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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 realistieally constructed. 

This report documents the error analysis study for the Shuttle Imaging 

Spectrometer Experiment system for the purpose of providing information for 
e-

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 functions were 

developed, characterized, and illustrated extensively with tables and charts. 

Selected ground patterns and the corresponding image distortions have been 

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

the appearance of the ground object images. 
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1. INTRODUCTION 

A. BACKGROUND 

Earth resource management and utilization have experienced great-success 

over tht" last decade through the Landsat programs. In more recent years. both 

NASA and user communities have envisioned the need for development of be&ter 
•• 

and more powerful instrument"f'} for surveying and managing earth resources. The 

Landsat D's new sensor. Thematic Mapper (TM). the proposed utilization of 

tracking and Data Relay Satellite System (IDRSS). and a more e~:~ced ground 

system represent an advancement in the earth resource satellite developme~t [1]. 

The Thematic Mapper of the Landsat D (launched in 1982) has s~ven 

spectral bands. tva more than those of the Multispectral Scanner associated 

with the ~~rlier Landsats. However. atudy shows that the reflectance spectrum 

of earth surface materials contains a significant amount of info~tion which 

can ~nly be i~~ntified with spectral re301ution much fin~r than those of the 

Ihematic Mapper [21. With the adv~cement of area array detectors. a push 

broom imaSing spectrometer can be realistically constructed for s~tanecus 

imaging and registration of hundreds of spectral bands. For the case of 

Shuttle Imaging Spectrome!er Experiment. 128 spectral channels have been 

proposed to cover the spectral range of 0.4 to 1.0 ~m for VNIR (visibla and 

near infrared) and 1.0 to 2.5 pm for SWlR (short-wavelength infrared) with 

instantaneous field of view of 30m. table 1 showd the r~quired sensor perfor-

mance [2]. 

The purpose of this report is to document the error analysis stud! for 

the imaging spectrometer axper1mect. Error analysis is an important aspect of 

the overall remote sensing system,since e~rors from many sources, including 

1 
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the spectrometer itself, the spacecraft: that carriea the instrument, knowledge 

liQ1tations on the true spacecraft attitude and locations, earth rotation: 

curvature, and terrain variations, etc., will all contribute to image distortion, 

shift, rotation, and miaregistration. Error correction or compensation are 

necessary and sre an integral part of the image processing. This work covers 

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

development of geometric mapping functions, and the computation of ground 

Table 1. •• Sensor Performance Requirements 

Parameter 

Spectral Coverage 

Spectral Sampling Interval 

VNIR (0.4 to 1.0 lim) 
SWlR (1.0 to 2.5 lim) 

Instantaneous Field of View 

Swath Width 

Pointing Mirror Range 

Along track 

C.=css track 

Radiomktric Performance (NEdR) 

VNIR 
SWIR 

Value 

0.4 to 2.5 lim 

0.01 pm or better 
0.02 lim or better 

30 m 

at 1e~st 10-12 km 

at: least ± 45 deg 

not more than ± 
25 deg 

< 0.5% 
3: 1.0% 

2 

Comments 

Although the entire spectrum 
is probably not required for 
anyone discipline, in the 
aggregate of all remote 
sensing disciplines, the 
entire region is required 

Adequate for IDOSt research 
topics 

This is adequate for 
research if pointing capa­
bility is provided to assure 
target access 

Essential for atmospheric 
and BRDF (Bidirectional 
Reflectance Distribution 
Function) Studies 

~ 
I 
I 



pattern distortions. The results are translated into many tables, plots, aDd 

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 were 

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 forby 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 II, the orbital and imaging spectrometer configurations are described. 

The attitude dynamics and error power spectral densities 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. 

3 
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C. SUMMARY OF MAJOR FINDINGS 

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

treated in the sections to follov. 

