1].

E.3 Th2 Syetem Pointing Errors
E.3.1. The Fitch Loop (Configuration A)
From Eq. (45) and ignoring the initial conditions, one has the

following output function,

§(S) =

1,52 + 3i, 2 (1-1) Tay * Tey) “e)
Y o X "Z
Figure 11 shows the open-loop block diagram for the dynamics of the instrument
pointing error excited by the random disturbances. Included in the diagram are
the dynamics of the vehicle, the IMU, and the rate filter. Measurement error
and the misalignment error are also included.

E.3.?. The Roll and Yaw Loops (Configuration A)

The output equations for the coupled roll and yaw dynamics are, from

Eq. (45)
6(S) LS% + w2 (I-1.) -w (L-I.+1.)S T
1 z o IyIy o' Ix~ Iyt X
| DO (1-I+I)S 1.8% + 4w 2 (@~ T @
¥ wy Ux=ly™y X wy (Iy-1; 2
where
D(S) = II s*vo & (1,141 231,131 2)52+4m "(I -1)(I-1,)  (48)
x1zS v, (Ixlztly +31,1,-3L, o ik Uyl
and
Ty = Tog + Tyx (49a)
T, =Tz + Ty (49b)

Figure 12 shows the block diagram for the roll and yaw instrument error dynamics.

The block diagrams for the pitch and the roll-yaw loops are similar except for
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the coupling terms for the roll and yaw axes.

Randon Measurement Misalignment
Disturbance Error Error
TdY v bo
+ + + 9
+ 1 1 + I
Tey 2. 2 g :
- 1S +
Control IYS +3m° (IX IZ) S 1
Torque Pitch Vehicle MU
Dynamics Dynamics

Figure 11. Pitch-Axis Block Diagram (Configuration A)

E.4 The Instrument Pointing Error PSD

E.4.1 The Pitch Error 2SD (Configuration A)

S w 2
T

2
S +2CrwrS + mr

2

Simplified
Rate Filter
Model

The PSD's for the pitch-axis instrument pointing error and the rate

error are,

2 §(w)

Pe(m) = Fe*(m) Fe(w)QY + R + Obo

Pyw) = (Fg*(w) Fg)Qy + R) H_"(w) H_(u)

(50)

(51)

where QY = QT Yand QTPAY is the second component of Eq. (28)4and where R, and

PA
%o
and where,

Fa(u) = Ge(m) H(w)

1
G,(w) =
’ [Iysz +3 0, 1) :l

S=3uw
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are defined in preceding sections, and 8(w) is the Dirac delta function;

{52a)

(52b)
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1
8 = 73717 5my0 (52c)
Fg*(w) = Fy (=) (524)
S wtz
H_(0) = (52e)
r $2+ 208 +w’ |Sefu
rr T

-4

The output power spectral density for the system is closely related
to the frequency response of the system,which characterizes the steady state
dyrvamics of the system, and,hence, it is meaningful only if the system is
astable. Unfortunately, in Eq. (52b), Ix< Iz which implies that the system is
unstable. The destabilizing term comes from the gravity gradient because the
nadir pointing axis is not the axis of minimum inertia, To proceed, one has to
consider the gravity gradient as external disturbance rather than a part of the
dynamics. Figure 13 shows the instrument pointing error PSD in (rad)z-sec as
a function of frequency in Hz. Figure 14 shows the rate error PSD in (rad/sec)z-sec
as a function of frequency.

E.4.2. The Roll and Yaw Error PSD (Configuration A)
The instrument pointing error PSD's for the roll and yaw axes are,

P¢(w) = F;(w) Fg(w) Q + F;w (w) FW W) Q
+ R+ cio §(w) (53a)
Pw(w) = F;(w) F‘b(w) Q, + F;w (w) Fw (w) Q

+ R+ %o 8(w) (53b)

and the instrument pointing rate error PSD's for the roll and yaw axes are,

Ps(w) = [F;(w) F¢(w) Q + Fgw (w) Fw(w) Q + R} BX(w) Bt(u) (54a)

33

[\PIN

(o)



Pi(a) = [FA@) F () Q, + F& (W} F, () Q +R] () B (w) (54b)

¥
where
F¢(u) = G¢(m) H(w} (55a)
. ' 1, s*+ uoz(Iy-Ix)
G,{w) = 578 S=1u (55b)
F¢w(u) = G¢w(u) H(w) (56a)
wo(Ix-I +Iz)
Gy @) = O] Js-jw (56b)
Fv(m) = Gw(w) H(w) (57a)
1%+ amoz(xy-lz)
G, () = 5 Jsmto (57b)

ard Q_ and Q, are the first and the third components of E&PA in Eq. (28). ;
For the same reason discussed earlier, the roll and yaw dynamics are
also unstable (referring to Eq. (48), D(s, h;s tcots in the right-half complex
plane). The PSD's for this case are obtained again by treating gravity gradient
and gvroscopic torques as disturbances. Figures 13 and 14 show the roll and yaw g
power spectral demsities. .
E.4.3. The Error PSD's for Configuration B
The stability problem may be resolved by reorienting the shuttle
from payload-bay nadir (Configuration A) to nose-down nadir (Configuration B).
The advantage of this new configuration is that it is a gravity gradient stabi-
lized system. However, there are drawbacks for this configuration. First, it
will require a larger support-tower for the IS instrument, and the second drawback

ig that the aerodynamic forces and torques have increased significantly over the

payload-bzy nadir case.
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Figure 13. Instrument Pointing Error PSD, (rad)z-sec
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_ Figure 14. Instrument Pointing Rate Error, (rad/sec)z-séc
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To obtain the error power spectral density for Configuration B, it

X

is only necessary to replace [Y and the corresponding notations of the equa-
Y|L2

tions in this section by -Z] . That is, for instance, Eq. (52b) becomes,
-XJB

. 1
Gy () -l‘ . (s8)
® Ltzs2 +3 0 (11 | seu

where Ga(') here stili represents the pitch dynamics. GSince IY > IX’ Eq. (58)
1; stable.

The instrument pointing arror P3D's are shown in Figure 15 and the
vate error PSD's are illustrated in Figure 16.

The ccmputer programs that are used for generating these results are

included in Appendices C and D.

F. SUMMART OF MAJOR FINDINGS
F.l The Major Environmental Disturbances
- Y

The major disturbance sou:ces_iha: are modeled are the aerodynamic
drag torques, the gravity gradient torques, and the gyroscopic torques. The
unmodeled disturtances are the solar pressure torques, the on-board equipment
vibrations, crew motions, and venting. Table 2 shows the static disturbance
torques in N-m and the stochastic torque PSD's in (N-m)z—sec for both Configura-
tions A and B witn a circular orbit of 400 km altitude.

F.2 The Measurement Uncertainties

The modeled measurement uncertainties are susmarized in Table 3.
F.3 Ground Track Errors and Navigation Uncertainties

The power spectral densities for the ground track errors and the rate
errors due to instrument pointing uncertainties for Configurations A and B are

showa in Figure 17. 1t is important to note that strong resonances occur within
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the frequency band of 10-5 Hz to 10.'3 Hz. The ground track errors at higher
frequencies, .0l Hz and above, are dominated by the measurement noise. Recall
that the 1o measurement noise is 28.28 arc-sec/axis. The corresponding ground
track error is 54.84 m/axis or 77.56 m/lateral motion.

N 'Tﬁe 30 éround track errors due to navigational uncertainties are
about one order of magnitude greater than the attitude errors with the aid of

TDRSS; and the error is greater with STDN as indicated in Table 4 [12]. Note

that the values tabulated in Table 3 are the 3¢ rms values.
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Table 2. Modeled Environmental Disturbances
Static, N-m Stochastic -- PSD, (N-m)z-sec h
Sources xP YP ZP XP YP : ZP V
2 -6 -3 YA 4
Aerodynamic Config. A 0 -.68x10 0 2x10 1,210 ° 5.4x10 . '
Drag =3 : =2 "y -4 -3 .
Torques Config. B |-2.78x10 Q -3.21x10 6.3x10 1.9x10 1.2x10 ¢
Gravity :
Gradient and 0 0 0 Proportional to attitude errors ,
Gyroscopic ! ¥
Torques {
{

Table 3. Modeled Measurement Uncertainties
Sources Performance (lo) Requirement (lg)

IMU/Shuttle Misalignment
IMU Resolution

IMU Noise

IMU Derived Rate

Rate Gyro

82 arc-sec
20 arc-sec
(20) arc-sec

See filter

160 arc-sec
20 arc-sec
dynamic model

60 arc-sec/sec

Shuttle/IS Misalignment (lo)

30 arc-sec

‘e
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. Table 4, Expected On-~Orbit Navigation Accuracies (3a)

DESCRIPT LON
- L
ey || posmon, wen e, res
CASE SYSTEM | PERTURBATION | n.mi. lRADIAL DOWNTRACK  CROSSTRACK RADIAL  DOWNTRACK  CROSSTRACK
1 STDN* NOMINAL 105 5,000 34,500 5,000 38.4 5.9 9.8
TDRSS** 105 3,600 18,500 4,000 22.1 3.3 4.0
2 STDN SMALL 105 3,000 22,000 1,500 " 24.6 . 3.3 2.0
150 1,200 5,500 1,000 5.8 1.3 1.8
. TDRSS 105 1,800 10,000 2,000 11.0 © 1.8 2.9
s 150 800 2,000 1,500 2.2 0.9 2.1
R 3, STDN LARGE 105 8,000 80,000 5,000 91.2 . 8.0 8.0
~ . ;" TDRSS 105 6,000 50,000 5,000 56.0 6.2 7.8
NOTE:

The correlation between downtrack position and radial velocity is -0.95
The correlation between radial position and downtrack velocity is -0.80

* Spaceflight Tracking and Data Network

** Tracking Data Relay Satellite System
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IV. PARAMETRIC ANALYSIS OF GEOMETRIC ERRORS

In zection IIX, the steady state error dynami:s of the Shuttle Imaging
Spectrometer system has been analyzed with the major error sources and disturbance
effects estimated. In this section, the emphasis is on the geometric error analysis.
Geometric errors are consequences-of the more direct errors including attitude and
rate errors, ephemeris uncertainties, misalignment errors, earth rotation and
curvature, etc. Figure 1 shows how the varicus errors propagate and how the geo-
metric errors and the groundifattern distortions can be generated through dynamic
analysis and simulation. The block that is considered in this section is II. Due
to mounting and other practical considerations, only the payload-bay principal-
axis nadir pointing configuration is considered (see Fig. 2).

The geometric error wapping functions due to the individual error
sources as well ag the aggregated errors are derived. The earth zurvature effect is
incorporated in all of the results. For the purpcse ;f quick reference, the key’
mapping functions are tabulated in Appendix A. - A list of the source code of the ]
cemputer program that has been used for generaking the geometric error characteris- l

tic curves is given in Appendix E.

A. COORDINATE CONFIGURATIONS

. .
¢

In Fig. 18, the coordinate frame (XP,YP,ZP) on the Shuttle c.m. con-~ .
sists of the principal body axes. For the purpose of geometric analysis, another set
of coordinates is used, i.e., the (X,Y,Z) frame centered at the nadir point on the
ground. This frame is the nadir projection of the orbital rotating frame centered
at the Shuttle c.m. Specifically, the X-axis is in the direction of the projected

motion on the ground, or the along-track diraction, the Z-axis is in the nadir direc- !

tion, and the Y-axis is in the cross-track direciion,so that a right-hand coordinate

. % -« -~ ~ " -
-~

systén is formed. . " P . b o

om Bufams

For the purpose of this report’, it 'is assumed that the Imaging Spectro-

meter is attached to the payload bay with its optical axis aligned with the body
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Zp-axis. For normal IS operations, this is the desired configuration. However,
for some IS experiments, such as those for aceeseing the atmeenheric effects on
the images, the IS instrument is required to point up to i§5° about the pitch
axis (Y) from nadir (forward and backward looking) or up to 1200 about the roll
axis (X) (side looking). For those cases, it is assumed that the instrument is
gimbal mounted. However, since the analysis performed here is not primarily con-
cerned with dynamics, no specific -details are made at this time reéarding mounting
configurations.
B. GEOMETRIC ERRORS INDUCED BY EPHEMERIS UNCERTAINTIES

Ephemeris uncertainties include radial, along-track, and cross-track
prediction errors. The geometric errors induced by ephemeris uncertainties are
discussed in the following subsections.
B.l Geometric Errors Due to Altitude Uncertainties

When the altitude of the shuttle varies, the ground point will shift in
both the X and Y directions accordingly. This can be investigated in the following
two ways. - -

B.1.1. With Fixed Viewing Angles

Referring to Figure 19, when the shuttle fiies at nominai aititude h
(position A), a grouand point B with coordinates (Xo, Yo) corresponding to a view
angle X from the shuttle IS is located. After the shuttle elevates Ah to position
A', point B' with coordinates (Xo', Yo') corresponding to the same view angle A
1s located. The problem is to determine the shift of image due to the altitude
change. Consider that when the altitude increases, the image of ground objects
tends to move toward the nadir point,which causes reduction in image size and in-
crease in field of view., Mathematically, the shift of image may be characterized
by computing AX and AY, where
AX = Xo - Xo'

AY = Y - Yo' . .
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Starting by assuming (Xo, Yo) known, the task is to determine Xo', Yo')
by first computing the view angle A. Figure 19b is generated by taking a side

view from Fig. 19a in the direction perpendicular to Plane A’AOCeB'. Apparently,

\/on + Yoz = R sin8

X

___‘.

GROUND AREA COVERED

WHEN SHUTTLE |

NOMINAL AI.TITUDE (POSITION
A IN FIGURE 4 (b))

ax

! = —
x °‘ ,uo P B :
o

! ,

L. | " i
GROUND AREA COVERED Y

WHEN SHUTTLE IS AT ° .
HIGHER ALTITUDE (POSITION A* .
IN FIGURE 4 (b))

¥<

Y

LEGEND:

8 = A GROUND POINT CORRESPONDING TO
VIEN ANGLE X WHEN SHUTTLE IS AT
NOMINAL ALTITUDE (POSITION A IN FIG. 4(b))
B' = THE GROUND POINT CORRESPONDING TO
THE SAME VIEW ANGLE AFTER THE SHUTTLE
ELEVATED Ah (POSITION A' IN FIG. 4(b))
(x,, Y,) = COORDINATES OF POINT B

(X, o') = COORDINATES OF POINT 8'
AX, AY =X AND Y COMPCNENTS OF THE POSITION CHANGE

(a) TOP VIEW (LOOKING TOWARD NADIR)

-

() .

%~ ! _TFigure 19: "Ground Point Shift in X and Y Direction .due td Altitude Ertor
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LEGEND:
h = NOMINAL ALTITUDE
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A = SHUTTLE'S POSITION AT NOMINAL ALTITUDE
A' = SHUTTLE'S POSITION AFTER BEING ELEVATED Ah
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Figure 19. (Continued)
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.. .

or - .
’ 2 2
8 = sin | (M) (59)
R
and
a=180°-1-8 (60)
From triangle ABCe, we have
R__R+h (61)
sin A sin a
Substituting Eqs.(59) and (60) into.(61), it becomes
R . _ R+ h
sin A
’ 2 2
sin [180° - X - sin 1(——}9—-5'-}-2-)]
which leads to
’ 2 2 s
tan A = Xo~ + Yo
R+h-‘ﬂl2-on—Y02 _ "{-‘;:.'
hence, -
, 2 2
A = tan-l Xo + YO (62)
-3
R+h-JR2- Xo? - Yo? =
'2 l2 1 ] L]
To determine J Xo + Yo', triangle A'B Ce is used,
R - R+ h + Ah
sin A sin a'
2o = sin ) [(1 +ﬁ-§-—&) sin A] (625
!
and
———
\j'}(o'2 +Yo'? = R sin 8'
= R sin (A + a') (64)
. T - &> - - '3
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Substituting Eq. (63) into (64),
Xo'z + Yo'z = R sin {A + sin [(1 +h;—Ah) sin A]} (65)

Expanding the right hand side of Eq.(65), and adopting the "-" sign for

cos {sin-l [(l +h+Ah') sin A]}, since 90° < sin”’ [(1 + h%h-) sin A] < 180°,

one has

R

Z
}.’o'z + Yo'2 = R [(l +h—;-A—h-) cos 1 -Jl - (1 +h—+A£) sin2 A]sin A
. (66)

Now, referring to Fig.19(a), since B' is on the line OB, the angle ¢ is
determined by

Yo
Jon + Y02

1 Yo
2

JXo2 + Yo

Hence, from Eqs.(66) and(67), )

Xo' =JXo'2 + Yo'z s5in p y ‘

2
_ R¥o sin A [(l+h+Ah) cos 1 _\ﬁ_ (1+h;Ah) sin2 )\] (68)

R
Jon + Yo2
Yo' =JXD'2 + Yo'2 cos p

2
h + Ah h + Ah 2
1+ T—) cos A -f - (1 + ;—) sin )‘] (69)

where A is obtained by Eq.(62).

p = sin-1

(67)

= COos

- RYo sin A

on + Y02

="

Hence, from Eqs. (68), (69), and (62) the values for AX = Xo - ¥o' and

AY = Yo — Yo' can be obtained.

Fal
L
Y
~»
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When point A' is below point A, the negative value for Ah should be used in
the above equations.

However, if one starts with given view angle Aand p, the values of Xo, Yo,
Xo', and Yo' can be readily obtained using Eqs. (68) and (69) directly (set Ah
to 0 for Xo and Yo). ot

B.1.2 With Fixed Ground Points

Referring to Fig.20, the view.angle for the fixed ground point B will

change as the shuttle altitude varies. Follow the same approach of paragraph B.1.1,

the view angles Q and Q' can be found,

7. 2
Q= :an’l( Xo * Yo ) (70)
7
- Yo

R+h-JR2-Xo

and ,
a° a tan-l ( on + Yo2 ) 1) ;f.
R+ H +2h - JR® - o - Yo© o

Using Eqs. (70) and (71), the value of AQ = Q' - Q can be obtained. Again if .
point A' is bel;Jw point A, the negative value for Ah should be used in the above L
equations. .-:.j

B.2. Geometric Errors Due to Intrack and Crosstrack Prediction Errors

The intrack (alcng ¥-direction or direction of orbit) and the crosstrack
(along Y-direction or "-" orbit normal direction) prediction errors will cause the
ground objects to shift along the X and Y directions, respectively, as shown in
Fig.2l. To determine the overall geometric errors associated with ephemeris
uncertainties, the intrack error AX* and the crosstrack error AY* can be incor-

porated in AX and AY found in Section B.l.l, respectively.