1. The results shov that the IS Experiment with image pickup period of 

20 seconds at a time is feasible with the shuttle prop~rly phased 

inside the control deadband. The error PSD (pover spectral density) 

characteristic reveals that the system resonates at very lov frequen-

-5 -2 cies (in the 10 to 10 Hz region). Excitations at thesa frequen-

cies mast be avoided through design precautions. The analysis also 

shoved that errors below 0.01 Hz are doainated by the shuttle 

dynamics reacting to d1sturbance~vhereas those above 0.01 Hz are 

dominated by the shuttle inertial meas'~rement 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 

-5 4 meters per second per axis in the frequency range of 10 to 

-2 4 x 10 Hz. The image smear is not significant because of the short 

millisecond-level line time. 

2. The effects of earth curvature are very ~ll for the application 

here (see Fig. 42). 

3. Altitude uncertainties cause only moder~te geometric errors. The 

vorst 1a geometric errors are 11.71 m in position and 0.133 m/sec 

in rate with SInN and large unmodeled perturbations at 200 km orbit. 

The performance improves with TDRSS. For the 300 km orbit and with 

small unmodeled ~erturbations. the la geometric errors vill reduce to 

0.22m and 0.0032 m/sec (see Table 11). 

5 
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4. The effects of other navigation errors are significantly greater. 

The 10 downtrack errors range from 203m (300 km orbit) to S12Sm 

(200 km orbit); and those for the cross track are lS2m to SOSm 

(see Table 12). 

S. The effects of roll and pitch attitude errors are relatively large 

comptred with. for instance. those caused by yaw errors and altitude 

uncertainties. The error sensit!vity is 1.94 m/arc sec or approx!-

mately 1000 m/degree. o The yaw sensitivity is 0 for 0 view angle 

and 0.028 m/arc sec for the maximum view angle of !p.82So (see 

Table 13). 

6. The error sensitivities of attitude errors increase significantly 

for large attitude offsets. For 20
0 

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. 

o 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). 

7. The performance of the Shuttle Imaging Spectrometer is limited by 

the Shuttle IMU (Inertial Measuring Un~t) accuracy. instrument mis-

alignment, ~tc., Shuttle Res (Reaction Control Subsystem) deadband, 

etc. unless some means of error reduction are employed. For instance, 

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 

*Annular Suspension Pointing System 
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attitude errors. 

The single axis geometric errors due to the combined Shuttle/IS mis-

o alignment. for instance. for normal nadir pointing. 20 side looking. 

and 450 forward looking are 169m. 198m. and 379m. respectively 

(refer to Table 10 for detailed breakdowns). 

8. 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 600 latitude 

it moves on17 231m in one second. 

7 
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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 Hose-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 t~e geometric errors of the instrument. These options 

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 

~st cost effective,provided that the errors are within the tolerance. In this 

report the direct mount approach is considered. Furthermore. the shuttle IHD 

* 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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Earth 

Circular 
Orbit 

Figure 2. Payload-Bay Nadir Pointing Configuration (A) 

Earth 

~ 
400 km 
Circular 
Orbit 

Figure 3. Nose-Down Nadir Pointing Configuration (B) 
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(Inertial Measurement linit) 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 a~alysis,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 

through a narrow slit, it strikes the incident surface of the prism. The prism 

separates the in~ident light into spectral images projected onto an area ~rray 

of light detectors. The area array consists of 384 linear arrays, correspo~ding 

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 ~he 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-treck). 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 is, a specific detector elemP.nt on the instrument (moving with the space-

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

10 

.~--------------------

I ~ 



KEY PARAMETERS 

• LINE TIME = 4 IllS 

• SPECTRUM: 
VISIBLE REGION 0.4 - t.O I'-m 
SHORT WAVELENOTH IR t.O - 2.5 I'-m 

• FIELD OF VIEW: :!: 0.82s<' 

• SWATH WIDTH: tt.52 km 
• POINTING ANGLES (RANGE): 

:!: 4SO (PITCH) 
:!: 2fP (ROU) 

• ORBIT: .wo km CIRCUlAR 

---:--~ ~.------- . ~~ 

------- - ------ - --------------, ~ 

DEFINITIONS 

3Omx3Om 
DETECTOR 
ELEMENT 

AREA ARRAY 
(CONSISTS OF 36 
MODULES OF 
64 x 64 DETECTORS) 

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 t GIFOV 

ON: DATA NUMBER, THE -BRIGHTNESS- OF 
OF THE ASSOCIATED PIXEL 

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

SWIR: SHORT WAVE LENGTH IR 
VIS: VISIBLE WAVE LENGTH 

I 
. I 

I 
I 
I 
I 
I 

1 

--
, -.-. 

Figure 4. Imaging Spectrometer Basic Operating Principles 
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of time callen the line time. The line time in this case i5 the time required 

to move 30m along-track, which 1s determined by the orbit. For a 400 km circular 

orbit, it is about 4 ma. 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 ma cycle is repeated. For digital processing, 

the amount of light collected by a collector is assigned a number called DN 

(data numberh which is proportional to the number of photons accumulated. 

Therefore, the processor has to record and process 384 x 384,or approximately 

1.475 x 105 DN's every 4 ms. 

As the shuttle flies over an area, backs after banks of DN's are 

collected. By spacing the banks of DN's 30m apart, the features of the grcund 

image emerge. ~e ratios of the DN's of various channels for the same area are 

of special interest, as these ratios are closel, correlated to geological and 

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

SJlC1t(MTU 
........... 01 

CtOSS-'UCK 
OO"'I'<G .... 01 

Figure 5. Shuttle Imaging Spectrometer 
Opt~cal System Configuration 
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disease and insect infestations, land and soil erosion. precipitation in 

the fone of snow and ice. air and water quality. etc. 

The Imaging Spectrometer optical system configuration and the arrange-

meat of lenses, mirrors, slit. prisms. focal plane detector. etc. are 

shown in FiS.S [2]. Additional information on the instrUlilent design and require-

ments can be found in Refs. 2 and 3. 
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III. ERROR SOU-ltCES AND SHUm.E ATTITUDE Dnwacs 

A. ERROR SOURCES 

There are two types of errors that are important to the imaging 

spectrometer experiment -- the direct errors and the derived errors. The 

direct errors are those pertaining to the spacecraft and instrument pointing. 

ephemeris. and instrument errors as shown in Fig. 6. The derived errors are 

the geometric errors and pattern distortions of ground objects which result 

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

oblateness. and local vertical uncertainties. Fig. 1 shows relationships of 

the error sources and the system dynamics. 

• ATTITUDE DEVIATIONS 1 RATE ERRORS AND STRUCTURAL VIBRATION 

• MEASUREMENT NOISE AND DRIFT 

• MISALIGNMENT OF SHu:TLE IMU M:D ATTITUDE REFERENCE FRAME 

• MISALIGNMENT BETWEEN SHUTTLE AND IS INSTRUMENT REFERENCES 

• 
• 
• 

EPHEMERIS PREDICTION ERRORS 

EARTH ROTATION 1 CURVATURE1 AND OBLATENESS 

IS INSTRUMENT ERRORS INCLUDING 

OPTI CAL JITTER 

NONLINEARITI ES 

PROCESSING 

REPEATABILITY 

Figure 6. Error Sources 
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In this section, the steady state analysis is performed in the 

frequency domain. The PSD (power spectral density) for the pcinting errcrs 

and the rate errors were obtained by considering the dynamics cf the Space 

Shuttle Orbiter, the IHD (Inertial Measurement Unit), the attituda cootrol 

state estimator, the measurement noise, the m1salignmen~ of reference frames, 

and the disturbances including gravity gradient, gyr~scop1c torques,and aero-

dynamic drag torques. 