= -7  § "
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LEGEND:

Q = VIEW ANGLE FROM SHUTTLE TO POINT 8B
WHEN SHUTTLE IS AT NOMINAL ALTITUDE h

Q' = VIEW ANGLE ROM SHUTTLE TO THE SAME
POINT B AFTZR SHUTTLE ELEVATES Ah

. <
< LS . . -

~ Figure 20. Change of View Angle of a Ground Point due to Altitude Error
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C. GEOMETRIC ERRORS INDUCED BY ATTLITUDE UNCERTAINTIES
Attitude uncertainties refer to the angular errors with respect to
the nominal roll (¢), pitch (6), and yaw (y) axes. The effects of these errors

to the images of ground objects are studied in this subsection first on the indivi-

dual error basis and then on the aggregated basis. For convenience, in the subsequent

discussions, the term nominal flight condition will be used to signify the condi-
tion of the shuttle flying in a 400 km circular orbit with the attitude of payload~-
bay nadir pointing.
c.1 Gec setric Errors Induced by Roll Error

Referring to Fig. 22, comsider the nominal flight condition with %
offset angle about the roll axis. The IS slit in this case is directed at the
Y-axis on the ground. For a given view angle A, the image point (or pixel) on the
ground is P with coordinates (0,Y*). For the same roll offset and view angle the
ground point P; is located after a roll error ¢ is introduced. The coordinates
of P; are (0, Y*'). Equivalently, by rotating the optical-instrument to the "left,"
the image recorded on the film appears to move to the "right.” Therefore, the
geometric error may be defined as the dispiacement of the object image after error
is introduced relative to the image before the error is introduced. Mathematically,
this is F; - F; or ikb'x - 3;°+¢’x . Since, in the case being considered, the
image is on the Y-axis, one has

AX = 0 (72)

AY = Y* - Y*! (73)
where Y* and Y*' are,

2
Y* = -R sgin (X+¢°) [(1 +%)cos (A +¢°) -Jl -(1 +%) sin2 A+ ¢°)

. (74)

- . ¢ -
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Figuré 22. Shift of Ground Point Induced by Roll Error
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Y*' = -R sin (A + ¢°+¢) [(l +E) cos (A + ¢o+¢)

R
n\2 . 2
- 1-(1+—) sin®> (A +6_+ ) (75)
R o
c.2 Geometric Errors Induced by Pitch Error

Consider the case of pitch attitude error. Let eo be the offset angle about
the pitch axis (desired attitude), and 6 be the pitch error. Referring to Fig.23,
for a given view angle A, projecting the slit onto the xf:plane forms two line
segments: BC, corresponding to null pitch error {8 = 0), and B'C’, correspond-
ing to arbitrary pitch error 6. Projecting along the line of view AC onto the
ground, P(X*,Y*) is obtained; similarly, P'(X*',Y*') is obtained,corresponding to
line of view AC'. The geometric error here is defined the same way as that for

the roll case, i.e., Pg A Pe +9,1° °r
0 o

AX = X* ~ X*' (76)

AY = Y* - Y*' ’ . an

The formulae for computing X*, Y%, X*', and Y*' are derived as follows. In
Fig.23, assume that h, 6, 80, and 1 are known. The lengths of the line segments

OB and OB' are

OB = h tan 8, (78a)
and
0B' = h tan (8, + 9 (780)

and that of AB and AB' are

E-—0_ (79a)
cos eo

-_ h

T —— (
cos (eo + 9) (79b)
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TO THE SAME AAND 8, AFTER
PIfCH ERROR 8 IS INTRODUCED

Figure 23. shift of Ground Point Induced by Pitch Error
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BC and B'C', with respect to Y-axis, can be obtained as

-h tan A

BC = -AB ran A = p eo (80a)
and

TET - R . =h tan A T )

B'C AB' tan A ———cos(ao+6) (80b)

implies that the signs of BC and B'C’ are opposite to that of A. 2 and &' are,

referring to Fig. 23,

2 =JEB-2 +BC = h sec e, Js:!.n2 o, + tan® A (81a)

and

L' ‘JO—B,Z + B'C'2 = h sec (90 + 8) Jsinz (60 + 8) + t:an2 A (31b)

the angles t and £ (see Fig.23) can then be determined,

T =tan ! (.3‘-) = tan } (sec 9 Jsinz 9 + tan? )\) (82a)
h o o
and h i e )
- ' -
& = tan 1 (-g'—') = tan 1 [sec (9 + 8) . sin2 (e 4 3) + tanz X] (82b)
h o o 4
Finally,
X% = x*?' < -1*2 %’i

r 2 sin v sin 3
= R Ul + %) cos T -f - (1 +%) s1x'|2 T - (83a)

Jsin‘ 5+ tan® A

x = Jxa? + ya? BC
h2 2 in T tan )
= -R (1 +-§) cos T - - (1 -rﬁ) sin® - Sin T tan A (83b)
2

.2
Jsin® 3+ tan” A
o
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xxr = Jxw? 4 Y'z—g?'
2 sin £ sin (8 + @)
.R[(l+%) cosg-J -(1+%) sinze] o

sin2 (e° +8) + tan2 by

(83¢)

vh w frwZ 4 yarE EE

sin £ tan A

= -R [(1 +%) cos § -Jl - (1 +%)2 SinZEJ

- J;inz (6o + 98) + tanz A
(83d)

However, if one starts with (X%, Y*) given, then A and 80 would have to be com-

puted. In that case,
- *
)\s—tanl Y T
(R+h-JR2-x*2-Y*2) /1+( X2 )
R+h - R - x42 - v#?
(84a)
and
6, = t:au-1 X* (84b)
2 2

R+h—JR2-X* - Y

Once A and eo are determined, T and ¢ can be computed using (82), and X*'

and Y*' are determined using (83).

c.3 Geometric Errors Induced by Yaw Error

For a given yaw offset angle, ¢ _, and the view angla, ), the ground point

0’

P(X*, Y*) is located. A new point P'(X*', Y*') is found as yaw attitude error,

¥, is introduced (see Fig.24). The values for X*, Y*, X*', and Y*' can be com-

puted as follows:

{85a)

2
h . h\~ 2
Xk = [(1 +~§) cos A —1/ - (1 + R) sin %] R sin A sin wo

e LA

.)J.. -,




R .
- N *"\

LEGEND: —

‘Po = YAW OFFSET ANGCLE ' P :f‘:~’~

¥ = YAW ERROR ' ~—-
P = THE GROUND POINT CORRESPONDING TO VIEW ANGLE XAND YAW OFFSET 1’0 - -

P' = THE GROUND POINT CORRESPONDING TO THE SAME X AND ¥_ AFTER VT
YAW ERROR ¥ 15 INT..ODUCED ° t —_——

Figure 24. Shift of Ground Point Induced by Yaw Error
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and

From Egs.

C.4

C.4.1.

(¢’ 69 w)’

sequence.

R sin X sin (wo + ¢)
(86a)

n\> . 2
- (1 +<§) sin " A| R sin X cos ¢_ (85b)

e
Y*' = - I:(l+%)cos)\-_\jl- (1+%> sinzi\]Rsinkéc?s_(w(;+¢)'
(86b)
(85) and (86), we can obtain
AX = X* - X*'

AY = Y* - Y&

Geometric Errors Induced by Roll, Pitch, and Yaw Attitude Errors

The Shift of IS Line-of-Sight due to Attitude Error

Referring to Fig.25, the shuttle is flying at an arbitrary attitude
Consider the 3-2-1 sequence, i.e., the yaw, pitch, and roll rotation

After yaw and pitch rotations, the Imaging Spectrometer line-of-sight

will shift to AB, where B(X;, Y,) is its intersection with the XY-plane. The

&1, Yl)coordinates are determined as follows:

Through a roll angle rotation, point B will move to C(Xz, YZ) on the XY-plane,

X, = Xo +h tan § cos ¥ (87a)

-
[]

Yo + h tan 3 sin ¥ (87b)

tan ¢ sin (88a)

X, =X 4+ h tan 9 cos ¢y + h
[+] cos 8

tan ¢ cos ¥ (88b)

h
cos B,

Y, = Yo +h tan 9 sin Y -




4

5
'; EARTH
X
(TANGENT TO PROJECTION
THE PROJECTION OF THE ORBIT
OF THE ORBIT)

Figure 25. The Shift of Ground Projection of the IS Line-of-Sight due to
Attitude Ezror
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-

o determine the coordinates of 0'(X,Y) corresponding

The interest here is t
to the final line-of-sight projected onto the ground. By taking a view normal to
The quantities e, £, and o are obtained as

the ACO-plane, Figure 26 is obtained.

follows,
X+ Y
-1 2
£ = tan T (89 a)
h w2 .2
2 = Rsin € (1 + -ﬁ) cos € - - (1 + _ﬁ) sin" ¢ (8%b)
and h
Y X
! 2 (89¢)

af B
p = sin = COS
3 7 .2
J%*Yz X+ Y

Kence, the coordinates of X and Y are,

2
2 cos p = Rsin ¢ [(l +,%) cos € —Jl - (l +%) sin2 e]
2 2
. X +Y2

X =

2 Y

Y = 2 sinp = Rsine 1+b_ cos € —_|1 - 1+b- smza 2
R R >
}:2+YE

where X2 and YZ are given in Eq. (88).

Note that this deriva
1.e., replacing

if one replaces the attitude errors with errors plus offsets,

¢, 84and ¥ by Qo + ¢, Bo + 9, and ""o + U, respectively.
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Figure 26.

Side View of Figure 25
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C.4.2. The Shift of Ground Image Due to Attitude Error

For simplicity, ¢, 6yand ¢ are used to represent the attitude angles

as sums of attitude offsets and attitude errors. To fix the derivation, the

e

. yaw (9), pitch (8), and roll (¢) Euler sequence is assumed.

In this subsection, the results of subsection C.4.l1 are extended to cover the
entire field of view of the IS slit. First consider the case of a nominal flight
with zero attitude offset. Referring to Fig.27, let O be the nadir point which
is the origin of the XY-Frame and the X'Y'-Frame. The X'Y'-Frame is formed by
rotazing the XY-Frame through an angle y about the yaw axis. Let P be a point
corresponding to a view angle A (negative value shown in Fig. 27 ) on the Y-axis
before any rotation occurs. After a ¢ rotation, for the same view angle, the IS
is sighting point Pl’ Similarly, after a pitch (8) and then roll (4) rctationm,

the points P2 and then P3 are sighted, respectively.

PRSPV

[ '}

The coordinates of Pz in the X'Y'-Frame are, from the results of subsections C.1

and C.2 and Fig. 23,

2
- h - I - h 2
, R sin 6 sin &y [(1 + R) cos 52 Jl (1 + R) sin 52]

X) = (91a)
2 2 2
Jsin 6 + tan” A

2
R tan * sin 52 [(I +%) cos 52 —J - (1 +%) sinz 52]

[ J (
Yz (91b)

Jsinz 9 + tan2 A

where the angle 52 is the angle E defined in Fig. 23 corresponding to point PZ

here, and
' €, = tan ' (sec o Jysin® 6 + tan® A) (91c)

.« r
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Figure 27.

shift of Ground Point Induced by Attitude Errors-
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The coordinates of P3 in the x'_‘l'-Frame are

. 2
R sin 6 £in 53 (l +%) cos £3-\/1- (l +h) sinzg]
v R 3
x3 - (92a)

J;inz 8 + tan’ (A + ¢)

2
- R tan (A + ¢) sin 53 [(1 +%) cos £3 -\/ - (1 +%) s.in2 53]

Jsinz 8 + tan2 (A + 9¢)

(92b)
where 53 is similarly defined as 52 and
£y = l:an-1 (sec GJsinz 8 + tan’ G+ ¢)) (92¢)
or, finally, in the XY-~Frame
= 1] - L}
X3 X3 cos ¥ Y3 sin ¢ (93a)
= ! [
Y, = X3 sin ¥ + Y} cos ¥ (93b)
where x'3 and Y:'; are given in (92).
The geometric error caused by the attitude errors is therefore,
AX = X - X3 (%4a)
AY = Y - Y3 (94b)
where
X=0

h . n\? 2
Y = -R sin A 1+-§ cos A - 1~ 1+-§ sin™ A

Now, consider the case of the shuttle (or the IS) flying at a nominal attitude

(4,0, ao, wo) with attitude uncertainties of (¢, 6, ¥). Let PO(XO,YO) be a ground

point that is sighted by the IS with a view angle A and attitude (¢o, 60, v,',o).

After (o, 9, ¥) attitude rotations from the nominal, the ground point P.,(X3,‘13)

is sighted with the same view angle. In this case, the geometric error is
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where

and

wvhere

and where

AX

AY

=X°-X3

='Yo“YEl

=X'"cosyp -Y'slaw
o o o o

= ' ’ )
Xo sin xpo + Yo cos #o

= Xf'i cos (!bo +¢) - Y:'; sin (‘bo + )
= X:',’ sin (vyo + ¢) + Ys cos (wo + ¥

2
h h 2
R sin 90 sin Eo [(1 + R) cos Eo -\/ - (1 + -I-{-) sin Eo]

\/s:m2 e + t:am2 (A +9)
o o

(95a)
(95b)

(96a)
(96b)
(96¢c)

(96d)

(97a)

-

h a2
R tan (X+¢°) sin Eo (1 +§ cos Eo- - (1 +§) sin Eo

3 3
J.,in 8, + tan O+ d)o)

_1 2 2
= tan sec 8 fsin” & + tan (A + ¢ )
o o o

(97b)

(97¢)

h n\? . 2
R sin (eo+e) sin 53 (1 +~§) cos 53- - (1 *-ﬁ) sin 53

7 32
\Ein (6, + 8) ~tan” (A + ¢ +¢)

(98a)
h h 2 2
Rtan(k+¢o+¢)sin£3 1+-§ cosE3- 1- 1+—R sin 53
\Einz (6 +18) + tan2 A+ ¢ +9)
o o (98b)
[( f¢c)

= t:an'-1 [sec (Go + 9) Sin2 (60 + 3) + tan2 (A + ¢° + ¢)]
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To include errors caused by altitude uncertainties, one can replace

h by h) in Eq. (97), aad h by h_ + 4h in Eq. (98), where h  1is the nominal or

estimated altitude and ho + Ah is the actual alt:tude.

D. GEOMETRIC ERRORS INDUCED BY ATTITUDE RATE ERRORS

Atritude rates cause attitude angle changes which in turn cause geometric
errors. To account for attitude rates, one integrates the rates to obtain the

attitude angles, and then uses the formulae d2rived to obtain the corresponding

time-varying geometric errors. The instantaneous attitude angles are:

rt
o' =0+ adt (99 a)
Je,
rt
8' = 60 + ddt (99b)
Jto
ot
vo= o+ wdt (99¢)
Je.
E. GEOMETRIC ERRORS INDUCED BY MISALIGNMENT ERRORS

The misalignment errors can be incorporated in the attitude errors. Let
tye 9b, yb) be the attitude bias or misalignment, then the effective IS attitude

angles will be

s = >o + :b + 3 (looa)
2t = ] L '
2 % + 3 + 3 (100b)
t
J = bo + b + . ) (100c) 1

[+a}
m

i,
. 3
S )

B e g,
— Y e I~



The corresponding geometric errors can be determined using the formulae derived

in subsection C.
F. GEOMETRIC ERRORS INDUCED BY EARTH ROTATION

The effect of earth rotation on images varies with the position of the Shuttle
relative to the earth and the Shuttle orbital elements. In general, ground
images become skewed as a result of earth rotation.

Referring to Fig. 28. Lec O be the nadir point at which the latitude is ¢.
Let w, be the spin rate of the earth, where w, = 3%71&63 = 7.,2722 x 10-5 rad/sec.
Let Ve be the linear velocity of the earth at O,

ve =, Rcos g (101)

Let T be the orbital inclination at the equator, and let A be the orbital inclina-
tion to the local meridian at 0. From ri1g.29 and Appendix B, one has the follow-
ing spherical geometrical relatiom,

cos I = cos § sinA

or
cos T
sindA = cos ¢ (102a)
and

2 cos T 2
cos A = Jl -sin"A =_J1 - (-C-;—E) (102b)

From Fig. 29 again, A 1is also the angle between the linear velccity vector Ve and

the Y-axis. Hence,velocity components ve‘( ard VeY are, using (102),
ve cos T
veX = Ve sinfA = —‘;s—;— (103a)
and
) cos '\ 2 :
veY = Ve cos A = Ve 1 - (m) (103b)
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LEGEND:

“e = ANGULAR VELOCITY OF EARTH SPIN
£ = LATITUDE AT POINT O

Ve = LINEAR VELOCITY OF THE EARTH AT POINT O

Figure 28. Linear Velocity of the Earth at the Nadir Point
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MERIDIAN

ORBIT PROJECTICN
ON EARTH

(o) INTRACK AND CROSSTRACK COMPONENTS OF EARTH LINEAR VELOCITY VECTCR

AT THE NADIR POINT

(b) ORBIT INCLINATION TO THE LOCAL MERIDIAN (A), degrees

NG A oN NORTH LATITUDE, degrees !
(deqrees) 0 20 40 60 80
0 90 - - - -
18.5 1.5 - - - -
40 50 54.61 90 - -
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85 5 5.32 6.53 10.04 30.?
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Figure 29, EZarth Sperical Geometry
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During the time interval from tl to tz, the ground point has moved from

P(X, ¥) to P'(X', Y'), the corresponding position changes are,

t, t,
Ve cos T
AX = Vit s 1 dt (104a)
% t
AY = tz" dt = K v J1 - (ses L 2d: (104b)
‘eY e cos
& t

Note that for small time intervals, g may be considered constant and (104) may be

approximated as

AX = %g:—z- Ve (t, - t)) (105a)
cos [ 2
se= - (£22) v, - ey (105b)
and
X' = X + AX (1062)
Y' = Y + AY (106b)

G. NUMERICAL RESULTS: GEOMETRIC ERRORS AND ERROR SENSITIVITIES

Numerical results of error sensitivities and geometric errors due to various
direct errors have been generated. These data are summarized in Tables 5-10 and

discussed in the following subsections.

G.1 Geometric Errors Due to Altitude Uncertainties

Table 5 shows the geometric error for a 1 km altitude change and error sensi-
tivity caused by altitude uncertainty. The nominal altitude of 400 km was used
tc generate these data. This result is also plotted in Fig. 30 as a function of
view angles for altitude changes ranging from 1 km to 4 km. As indicated in this

figure, the geometric errors are quite linear with the view angles and the altitude

errors for the range shown.

——
.




For the Imaging Spectrometer illustrated in Fig. 4, the view angles

o
are limited by the field of view of +.825 . Using the various expected on-orbit

navigation accuracies shown in Table 4, and the sensitivity data of Table 5, the S
—
corresponding geometric error can be determined. For instance, from Table 4, the N

30 altitude uncertainty, with TDRSS in the tracking system for the 150 nmi, orbit, T

1f the small unmodeled perturbation is used, is 800 feet (or 244 m) and with the

STDN system and large unmodeled perturbation and 105 nmi, orbit, the 3¢ altitude ' '__'::* ._
uncertainty is 8000 feet (or ~2440 m). From Table 5, the corresponding 3o geo- ! ] ifé\:;\
metric errors for the largest view angle (.8250) are 3.51 m and 35.1 m, respectively. . ;\:,_-\E -
P
Note that the nominal pixel size is 30 m. R
G.2 Geometric Errors Due to Roll Uncertainties TRmes
The geometric errors for view angles ranging from -9° to +9° due to a R ‘_ o
roll error of 1° are tabulated in Table 6. The error sensitivity at the nominal ’.:3 2":-
attitude is also tabulated in Table 6. By comparing the errors for 1° and the r:,i ‘;\':; )
sensitivity for the same view angle, it is found that the differences are.2% or "( i‘:\‘
less. That is, for small angles, the error sensitivity data can be used to com- “j‘ t‘~-_
pute errors. Fig. 31 shows the plots of geometric errors for roll errors of up ;%é e
to 5°. Unlike the errors corresponding to altitude uncertainties, these curves b
are relatively flat. The geometric error is about 7 km per 1° of roll error. ;;-t\‘\
It i8 noted from Fig. 3i,that for small roil errors, the geometric | ‘-1*“;

errors are nearly symmetrical with the view angles. For larger roll angles, the
geometric errors are greater for view angles that have the same sign of ¢. This
igs more visible from Fig. 32 which shows the plots of geometric errors corresponding

to roll errors of 1° and 2° from a roll cffset of 200.
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G.3 Geometric Errors Due to Pitch Uncertainties

Table 7 shows the error sensitivity and the geometric errors corres-
ponding to the 1° pitch error for the view angles of up to i?o. The geometric
errors caused by pitch errors are about the same in amplitude as those caused by
roll errors. Fig. 33 shows that pitch curves are rather flat, unlike the corres-
ponding roll curves. Figs. 34 and 35 show the 1° and 2° pitch uncertainty induced
geometric error curves with 22.5° and 45° pitch offsets, respectively. These
curves, especially those in Fig. 35, are more similar to the roll curves in shape.

G.4 Geometric Errors Due to Yaw Uncertainties

1

4+
St

Geometric errors due to rotations about the yaw or the local vertical
axis (assuming zero offsets) are tabulated in Table 8 for 1° and plotted in Fig. 36

for up to 5°. Linearity applies for both the view angles and the yaw angles for

“
X
Ay
JPRR VST A A

the ranges covered here. Unlike roll and pitch errors, yaw errors induce much

W

AY
a

smalier geometric errors.

PR AR

)
1A

G.5 Geometric Errors Due to Attitude Uncertainties

Table 9 shows the geometric errors due to 1° error in each of the roll,

AN
\.:\&l\tﬂl !

pitch, and yaw axes, The error magrnitude for a given view angle is approximately
the vector sum of the roll and pitch induced errors.

Fig. 37 shows the plots of geometric errors caused by up to 5° roli,
pitch, and yaw errors. Fig. 38 shows two curves, one correspoanding to 1° pitch
error and the other, 1° yaw error, with the roll offset of 20°.

Comparing pitch curve with that of Fig. 33, the 20° roll offset has
no noticeable effects on the geometric errors. On the other hand, the effects on

the yaw curve are quite pronounced, as a large bias of approximately 2.5 km results

due to the 200 roll.




]
* -

Fig. 39 shows the 1° roll and 1° yaw curves for a pitch offset of _
22.5°, Fig. 40 shows the same curves for 45° pitch offset.

With the large angular pitch offsets, the yaw curves appear quite
different from those without pitch offset, as noted in Figs. 36, 39,and 40. With
these offsets, yaw-induced error curves look quite similar to those induced by
roll errors in shape. By offsetting the pitch angle to 45°, the yaw—induced
geometric errors increase to about sevenfold from zero pitch offset, and more than
twofold over the 22,5° pitch offset.

The roll-induced geometrlc errors were less drastically affected by
pitch angular offsets. For instauce, for 22.5° pitch offset, the error has in-
creased about 7% from that with zero offset, and about 46% for 45° pitch offset.
G. 6 Ground Point Shift Due to Shuttle Motiorn and Earth Rotation

The earth rotation effect on the shift of the ground image varies
with the latitude of the shuttle, and the combined effects of the earth rotation
and shuttle motion vary with the orbital inciination in addition to the latitude.
Table 10 shows the tzbulation with latitude ranging from 0° to 80°. The largest
earth rotation effect occurs at the equator, .46 km in one second, and diminishes
to .08 km in one second at the latitude of 80° as shown in Fig. 41.

The combined effects are dominated by the motion of the shuttie since
,at 400 km altitude the projected ground speed is much greater than the earth rota-
tion speed. In a one-second period, the image will shift more than 7 km for any

latitude,
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Table 5.

Ceometric Errors and Error Sensitivity
Due to Altitude Uncertainties

e Nominal Earth Radius = 6356,785 km (Polar)
e Nominal Altitude = 400 km

View Angle, deg. 1 2 3 4 5 6 7 8 9
Geometric Error Induced 0.01746 | 0,03492 1 0.05242 | 0,06995 | 0.08753 | 0.1052 } 0.1229 { 0.1407 | 0,1586
by | km Altitude Error,
| km
Geometric Error 0.01746 | 0.03492 | 0.05242 | 0.06995 | 0,08753| 0.10521 0.1229 ] 0,1407( 0.1586
Sensitivity, km/km

) :I ’ vk ":’:\ b
. h}i& oy N W o

A
[P

1

I i
KA




- -
- &
% -
1
[ i i 1 ! ) ) i 1
0.6 -
0.5 -
t
5 5
l -
i S 0.4
(-4
; &
| Y
A
g 03
O .
w -
(U] .
-
b 24
0.2 7,
~
24
0.1~ -
0 I 1 -
00 ]O 20 30 40 50 60 70 8° 90
VIEW ANGLE
Figure 30. Geometric Error due to Altitude Uncertainties (ah)
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Table 6.

o Nominal Earth Radius = 6356.785 km (Polar)
e Nominal Altitude = 400 km

Geomet.!tc Errors and Error Sensitivity
Due to Roll Attitude Error

View Angle, deg. -9 -8 -7 -6 -5 -4 -3 =2 -1 0
Geometric Error Induced | 7.153 | 7.114 | 7.081 | 7.052 | 7.029 | 7.010 | 6.996 | 6.987 | 6.982 | 6.982
by +1° Roll Error, km
veometric Error 7.173 ) 7.133 | 7.097 | 7.066 | 7.040 | 7.019 | 7.002 | 6.991 | 6.984 } 6.981
Sensitivity, km/deg.

—— ———

View Angle, deg. 1 2 3 4 5 6 7 8 9
Ceometric Error Induced | 6.987 | 6.996 | 7.010 | 7.029 | 7.052 | 7.081 | 7.114 ] 7.153 | 7.196
by +1° Roll Error, km
Geometric Error 6.984 | 6.991 | 7.002 | 7.019 | 7.040 { 7.066 | 7.097 | 7.133 | 7.173
Sensitlvity, km/deg.
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! Table 7. Geometric Errors and Error Sensitivity
5 Due to Pitch Attitude Error

e Nominal Earth Radius = 6356.785 km (Polar)
e Nominal Altitude = 400 km

Sens{tivity, km/deg.

View Angle, deg. -9 -8 =7 -6 -5 =4 -3 -2 -1 0
Geometric Error Induced | 6.988 6.986 | 6.985 | 6.985 6.984 6.983 | 6.983 | 6.982 6,982 | 6,982
by 1° Pitch Error, km
Geometric Error 6.987 6.986 6.985 | 6.984 6.983 [6.982 | 6,982 | 6.982 | 6.981 6.981

View Angle, deg. 1 2 3

F
v
(=4}
-~
[}
O

] Geometric Error Induced | 6.982 6.982 6.983 | 6.983 | 6.984 6.985 | 6.985 6.986 6.988
v © bv 1° Pitech Error, km
-

Geometric Error 6.981 | 6.982 | 6,982 | 6.982 { 6.983 | 6.984 | 6.9Y85 | 6.986 { 6.987
Sensitivity, km/deg.
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Figure 33. Geometric Error due to Pitch Attitude Error (8)
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Figure 34 . Geometric Error due to Pitch Uncertainty (8 ) About 22.5° Pitch
Offset
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Figure 35. Geometric Errcr due to Pitch Uncertainty (§) Abour 45° Pitch Offset
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Table 8. Ceometric Ervors m! Error Sensitivity

Due to Yaw Attit ..

+ Error

e Nominal Earth Radius = 6356.785 km (Polar)

e Nominal Altitude = 400 km

N

!
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U Mt @ B bn bl N st W L e i e D Vi 1o

‘View Angle, deg. 0 1 2 3 4 5 6 7 8 9
Geometric Error Induced 0 0.1219 ] 0.2438 ] 0.3659} 0.4883]0.6109 |0.7340) 0.8576 | 0,9818 | 1,107
by 1 Yaw Error, km
Geometric Error 0 0.1219| 0,2438 {0.3659| 0.4883 | 0.6109 [0.7340| 0.8576 | 0.9818 |1.107
{ ‘ Sensitivity, km/deg.
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Figure 36. Geometric Error due to Yaw Attitude Error (y)
86 ’;; _ {;/




PRt P X

L8

Table 9 .
Yaw, Pitch,and Roll Errors

Geometric Errors Induced by

e Nominal Earth Radius = 6356.785 km (Polar)
o Nominal Altitude = 400 km
e Yaw Error = +1°
e Pitch Error = +1°
e Roll Error = +1°
View Angle, deg. -9 -8 -7 -6 -5 =4 -3 -2 -1 0
Error, km 9,245 | 9,296 | 9.353 | 9.414 | 9.480 ] 9.551 | 9.625 | 9.704 | 9,788 | 9.875
— e — e —— '-_[—— ———————
View Angle, deg. 1 2 3 4 5 6 7 8 9
Error, km 9.966 10.06 10.16 10.27 10, 37 10.48 | 10.60 10,72 10.85
. —— — - . . e
\. - -
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Figure 37. Geometric Error due to Roll (¢ ), Pitch (§), and Yaw (¥ ) Errors
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GEOMETRIC ERROR, km
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Figure 38. Geometric Error due to Pitch (8 ) and Yaw (Y) Uncertainties About
2Q° Roll Offset
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GEOMETRIC ERROR, km
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Geometric Error due to Roll (¢) ond Yaw (Y¥) Uncertainties About
22.5° Pitch Offset
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GEOMETRIC ERROR, km
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Figure 40. Geometric Error due to Roll (P) and Yaw (§¥) Uncertainties About
45° Pitch Offset

91

! b1
A M A T M . L L Y S L M S S S c -

Lo kada AL o &

Adnd i

Nt

Je.




\‘TJ LS\ RN VRSO

T TR LY

(®)

(43

Table 10. Ground Point Shift Induced by
Shuttle Motion and Earth Rotation

e Nominal Earth Radius = 6356.785 km (Polar)
e Nominal Orbit Inclination = 85°
e Nominal Shuttle Ground Speed = 7,202 km/sec

Latitude, deg. 0 20 40 60 80
Ground Point Shift Velocity 0.4623 0.4344 0.3541 0.2311 0.08027
due to Earth Rotation, km/sec
Ground Point Shift Velocity 7.177 7.175 7.171 7.166 7.162
Relative to Nadir Point,
km/sec
Angle of Velocity Vector -86.32 -86.54 -87.19 -88,18 -89.44
with Y~axis, deg.
shift in 0.1 sec, km 0.7177 0.7175 0.7171 0.7166 0.7162

Y
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H. OSUMHARY O MAJCR FINDING

In this section geometric errors caused by the "direct error sources"
are analyzed. Equations that map the direct errors onto the geometric errors are
derived in Subsections B through G. Extensive illustrations of geometry are used
to assist the derivations. Direct error effects included here are those of pointing
errors.éﬂh‘aﬁgular rates, ephemeris prediction errors including altitude, intrack,
and crosstrack uncertainties, earth rotation and curvature, and shuttle and instru-
ment misaligment. For quick reference the key error mapping functions are listed
in Appendix A. A program list is given in Appendix E.

The numerical results for both the geometric errors and error sensi-
tivities are tabulated inTables 5 through 10 and also plotted in Figs. 30 through
41. To illustrate the effects of view angles and linearity, an extended range of
:ﬁo is uged. For the push broom imaging spectrometer studied here, the field of !
view is limited by :.825o (see Fig. 4). The following are the specific findings
resulting from furcther analysis: P

1. The effects of earth curvature are very small for the applications

here., For instance, the iinear displacement of a 10 km arc is 9.9999...km. Fig.

42 1llustrates several cases of earth curvature effects. - .

40 fem 45°| 400 km
)
/ \ b € _\
Io—a—.l L—o—ol l,n—d——

R [
0

=10 km T=413752 . . . km

a=9.9999? « « « km c=413460 . . . km

b=9.99994 .. .km a = 400 lm

Figure 42. Effects of Earth Curvature
94
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2. Altitude uncertainties cause only moderate geometric errors. Table 11
shows that the worst 1o geometric error is 11.71 m and the corresponding rate is
.133 m/sec. The worst case associates with the STDN system and large unmodeled
perturbation and 200 km orbit. The least lo errors are .22 m and .0032 m/sec
corresponding..to the TDRSS system and small .nmodeled perturbation and 300 km orbit.
The effects of other navigation uncercainties such as downtrack and crosstrack
position errors are not small, however. Table 12 shows the 30 uncertainties in
feet. Dow;;rack and crosstrack position errors are mapped directly to the
geometric errors.

3. Geometric errors caused by altitude uncertainties are, within the range
of interest here, proportional to the view angle and altitude error (see Table 5
and Fig. 30).

4, The effects of roll and pitch attitude errors are relatively large
compared with those of altitude errors and yaw attitude errors. Table 13 shows
thac, for nominal flight conditions, the error sensitivity is approximately
1.94 m/arc sec, or ~7000 m/degree. The yaw sensitivity is very small, from O
for 0° view angle to .0279 m/arc sec for maximum IS view angle *.825°.

The effects of attitude errors increase significantly for large attitude off-

sets. For instance, for 20° roll offset (side looking), the roll sensitivity increases

to 2.28 m/arc sec frou 1.94 and yaw sensitivity increases to .75 m/arc sec from
.0279. The pitch sensitivity, in this case, is nearly unaffected. By offsetting
the pitch angle to 45° (forward looking), the roll semsitivity increases to

2.83 m/arc sec, the pitch to 4.36 m/arc sec, and the yaw to 1.97 m/arc sec.
Table 13 shows the error sensitivities and 1° geometric errors for many combina-

tions of interest.
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5. Without attitude offsets and within the IS field of view, the geometric
errors are almost proportioaal to roll errors (Fig.31), pitch errors (Fig.33), and

yawy errors (Fig.36), and are independent of the view angle except for the yaw cases

(for which the error is proportional to the view angle). For the cases of large roll

or pitch angular-offset, most of the properties change only slightly (see Figs.
32, 34, 35, 38, 39, and 40).

6. The performance of the Imaging Spectrometer is limited by the shuttle
Inertial Measuring Unit accuracy, the snuttle reference misalignmentyand the
misalignment between the shuttle and the Imaging Spectrometer, unless means of
error reduction, such as using grcund control points and a precision point mount
between the shuttle ard the IS instruments, are employed.

On top of these uncertainties, the shuttle deadband is another source of
error that can cause gross geometric errors. This problem, of course, can be
resolved by using a precision point mount.

Table 14 shows geometric errors caused by the IMU/shuttle misalignment,

IMU resolution, IMU noise, rate gyro drift, and combined shuttle/IS misalignment,
for nominal attitude and attitude offsets. Single axis geometric errors corres-
ponding to tte combined shuttle/IS misalignment are 169 m, 198 m, and 379 m,
respectively, for nominal, 20° roll offset, and 45° pitch offset, for imstance.
Other cases are shown in detail in Table 14 .

7. Earth rotation causes images to shift toward the direction of rotation.
The magnitude of this shift depends on the latitude of the object (see Fig. 4l).
For instance, at the equator, the object moves approximately 462 m in 1 second,

while at 60° latitude, it moves only 231 m in one second.
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On-orbit Navigation Uncertaintv

Table 11. Geometric Errors Due to Expected

. Navigation Minimum {lo Altitude {Max. Geom.| lo Radial ] Max. Geom.
Tracking Unzodeled Perigee, Error, Error in | Velocity,| Error in
System Perturbation km n FOV, m m/s FOV, m/s
STDN Nominal 200 508 7.32 3.87 .056
TDRSS 200 366 5.27 2.25 .032
ol
STDN o 200 305 4.39 2.50 .036
Small 300 122 1.76 .59 .0085
TDRSS 200 183 2.63 1,12 .016
300 81 1.17 .22 .0032
STDN 200 813 11.71 9.27 .133
TDRSS Large 200 610 8.8 5.69 .082
STDN — Spaceflight Tracking and Data Network
TDRSS - Tracking Data Relay Satellite System
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Table 12. Expected On-Orbit Navigation Accuracies (Ref. 12)

Navigation | Unmodeled | Minimum 30 Position, Feet 30 Velocity, FI'S
Tracking Pertur- Perigee¥

- Down | Cross Down |Cross

System bation n.mi. Radial |Track | Track | Radial | Track | Track

STDN I 105 5,000 }34,500 ) 5,000 38.4 5.9 9.8

Nominal
TDRSS 105 3,600 |18.5001( 4,000 22.1 3.3 4.0
STDN " 105 3,000 {22,000] 1,500 24.6 3.3 2.0
150 1,200 5,500 1,000 5.8 1.3 1.8
Small
TDRSS 105 1,800 }10,000{ 2,000 11.0 1.8 2.9
i50 800 2,000 | 1,500 2.2 0.9 2.1

STDN 105 8,000 80,000} 5,000 91.2 8.0 8.0

TDRSS Large 105 | 6,000 [50,0005,000 | se.c | 6.2 | 7.8
NOTE:

The correlation between downtrack position and radial velocity is -0.95.
The correlation between radial position and downtrack velocity is -0.80.

STDN - Spaceflight Traclking and Data Network i <
TDRS3 - Tracking Data Relay Satellite System
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Table 13. Geometric Error Sensitivity

Nominal Orbit:

400 km Circular

—v—

. Error Sensitivity, m/arc sec Geometric Error
rror Attitude °
Source Offset For View For View for 1° Angular
T Angle = 0° Angle = *,825° Error, m
Roll angle 1.939 1.940 6,987
No
Pitch angle offset 1.939 1.939 6,982
Yaw angle | 0 .0279 101
2.28
Roll angle 2.25 2.22 8,200
20°

Pitch angle roll 1.94 1.94 7,000
Yaw angle offset .72 ;g 2,683
Roll angle 22.5° 2.11 2.11 7,600
Pitch angle pitch 2,31 2,31 8,300
Yaw angle offset ~83 83 3,000
Roll angle 45° 2.82 2.93 10,200
Pitch angle pitch 4.33 4.36 15,700
Yaw angle offset 1.94 1.97 7,100
Altitude uncertainty 0 .0144 m/m 14.4 m per 1 km

altitude change

max in FOV
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Table 16 .

Geometric Error Induced by Shuttle and
Imaging Spectrometer Measurement Uncertainties

Nominal Orbit:

400 km Circular

Per Axis 2 Axes,T
s . _Attitude Per Axis, Geometric Geometrid
ource
Offset arc * sec Error, Error,
m m
IMU/Shuttle Misalignment 82 159 225
IMU Resolutione 20 39 55
IMU Noise No Offset 20 39 55
Rate Gyro 60 arc sec/sec 116 m/s 165 m/s
Combined Shuttle/IS 817 169 239
Misalignment
IMU/Shuttle Misalignment 82 187 245
IMU Resolution 20° 20 46 60
IMU Noise Roll 20 46 60
Rate Gyro Offset 60 arc sec/sec 137 n/s 180 m/s
Combined Shuttle/IS 87 198 260
Misziignment
IMU/Shuttle Misalignment 82 358 426
IMU Resolution 45° 20 87 104
IMU Noise Pitch 20 87 104
Offset -
Rate Gyro 60 arc sec/sec 262 m/s 312 m/s
Combined Shuttle/IS 87 379 452
Misalignment
Jl'Combix'led roll and pitch axes.
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V. GROUND PATTERNS AND IMAGE DISTORTIONS

The extent that direct errors and earth geometric properties affect
the performance of the Shuttle Imaging Spectrometer are analyzed and extensively
illustrated with charts and tables in section IV. The advantages of tables and
charts are that they carry precise and specific information which is invaluable
for design and performance prediction. However, it is difficult to relate this
information directly to_images of ground objects by human brains. To compensate
for this and to make direct observation of how errors in the system affect ground
images, sclected ground patterns as seen through this optical system are studied
here. .

The patterns that are readily generated and, most importantly, suitable
for exhibiting imaging distortions are square grid patternus.

To cover a large ground that is comparable to the field of view of
the imaging spectrometer, a 10 km field is selected and the field is evenly divided

into 10 segments of 1 km each. Since the imaging spectrometer employs a push broom

principle, each field is then 10 km wide (cross track)and 30 m "long" (along track).

However, to see a large ground area, a 10 km x 10 km field is employed with the
along track grids tagged with time. Considering a perfectly spherical earth, an
imaginary 10 x 10 grid is painted oa the ground. As the satellite flies through
this region, in the direction from the bottom to the top of the paper, a push broom
camera should see a pattern just like that of Fig. 43{a). This pattern is referred
to as the nominal ground pattern.

Fig. 43 shows how the ground pattern changes when simple attitude error
occurs without considering the effect of Earth rotation. To show the effect of
errors, the solid pattern (actual) is overlayed with the "+" pattern (the undis-
torted nominal pattern). Fig. 43(b) shows that when a 0.1° roll attitude error

occurg, the IS instrument points 0.1°2 1eft of the object field and the image on
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(a) NOMINAL GROUND PATTERN
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(c) WITH 5° YAW ERROR

+

*

Fig. 43. Ground Pattern Distortions With No Earth Rotation Effect
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the "film" has shifted to the right; therefore, the solid pattern has shifted to
the right of the "+" pattern. The same explanation applies also to the 0.1° pitch
error as shown in Fig. 43(d), except that, for pitch, the pattern image has
shifted to the "-along track" direction. A 5° yaw error (clockwise rotation)

will make the pattern appear skewed as shown in Fig. 43(c).

Fig. 44 shcws the effects of simple attitude errcrs with 20° roll
offset. With the large roll angle, the nominal pattern itself has suffered
cross track distortions, i.e., the pattern image appears shrunk cross-trackwise
as shown in Fig. 44(a). 1In Fig. 44(b), (c), and (d), the "+" patterns represent
the distorted nominal patterns due to roll offset alone and the solid patterns
represent those due to attitude errors on top of roll offset. The distortions
are similar to those found in Fig. 43 except that with the 20° roll offset the
images appear narrower.

The effects of simple attitude errors with 45° pitch offset are
shown in Fig. 45. The effect of pitch offset is similar to roll offset, i.e.,
the nominal pattern image has shrunk cross-trackwise. One might expect als;
along-track shrinkage. The reason that there is no along-track shrinkage
is because of the push-broom effect. Shrinkage will occur for a frame camera,
however. It is noted that the patterr images associated with the 45° pitch off-~
set are narrower than those of the 20° roll offset. This is due to the fact that
20° 1s a lot less than 45°.

The effects of constant attitude rate errors are shown in Fig. 46.
Rate errors cause accumulation of attitude errors, i.e., the attitude errors grow

with time t. Take the 0.1 deg/sec rate error for the roll axis for instance, the
roll error is 0.1 t; whereas, the 0.1° roll error (Fig. 43(b)) at t = 0 is 0;

therefore, the "+" pactern image coincides with the solid one at a very

1
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(a) NOMINAL GROUND PATTERN (b) WITH 0.05° ROLL ERROR
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Fig. 44. Ground Pattern Distortions With 20° Roll Offset and No Earth Rotation Effect
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(b) WITH 0.1° ROLL ERROR

P AN

(a) NOMINAL GROUND PATTERN

(d) wWITH 1° PITCY ERROR

L L W

(c) WITH 5° YAW ERROR
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Ground Pattern Distortions With 450 pitch Ofrset and No Earth

Rotation Effect

Fig. 45.
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(a) NOMINAL GROUND PATTERN (b) WITH 0.1°t ROLL ERROR
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Fig. 46. Ground Pattern Distortions With Constant Rotation Rate and
No Earth Rotation Effect
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small t. Shown in Fig. 46(b) 1is the solid pattern shift to the right at a constant
slope with time, which is quite different from Fig. 43(b). Similar comment
applies to Fig. 46(c) and (d). T

The effects of sinusoidal attitude rates on the pattern images are
shown in Fig., 47. For instance, the sinusoidal rate .causing a 0.2 sin (4.51378¢t)
degree roll error will make the image appear as the shape "S", as shown in
Fig. 47(b). The same function applied to the pitch axis will cause aleng-track
distortions with densely packed grid lines followed by lcosely packed ones, etc.,
as illustrated in Fig. 47(d).

Altitude change causes images to vary in size. Again, it affects the
cross-track much more than the along-track due to the push-broom principle.

As shown in Fig. 48, the solid image has shrunk cross-trackwise but expanded
along-trackwige. The former is due to the altitude increase of 40 km which has no
amplification effect on push-broom camera; the latter is due to the fact that, at
higher altitude, the orbital rate is decreased, i.e., it will take a longer period
of time to fly through the same ground area.

Finally, the effects of earth rotation are shown in Fig. 49, Earth
rotation will cause the image to skew toward the direction of earth rotation. As dis-
cussed in section IV, the effect of the image shift is most promouncad when the
gatellite flies through the equator,and reduces as the latitude increases. Earth
rotation will not cause along-track distortionms.

Computer programs that are used to generate these patterns and distor-

tions are listed in Appendix F.
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(a) NOMINAL GROUND PATTERN (b) WITH 0.2° SIN (4.51378t) ROLL ERROR
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Fig. 47. Ground Pattern Distortions With Sinucoidal Rotstion Rate and No Earth Rotation Effact
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VI. CONCLUSIONS

The effects of earth curvature are very small for the applization here (see

Fig. 42).

Altitude uncertainties cause only moderate geometric errors. The worst lo
geomatric errors are 11.71 m in zositica and C.133 m/sec in_;aée"vith STDN
and large unmodeled perturtations at 200 'm orbit. The performance improves
with TDRSS. For the 300 km orbit and with small unmodeled perturbations,
the lo geometric errors will reduce to 0.22 m and 0.0032 m/sec (see Table
11).

The effects of other navigation errors are significantly greater. The lo
downtrack errors range from 203 m (300 km orbit) to 8128 m (200 km orbit);
and those for the cross track are 152 m to 508 m (see Table 12).

The effects of roll and pitch attitude errors are relatively large compared

with, for instance, those caused by yaw errors and altitude uncertainties.