B. SHUm.E MASS PROPERTY 

The shuttle 2&SS properties employed here were obtained f.om the 

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

are, respectively: 

Shuttle mass: 102,153.73 kg (224,738.21 lbs) 

Shuttle c.m.: x .. 1105.5", Y ... 0 , Z .. 374.3" 
o 0 0 

waere the coordinates X • Y • and Z are the Orbiter Co?rdinates [5] defined in 
000 

Figure 7. the moment of inertia matrix (kg-m2) is, in the shuttle bcdy frame 

(refer to Fig. 8), 

[ 6 
-4.69 x 103 

-3.49 x 1O:] 1.36 x 10 

IB - -4.69 x 10~ 7 1.00 x 10 -3.32 x 10 
3 !.05 x 107 -3.49 % 10 -3.32 x 10 

1.36 x 106 0 
-3.49: 10: 1 -[ 107 

- 0 1.00 x (1) 

-3.49 x 105 0 1.05 x 10 

the magnitude of the off-diagonal terms of the inertia matrix IB 

suggests strong couplings exist especially between the ~~ tae ZB-axis. To 

simplify the dynamic equations, it is convenient to cousider principal-axis 
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- 400 in. 
(l0.2m) 

y~_l ___ ~ 
o 

ORBITER COORDINATES 

TIPI;'· _. Rotating, Orbiter referencEd 

ORIGIN: 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 

7' 

The Z-axis is positive upward in landing attitude 

The Y-axis completes the right-handed system 

The standard subscript is a 

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

illustrated in Figure 8. 

I ~it 
I 

~------Earth I Surface 

Earth 
Center 

Shuttle Body Coordinates 

Shuttle Principal Axes 

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

The orientations of the principal a:es can be determined by rotating 

the ~ody frame an angle a about the la-axis. i.e •• let B: ~ + Xp. then 

B - [
CO~1l 

sina 

and 

It can be shown that 

o 
1 

o 

11 

-si~a ] 

cosa 

(2) _ 

(3) 

1 -- , ...., 

, 
j 

I 
I 
l(! 

• 
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1 -1 
a • 2' tan 

provided that IBXY • I ByZ • O. 

(4) 

For I BXX = 1.36 x 10
6 

kg_m
2

, I BZZ = 1.05 x 107 kg_m2 , and Iaxz ~ 
5 2 0 

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

axis nadir pOinting, the shuttle has to rotate 2.180 about the orbit normal (see 

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

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 =adiation. and on-board causes such as 

astronaut activities. equipment vibrations. and venting. On-board activities 

may be partially eliminated or reduced through mission planning nnd their 

effects will be assessed in the future. In this subsection, the gyroscopic 

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.l The Aerodyna~c 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 iI' nz' 

and ~3 be the unit normal v~ctors for the equivalent plates 1. Z, and 3. 

~re il" i z• and i3 are in the direction of ~-, IB' and Za-axis, respectively. 

To express ii in body frame, 
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n -I (5) 

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

Let AI' A2 , and A3 be the corresponding areas on which the aerodynamic 

pressure appliea, and CPt" CP2 • and ~3 the three corresponding centers of 

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

to each area in the direction oppcs!te to the vehicle velocity vector and 

assumes no shading among the plates. It is further assumed that the drag 

coefficient Cn is constant and the lift coefficient CL is zero. 

Let VB • (YBI' YB2' vB3)! be the inertial velocity vector in the 

body frame, vith magnitude v. The force and torque applied on Ai are 

(6) 

(7) 

where ~ is the atmospheric density at the orbital altitu«e, uB - vB/v the 

-- ------ - """ 

unit velocity vector, and rBi the vectors of the center of pressure of Ai relative 

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

3 

iB - I: - (t CDP V
2 

Ai) I (iii' ;) I ; 
i-1 

(8) 

(9) 

The value of CD depends on the shape of the vehicle. In Ref. 7, 

the values of 2.5 to 3.0 were suggested. The value of CD - 2.0 is used here 

as it vas used in Ref. 6 for Space Shuttle Simulation. 

The atmospheric cass density p can be found in a JPL internal meco-

randum. For 1985 mission t~e, the ?eak density is expected to occur in April 

for the 400 km or~it; the densities are 

and 

2.64 X 10-12 kg/m3 ( di d) pre cte, 

-12 3 
3.77 x 10 kg/m (97.7 percentile) 

v -

The orbital velocity v for a 400 km circular orbit is computed as 

7669.60 m/sec or v2 
- 5.882 x 107 (m/sec)2. 

The plate areas, according to the attachme~t (SSFS On-orbit Aero 

Data, 7/24/80) to Ref. 6, with Cargo Bay doors open, are 

A1 - 119.45 m.
2 

? 
A

Z
• 229.92-:;-

2 
~ .. 454.46 m. 

However, a different set of values are g~ven in Ref. B. 

2 
A1 - 64.1 m 

? 

AZ - 212.70-
? 

A
l

-367.0 m-
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The values in (10) were used in this work. 

The position vectors rBi may be obtained uSing data given in Ref. 4 

and Ref. 6. The values are. 

r Bl -

r B2 -

r B3 • 

The torques TBi for 

[ 3.~97 ] m 

- .231 

[ .927] 
- .~42 

m 

[ 1.166 ] 

-1.~74 m 

the predicted density. are 

21 

-rB13uB2 + rB12uB3 

rB13uBl + rB11uB3 

-rB12uBl + rB11uB2 

-rB23uB2 + rB22uB3 

rB23~1 - rR21uB3 

-rB22uBl + rB21uB2 

-rB33uB2 + rB32uB3 

rB33uJ1 - rB31uB3 

-rB32uBi + rB31uB2 

(12) 

(13) 
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In Eq. (13). the torques are known once the unit velocity vector uB is 

specified; uB varies with the pointing configuration and spacecraft attitude. 

C.I.I. Drag Torques for Configuration A 

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

attitude. the vehicle moves in the ~ direction. Let up be the unit velocity vector 

in the P-frame and let A be the rotation matrix due to a. then a 

[ c~.a 0 

:~] m 1 

-gino. 0 

- [ c~.a ] (14) 

-5 ina 

Since a(· - 2.18°· - .038 rad) is small. 

(15) 

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

(16) 

the tc=;~=~ in the P-Frame. for nominal attitude. are 

N-m (17) 

For small attitude errore. f. e. and 111. from the r~tatiIlg orbital frame. 

(18) 
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where, 

[~ '" -n A- I 

-~ 

and 

u - AT A m (20) 
B a 

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

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

3 

Tp - L Aa TBi (21) 
i-I 

C.1.2. Drag Torques for Configuration B 

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

direction ~ ~P(f] in the directioc of motion for nominal attitude. 

U _AT; - [~] B a P 
o 

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

3 

Tp - L AaTBi 
i-I 

23 

In this case, 

(22) 

(23) 

I 

I 
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1 

.. N-m (24) 

In the presence of small attitude errors, ~, e, and ~, the aero-

dynamic drag torques are 

[ 

2 45 10-2 - 7.58 x 10-21~1-4.29 x 10-31~i+3.31 x 10-2a ] 

Tp _ ~3~31 : 10-2, + 2.65 x 10-2lj1 (25) (25) 

-(3.31 x 10-2 + 8.23 x 10-21,1+7.04 x 10-21~1+2.65 x 10-2a) 

~.1.3. Estimation of Disturbance 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 ~, e, and ljI. The att~tude errors are assuced to be random and time­

o varying with standard deviation of 1 (.01745 rad.) per axis. Therefore, the 

estimated val~es of the random disturbance torques are, for Configuration A 

and that for 

[

7.48 x 10=~ ] 
1.86 x 10 

-3 1.23 x 10 

Configuration Bare, 

[ ~:~~ : ~~=~ ] 1.89 x 10-3 

N-m (26) 

N-m (27) 

and the corresponding PSD's are obtained by the following approximation with 

the correlation time of T .. 180 seconds. 

- 2T 
-2 

(aT ) 
PA 
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C.2 The Gravity Gradient Torques and Gyroscopic Torques 

The gr3vity gradient torques and the gyroscopic torques can be 

estimated using the following equations, respectively: 

(30) 

and 

- -
TGRP • OOoP x ~ • OOoP Ip OOoP (31) 

Where URP and woP are the unit earth vector and the spin velocity vector, 

respectively, in, principal frame, and URP is the skew symwetric matrix of the 

".lector For Configuration A. 