The error sensitivity is 1.94 m/arc sec or approximately 7000 m/degree. The
yaw sensitivity is 0 for a 0° view angle and 0.028 m/arc sec for the maximum
view angle of 1.0.825° (see Table 12).

The error sensitivities of attitude errors increase significantly for large
attitude offsets. For 20° side looking, the sensitivity increases to 2.28
m/arc sec for roll errors and to 0.75 m/arc sec for yaw errors,and the pitch
error sensitivity is almost unaffected. For the 45° forward looking case,
the sensitivities for the pitch, roll, and yaw errors increase to 2.83, 4.36,
and 1.97 m/arc secyrespectively (see Table 13).

The performance of the Shuttle Imaging Spectrometer is limited by the Shuttle
IMU (Inertial Measuring Unit) accuracy, instrument misalignment, Shuttle RCS

(Reaction Control Subsystem) deadband, etc. unless some means of error reduc-
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tion are employed. For instcnce, ground control points may be used to reduce
navigation prediction errors; and precision point mounts, such as AGS (ASPS+
Gimbal System) and IPS (Instrument Pointing System), may be used to reduce
the attitude errors. The single axis geometric errors due-to-the combined
Shuttle/IS misalignment, for instance, for normal nadir pointiug, 20° eide
looking, and 45° forward looking are 169 m, 198 m, and 379 m, respectively
(refer to Table 14). )

Earth rotation causes shifts of images toward the direction of rotation.

The magnitude of these shifts depends on the latitude of the object. For
instance, at the equator the object moves approximately 462 . in one second
(for 400 km orbit), and at 60° latitude it moves only 231 m in one second.
Distorted images for selected ground patterns provide revealing information

of the effects of system errors to the images »f ground objects.

.
1

AN

+ Annular Suspension Pointing System
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APPENDIX A
GEOMETRIC ERROR MAPPING FUNCTION TABLE

Part A: Given the attitude offsets and a view angle, find the coordinates
of the corresponding ground points before and after the errors
are introduced.

Error
Sources

Geometric Error Mapping Function

Alcitude
Error,
Ah

STt

At nominal altfitude h, a view angle A is given which sights a ground point
p(0, Yo). After elevating Ah, the same view angle will sight another ground
point P'(0, Y&). The following equations are for obtaining Yo and Yé:

| h 2 2
Y = ~-R uln X (l+—‘-)cosl-— 1 - (l+—) sin® X\
o R R

h + Ah h o+ an\2 2
Yc"=-Rsin/\ (l+——R—)cos)\— l-(l+—T—) sin” A

Yaw
Error,

Giventa yaw offset wo and a view angle X which sights a ground point P(X*, Y*),
The same view angle will sight another ground point P'(X*', YX') after yaw
error ¢ is introduced. The following equations are for obtaining X*, Y*, 6 X#*',

and Y*';:

)
X5 = [(1 + %) cos A -\/l - (1 +%) sin? )\] R sin A sin y_ .
h h 2 2
Y% = - (l + E) cos A - - (l +-§) sin® \ | R s8in X cos wo

P -

v/ T .

K
3?3
g
e
- y”
¥ <
.4
[ #I
f/'
./
Comments 4
-
R = Earth Vot
Radius )
4
R = Earth o
Radius
h = Nominal |
Altitude ;
i
i
i
|
i
|
) -~
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2
X*-R[(l+%)cosr-\/l- <l+%) 81!\21’] |
\/si.n2 60 + t:an2 A ’

sin T tan A

2
Y* = -R [(l +%) cos T -,\/l - (l +%) 51n2 r]
Jsinz 00 + t.zan2 A

Error
Sources Geometric Error Mapping Function Comments
h h 2 2
Xk = (l + =) cos A-_fl - {1 +=) sin® A] Rsin X sin (¢ + ¢)
R R o
h l\2 2
Y&' a - (l + ﬁ) cos A\ - 1 - (1 + i) sin® A IR 81in X cos (wo + )
Roll Giventa roll offset ¢0 and a view angle » which sights a ground point P(0, Y*). R = Earth
Error, The same view angle will sight another ground point P'(0, Y*') after roll error Radius
h = Nominal
e % *x0 .
¢ is introduced. The following equations are for obtaining Y* and Y#*': Altitude
Y* = ~R sin (XA + ¢ ) (l+b- cos (A+¢)—J— (l+b-)2 1n2()‘+¢)]
o R o \ R/ 8 o
h
'-— -
y* Rsin (A + ¢+ ¢) (l+R)cos()\+¢°+¢)
2
h 2
B R
Pitch Giventa pitch offset 8, and a view angle A which sights a ground point R = Earth
grror. P(X*, Y*). The same view angle will sight another ground point P'(X*', Yx') Radius
N h = Nominal
after pitch error 6 is introduced. The following equations are for obtain- Altltude
ko Yk Xk L
ing X%, Y&, X&' and Y*': For t and €,
. refer to
gin T sin 60 : Fig. 23,

MG

X

S

any v
ut

—————
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Error
Sources Geometric Error Mapping Function Comments
2 sin £ sin (6 + 6)
X*' = R [(l'i-%) cosE-J - (1+%) sin2£] 2
sin2 (eo + 8) + tan2 A
h h 2 2 i A
Y*' a R (l+i)cos£- '(’*E) sin® ¢ sin £ ean
Jsinz (6O + 6) + l:au2 A
T = t:an-1 (sec 0 Jsinz 0 + tan2 A)
. o o
I
-1 2 2
£ u» tan [sec (eo + 8) Jsin (9o + 8) + tan A]
Yaw Givent a yaw offset q.o, followed by a pitch offset 00, then a roll offset ¢0. R = Earth
ﬁrror A view angle ) is also given which sights a ground point PO(XO,YO). After Radius
’ h = Nominal
Followed the errors y, 8,and ¢ are introduced, the same view angle will sight Altitude
Zirg:tgh another ground point P3(x3. Y3). The following equations are for obtaining For £, and
'l X, Y, X,,and Y_: €3, refer to
then o' o 3 3 Fig. 23
roll [ 3 Be &3
error ¢ ( .‘l) _J - ( _ll) 2
x"Rsineosingo l+R cosEo 1+R sin EO,
o
2 2
Jsin 6, + tan” (A + ¢°)
2
) em ey (o) o ]
S R tan () + ¢°) sin Eo (1 + R) cos 50 1 + R sin Eo
o

2 2 :
Jsin e, + tan (A + ¢°)

D

)
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Error
Sources

Geometric Error Mapping Function

Comments

R sin (8 + 0) si [(1+ﬁ) -\/X—J1+b-)2 in? J
sin o sin Eq R cos 53 R sin 537

2
Jatn® (8 +0) + tan® (1 + ¢_ + @) -

h n\? . 2
R tan (A + o, * ¢) sin £3 (l +-E) cos 53 -./1 = (l + ﬁ) sin £3

2
Js—inz (6, +0) + tan” (A + ¢+ ¢)

-1 [ .2 2
tan (sec 60 Jysin 60 + tan” (A + ¢°) )

can-l [sec (00 + 0) Jsinz (Go + 8) + tan2 (\ + ¢, * ¢)]
] - ]
xo cos wo Yo sin wo

ad L}
ko sin wo + Yo cos wo

xa cos (wo + y) - Ya sin (wo + ¥)
Xy sin (y +¥) + Y] cos (b +¥)

T

=r- oz
LT

Sy
RN

————— ey =

,a
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Part 8:

Civen the coordinates of a ground point, find the attitude
offsets, the corresponding view angle and the coordinates
ofi the point with the same view angle after the errors are
introduced.

ground point P'

(X1, Y0).

,‘X + ¥
o (*)

The following equations are for obtaining Xé and Yé:

Error

Sources Geometric Error Mapping Function Comments
Altitude { At nominal altitude h, a ground point P(Xo, Yo) corresponding to view angle R = Earth
i;rOI' A is given. After elevating Ah, the same view angle A will aim at another Radius

. Jscd

A= tan_l
R+h-Jr% - x - y2
() o
-
o
RX sin A 2
X; — (l + h ; Ah) cos A -‘/ - (1 + h ; Ah) sin {
X" + Y2 -
o
RY sin A [ 2
Y; 2 o + h ; Ah) cos A 7\/1 - (1 + h ; Ah) sin2 A
%+ y? B
o
.
b doguniodt N s sl - . o bt Yo vn e ot et v




Y

B

[#)

b e d e s m. =

0c1

Y*!;

A+ ¢ = -sgn(Y*) tan" ! [¥+]
[o]
R+h -

JRZ - Yi"2

Y*' = =R sin’' (> + ¢, + ¢) [(1 +%) cos () + 4;0 + 4)

2
..\/l - (1 +%) sin® (A + ¢o+¢)]

Eiror
Sources Geometric Error Mapping Function Comments
Roll A ground point P(0, Y*) corresponding to roll offset ¢0 and view angle A 1is R = Earth
;rror, given. After roll error ¢ is introduced, the same view angle A will aim at Radius
another ground point P'(0, Y*'). The following equations are for obtaining h = ii:izzﬁe

b rme
[
-
-

PR
R
2.

::‘ =
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Y&
2 2 2 X* 2
R+h—JR-x*-Y* 1+( )
R+h -JRZ- xx2 _yx?

- *
60=tanl X ]
R+h-J;%2-X*2—Y*2

Lol 2 2 ]
E = tan [sec (60 + 8) Jsin (60 + 8) + tan® A

A o= t:um--l

-

2
h h 2
o - R 8in (60 + 0) sin £ [(l + -li_) cos § —\/ - (l + -R-) sin Ei

Jainz (eo + 0) + tan> A
2
R tan A sin ¢ (l +%) cos £ -Jl - (l +-‘-‘-) sin2 E.]
Y*' - - R -
J;a—inz (6o + 8) + t:.zm2 A

Error
Sources Geometric Error Mapping Function Comments
Pitch A ground point P(X*, YX) corresponding to pitch offset eo and view angle A is R = Earth
%rror. given. After pitch error 8 is introduced, the same view angle X will aim at Radius
another ground point P'(X*', Y*'), The following equations are for obtaining ho= ii:;?:ie
* *' .
X+ and Y*': For &, refer
to Fig.23,

P D VPR Iy oy s e,

-/

rYs

LY SNy

R vnan., (S




44 ]

(&)

of the nadir point. A given point P(X,Y), after time period At, will

move to P'(X',Y'), The following equations are for obtaining X' and Y':

Ve = wR cos [

w ® 332%56 radians/sec
]

T cos I
X X + :3;_2 Vait
cos T 2
! - = - S ————— f
Y Y 1 (cos C) VeAt

[dad 1
Error
Sources Geometric Error Mapping Function Comments
Y aw A ground point P(X*,Y*) corresponding to yaw offset wb and a certain view R = Earth
Error, angle is given. After yaw error Y is introduced, the same view angle will Radius
aim at another ground point P'(X*',Y*'), The following equations are for h = :i:i:ﬁie
obtaining X*' and Y*':
=1 [ x*
U)o = -tan (—Y";)
[(x2 +ya?
- * *
R— (Y*)tanl X*" +Y
2 2 2
R+ h =R =~ X* - Y*
h h 2 2
X&' = (l +*E) cos X - |1 - (l + i) sin” ) |R sln A s8in (wo + P)
A 1 h 2 2
YA = o 1 + ) cos A - - {1+ R sin” A }R s8in X cos (wo + ¢)
[Earth Let T be the shuttle orbital inclination at the equator, and [ be the latitude Ve = Linear
Rotation Velocity of

Ground Point
at Latitude
14

w = Angular
Velocity of
Earth Rota-
tion

At 1s
assumed
small,

I (3]

[ WA W P



—
Error
Sources Geometric Error Mapping Function Comments
Yaw A ground point P(0,Y*) corresponding to view angle ) (with no attitude offset) R = Earth
lf.‘;;‘{cx;wid 1s given. A yaw error ¢ Is Introduced first, then a pitch error 6, finally a Radius
by Pitch | roll error ¢. The same view angle X will then aim at another ground point h = t:‘;‘:i:ﬁ;ei
Error 6 VOxk! Vi x X1 .
then P'(X*',Y%'), The following equations are for obtaining X*' and Y*': For E, refer
Roll to Fig. 23,
- *
Error ¢ 1y u - sgn(Y*) tan 1( Ly+| )
R+h - fR.z - Y*Z
g = t:am“1 [sec erinz 6 + tan2 (i + ¢)]
2
R sin 6 sin § [(1 +-ll) cos § -\/l - (l +b—) ain2 E]
X = R R
-t
b Jsinz 8 + tan’ O+ ¢
2
=R tan (A + 0) sin ¢ [(l + b—) cos £ —\[ - (l +b-) sin2 E,]
Y = l R R .
\]sl.n2 8 + l:an2 (A + ¢)
‘ X*¥' = X cos y - Y sin ¢
YA' = X ain ¢y + Y cos ¢
YR S Moo Wb, BB Dot e st s bortd &2 Biig s ot A P Y pe ~np- s ~— o -

(#)
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K APPENDIX B
N
' NAPIER'S RULES FOR RIGHT SPHERICAL TRIANGLES*
K A right spherical triangle has five variable parts. If these components and
t

their complements (complewent of T = 90° - T) are arranged in a cirele, as 1llus-

trated below

then, the following relationships hold between the five components in the circle:
The sine of any component equa’ - the product of either:
1. The tangents of the adjacent components, or
2. The cosines of the opposite components
For our case, from 2:
sin (90° = T} ~o0s ¢ cos (90° - A)
i.e.,

cos T = «05 § sin A

*See Ref. 13
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APPENDIX C

COMPUTER PROGRAM FOR SHUTTLE IMAGING SPECTROMETER POINTING ERROR

POWER SPECTRAL DENSITIES FOR CONFIGURATION A -- PAYLOAD-BAY NADIR POINTING

ELT NWED-10/20/82-10:23:28-(52,3
12537#1IS(1).SRMA/PROG(S2)
1:PROGRAM IMAGING SPECTROMETER SHUTTLE RIGID MOUNT - A
2:INITIAL
J:VARIABLE T=0.0
4: INTEGER FNUM,NPOINT

.
.

?7:COMMENT INITIRLIZE SOME PARAMETERS

H CONSTANT NPOINT«641
H CONSTANT FNUMe39
10¢ CALL FOPEN(FNUM)
112 TFINRL=1,08NPOINT=-1.0
12: CONSTANT FRCTOR-0.0
13; CONSTRANT SCRFACe1,0E+5
14; SCFAC2 =SCRFRC*SCAFPC
1S5: 5CF2DB=10.0*#AL0GI0(SCFRC2)
16:
17:COMMENT SET VARIOUS MATHMATICAL CONSTANTS
13: Pl1=3.14159265
19: RSRCC*PI/(180.0#3600.0)
202 RSHZCC=1,0/(2.0%P1)
21:
22:COMMENT DEFINE MOMENTS OF INERTIR
23: CONSTANT IX=1.3BE+6
24: CONSTRANT IYe®1.00E+7
253 CONSTRANT 1Z=1.0SE+?
262 IX2eIX%IX
27: Iv2=1Y#lY
28: 12212212
' 29: 1XY2eIX-1Vv+12
30: IXYZ2eIXYZ2IXYZ
313
32:COMMENT DEFINE WO
33: CONSTANT WO0-0.0011315%
J4: HO2Z=WOsWO
3s: WO4 W02 %02
36:
37:COMMENT DEFINE INITIAL ANGLES AND RATES
38: CONSTANT THO=0.0
39: CONSTANT PHI0=0.0
40: CONSTANT PS10+0.0
41: CONSTANT THOD=0.0
42: CONSTANT PHIOCD=0.0
43: CONSTANT PSICD+0.0
44: THO2 = THO®THO
45: THOD2 = THCD#THOD
46: PHIQ2 *PHI C#PHIO
47: PHI0D2 »PHICD*PHIOD
48: PS102°PSIO*PSIO
49: PSI0D2°PSIOD*PSIOD
S50:
S1:COMMENT DLFINE ©’S
52: CONSTANT OXe2.014E-6
S3° CONSTANT QY+1.251E-3
S4: CONSTANT 02-5.438E-4
S55:
$6:COMMENT DEFINE RATE FILTER PARAMETERS
$7: CONSTANT 4D+0.2513
S8: CONSTANT 2£TRD=0.8
S$9: WD2=WD#KD
60: WO4=WD2%WD2
61: 2D2«2ETAN%Z2ETRD
62:
63:COMMENT DEFINE VARIOUS CONSTANTS
64: CONSTANT R=8.SSE-10

125

-

L e

-

w~

3
_/,‘l/’



- ‘. * [ ]
65: CONSTANT S1GB80°87.352
662 S1GBO=SIGBO#ASRCC
672 S1GB0O2-SIGBO#SIGBO
68: CONSTANT TRAU=0,023
69: TRUZ2=TARURTAY
702 DELW=1.0
?i
72:COMMENT DEFINE W CONSTANTS AND INITIRLIZE W
?3: CONSTANT WLD6.28318531E-7
74 CONSTRANT WFACTe1,029200527
k¢ H HWeWLO/WFACT
76:
77:END
78:DYNAMIC
79:CINTERVAL CIe=1.0
80:
81:COMMENT COMPUTE W
82: WensWF ACT
83: PROCEDURRL (DELWeW)
84: DELW=0.0
8S: IF(KN.LE.O,.) DELW<1.0
88: END
87: WHZ e WXRSHZCC
:]:H FREQeALOGIO(WHZ)
89: W2 ehinid
90: W4 = W2 #HA2
91:
92:COMMEL'T COMPUTE HWZ AND DW2
93: HUW2+=1,0/(TRUZ¥W2+1.0)
94: HDW2 «WD4 ¥ W2/ ¢ (W2-WI2) %8244 ,08Z2D2 ¥WD2#W2 ?
8S: D2 oI XRT ZuW4 -WOZX (IXRIZ+]1243.C 1Y#I2-3.0812.)%W2
9ECOMMENT DW2=DW2+4, O¥UOIR(TIY-IX)N(IY-12)
97: DW2=DW2/SCAFAC
98: DWZ « DU2 #DW2
99:

100, COMMENT COMPUTE F’S

101 :COMMENT FTHW2 »HW22SCFRC2/7C(1Y#W243, 08022 (12Z-1IX]3)a02)
102:COMMENT FRW22(IZ#W2-WO2%C(TY-IX) ) #R2%HWZ /DW2

103 :COMMENT FYW2o (IX*WZ44, O¥WO2R(IZ-1Y) I #%28HW2 /D2

104: FTHHZ ~HW2#SCFARC2/C (TYRW2 I #u2)
165: FRIU2 (T2#U2) %52 #HW2 /DW2
106: FRYW2 *WC2#I XYZ2 %2 #HW2/DW2
107: FYMR e (IX#W2) %22 #HW2/DW2
1082
109:COMMENT COMPUTE PSD’S
110
111:CIMMENT PITCH PSD COMPUTATIONS
112: PPW1 oF THWZ #] Y2 % THOD2
113: PPUZ=F THW2 #] Y2 #THO2 5W2
114: PPH3eF THW2 #QY
118: PPW=R+SIGBO2%DELW+ (PPUI +PPW2+PPW3) /SCFAC2
116 PPWB s PPU#HDW2
117:
118:COMMENT RCLL PSD COMPUTATIONS
119: PRWT »FRW2 %I X2#PHIOD2
120: PRUZ oF RW2 %1 X2 #PHI 02 212
121° PRUI=FRW2¥UO2PIXYZ228PS102
122: PRU4 « FRI2#0X
123: PRIWS «FRYW2 #] Z2#PSIOD2
124: PRIEE «FRYW2#1 Z22PST 024112
125: FPW?=FRYKW2 #LIO2 5] XYZ25FHI 02
126 PRUB«FRYW2%0Z
127: RSeR+S1GBO24DELN
128: PRU=RS+ (PRUT +PRU2+FRI34PRUA +PRWS +PRUWE +PRW7 +PRIB ) /SCFAHC2
123: PRWD=PRW*HDW2
130:
126
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131 :COMMENT YRW PSD CGMPUTATIONS

132: PYW1eFYW2812Z*PSIOD2

133: PYu2 eFYW2#122#PSI028M2

134: PYW3 »F YW2 2,02 %I XYZ2#PHI 02

13352 PYW4oFYW2802Z

136. PYUWS*FRYW2 2T X22PHI0D2

137 PYUBsFRYW2#IX2 2P 410282

138: PYW? =FRYW22WO24IXY2Z28PS102

139: PYWD FRYWZ #OX

140 PYWsRS+ (PYWI +PYN2 +PYWI+PYW4+PYWS +PYWE +PYW7 +PYWE ) /SCFAC2
141: PYWD=PYW®HDWZ

142:

143:

144:COMMENT PREPARE VRARPIABLES FOR QUTPUT

145: RSIG=P+SIGBO2#*DELYW

146: RSIGDB=10.0#ALNG10(RSIG)+FACTOR

147: PPW3DB=10.0%ALOG10(PPWI ) ~-SCF2DB+FACTOR
148; PPWDB=10, 0#ALOG10(PPHY+FRACTOR

149: PRUW4DB=1G.0*ALOG1O(PRIW4 ) -SCF2DB+FRCTOR
150: PRWBDB=10.05ALOG1O(PRWE ) -SCF2DH+FACTOR
151: PRWDB=10,0#ALOG10(PRWI+FACTOR

152: PYW4DB=10.0*ALOG10(PYii4 ) -SCF2DB+FACTOR
153: PYWS8DB=50.0%#ALOG10(PYKS ) -SCF2DB+FRACTOR
154 PYWDB=10.0%ALUG1O(PYWI+FACTOR

153:

1562 PPWDDB=10.C»ALOG10(PPHD) +FACTOR

1572 PRWDD3=10,0%ALOG10(PPWD) +F RCTOR

1583 PYWDDB=10.0%ALOGIO(PYWE)+FRCTOR

159:

160:COMMENT SAVZ NUMBERS IN FILE

- CALL FSAVE(FREQ, PPWDE, PRWDD, PYWDD, FNUM)
162:

163:

164: TERMT(T,GE. TFINAL)

16S:DERIVATIVE

166 :ARLGORITHM IALG=3

187: GQ=INTEG(1.0,0.0)

168:END

169:END

170: TERMINAL

173

1?22:COMMENT CLOSE FILE

1732 CALL FCLOSE (FHUM)

174 :END

1?S:END

EOF:175
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0:>ELT WED-10-20,/82-10:30:02-(3,)
12537#15¢1) . SRMA/FSUBS(3)

1:
3:
4:

OFOR, IS FF.FOPEN

SUBROUTINE FOPEN(N)

REWIND N

RETURN

enp
OFOR,IS FF.FSAVE

SUBROUTINE FSAVE (W,P1,P2,P3,N)
WRITE (N, 100)W,P1,P2,P3

100 FORMAT(4G14.8)
RETURN
END
®FOR,IS FF.FCLOSE

SUBROUTINE FCLISE(N)

ENDFILE N
RETURN
END
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APPENDIX D
COMPUTER PROGRAM FOR SHUTTLE IMAGING SPECTROMETER POINTING ERROR
e - -
POWER SPECTRAL DENSITIES FOR CONFIGURATION B —- NOSE-DOWN NADIR POINTING }
/
ELT WED-10/20/62-10:36:41-(14,)
12%537815€1).SRMB/PROG(14)
1:PROGRAM IMRGING SPECTROMETER SHUTTLE RIGID MOUNT - B ‘. m—— -
2:INITIAL i
3:VARIABLE T«0.0 . -
4: INTEGER FNUM,NPOINT
- H
62
?:COMMENT IMITIALIZE SOME PRRAMETERS
H CONSTANT NPOINTe641 1 .o
H CONSTANT FIiUMe39
10: LALL FOFENTFNUM)
11: TFINRL=1, O#NPOINT-1.0 H
12: CONSTANT FACTOR<0,0 |
13: CONSTANT SCRFACe1.0E+10 : .
14: SCFRAC2=SCRF RCESCAFRC
18: SCF20B=10.0%ALOGIO(SCFAC2) - ~
16:
17:COMMENT SET VRRIOUS MATHMATICRL CONSTANTS -
18: P1+3.14159265 i
19: ASRCC-P1/(180.0%3600.0)
20: RSHZCCe1.C/(2.0%P1)
21:
22:COMMENT DEFINE MOMENTS OF INERTIA
23: CONSTANT IXe1,00E+7?
24: CONSTANT Vet , 05SE+7
252 CONSTANT I2e1.38E+6
263 IX2°IX®IX
22: IY2=1Ysly 3
28: 122-12812
29: 13VZ2eIX-1Y+12Z s
30: IXYZ2-IXYZeIXY2 “1
3 .
32:Z0MMENT DEFINE WO
33: CONSTRNT W0=0,001131S
34 WO2=UO#K0
35: W04 « W02 ¥W02
36: -~
37:COMMEINT DEFIME.INITIRL ANGLES RAND RRTES A
38: CONSTANT TH0=0.0
39: CONSTANT PHI0+0.0
40: CONSTANT PS10+0.0
41 CONSTANT THODe0.0
42: CONSTRANT PHIOD=0.0
43: CONSTANT PSI0D=0.0
44: THO2 « THO# THG
45: THOD2 « THOD# THOD
462 PHIO2«PHIO®PHIO
472 PHIOD2=PHIOD»PHIOD
48: PS102-P510#PSI0
48: PS10D2=PSIOD*PSIOD
S0:
51:COMMENT DEFINE QS i
$2: CONSTANT QXs=1,.970E-4
$3: CONSTRNT GYye1,286E-2
S4: CONSTANT Q2¢6.320E-4
S$S:
S6:COMMENT DEFINE RATE FILTER PRRAMETERS 3
57 COMSTANT WD=0.2513 F
s8: CONSTANT 2ETAD=0.8 1
$9: WD2=LD#RD
60: WD4=WD28WD2
612 2D2+2ETAD*2E TAD
62:
63:COMMENT DEFINE VARIOUS CONSTANTS
64: CONSTANT R=8.5SE-10
129
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e

63: CONSTANT SIGBO<87.32
66: S1GBO*S1GBO*RASRCC
87: S1GBO2+SICRO%SIGRO
608: CCNSTANT TRU+=0.023
69: TRUZ*TRUSTAU
?0: DELW=1.0
71:
72:COMMENT DEFINE W CONSTANTS AND INITIALIZE W
73 CONSTANT WL0O*6.28318331E-?
kL H CONSTANT WFACTe1,029200527
?5: WL O/WFACT
?6:
?7.END
78:DYNAMIC
79:CINTERVAL CI=1.0
80:
91:COMENT COMPUTE W
82: WeliniiF RCT
83: PROCEDURAL (DELWeW)
[-LH DELN0.0
8S: IF(W.LE.O.) DELK=1.0
86: END
9?: WHZ = WaRSHZCL
88: FREQ=ALOGIOIWHZ)
89: W2 oWnh
96: N4 o L2 WW2
91:
S2:COMMENT COMPUTE HW2 RAND DM2
93: HW2=1.0/7(TAU2%K2+1,0)
94: HOW2 *WC4A#H2 /7 ( (W2 -WD2) #5244, 08ZD2 #WD2 #W2 )
982 DU2 I X8I Z# W4 -KO2ZH(IXNI2Z+1Y2+43 .01 YNI2-3,08122) 812
96: DW2 e D2 +4, O¥NO4#(TIY-IXIN(IY~I2)
97: D2 = 02 /SCRFAC
98: D2 = D2 2 DW2
99:
100:COMENT COMPUTE F’S
101 FTHW2 »Hui2%#SCFRAC2/7C(TYRN2+4] . 0NNO2#(T2-IX) I nn2)
102: FRW2=(IZ¥W2-WO2# (I V-] X)) #u28HW2/DW2
103: FYWN2=(IXRNZ 24, CRNO28(I2-1Y) ) AR2 RHN2 /DW2
1042 FRYW2*WC2Z#] XY2Z2 #W2 52/ DbI2
10S:
106:COMMENT COMPUTE PSD’S
107
108:COMMENT PITCH PSD COMPUTRTIONS
109: PPW1=F THWZ 81 Y22 THOD2
110: PPW2=F THWZ2 ] Y2 #THO2 82
113 PPWI=F THWZ*QY
1122 PPU*R+SIGBO2 #DELUW+ (PPUW1 +PPHZ+PPWI ) /SCFAC2
1132 PPUDPPRHDWNZ
114:
115:COMMENT ROLL PSD COMPUTRTIOMS
116° PRAT«FRIZHIXZ 2PHIOD2
1172 PRU2 *FRUW2 #] X2 #PHI 02 #h2
110 PRWI oFRWZ2#WGC2 #] XYZ2#PST 02
119: PRUM4 =F R 20X
120 PRIS sFRYW2#] 22%PSI002
121: PRWG «FRYWZ#] 22 #PSI0280W2
122: PRW? «FRYWNZ#WO2 #]1 XY22 #PHI 02
123: PRWB*FRYN25CZ
124: RS*R+SIGBO2#DELW
125: PRU*RS+ (PRU1 +PRUZ+PRU3 +PRI4 +PRWS +PRUE + PR? +PRUB ) /SCF RC2
126: PRUD « PRWSHDW2
127
126:COMMENT YAW PSD COMPUTRTIONS
129: PYW1 oF Y2 #] 22 #PSI0D2
130: PYW2F YWR#1Z2#PSI022M2
130
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131: PYWI =F YW2 W02 #] XYZ24PHI 02
132: PYW4 =FYWZ %02
133: PYWS oF RYW2#] X2 #PHI 0D2
134: FYWE =FRYW2#IX2#PHL 02 ¥W2
13s: PYW? <FRYW2*¥WO2%I XYZ2#PSI02
135: PYWBFRYWZ #0X
137: PYWsRS+(PYWT +PVHZ +PYWI+PYW4+PYWS+PYLE +PYW? +PYWB ) /SCFAC2
138: PYWDePYW*HDWZ
138 .
140:
141:COMMENT PPEPRRE VARIABLES FOR OUTPUT
142: RSIG-R+SIGBOZ*DELM
143: RSIGDB10.0#PL0G10(RSI5)+FACTOR
1442 PPW3DB+10.0#ALOG1O(PPN3)-SCF 2DB+FRCTOR
145: PPWDB=10, 0#ALOG10(PPW)+FRCTOR
146: PRWADB=10. O*ALOG1C(PRW4 ) ~SCF 2DB+FRCTOR
147: PRWEDBe10. 0*ALOGI O(PRMB 3 -SCF2DB+FACTOR
148: PRWDZ*10, 0#ALOG10(FRIW) +FACTOR
149: PYW4DBe10.0%ALOG10 (PYW4 ) -SCF2DB+FRCTGR
150: PYWADB=10.0#RALOGIO(PYWB ) -SCF2DB+FACTOR
1512 PYHDB=10. 0%ALOGIO(PYWI+FRCTOR
1522
153: PPUDDB=10, U*ALIGIO(PPKD)+F ACTOR
1542 PRWDDB*10.O%ALOG1 0 (PRWD)+F ACTCR
155; PYWDDB= 10, 0%ALOGI OCPYWD)+FACTOR
156
157:COMMENT SAVE NUMBERS IN FILE
158: CALL FSAVE(FREQ, PPUDB, PRWDB, PYHDS, FNUM)
159:
1€0:
161: TERMT(T.GE. TFINAL)
162:DERIVATIVE
163:ALGCRITHM IALG=3
1642 0Q=INTEG(1.0,0.0)
165:END
166:END
167: TERMINAL
168:
169:COMMENT CLOSE FILE
170: CALL FCLOSE (FNUM)
171:END
172:END
€0F:172
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ELT WNED-10,20-82-10:50:42-(C,)
1253781S(1) . SRMB/FSUBS(0)
:OFOR,1S FF.FOPEN

2: SUBROUTINE FOPEN(N)
H REWIND N
H RETURN
L H END
8:0F0R,1S FF.FSAVE
H SUBRGUTINE FSRVE (k,P1,P2,P?,N)
H WRITE (N, 100)K,P1,P2, P:
: 100 FORMAT(4G14.8)
10: RETURN R
112 END
12:0F0R,1S FF.FCLOSE
13 SUBROUTINE FCLOSE(N)
t4: ENDFILE N
15: RETURN
162 END
EOF: 18
132
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100
100
109
00
300
)00
)00
100
190
)oo
109
100
100
)00
100
100
100
100
100
160

[-L-B-X-J-R-J-R N-X-2-R-R-R-F_J-N-2 F J-J

00ass2
000008
000128
001240
013626
030711
001530
004a2se
004260
026522
013160
027614
0060032
007%2¢
015552
02271s0
018758
01207¢
014136
011712

330
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APPENDIX E

GEOMETRIC ERROR ANALYSIS PROGRAM LISTINGS

0000
0000
: 0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
6oco
0000
0060
0000
0000

R 000263
R ooo0288
R oco130
R 000228
D ooo03S2
1 03070%
D 013540
D 90377
D 000820
D oo02%522
D p22%32
D ¢00223e
D c07314
0 007330
D 025372
D 02273s
R p0007S8
04011530
D 005062
0 o02031e

OPITCH
DROLL
DreTA2
Ovan
FIl1

X

PDY
PSYY
RHn

]
SLUMDA
sxy
TETAL
11t
Ti1
¥Px
X0
X22
Yo

Y3

0000
0000
0000
0000
0009
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

[- R -A-1-R-X+R-R-N-F X-R B R-i-R-00 X-» ]

[ 11381
002262
000213
022670
000360
00n302
030710
C03264
0102548
coaosy
015576
003240
007322
00733s
008130
022734
000326
017224
0231480

/id 1)
o3xY
DTHET,
ERR
Fl2
LAMDA
Pl
XY
RHOY
$Om
$QURT
L
TETAR
12

0000
0000
0000
6000
0000
0000
0000
0000
0500
0000
0000
0009
0000
0300
0000
0000
0000
0¢00
0000

000067
000170
003214
023102
000000
000628
017100
000742
01083s
013350
016020
022502
0148732
0031448
023206
022550
000333
ov0eTa
03134p

(- A-F F-R-R-L-R-X-R-R-1-J-8-5 K-R-F K

THIS PROGRAM COMPUTES THE ERROR SENSIYIVIVIES AND GEOMETRIC
ERRORS CF GROUND POINTS INOUCED BY ALYITUDEIROLLeYAW AND
PITCH ERRORS AS WELL AS EARYH ROYATION AND SMUTTLE mOTION

PARAMETER NLAMDAS10¢NLOMDARYO¢NDHEBINPISS NPSISSeNTETASS

SeNDTa3eNDETASSINOFIaSoNDASARIOeNDTHES10¢NCOXB IS NSOHE2

REAL WoRsDM{NDH) ¢DLAMDA(NLAMDA) ¢DLOMDA(NLOMDA) o gOH(NEDH) ¢

STOMI ¢ TOH2¢DFILINFY) oDF12(NF1) oOPST1(N®81) 4DPSI(NPEL),
SOPSI(NPST) +DBETACNPST) o XO(NLOMDA sOFI(NDFT)

SOTETALINTETA) sOTETAQ(NTETA) ¢ XO(NLOPDAY 9OPSA(NDPSA)
$oDT(NDT) oDTAUGDETACINDETA) yDALFA(NCPSA) ¢OTHETA(NDTHE)

$eDYAR(NCOM) 9 DROLLINCOM) ¢ OPITCHINCONM)
DOUBLE PRECISION LAMDACNLAMDA) oXYUNLAMDAY ¢FILINFL)oFI2(NFI)
SoDXY(NDHINLAMDA) o LOMDAINLOMDA) o YCNLOMGA) oPY(NDF 2 eNLOMDA)

SeDY(NDFIoNLONDA) s POXY(NDHINLAMDAS s PSXY{NLAMDAINDM) ¢

SBXY(NLAMDA) ¢DOBXY(NLAMDA gNOMY 9 S(NLAMDA ¢NDH) oBYL(NFToNLOMDAY,
STXYLCNLAMDA) o TXY2(NLAMDAY o DYXY(NLAMDAY o TCNLAMDA) oPXY (NOHoNLAMD
$A)oBY2(INFIoNLOMDAY sDBY(NFIoNLOMDA) ¢ BINFIoNLONDAYePSIINPEL)
SBETA(NPSI) sRA(NLAMDAY¢DELTA(NPETI JNLAMNA) sD{NPSI (NLAMDA)
SPSACNDOPSA) o ALFA(NDPSA) o DOLTAINOPSA oNLAMDA) o YO(NLOMDAY o

ST2CNDYHE ¢« NLOMDA) ¢y OEL (NDTHE ¢ NLOMDA) o RHO(NDTHE ¢ NLONDAY

SoTETATINTETA) o YETAZINTETA) o TIIINTETA) o TI2(NTETA)
STITL(NTETACNLOMDA) o TIT2(NTETAINLOMOA) o DELLI(NTETAONLOMDA) ¢
SOEL2(NTETAINLOMDA) sRHOL(NTETANLOMDA) ¢RMO2(NTETAINLOMNDA) ¢
SSQURTSCNTETAINLOMDA) ¢ SQURTZUNTETAGNLOMDA) o XIS CNTETA N OMDAY o
SYLLINTETANLOMDAY e X22(NTETA¢NLOMDAY s Y22(NTETAINLONDA)

DOUBLE PRECISION X2(NCOMoNLOMDA),

SEHFTI(NTETAINLOMOA) v SENINTETAONLOMDA) o YAWINCOM) ¢sROLL (NCOM) o
SFICNDFI) ePOYINDFToNLOMDAY oYL CNDTHE oNLOMNA) ¢ THETAINDTNEY
SXICHDTHE ¢ NLOMDAY o T1 (NDTHE) e SQURT {NDTHE ¢NLOMDA) ¢
SBHF (NOTHE ¢ NLOMDA) o PITCH{NCONY o
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38
398
aos
a1
ags
a3s
aes
45
(11
are
ads
49
Sos
S1e
S2»
S3e
Sas
$35s
Ses
57s
383
SS9
60
(3L
2
630
o4
(114
[ 1.1
(3 L
(1.1
o9
70¢
Tie

713¢
T4
15
Tos
77s
78
719¢
80s
[ 184
82¢
83
sas
[ 31
os
87e
88e
89s
90

o~

80
90
100

ORIGINAL PAGE IS
OF PCOR QUALITY

SRI(NCOMeNLOMDA) e ¥I(NCOMeNLONDA)
$eDIFFINCOMINLONDA) 1 TAU«ONEBAIETA(NDETA) ¢

SVINCETA) v SLUNDACNDETA) o CLUNDA(NOETA) oVEINOETA) oyY (NDETA) 0
SOEX{NDETAINDT) ¢ DEVYINDETAINDT) ¢ ERNCNDETAINDT) o V8, VPR INDETYA)
SYP(NDETA) e ANGL CNOETA) 0 DANGL (NDETA) o DELXINDETAINDT)
SeDELY(NDETAGNDT) o ERROCNDETANDT) 9o YO {NLOXDA)
SoTIZINCOMINLOMDA) ¢DEL (NCOMoNLOMDA) 9 T1I(NCOM) ¢
SY2(NCONeNLONDAY s RO {NCOMoNLONDA) o BOUT T INCONINLONDA)Y

DATA (OM(K) yKBLoNDN) /1 o9mio2eredosdereSerBered,/

DATA HeReDTAU/800,06350,788,88,/

DATA (OPI(K)eKBLsMOFT)/28,019,020,081,022,/

DATA (DPOA(K) ¢XKB1oNOPEA) /o590 098.502002:503003:518008,5¢%,/
DATA (OTHETA(K) s XWIoNDTHE) /20059230%022:502365008,5¢8300848,,
.‘s..‘....’.,

OATA (DYANM(K)9KBSINCOM) /0010000008 o001000,90000 08000040040
...'o."...‘gl

DATA (DPITCALIK) oKmLoNCOM)/0,030908090,00402205722:%022:.8022.9¢
.!zos'.’.'l’:'.’o'.’."s.l

DATA (DROLL(X)aKm3oNCON)/2D,9204020002049200902¢980001,00000,¢
80e0lo001400,90./ *
DAYA (DLAMDACI) oIDLeNLAMOA) /0000a98003¢08405,00,07.98,090/
DATA (DLCMOACI)vI81oNLOMDA) /00es0B,00Ts00b,00809cloenl 00,0
.'l.'c.Ilciz.'s."o's.'..'700'0".,

DATA (BDM(I)eIWioNSDH) /4,019,027

DATA TOMH1eTOM2/e0100,01/

DATA (DFII(K)oeXKBIoNFI)e(DFI2C(K) oRBIINFLI)/2030002040800,08¢
l-.olo-.oSI

DATA (OPBII(K)eKuioNPEI) o (OPBIZ(KI oK1 oNPBL)/00800e020,05¢
l-.OlOO.Olo'.OS/

DATA (DYETAS(KIoKSLoNTETA) o (DTETA(K) ¢ KuioNTETAY/ 010,020
l.oSc-.OXOO.OZo'-OSI

CATA (XO(K)oXBIoNLOMDA)/1980,/

DATA (XO0(K)Xm1eNLONCA)/23980,/

DATA (DT(X)oN@INDT)/Sqarelr 08/

DATA (OETA(K) oXSEolDETAY/000200980,000,¢80,/

Pls3,1315926%

00 100 X®isNON

00 90 JeioNLAMDA

LAMDACTYSDLAMDACT)®PT/180,

IV(I)BREC{1eM/R)ISDCOS(LANDA(L) )eDSART(Ju(1oH/R)e(14H/R)S
SOSINCLAMDACT)Y)ISOSINCLAMDA(L))))SDSINCLAMDA(L))
PXY(KoIIORS( (10 (MeDH (L ;3 /R)S0COSCLAMDALT) )DRCRY (10 (10 HeDN(R
$))/R)S(10(neDH(K)) /RYSOSINCLANDALTY) SOSINCLANDA(L)) ) ) 308 N
$(LAMDA(]))

DXY{XoI)oPXY (Ko )aXY (]}

IF(DXY(Ke1),£Q,0,) GO TO 80
PDXY(Xe138DABS(OXY(XKe))®100,/0AB8(XY(])])

60 TC @0

POXY(Ke1)80,

CONTINUE

CONTINUE

DO 102 Js]eNSOW
00 101 IsienLAMDA

134



91
92s
93¢
94s
9Ss
968
9Ts
98s
99
1009
1019
to2e
163s
10as
105
1068
107e
108s
109e
110s
111
11de
113s
1148
115s
1168
1178
t18¢
119
1208
1218
1223
123e
1248
12%s
126¢
127s
128s
129s
1308
131
132
133
t13a0
13%e
1308
137s
1388
1398
1409
j141e
142¢
1a3¢
18as
1a8e
1848
1478

LAMDA(T1)mOLAMDA(I}SP1/180,
SXY(IISRE((14H/RISDCOSCLANDACT) )=DSURT (1o (ToH/RYS(Sak/R)S
SOSINCLAMOACT))SDSINCLAMDA(L))))ISOSIN(LANDA(L))
PEXYLTeJISRIC(L(HISDH(J))/R)OOCOSCLANIA(L))08ORT (o (1o(He3OH(S))
$/RIBLIe(MOSON(JIII/R)SOSINCLAMDALIIISOSINCLAMDALT) )Y )SODSING
SLAMDA(I))
DS:1(1eJ)mPSXY(Iel)esXY(])
S(10J)B08XY(IeJ) 7S0KH(I)

101 CONTINUE

102 CONTIMUET

D0 103 I=1.NLAMDA

LAMDA(LI)SOLAMDA(I)®P1/180,

TXYLCLIISAS( (2o CHeTOMT) /RISDCOSILAMDACL)I=DBORT (e (Jo (e TDNL)/R)S
$CLo(MaTON1) /RYSOSINCLAMDACT)ISOSINCLANDACTIY) ) )SOSINCLAMNDA(L))
TAY2(1)aR9((10(HeTONR) /RISDCOS(LAMDA(Z) ) «DSQRT(sw (e (HoTDHR) /RO
$CLoiHeTON2) /R)ZDSIN(LAMDA(T))SOSINCLAMDACT)))ISDSINCLANDACLY)
OTXY(I)aTXY1{L)=TXY2(])

T(1)80TXY(1)/(TOHleTDHRS

103 CONTINVE

00 t11 X=iyNDPI
FI(K)sDFI{K)4P1/180,
00 110 JstoNLOMDA
LOMDA(J)SOLOMDA(JI®PT /180,
Y(J)seRS((1en/R)SOCOS(LOMDA(J) JeDS0RT L1l I1oH/RIB(1on/R)8
SOIINCLOMOA(J))SOSINCLOMDACJ)))ISOSIN(LONDALI)Y)
PY(KeJ)meR®((L4H/RIODCOSILOMDAC]) ¢F2L{N)IeDSART (10 (lon/RIS(LoN/R)S
SOSINCLOMODACT)oFIC(K)ISOSINCLOMOACT)SFTIX)))ISOSINILONOACI)#FTIK))
DY(XyJ)}aPY(KoJI=Y{J)
IPLY(J).EQ.0,) 6O TO 109
POY(X,J)uCABS(OY(KeJ))81004/0A83(Y(J3)
G0 T0 110

109 PDY(K,J)810,0100

110 CONTINUE

111 CONTINUE

00 130 kmi NF]
Fl1{xyuDFIi("3*P1/180.
Fl2(x)mDFrI2(Kx)sP1/180,
00 £20 JwleNLOMDA
LOMDA(J)BOLOMDACJ)®PT /180,
BY1(KeJ)SwRS((19H/R)S0CO8(LOMDA(S)¢FTI1(X))eDSART(1a(1oN/R)S
S(1orH/RYISDSINC(LOMOACI)®F T (K)IPDSINILOMDA(JIOFIL(R))))®
SOSINC(LOMDACIIeFII(K))Y
BY2(KyJ)maRs ((1¢M/R)eDCOG(LOMNDALIISFI2(X))eDSART(1allon/R)s
$C1oM/RISOSINCLOMOA(IISFTI2(N)ISDIINCLOWDA(I)OFIR(K))) )
SOSINCLOMDACJIOFIR(X)Y
DBY(K,J)8BY1(KeJ)eBY2(KX,J)
B(KsJIBDBY(XsJI/(DFIL1(K)eDFTI2(XK))

120 CONTINUVE

139 CONTINUE

135

-~
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1488e
199
159¢
1518
1520
153e
1548
155e¢
15e8
187e
1389
159
1608
1013
1628
1638
1648
1038
166
167
108¢
1699
170e
171
1728
173s
17as
179
1768
177¢
178s
179%¢
180¢
181
182
183
18480
163
186
187¢
188
1898
190s
191
192¢
193
1948
198
1908
197
1388
1998
2009
2019
202
2038
204

131
132

138
136

208
206

00 132 xsisNDPSA

DALFA(X)IR(180,°0P8A(K)} /2,
PSA{K)IuOPBA(K)OPT/180,
ALFA(KIeDALFA(X)®PL /180,

D0 13t JeieniLANDA

LAMDACJISOLAMDALJ)OPT/380,
RACJIRRI((10M/R)ISDCOGLILANDA(I) JoCRART (0 {1oM/R)IS(ToH/R)
SSOSIMCLANDA(J) ISOSINCLANDALS) ) ) SOSINILANDA(S))
OOLTA(KeJIN(RACIISOPINCPEA(K])) /OSINCALTA(K))
CONTINUE

CONT INUE

DO 135 KsiiNPL

OPSI(X)BOPSI1.K)eDPS12( N}
DBETA(X)8(180,00P32(X))/2,
PSI(x3uDPSI(X)IPI/18¢e,
BETA(K)IRDBETA(X)SPL/180,

00 135 JeieNLANDA

LAMDACJ)BOLAMDALJ)'PT/180,
RACJISRS((1+om/R)SDCOS(LANDA(J) JoDSQRT (T (LoN/R)S(Lon/R)S
SDIINCLAMDACTIISOSINCLANDA(J))))SOSINCLANDA(J)Y)
OELTA(X¢J)S(RACJISOSIN(POTIX)) ) /OSIN(BETA(K))
0(%< 9 JISDELTA(XeJ) /0PI (X)

CONTINUE

CONTINUE

DO 206 K8lyNOTHE

THETA(K)BDTHETA(K)SPL/180,

D0 205 JsienLONOA

LOMDA(JIsDLCMDACJI)$PT/180,
Y0{J)aeR®({14n/R)ISOCOSC(LONDA(J) JoDOART (T (1en/R)S(0H/R)SOSIN
!(LOHOAtJ))'DIIN(LO*OA(J)):)OOOtn¢L9NOI(J))
T1(XKIaNSOTANCTHETA(K))
T2(XeJ)meDABS(M/DCOSITHETACK) ) ISDTANSLONDA(JS))

DEL (%o J)@DSQRT(TI(RISTI(X30T2(N¢J)8T2(KJ))

RHO(2 9 JIRDATAN(OEL(X ¢ J)/N)
SQURT{X¢J)aRS((SoH/R)SOCOS(ANO(K+J))o0BART(1ul{SeH/R)IS(10M/R)SDEIN
S{RHO(XeJ))SORTIH(RNO(X9J) ) ) ISOSINCRHO(KJ))
XI(KeJIWCIOURT(XeJ)OTL(X))/0EL(XKJ)
YIt(KeJ)B(SQURT(KeJ)OT2(K¢J))/DEL(X0J)

SHF (X JISDSGRT(XTI(KsJISXT (Ko J)o(VYI(KeJ)aYO(I))S(YI(XsJ)aYO(I)))
CONTINUE

CONTINUE

00 208 X8!INTETA

TETAI(x)}uDTYETALI(K}I®PL /180,
TETA2¢(K)uOTETAR(K)SP1/180,

DO 207 JeieNLOMDA

LOMDA¢J)eDLOMDA(J)®P /180,
TIL(K)aHODTANCTETAL (X))

T12¢x)snsDTANCTETAZ(X))
TII1¢(KsJ)meDABS(H/0CORCTETALI(K]))SOTANCLOMDA(JSY)
TII2(KeJ)weDABS(N/DCOSCTETAI(K))ISDTANC(LONDA(J))
DELI(XeJ)SDSGRT(TII(RISTIZ(RIOTIII(KIJISTITII(KS))
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P}

20%e
2069
207e
208s
209e
2168
211s
212¢
213s
2188
2158
21ee
217
2188
219s
2209
221s
222s
2a3e
2248
22Ss
2268
227le
228s
2298
P31 L
231s
232s
233e
23as
235
2360
237
238s
239
260%
2419
2828
2438
284e
24Ss
2840
2047
2489
249s
230s
231
252+
253s
258
25%e
2568
257
2%8s
%59
260e
2018

ORIGHNAL PAGE IS
OF POOR QUALITY,

DELZ(I.J)IDSQR1(YII(KJ'7!2(KJOYIXZ(KQJ)‘YXIZ(KOJ))
RHOL(XeJISDATANCDELL (Ko J) /W)
RHO2¢Ke JISOATAN(DEL2(XsJ) /1)
snunrx(u.J)-ntt(lon/n)‘ocoagnnostx.J)a-nsouttxotlon,u)u
S(LOM/RISDIINCRNILI (K9 J) ISDSINIRNOL (K9 JI 2 IISOBINCRNOL (Ko J))
SGURT2(KeJ)sRe((16M/R)30COS(RHO2(X¢J)IeDSORT (10 (loH/R)8
$(1oM/RISDSINCRMO2(K 9 J)ISTSINIRHO2(XeJIIIISDIINCRHO2(X o))
X13(XeJ)B(SQURTISKOJISTII(X)I/OELI(Ke)
Y13(XsJI)NCIQURTICRIJI®TITI(X0J))/DEL LK)
X22(Kes)u(SQURT2IKe JISTI2(R)II/DEL2(Ke )
Y22(X ¢ J)B(SQURTZ(X9JISTII2(K0J))/DELR(X0J)
SHET (Ko JIBOSORT(C(X11(KeJ)aX22(K9JYIS(ALI (K JImX22(XoJ))e
SCY11(KeJ)aY22(X0J)IS(YII(Xo])eVR2(XsJI))
SEN(KoJ)BSHFT(KeJ)/(OTETAL(X)eDTETA2(X))

207 CONTINUE

208 CONTINUE

D0 21t KsieNCOM

YAR{K)SOYAM(X)}SP1/1380.

ROLL(x)3OROLL(K)®PI/180,

PITCH(K)SDPITCH(X)SPT/180,

D0 210 JeieNLOMDA

LOMDA(J)BDLOMDA(J)®P /180,
¥3(J)aeR®((1oM/RISLEOS(LOMOACI) )oDSQRY (10 (1oN/R)S(Loan/N)S
SDSINCLOMOAC ) JSOSINCLOMOACJI)3)ICDIINCLOMDALS)Y)
TI1(KIHSOTANCPITCH (X))
T33(KeJ)BwDABSEH/DCOS(PITCH(XIIISOTANCLOMDACII*ROLL (X))
DEL(NeJIBOSORT(TII(N)IOTLUI(K)I@TIZ(KJISTII(K0J))
RO1(X¢J)SOATANCDEL (Ko J)/H)

SQUTE (X1 JISRS((14H/RISOCOS(ROL(KeJ)IoNSART(1uleH/RYISLION/N)

SSDSIN(ROI (Ko J)ISDSINCROICKe JI))ISDSINCROL(KeJ))
X2(XKeJIN(SQUTL(XeJ)STLI(R))/DEL (K ])
Y2(KeJIB(SAUTI(KeJISTIZuk0JI) /0L (K0 J)

X3(Xe JINX2(Ke JISDCOSCYANK))oY2(KeJISNSINCYLR(XK))
Y3(KeJInX2C(KeJISOSINCYAR(K))OY2(X9I)*DCOS(YAN(KY]

DIFF(KeJ)BOSORTI(XI(x0J)oXO0(J)IO{XI(KeIIOXT 312217 8(KoJ)eYOLJI))S

$(Y3(KeJIov0(J)))
210 CONTINUE
211 CONTINUE

TAURDTALSPL /180,
OMEGAS2,%P1/804800.
DO 220 K%=49eNOETA
ETA(X)SOETA(KI3PL/180,
V(X)sOnEGASRSOCOS(ETA(X))
SLUMDA(K)SDCOS(TAU) /DCOSCETA(K))
CLUMDAIX)SOSORT (1=SLUMDA(K)SSLUMDA(K))
VXC(K)Iav(K)SSLUNDA(K)
VY(K)eV(K)SCLUMDA(K)
00 2% JsisNDT
DEX{KoJ)BVX{N)SOT(J)
DEY(X,J)ISVY(X)8DY(J)
ERRCK ¢ JIBDSQART(DEX (K s JISDEX (X9 J)0EY (Ko IIODEY (Ko J))
213 CONTINUE
220 CONTINUE
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262¢
2038
20as
2058
2648
267e
2088
2609¢
270¢
271¢
2712s
273
2748
2758
2738
2778
278¢
279
260¢
281s
282s
283e
284as
205
<868
287s
2688
289
290¢
2%1s
292¢
293s
2948
295%s
2968
2978
298¢
299
Joos
301e
302¢
3038
30as
305e
Joes
307
308s
309s
S10¢
311
312s
313
318
315¢
3o
3170
318¢

Van2,3PIoR/5%a%.884
TAUsOTAUSPL /180,
OMEGAR2,9P1 /0846800,
00 222 Ks$osNDETA
ETA(KymDETA(X)OPL /180,
V(K )SOMEGCASRODCOB(ETA (X))
SLUMDACKISDCO8(TAU) /DCOSIETAIK))
CLUMDA(X)SOSQRT(1=8LUMDALIK)ISSLUMDA(K)Y
VX(XIgV(R)SSLLMDA(K)
VY(KIaV(X)SCLUMDA(K)
vPX(X)mVii(K)eVS
VP (K)303QRT(VPXIX)OYBX(X)oVY(XK)SYY (X))
ANGLIXISOATANCVPX(K) /VY(K))
DANGL(X)SANGL(X)®180,/P]
CO 22t JuieNOT
DELX(xeJ)mVPXRIX)SDT (I)
DILY(XeJIRVY(X)SDT(J)
ERRO(K ¢ JIRDSART(DELX (N o JISOELX (Ko JIODELY (Ko JISOELY (K0 J))
221 CONTINUE
222 CONTINVE

DO 237 <“31eNDN
sRITECOe230) RoMoDMIK) e (DLAMDACI) o IRE oNLAMDAY o (XY ()0 IuLoNLAMD
:‘3o::lvtlo!)olll'NLllo‘)otolV(Kol)ollloNLAIOA)'(Pbxv(lol)olllo
NLAMDA)
236 FORMAT(1ME¢ 19833080828 0800850808 CEONETAIC ERROR INDUCED BY'¢
$' ALTITUDE ERROR s0ee8s09sssses8898e880¢7//772///0/47
$) EARTM RADIUS R @1 ,59,8¢1KN19///790 NOMINAL ALTITUDE!,
$) MY FA,0etKM9// /00 ALTITYOE ERROR ON 819F3,0,'KM1
$2747277277¢% VIEWN1 38X VANGLEV 9 /9t DLAMNACDEGREES) !,
$12X0F24009(X¢PR02 977791 NOMINAL LOCATION (XM} t910015,4¢
$///7¢" SHIFTED LOCATION (XM)1430D11,807//79TX9'ERRCRY 40x,
$1(KM) 0910081 ,89/7/08X0 1ARBLERROR) S oTN91(X)192X0FS, 3,
$8XsF% . 3,8(0%x0F5.3))
237 CONTINUE .

00 239 JsieNEOM

WRITECH0238) RoKoSOMCI) 1 (DLAMDACTY o IB1oNLARDAY o (8XY (1) s]®
STONLANDA) ¢ (PXY(Tod) o133 oNLARDA) o (DSXYCToJ) o231 NLANDAY o (S(T0J)
SelsioxLANDA)

238 FORMAT(IM] ¢ '990588088388s508350888 GEOMETAIC ERROR SENSITIVITY!
$? wlt RESPECT TO ALTITUDE ERROR 0s8898380s0880e888881,////7//7
$/7/71% EARYM RADIUS R g'oF9 8y 'KM19/7/791 NONINAL ALTITUDE M ste
SFA,009KM /770! ALTITUDE ERROR 30 81,FQ,24'%XN //717777/740 VIEAY
SeSXetANGLE /9! DLAMDACDEGREES) 1ot2X 0P 2,009(NeF2.0)07/70
$? NOMIMAL LOCATION (xM)'o10081e80/72/7¢" SHIFTED _LOCATIGN (KM)',
$10011,80//7/70TXo 'ERROR! 90Xe? (XM)1910D11,80¢/7/700X91ERRQR 4/
$¢  SENSITIVITY (XM /x¥M)1,10011,.8)

239 CONTINUE

®¥RITE(09240) ReMeTOHL9TON2e (OLAMOACTI) o181 oNLAMDAY 9 (TXYLI (]} o]0
STONLAMOA) o (TXYQCT) 0 ZmS o NLAMDA) o (OTXY(T) o I3 oNLAMDA)Y o (T(1) 08
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319
322¢
J213
322¢
323s
32as
325s
3268
1271e
3288
32¢»
336e
331
332¢
333¢
334
335s
330¢
137
338s
339¢
3408
3ats
3Jage
Ja3s
Jeas
3458
3ae®
Jars
Jafse
3a9s
350
351
352¢
353
3Sae
3155s
ISes
357e
3588
359
3008
361
Jo2*
3030
34as
JoSs
Jo0s
Io7e
Jolse
3098
370
571e
3728
373e
3740
37%e

o

ORIGRIAL rPiGz 5 o

OF FGOR QUALT

$S1enLAMDA)

240 FORMAT(1M19188888880583328088888 SEOMNETRIC ERRCR SENSITIVITY!?

$' wlTH RESPECT TO ALTITUOE ERROR $5853359555835883088s81,
$//777741777¢¢ EARTH RADIUS R BYoFQ, 89 'uN19///0" NCMINALY
$' ALTITUDE o s'eF8,00'KM1¢/7/¢0 ALTITHOE ERROR § TDW1 sty
SF,208KMV 377740 ALTITUDE ERROR 2 TOM2 8'eFSe29'KN?,y
$S//77077779% VIEW' 9SKg s ANGLE? ¢/9! DLAMDA(DEGREES) V312X e
3F2,009C9X¢F2,0)0///¢" SHIFTED LUCATION! /48 CUE TO ERROR!?
5 1 (K¥M) 1910012, 8077700 SHIFTED LOCATIONt /¢t DUE TOF
%' ERRAQR 2 (NM)1e10018 80777/ 08 DIPPERENCE (xkm)ty
$510031,8e47//700X9 'ERRQO! /¢ SENSTITIVITY (XMN/KMyli,eip
5011.4)

00 2ap xsiynNOFl

WRITEC6024S) ReHeOFI(K) 9 (DLOMDACI) s J81¢10)9(Y(J)eJB1010)0
SCPY(KJ) 0 Jm1010) e OV (XoJY s Juln80) s (POY(XoJ) 0 Ju1e10)4C(DLOMDALI)
SUBL3eNLOMOAY o (YCJ) oIB L1 oNLOYDA) s CPY(KoJI s JB11oNLOMDAY 4 (DY LK oJ) 0
$JS11eNLOMDAY ¢ (POY (Ko J) e Ju11 ¢NLOMDA)

245 FURMAT(iMio'ssSs808estessssssass GEOMETRIC ERROR INOUCED By'e

$t ROLL ERRGR o8988888388898889814////// /s

$! EARTH RADIUS R SV oFQ,uetXMIg///9t NAMINAL ALTITUOE ™ sty
$F8,000%MY /7740 ROLL ERROR DFI s14Fa,00'0EGREE /77771

$' VIEW!¢SXo*aNGLE Y o/s! DLOMDACOEGREES) ' e12XeF3e0s9(AX F3,0),
$/779% NOMINAL LUCATION (kM) 19§0D11,8077701 SWIFTED!,

$¢ LOCATION (KM3?910018,8¢//77¢7X9'ERRONIGOX?(KN)I910011,89
$7/7/7¢8% s FABSCERRCR) ! oSXo 1 (X) 1 eF10,8¢8F11,893XeF5,2y

$/77/777¢% VIEw?) gSXgVANGLE ' 9/ DLOMDACDEGREESY ' 913XeF2,00
S8(XeF2,0)0/777¢% NOMINAL LOCATION (KM)'e90D11439/7/909 SHIFTED'
$¢ LOCATION (XM)?90011e89//77¢7X9ERRORI 40X 1 (KM) 149011 ,89
$//7708Xe VABS(ERROR) ! ¢S%e ' (X)1eF10,048F11,4)

200 CONTINVE

00 300 xmienFl

WRITEC8+250) ReHoDFI1(X)+OFT2(K)+(OLOMDE J)0Jm1,10),(8YLI(K
$9J)oJml010)s(0Y2(KeJYI1IB1410)eC(DBY(NeJ)s. 19103,(B(x2J)eJs
$1010) ¢ COLOMDACI) oIS 11 eNLOMDAY 9 (BYI(K¢JI)eJB 11 oNLOMDA) 9 (BY2
S(:OJ)oJlllONLONDI)O(DBV(K'JIOJ.lloNLOIDl)'(B(KvJ)lJlll'NLOn
$DA)

290 FORMAT (1M1 '90805055330588888088 GEOMNETRIC ERROR SENSITIVI!

SITY wiTH RESPECT TO RGLL ERRCR $8° s88s8s9S83888888814/////
Se! EARTH RADIUS R 81,F9,8,1xkM149///41 NOMINAL ALTITUDE W w1,
SFE,001XKMY0//7¢! ROLY, ERROR § DF1) m!e5S,2¢ IDEGREEN e /77y

$! ROLL EPROR 2 DF22 u'¢FS,2,'0EGREE 0 /////¢" VIEw?y8X,
SPANGLEY 9/ ¢! DLOMDA(DEGREES) 1 ¢32XeF3,009(8Xe73,0)0//,

$' S~IFTED LOCATION's/e! CUE TQ ERROR 1 (xM}1s10011ea
$/7/¢" SHIFTED LOCATION's/o? DUE YO ERRNR 2 KMy,
$10011,40///4? OIFFERENCE (KM 1910011 ,80//40X0
S1ERRORY ¢/ ¢! SENSITIVITY(XKM/DEG) ' 910011060/ /7770

$1 VIEW ! 9SXetANGLE Y 9/¢! DLCSMDACOEGREES)I 012X 1F3,0¢8(8X,
$83.,0)¢//70% INIFTED LOCATIONYe/9? DUE TO ERROR 1 (xmyte
$9011,a0//7¢" SHIFTYED LOCATION'e/9* CUE TO ERROR 2 (&M}l
$9011,a0/7/0) DIFFPERENCE (KM)198n11,89//790%0

SIERROR ¢ /! SENSITIVITY(XM/DEG]199D11,8)

300 CONTINUE
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Yy LTI AT

3768
3778
3780
379¢
380¢
381
382
343¢
3889
385¢
1000
387s
Joas
389>
3Joos
391
302+
3938
39as
39%e
3968
397s
398¢
399+
4000
a0}se
a0gs
203¢
q0a®
a0%e
ades
4070
€08se
(1124
8100
agls
312¢
413e
alas
a19e
a18s
ay1Te
at8e
4199
agoe
823
3229
a2le
a2as
42Ss
a6
agTe
a30e
ajes
4300
431
a32e

L e M — | e e — e

00 321 KsieNDPSA
WRITECHe320) RoMoDPSALK) o (DLAMNDALII eS8 e NLAMDA) o
$(OOLTA(XeJ) e JuLoNLANDA)

320 PORMAT (1M1 1085089080880 00838888 CEONETNIC ERRCA INOUCED?
$Y BY VAN EIROR SusSeeS888830888888¢////774/¢% EARTH O
SIRADIUS R 81 eF9% 8N 9///709 NONINAL ALTITUODE » 8'or8, 0¢
SIKMYo 77700 YN ERROR DPSA 00eF 3, 10'0LCREE 0/, 27277170
8 VIEW® ¢SxetANGLEYe /¢ OLAMDA(DEGRIED)1012%eF2,909(0X,F2,0),
$0//77/¢7%01ERRORI 90Xy 1 (&MY 141008} ,8)

321 CONTINUE

D0 500 xciINPS]
ARITEC(0e350) RoMeOPSTI(K)oCPETI (K)o (OLAMOALI) ¢ ImoNLANDA)
SCOELTA(K oIS o Ju aNLANDAY ¢ (O(N9J) 0 Jul 9Nt ANDA)

350 FORMAT(1MH]916888893500388398080888 GEONETALIC EARDOR SENSITIVITY!
¢ WITH RESPECT TO YAw ERROR $39899888098888888881¢//7//7///1/4
$Y EARTM RADIUS R 81oF9,8e1KN19/7//90 NANTNAL ALTIRUDE M ®'¢
PR 001XMY 977790 YAW ERAON | OPSL1 @'eFS,20tOEGREEe///¢
$1 Yaw CRROR 2 OPBI2 ' oFS,24'0EGRECY9///7////0" VYIEW!4SXe
SYANGLE 9 /9! DLA‘DA(D!G!!!I)'ol!l-'!.&..l'l.'l.ﬁ)oIIIl.

s TOTAL SNIPT  (XM)V910011.807//96R0ERROR? ¢/
$! SENSITIVITY(RN/0EG) 10011 ,4)
400 CONTINUE

DO aSy XsleNOTME
BRITE(0e450) ReMeOTHETAIR) 9 OLOMOALS) 0J01010) e (XO(JYeJ8L010) 0
LY0CJI)0du3020) 0 (RTIReSI0INo10)0CYI(ReII0JNL080)9(SNF(ROJ) e JOL010)
So(OLONDACI) o JuLSoNLONDAY ¢ (XGCJI) s JU1LoMLONDA) ¢ (YO(J)9Julle
::kONOA);::!(loJ)vJ'll'ltouoaio(vt(loJichltolLOnOA).(sn'(loatolo
L5 L
830 FORMAT(IN]¢ (80880380000 00s0s0008 CEONETRIC ERAVA INDULED BYY
89 PITCH ERRQR 999908¢080090¢0809881¢//7/7//4' EARTH RADIUS R o!
SeF0,8, N g///9t NONINAL ALTITUDE of w1oP8,001XN097/7/708 PITCH! .-

$0 ERAOR OTHETA B0oPS 10 10EGREE ¢//7//0) VIEWIoSxe ANGLE o /s o
$1 CLOMOACDEGREES) ' 112X eF3,049(8XeF340)9///¢! NOMINAL X COORD'
Bry (KM 1gPXGF2,009COX0F2,0)0///91 NONINAL ¥ COORD, (KM) 19 L

$10011,8¢/7/77¢" INIPTED X COORDe (KNI V9100818077790 SNIFTED?

3' Y COORD, (XM)'g10D11.8¢/77/70 720 ERRORT o Xot (NNY 1950018, 89

$/7477¢9 YIEWI¢SRe VANGLE Yo /01 DLONDACTEGREES) P90 12K 0F3,00

$8(8XeP3,0)07//¢ NOMINAL X COORD, (KM)toTXoF2,0,8¢(9%0F2.0),

$/7//79% NOMINAL Y COORDe (xM) 1490314007779 SHIFTED X COORD,? -

3V (Xr)199011,80//7/¢% SHIFTED Y COORDe (XM)199DL1e80///0¢ 7Ry )

SIERRORgOXe 1 (KM) 199D 1,8) -
as) CONTINUE

D0 500 XejenTETA

WRITE(00880) ReMeDTETAIIN) 1OTETA( L) 0 COLONDALS) ¢dB1,10) ¢
$CX13(KeJ) 91 Jule10) e VI3 (N1J)eI81010)0(N22(Ked)eJdnlinlO)s
$CY22(N0J) 0 dm1010) o (INFTINGS) 08010} et BEN(NJ) 0 014103,
S(OLORDACI) o JRLLeNLOMOA) o (X 11 (X0J) 2 JOL 1 oNLONDA) ¢

SCYIRC(R I o dut L oNLOMDA) o (XK JY o JulToNLONDA)Y
$CYR2(NeJ) o Jui 1 oNLOMDA) o (ST T(KoJ) 0 JBL 1 ¢ NLOKDA) e
SCSEN(ReJ) rJR11oNLONOA)




a33s
qa34as
a3Ss
4308
a37s
438s
339
340
aays
Ga2s
483
e
14Ss
4ans
ga7s
348
3a9s¢
(311
as1s
a82e
q53s
asas
45Se
1568
437s
as8s
4%9s
8008
Qaete
I TY 1]
a83s
d04¢
3088
LYY
2078
q68s
4499
a70s
4T
3728
a73s
474s
375s
at6e
773
a78s
a79s
a80s
qlis
82
q83s
q8as
a8ss
a809
a87s
a88s
a89s

ORICHIAL £V

OF POOR QUAL“V

4B0 FORMAT({Hletouosessngsesessstsss GEOMETRIC ERROR SENSITIVIS
$ITY wITH RESPECT TO PITCH ERROR 553204839 888800508881,////,
$! EARTH RADIUS R 81¢F9,8¢10XM19//91 NOMINAL ALTITUDE M =ty
SFA,001XM1 97700 PITCH ERROR § DTETAL w19FS,2¢1DEGREEN 92/
$' PITCM ERROR 2 DTETA2 ®!¢FS,29 'DEGREC'9////¢7 VIEN!SXe
SYANGLE"9/¢' DLOMOACDEGREES) 1932XeF300¢9(8X0F3,0)0//¢
$9 SHIFPTED X COCRD,'sse! DUE TO ERROR 1 (KM)1910080.30//0
3' SHIFTED v COORD.'e/et OUE TO ERROR 1 (KMY 191008808077
$% SHIFTED X COORD,'e/se! DUE YO ERROR 2 (KM) 2940038 el0/70
$' SHIFTED Y COORDe's/9!.DUE TO ERROR 2  (XM)1910011,80//7/¢
3! DIFFERENCE (kM) 341001 ede//796Xe'ERRORS9/ 9t  SENS])
SITIVITY(RM/DEG) 1 o100t ,d0/77/70" VIEW!SXe1ANGLE Y0/
37 OLOMDACDEGREES) ' 112X eF3,008(8XeF3e0)0//y
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3 ' oo ﬁ L4 l .

LATITUDE & 90,DEGREE
GHOUND POINT SHIFT VELOCITY DUE TO CARTN ROTATION @ ,2311e00082/3EC
SMUTTLE CRQUND §PCLO 8 ,T20200010N/52C

GROUND POINT SNIPT VELOCITY RELATIVE TO NADIP POINT 8 ,Tiesea@tan/SEC

ANGLE OF VELOCLTY YECTOR wITH YeASTS we, 801a0ee20LCRLE

TIng InTEAVAL  (3EC) 1e38 o108 o0t
SNIFT In
1 OIRECTION tam) o Tinde00d o.71020000 e, T102e001 _
nIsT In
Y OlmgCTION [{14] «22700000 22700001 o27T0a0g2
10788, MIPFT  (nw) oTiseeetl oT1000000 +Ttogeuel t
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. 7
[ PUINT SHIPT INOuCRD OF SMUTTLE WATION AnD EANTH ROTATION ©8860904600860000088 s
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LARTA RADIUS Sa3S4.TeSaRM -
-
i
ORSIT INCLINATION & 03,0L6MeE 3
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LATITUOC & So.0EGREE

GHUUND POINT SWIFT VELOCITY CUE TO EAWTH ROTATION @ ,8027+001K"/3¢C
X SMUTTLE CAOUND SPEED © .72020001K%/6EC .
GROUND POINT ButFT VELOCITY RELATIVE TO WADIR POINT © ,71ede80:8M/3C

ANGLE OF YELOCITY VECTOR NITN YeallS Se,8983000208CREL

TINg INTERVAL [§115] 1.90 ol0 1)
NIPT In :
X DINECTION  (nw) eT1020001 c.T1020 008 e, Te2evel !
SHisT In
Y OIRECTION [1.0)] «0%830¢01 2094830902 +59830003
1074, SNIFT  (nw) * oTivdeglt oT10de000 oTt02evet
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22t RS TR S

gcoo
0coo0
0000
0003
00a0
0000
0000
0e00
coco
0000
0000
0000
agcao
o000
0coo
0009
0000
Gca0
gcoo
gcoe
0000
0000
ocoo
0c00
3300
3000
0300
000C
0000
ocoo
Gogo
0000
ocoo
006a0
gooe
c000

IR E R FEEEFERENFEFEEEEEER EFIN B -F.E B N FONN_NFOR NE NN

SN ™S

GROUND PATTERN AND IMAGING

APPENDIX F

DISTORTIONS GENERATION PROGRAM LISTINGS

0066310 IN
aos712 J
906011 J»
005718 L
000003 LKMOA
C05673 NGYX
806065 NLIND
006547 NTIC
0060872 NTICS
COE026 MEGA
005630 R
€0S751 RHO1

0000
0000
goge
0000
eoge
ocoo
0000
ga0e
Q000
goao
0000
0000

0057%2 SGURTL 3000

oeecs2 TIC1
006560 T1C6
005747 121
006034 VIY
005740 v8
005654 XCENT
003262 xf
005734 ¥I3
0CS6TS XLEFT
00STCT xnCH
003221 xP4
805661 YSTA
205720 X2
605651 YAWD
065700 Y8OT
005760 vC1
03433 ¥f
805753 v1I1
035670 YLEW
906215 Yp
603247 YPS
005644 YSTAP
005731 YIOP

1e C
FLJ
3e
L X
Se
(X3
Te
oo c
Je
1Ce
11
12
130
b
1%
16
17

0000
ooco
3000
0000
0000
0000
0000
goo0
g200
0000
ggoo
00uw0
8000
0000
0000
gcos
gcoo
gd00
a00g0
3000
0C00
3000
ocos

R BN EREFPEREESENEERNEERERENERERE.R B FON_N_FOR B N KON

006021
006045
006022
008000
000002
905674
006070
0060353
006061
0cS646
005767
006000
006023
606053
00607
C06026
0ec6031
006060
0057387
opo6l2
005770
005667
0800202
093013
006001
030421
005652
605755
085764
0061003
085771
006020
002153
005205
005645
005713

m
400
FL )}
LANDA
LYRDA
NGY
NLIKS
NTIC)
NT1C6
PO

RA
ROLL
TAU
TI1C2
TI1C7
v

vx
x8B
xC1

b (9
xd
YLEN
P
xes
XSTAQ
4
YAYS
ve1
Yo

¥6

v
YLt
Pl
YP6
YSTAPY
™w

DECLAPE FARAPETERS

PARAVETER YLINES=11eNDT=400¢VLARDAZA60NLPMDA=3100

SNLYMD A=4S 0o HLKRDAZAR0

o000
0000
0000
0000
gcoo
0000
6000
0000
8000
0coo0
gcoo
0000
0000
00co
0030
0000
00090
0000
0000
0000
0000
6000
60co
0000
0ca0
0000
gooo
0000
0000
0000
0000
0000
0000
0000
0000
0000

REAL LAFDACLIFDAGLYMDALLRMDA
INTFSER FLAGSAFLAS

OIMENS 10N CF VARIABLES
DIMENS ION XXC239 YYL2) s XPEALINES)oYPUNLINES Jo XANLINESoMLINES)
SeYUNL INES oNLINES I oXGUKLINES o VLINES ) o YG (NLINES oNLINESD o
SAPCNL INES oL INES Yo YM(NLINES oNLINESD o MFLAGINL INESe NLINES )
SMFLAG (AL INESoMLIMESI o XPL CM IKES I o YPIENLINES)
SedP2ANLINES ) oYP2AMLEINES) o FHUVLINES oYL INESD oY HAVLINESo ML INES)
SKFLAGUNLISNESMLINESD) o YPSCPLIMES) o YPIUNLINES) o XPSCNLINES )
SLELAG ENLI%ES ohLINES) o YPACALILES o YPAUINLINESI o YPSENLINES Do
SCFANL INE SeMLINES Yo YFOMLINESoALINESIoLFLAGIUINLINES eNLINES)
SANLENLINESoNLINES ) oVILIEVLINES oNLINES) oNFLAGLIUNLIVES oNLINES Do
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00ST06
005742
005723
0030390
001747
0Cc6030
006073
006056
006NnTS
005631
006037
0035656
005743
006063
003730
005636
006032
005756
0052290
004620
006005
006017
002140
00S172
003774
0057235
005745
0035703
005411
805001
006002
001365
002201
005615
005634
000200

1w’y
36

n
LELAG
RELAG
nNIN
NLINS
NTIC2
[18{4}
Pl
RAA

[ +1
TENTA
T1C€3
n

vs

vy
1
100
x61
xw
i
xr3
wé6
xT

YA
YAL

) (4
Y00
Y61

) (4

™
w2
YP7
YSTAR
Yy

LEREE R REEREREERERERESEREREERERZSESSES Y- JF- X _J NN T YU
0000000000000 0000VOO00000D0DONR00O0O00O
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0105
00105
001CS
Do106
co106
00106
00121
00121
00131
cCc13s
003142
ce1so
c01s0
00150
0153
£0151
06152
20152
00133
00134
co0154
Go1Se
ob1ss
£01%6
00157
08160
60168
001k0
60161
20162
00163
t0164
00165
00166
co167
€0170
80171
eenl
00172
3172
00172
o172
00173
0017s
[ 13§ 4]
0c176
co177
00203
50200
00200
00203
00234
30209
0210
80210
80210
80211

18+
19e
20e
231
22e
23e
240
2%
26¢
2Te
28+
29
30+
31
32¢
33e
34
35
36
37
38¢
39«
40
41e
42e
43e
LYY}
ASe
a6
4Te
Afe
49e
S0e
Sle
see
$3e
S4e
55e
L6
57e
S3se
S0e
(31
61y
62
63e
[ L 1]
[3-14
66
67
63
69
70
Tie
T2e
13
Tae

ORIGINAL PAGE 15
OF POOR QUALITY

SCCLINLINESINLINESIoVCIANLINESoNLINES) o XPEEMLINESD o
SYPEINLINES) o XEDUNLINESoVLINES Yo YDDCAVLINESoNLEINES) o
SAFLAG(NLINESoALINESY o XPTUNMLINES) o YPTC(KLINES)

OATA RoPloFeDoYSTIARGDTo¥SsHeDDeDS/6356TES05+181592654¢
$10000080920000=5e500000¢71339¢440000003%¢43/

DATA EPSIoPEToYSTAPQYSTAPIoPDoPSeFLAG/ 020100
$2509=43807000055¢08502/

DATA YSTAYeYAKD 9 YAUS/*S09e003700825/

DATA DROLLeYSTAOIRDeRS/Be 050000002014/

DATA DTAUDETAeXSTAYSTAGVSE/85.04000000-500702027

INITIALIZE THE PLOTTER
CALL EGNPLT

CENTER PLCT

XCENT =G0

YCENT =100

CALL ORIGINCYCERToYCENT)

DEFINE THE FORM CF THE PLOT
PTYPE=*L INLIN®

ILENZP L0

YLEN=£,0

CALL PLFOANCPTYPESXLE hoYLEN)

SCALE THE PLOT

AX¢1d¥=-E

AAL23=8

YYE1) =8

Y2y =@

NXX=2

NYY22

NG(z-1

NGYz=1

CALL PLSCIALIXY o NYYINGXoYYeNYY NGY)

TO START PLOTTING
CALL PLGRAF

DEFINE GRID LIMITS

ALEFT==5 )

XRIGHT=S
COEL=(XRIGHT-XLEFTIZINLINES~1)
YB0Tz~=S

yroe=$

YDEL={ fTOP=-YBOT) ZENLINES~1)

CONSTPUCT DATA
ycsyvror

D0 130 IHOR=1eMLINES
LCSYLEFTY

00 100 IPT=1eNLINES
(NORZ Re S IN(XC/N)Y
£D=ECXCoXNCHS)eF
ANORZ X C>xD

YNOR2 Y
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ant

ot

ALy e

3ol

0212
0213
0214
-~ -0212
0217
0220
0222
0226
0226
0230
0232
0233
0233
0234
0237
0262
0243
0245
0247
0250
0253
0254
0257
0260
0260
0261
0264
0267
0270
0272
0272
0273
02715
8277
0301
0302
03c3
030s
333S
€316
0217
3329
0322
0323
032s
0326
3326
9327
c332
3325
336
0tatG
0342
33«3
3340
0367
e3se

TSe
T6e
TTe
T8e
T9e
80e¢
Ble
22e
83e,
84e
2Se
86
87
8L
53¢
93
91
92«
930
94e
95e
96
37
98¢
99«
100e
101.
102
1035e
104
105
106
107
103e
103
110e
111e
132
113e
114¢
115e
116+
117e
118
119«
12Ce
121
122+
123
1240
125«
12€e
127
12k
12%e«
130e
131e

XCIHORSIPTI=XAON
YCIHORGIPTI=YNON
XC=YXCoYDEL

100 CONTINUE
YC2YC-YDEL

150 CONTIMUE
IFCFLAGLEQL1) 6 TO 200
IFCFLAG,FGe2) 6O TO 208
1FCFLAG.Eu,.3) 60 T0 231
1FLFLAG.FQ.A) GO TO 251
60 T) 261

290 CONTINUE
9C 202 1=1¢NLINES
00 201 J=1eMLIMES
NFLAGI1eJ4)=0
201 CONTINUE
202 CONTIMNUE
YW=YSTAR
DO 206 L=1eNMOT
DLARDAZDS
00 205 K=1eKLANDA
LAADA=OLANDA*PL/120.
XuzoRe(C1en/R)eCOSILANDAD=SART(I=L10H/R) e (1oN/R)e
SSINCLARDADsSINILANDAD 33« SINCLANDA)Y
00 90 1I=3MLINES
DO 70 J=1eNLINES
(22Xd=XCLed)
Y2=Y¥d=Y(1+J)
IR=1
JR=J
IFCABSIX2YoLECEPSTIoANDABSIYZILELEPSID) GO TO 204
70 CONTINUE
30 CONTIMUE
GO T2 99
206 MFLAG(IRGJRI=]
AFCIR eIk }I=D2a(=TANCLA®DAY)
YFUIR ¢ JGIZYSTARG(L=1):00288
WRITE (60959 thoVdoelReJReDLAPDASXFEIR0JIRI o YFCIRGJIR)
28 FORMAT(/42F1065021003F10.5)
99 DLAMDASDLAMDA-DD
209 CONTIAUE
YdSYSTARSLeDTe¥S
20€ CONTIAUE
60 TO 299

208 COonTINUE

D0 2 I=1eNLINES
00 1 J=1.NLINES
NFLAGtIeJ =0

1 CONTINUE

2 CONTINUE
OTHETASC.
YAZYSTAP
00 217 L=1e%07
THETA=DTHETA=PI/100.
DLPMD AZPS
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ORIGINAL PAGE 1S
OF POOR QUALITY

03351 132» 00 216 K=1oNLPMDA

10354 133 LPROAZOLPFDA=PI/1%°0,

10385 134 TI=0e TANCTHETA)

0356 135e T22=ABSIL/COSCTHETAD D +TAN(LPYUDA)Y

0357 136¢ DELSSORT(T1eT1eT2+T2)

10363 137e RHO=A TANCDEL /D)

‘0361 13Pe SQUAT =R ¢ (140 /R) 2 COSERNHO I =SART UL =C10D/RI e (20D /RIeSIN

0361 133 SLRHOI *SIMNCRHO DI ) «SINCRHI )Y

0362 140¢ YIS¢SOURT*T1)/PEL

063 141 X1=¢SQURTT23 /DEL

10368 =g 142¢ YB2Y1 eYA

0365 143 b=«1

0366 1440 20 22 I=1eNLINES

10372 145 00 11 J=1eNLINES

‘0374 146 LC=XB-X¢1¢J?

0373 147« YC=Y3=Y(1eJ)

10376 148 16=1

*0377 14%e J6=3

‘0400 150 IFCEABSINCILELEPSTIAND.ABSIYCY.LELEPST) 6O TO 210

0402 151e 11 CONTINUE

0408 152¢ 22 CONTINUE

0406 153 G0 70 21S

10407 158 210 NFLAG(16,436)=1

“0430 155 XSC15¢J63=De (=TANILP=DA))

‘0411 156 YG(1GeJGIZYBOTOLL-1)+,0288

10412 157e ARITE (602129 XBeVYDelGelGoDLPHDAIXG(ICeJEDeY6L1G0I6)

0423 158 212 FORPAT(/702F10.5¢21403F10.%)

0428 15%¢ 215 OLPMDA=DLPMDA~PD

‘0425 160 216 CONTINUE

10427 161+ YA=YSTAP+Le,0298

0430 162+ OTHETA=L /2500,

0431 163e 217 CONTIHUE

‘0433 164 60 T0 299

ga3s 165¢

0434 166¢ 00 220 I=1sNLINES

10837 167 D0 219 J=1.NLINES

10442 148 NFLAG1€14d)=0

0443 163+ 219 CONTINUE

0445 170 229 CONTINUE

iCANT 171e TENTA=LTHETA*PL/1EQe

*0450 172 ET=DET+P1/120.

cas51 173 YAL=YSTAPL

0452 174 D0 227 L=1eNBT

J45% 175e DLPRDA=PS

10456 17¢« 00 226 K=1¢NLPADA

Cabl 177 LPYDASDLFPYDA*PI/150.

Ce62 17Fe T11SD o TANCTHETACET)

0463 179 T21==ABS(D/COSCTHETACET) )eTANILPHDA)

04ca 180e DELI=SOARTIT11eT7114721¢721)

0465 131 RHO1SATANCOEL1/D)

2466 162e SQURT 1=Re (C14D/R)*COSIRNOL) ~SART(L1=CI0D/R)2(10D/R)e

Cage 183 SSINCRKHOLID*SINCRHOLID) «SIN(RHOL)D

00e7 154 vI3=(SCURTLI»T11) /DEL]Y

0a70 185e X11=C(SGURTLI*T21) /0ELL

caTl 186e YB1=YIlevVAl

472 187e 1813x 11

+
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0473
0476
0501
0502
0503
0504
0%03S
0sc?
0511
0513
0514
0313
0916
0517
0517
3530
ISl
8532
2534
3335
1537
3540
3548
1541
1544
Isa7
Jsse
1552
15%8
1S5S
15%6
1561
1562
1563
15€6
S67
S67
<70
571
572
573
278
S77
602
603
(113
60S
606
610
€12
616
613
618
637
620
631
€32

183
189s
190s
191.

132¢

193¢
194¢
198
136
137«
198
199
200
201+
202¢
203¢
204e
20Sse
206
207
208e
209e
210
211e
212+
213e
214
215
216
217
218
213
220°
221
222+
223
224
22%*
226K
227+
224
229
230+
231e
232¢
233e
234r
235e
236*
237
233
23%e
243
241
202e
2032
2448

221
222

223

224
225
226

227

00 222 I=1¢NLINES

00 2231 J=1eNLINES

£C12X81-r€led)

YC1=YB1-Y(1eJ)

161s1

46123
IFCABSEYCI)oLECEPSTLAND,ADBSEYCL13.LEL,EPSLI) GO TO 223
CONTINUE

CONTINUE

G0 10 225

NFLAG1(€(16G1eJ61033
X61€16G1eJE1)=00(=TARILPRDA))
Y61¢1G1eJG1I=YSTAPIO(L=1)2,0288+Y]2
dRITECE0224) YB1oY01¢16]19J6le0LPMDAIXGICIGL0J61)
SY6181Gled61)
FORMAT(/92F10e5021093F10.5)
DLPMDA=DLPMDA-PD

CONTINUE

YALSYSTAPIeL»,0228

CONTINUE

60 TO &0S

231 CONTINUE

33
L1}

233

234
23%

00 & J=1¢NLINES

D0 3 J=1NLINES
KFLAGC1ed)20

CONTIMUE

CONTINUE

DYAU=0.

YDsYSTAY

D0 240 L=14NDT
YAd=DYAneP1/7180.
DLYMDA=YALS

DO 238 K=21eNLYMDA
LYNDA=DLYPDA*P1/180.
RAS=Ro€(100/R)sCOSELY"DA)=SCRT(1=(1¢D /R (10D/RIeSINCLYPMDAS
SeSINCLYRDAYD))eSINILYNDAY
LISRA*CCI4YAW)
YIz=RAsSIN(YAL)

CE=YY

YESYJSeYD

D0 484 JI=1.NLINES

00 33 J=1eNLIMES

ATz XE=¥C1ed)

YI3vE=v81eJ)

pLED

JHz)
LFCADSIYTILLECEPSTIANDABSIYTILLELEPSI) GO TO 233
CONTINUE

CONTINUE

60 TJ 23S

KFLAG(INeINI =]
CHEINQJNDI 2D ¢=TANILYRDAY)
YHEIH o JH32YROTelL=109,0228
dREITE (602340 XEQYEINHeJUDLYYDAGXNCINoJHI o H IS MeJ M)
FORRAT(/02F1065021493F10.5)
DLYNDAZDLYRDA-YAWD

-
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0633 i8%e 238 CONTINUE -
0635 246° YO=YSTAYeLe, 0288 -
6636 247 DYAUSSoeSIN((L*P1)/1T4e) -
0637 248 240 CONTINUE ;
B6AL T 24%e GO 10 299
0642 250 C—
0642 2951 241 CONTINUE T
0643 252e. 00 6 1=1.NLINES .-
0646 2%3e DO 5 J31eKLINES
0651 254 LFLAG(]ed2=0 .
0652 255 S CONTINUE o
0654 256 6 CONTINUE i
06%6 257e ROLL=DROLLeP1I/1EC, -
0657 258« XSTAOZR* (€100 /RIS COSCROLL)=SCRT(I~C1oD/R)e(1+D/RI*SINC(ROLL) L —
0657 259 SeSINCROLLII) +SIVEROLLY e
2660 260¢ YRSYSTAO .
0661 261e DO 250 L=3eNDT e —
0€6a 262« DLANDAZRS .-
2665 263¢ DO 265 K21eNLRWDA .
31670 264 LRNDAZDLKFDACPY/ 1500 T~
3671 265 DIS2=Re(C1¢D /RIS COSELRMDAeKOLLI=SQART(1=(16D/RIe (14D IR SIN e
267 266e SCLRMD ASROLL ) eSINILRNDAGRILLIIDSINILRMDASROLL) ) £ - -
1672 267 LKzZDI SOXSTAD . ~—
3673 26As DO 66 I=1eNLINES R
2676 269+ DO S5 JTIINLINES -
3702 270« XLz XK= xC 1o ) 11 =
3702 271¢ LYK=Y (1eJ? ] e D
1703 272¢ ins1 H e
170s 272 FLET] = .
1705 274 TFCABS CXLIQLECEP SToANDLAUSIYLISLELEPS]) GO TO 242 -
1707 275 S CONTINUE el
1713 276¢ €6 CONTINUE =
1713 277 GO TO 244 . ~ -
1714 273 242 LFLAS (1IN Jn)Y=3 1 - -
1715 213 KRE 1A ¢ JMI=De(=TANCLRXOAY) i e
1716 260 YMUIN ¢ JM)ZYSTAOS (L=1) 2,02€8 ==
1717 261 WRITE (64 243) (KoYKolMoJMoDLREDACXNEINGINI e YNCINGIN) ' oem T
730 202« 243 FORMAT(/¢2F10e5¢21493F10%) . T
131 283 244 DLRYOAZDLRMDA=RD . -
732 286 245 CONTINUE ‘ .
734 255¢ YKzYSTAO+Le o028 ‘ -
735 246 250 CONTINUE LT
127 287 ! ——
737 230 251 CONTINUE —_——
740 299 00 8 I=14NLINES -
743 2920¢ DO T J=1eMLINES , T
746 291e LFLAG1(Led220 it
787 292 7 CONTINUE e
751 293¢ 8 CONTINUE -
753 294e RILLZOROLLeP2/180. . -
754 29%e DERzD, : I
%8 294 XSTADSRe¢ €1¢D/RI 2COS CROLL J=SCRT(I=C16D/RIe(IeD/R)+S IN(ROLLD ' ——
755 297 SeSINCROLLIIIeSINCKILL)Y . —
756 29% YK1ZYSTAQ ‘ -
187 299¢ D0 260 L=34NDT : ST
762 300 ERZDERPI/190. ! -

155
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0763 301e OLRMD AZRS
0764 302+ DO 255 K=1.NLRMDA
0767 303 LRRDA=DLRPDOA*PIZ1EDe )
0773 304¢ DIS1z=Re (C1¢D/R)2CISILRUDASROLLOERY=SORTC1=¢1¢D/R)e (1 eD/R)
0770 338 $SeSINCLRPDACROLLOER)#SINC LRMDACROLLOERD DD ¢S INCLRRDACROLL oER D
8111 306e XK12D1S1eXSTAC
0772 307« 00 35 1=1¢NLINES
0778 308e 00 77 J=1(NLINES
3000  309¢ AL1=XK1=Y(1eJ)
1001 310¢ YLIZYK1eY(1ed)
1002 311¢ mi=1
1003 312e- Ju=)
1004 313+ LFEABSIYLI)oLEEPSToAND. AUSITLIDLELEPSID GO TO 252
1006 314 77 CONTINUE
1010 31%¢ 88 CONMTINUE
1012~  316¢ &0 TO 254
1013 317¢ 252 LFLAGIEIP]edN1Y=]
1016 318« M1EIM1¢IPIIzDel=TANCLRMDA))
1018 319¢ YMICIN1eIMID2YBITe(L1)20288
1016 320¢ dRITE(60253) YK19YKIoIM1eJN1eDLRNDASXNIC IN2oINL)
1016 321« SYRICIM3eJP1)
1027 322¢ 253 FORMAT(/42F10.5¢21043F10.5) S
1030 323¢ 284 OLRM) A=ULRMDA=RD
1031 324 255 CONTINUE
1033 325 YKIZYSTACeLe 0238
1036 326e DERZD22SINCILePI) /17 00)
103% 327¢ 260 CONTISUE .
1037 322¢ G0 10 299
1040 229¢ :
1040 330e 261 CONTIAVE
1081 331e D0 263 I=14NLINES .
1004 332» DO 262 J=1eNLINES E%|
1047 333e AFLAG (14J2=0 i
10%0 334 262 CONTIKUE 4
1052 335 263 CONTINUE A
1054 336e TAUSOTAUSFI/1€60. .
1085 337« OMEGAS2.0F1/726400. 2
10%6 338« ETASDETACPI/1¢0. 3
1057 333« VEOMEGA®RCOSCETA)Y .
1860 34Ce SLUMDA=CnSITAUIZCGSLETA) s
1061 341 CLUMD ASSCRT(1-SLUPDASSLUMNDA) :3
1062 342¢ VYX=VeCLUMDA
1063 343¢ VY=Ve SLURDA -
1064 3440 VitzevX
10e8 345. ViYzy Sa=vyY
1066 3a6e XAAZLSTA
1067 347. YAASYSTA !
1070 3a6e DG 270 L=1.NDT
1073 349« OLYMDASYAMS ‘
107e 350¢ DO 269 F=1.kLYWDA
1077 391 LYSDAZDLYYDA*PL1/1RDe '
1100 352 HAAZ= Ko 8 (LoD /RIS COSELYNDAI=SORT(L=C1eDI/R)*(1eD/R)SIN
1100 353e SLLYRDADeSINCLYNDAD DD e SIN CLYRDAD
1101 354e KBS ARSEAA .
1102 355 YBazZVAA !
1303 356¢ D0 26= I=1eNLINES
1106 357 DO 264 J=31.MLINES N
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OF POOR QUALITY,

1111 353e XCL=YBBeY(1e J)
1112 359¢ YCC=YHB-Y1ed)
11313 360¢ 100=1 ‘
1116 361e 30034 ;
1115 362 TFCARSEYCCIoLECEPSTIoANDAUSIYCCYISLELEPSID GO TO 2¢6
1117 363s 268 CONTINUE
1121 364e _ . . 265 CONTINUE ‘
1123 365¢ GO T2 268
1126 366 266 AFLAGtI4J)21
1125 367 XDDEIDDs JDDIZDe(=TANCLYNDAD)
11326 36&e YDOCIDOeJCDIZYSTACIL=1D0 o 028E
1127 363e JRITE (€9267) ¥BBoY8Be 10 ¢ JDDoLLYNDAGXDDCIOD0I0DD
1127 373s $YODC1bDs JDD)
1140 In. 257 FORMAT(/42F104%5421443F10.%)
1181 37ze 268 OLY4DAZOLYNDA~DD
1142 373e 269 CONTIUE
1164 3740 AAAZXSTAGLODTOVTY
1148 375e YAASYSTA+LaDTovTY
1146 376e 270 CONTINUE .
1150 377 M
11%C 378 < PLOT HORIZONTAL LINES
1120 375e
1159 230 293 CONTIMUE
1151 301e Tig=z®ee
1132 362e NTiCz-3 '
1153 333e NLINSNLINES B
1154  384e 00 400 I1HOR=IeVLINES
1157 38Se DO 380 IPTZ1ehLINFS
1162 3p6e (PCIPTIZX(IHORGIPTY .
11€3 387 YPCIPTISY(IHOFIPT) e
1160 353 300 CONTINUE A
1166 383 CALL FLCURVEXPyYPoNLINGNTICSTIC) 5
1167  390e 4CO CONTINUE ez
11 391e -
un 332e 4 PLOT VERTICAL LINES Lo
1n 393 DO 500 IVEKT=1NLINES '
1174 3a4e CALL PLCURV(YE1eIVERT DY C1eIVERTIoNLINGNTICoTIC)
1175 3ase SCO CONTIMUE -
3177 336 IFCFLAGeEGel) GO TO 655 ]
1201 397 IF(FLAG.EGe2) GO 10 208 i
1203 1gue IFCFLAG.LGe3) 60 10 501 v
120 399 1FEFLAG.EC.4) GO 1O =(9
1207 «00¢ o T3 921
1210 401e :
1210 402¢ c PLOT HORIZCNTAL LINES ‘
1213 a03e
1210 a0ee €55 CONTINUE
1211 495e TiC1z 0
1212 406e NTIC1=0
1213 407 NLINIZNLINES
1214 405 DO 750 INOR=3.NLINES . ‘
1217 430 DO 700 IPT=1,NLINES
1272 4100 (PIEIPTIZYECINORS IPT)
1201 4110 YPIEIPTIZYFCINOR o IPT)
1224 *12e 760 CONTINUE .
1226 #13s CALL PLOURVIYPLoYPIonLINL «eNTIC1eTICI)
1227 Ales 150 CONTINUE
i
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1231
1231
1231
123s
123%
1237
1240
1248
1240
1241
1242
1243
1244
1247
12%52
1253
1254
1256
1257
12€1
1261
1261
1264
12€%
1267

1270
12170
1270
1271
1272
1273
1276
1301
1302
1302
1335
1306
1313
1310
1310
1213
‘1%1s
131¢
1317
1317
1317
132c
1321
1322
1323
“1326
1331
1332
‘1333
I133%
13336

‘—

415e

416 4
417

4318

413 800
420

421

422« ~ €
423 80S
4240

425e

426

427
<§28e

429

430

431 820
432

433 %0
4340

43%e (4
4360

437

438 (3]
433

440e

441 (4
440

443e

444

44%»

446

447

A4

449 es3
4S0e

451 LE-1)
452e

453. [4
4580

4S5

456 [ 34
457e

456

453 C
460 901
L1

b2

463

864

465

466

467

A68e 963
463

AT0e 2GS

PLOT VERTICAL LINES
00 302 IVERTS14MLINES

CALL FPLCURVIAFCLoIVERTIOVFILoIVERTISNLINIGNTICLoTICT)Y

CONTIXUVE
GO T0 9999

PLOT MORIZONTAL LINES
CONTIMUE

Tic2=0

NT1C2=20

NLIN22NL IAES

DO 850 IMOR=1eMLINES
DO 320 1PT=1.MLINES
XP2CIPT)=XGEIHORGIPT)
YP2(IFTIZYCLIMORGIPT)
CONTINUE

CALL PLCURV(YP2eVYF2eMNLIN2oNTIC2471C2)
CONTINUE

PLOT VERTICAL LINES
DO 251 JVERT=14MLINES

CAlL PLCURVIYGU1«IVERTIoYGEI1oIVERTIONLINZeNTIC2+71C2)

CONTINUF
L0 TI 9999

PLOT HORIZONTAL LINES
T1C6=0

NT1C6=0

NLINGZRLEINES

DO 354 IKCR=14MLINES
DO 853 1PT=3 NLINES
PECLIPTIZYGLCIHORCIPT)
YPECIPTII=VG14IHORCIPT)
CONTIAMUE

CALL PLCURVIXPOeYPEoNLIVEINTICE0TICSH)
CONTInUE

PLOT VERTICAL LIKWES
D0 855 IVERTS1eMLIMES

CALL PLCURVIYGICIoIVEFRTDoYS1C¢20VERT) oNLINGINTICE0TICED

CONTI <UE
G0 70 e9cc

PLOT HORIZONTAL LINES
CONTISUE

TI1C3=2

NTIC3=0

HLIN3ISNLINES

00 905 IHCRzTeNLINES
00 393 1FT=z1eMLINES
CP3CIPTI=VHEINORGIPT)
YPI(IPTISYNCIHNORGIPT)
CONTINUE

CALL FLCURVEVYPIoYPIohLINIWNTICILTICI)
CONTIMUE
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1340
91340
31340
331343
1 3a.
21346
21347
31347
1347

11350
1351
*1352
1353
1356
1361
11362
‘1363
1363
1368
1370
1370
1372
1373
1374
1374
1376
1376
1377
1400
1423
1402
140%
1410
1411
1812
1414
1418
1417
1817
1417
1422
423
L8028
1826
182¢€
428
.627
.430
433
432
435
RYY

(Y}
482

[ XY}

449

473
4T72e
473
ATae
A7Se
476
47Te
aT3e
479»

4802
ARle
482e
ag3e
4840
485e
486
A8Te
493
469
490¢
491
432e
433
494
495e
a3
A497e
4923e
495
500e
SCle
502«
503e
S04
505
$06e
507
502
509
510e
S1le
512
513
S1ae
515
516
517
51¢€e
519e
S20+
521
522
523
324
525
526

%07

911

913
215

$17

eg9

e13

919

s21

922

923

{

CRICEAL Bannn
OF POOR QUALITY

a

&4

PLOT VERTICAL LINES
.00 9307 IVERT=1.NLINES
CALL PLCURVEXHEL oIVERTIoYHE1oIVERTIoNLININTICIHTICY)
CONTINUE
S0 70 9Je%9

PLOT HORIZONTAL LINES
CONTINCE

Ti1Caz e

NTICAS=)

SLINA=NLINES

DO 915 IHCGR=INLINES

DO 913 IPTsS1eNLINLS
(PACIPTISYNIIHORGIPT)
YPALIPT)=YNEINOKIPT)

CONTINMUE

CALL PLCURVIXPASYPAGNLIVANTICA,TICH)
CONTINUE

PLOT v RTICAL LIMES

DO 917 IVERT=1eMLINES

CALL PLCURVIZMEIGIVERTI o YRC1IVERTI oULEVANTICACTICA)
CONTI NUE

PLOT HORIZONTAL LINES
CONTINUE

TICS=

NTICS =0

NLINS=NLINES

00 ©1° IhOR=1eNLINES
00 918 IPTx1eNLINES
CFE(IPTISIMICIHORGIPT)
YPSIIPTIZYNILINORGIPT)
CONTINUE

CALL PLCURVIVPSeYPSeNLINSoNTICSeTICS)
CONTINLUE

PLOT VERTICAL LINES

D0 92C IVERTz1.NLINES

CALL FLCURVCOIMIC1oIVERT) oYR1C€29IVERTI o NLINSINTICSTICS)
CONTINUE

60 70 9993

PLOT HORIZONTAL LINES

CONTINUE

TiCT1=0 -
NT1I1C7=0

NLINT =NL INES

00 923 1HOR=14MLINES

D0 922 IPT=1.KLINMNES
CPTCIPTIZYODCINOKIPT)
YPTC(IPTII=YDDCINORIPT)

CONTINUE

CALL PLCURVEYPToYPToNLINTNTICToTICT)
CONTIAUE
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1847
1847
1447
14%2
1453
1435
1455
1435
31456
1456
1457

ND FLRS
PUS1.399

527«
200
529
$38¢
531+
$32¢
$33e
334
535
$36¢
537

[4

‘e

CTP2.1158

e

PLOT VERTICAL LIKES

. D0 924 IVERTS1¢NLINES

CALL PLCURVEYDDCIoIVERT)I o YDDCL10IVERTIJNLINToNTICToTICT)
924 CONTINUE

TG FIXISH PLOTTING
a9e9 CALL ENDPLY

$T0P
END

sups:

3.1312

DELETEeA SHUTEYP,IRAGE~1/A8S
URPUR 253-J8 95/19783 112

S6cel

TPSe333 SUPS.737 (PU=.000 10=.382

CC-ER=,433
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