-A[~l 
d 

(32a) 

CIJ • oP 
rOl 
II 00 

oJ 0 

(32~) 

and for Configuration B, 
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(33a) 

(33b) 

t o include only the first order effect, are, for the correspcnding torques, 

Configuration A 

, ------

and for Configuration B 

3 III 2 
o 

(IpZZ - Ipyy)~ 

(IpZZ - IpXX)6 

o 

.. 
1.92 ~ 

33.11 9 

o 

-.64 .1 
1l~04 • J 

o 

- 35.03 6 

4J.71 1/1 

-.64 Q 

11.68 e 

o 

N-m (34a) 

(34b) 

(35a) 

(35b) 

Since the gravity gradient torques and gyroscopi~ 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. 

o. 'IHE 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. 

0.1 The Misalignment Errors 

Let bMS be the misalignment between the IMU and the shuttle reference 

frame; let b
SI 

be the misalignment between the shuttle and the imaging spectro­

meter reference frame. 

Based on the space shuttle performance requirement [5]. the L~ 3a 

misalignment uncertainty is :t .133
0

/ axis. hence, 

(36a) 

Howftver. based on a JPL internal memorandU3. the shuttle flight test performance 

is much better, 

a
bl1S 

= 82 arc-sec/axis (36b) 

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

The misalignment data for the IS instrument is not directly available. 

Based on Ref. 9, the estimated LANDSAT n !nitial alignment bias between the sensor 

o?tical axis and the vehicle pointing vector was :t 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 removed without ground control points was estimated 

as :!: 30 arc-sec. This latte· i'mer was used in this work. 

a - 30 arc-s _ -_AS 
bSI 

Therefore. the total misalignment error becomes 

_ (a 2 + a 2 )1/2 
abo bMS bSI 

- 87.32 arc-sec. 
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D.2 The nru Hodel 

The sensor dynamics for the shuttle nru was modeled approximately 

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

Figure 10.Simpl;fied IHD Hodel 

Where T is the time constant and v che white gaussian noise. The time constant 

was estimated from a DRIRU II Model, 

1 1 
T - - - - .. .023 sec 

1.11 141f 
s 

That is. this measurement is assumed to have a 7 Hz bandwidth. 

(39) 

5 c • 
To determine v. from Ref. ,the 3a IMU readout error is ± .C73 /axis. 

-
Assume that the ~surement n01se is the readoul error. then 

a - .02430 /axis .. 87.6 arc-sec/axis 
v 

(40) 

However, the actual performance of the sh~ttle IMU was much better; it has a 

lcr gyro resolution error (aRESO) of 20 arc-sec/axis. If we assume the rand~ 

noise has the same amplitucie as toat of the resoluti~n noise, then 

(41) 

The corresponding measurement noise PSD, Rt is estimated as. 

R sa 2~) a 2 
\1410 v 

~ 8.55 x 10-10 (rad)l -sec (42) 
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E. SHUTTLE DYN~~CS ~~D INSTRUMENT POINTI~G ERRORS 

E.1 The Equae10ns of Motion 

Consider vanfiguration A. For simplicity, the subscript P for 

principal axes i8 dropped from all equations. Again, let 9, a, a~d , be the 

small r~ll, pitch, and yaw angles, respectively. 

angular velocity ~ector of the shuttle, theL for small attitude errors, 

1.11 - ~ +,1.11 X 0 

(43) 

and 

· . 
I.IIX 

.. ~ + tV 1.11 
0 

· Wy- e (44) 

· . 
I.IIz -tV - ~ 1.11 

0 

With this simplified relation between the inertial rates and the attitude error 

rates, one can show that the equations of motion may be G~rized as folloys, 

accounting only for first order effects: 

IX$ + (Ix - Iy + I z) 1.11 ~ + 4 <ly - Izl .0

2'1 0 

lya + 3 (Ix - IZ> 1.II
0

2
a - T + T (45) d c . 

(I - I ) 1.11 21/1 J IZ1lr - (I - I + I ) 1.11 ~ -X Y Z 0 x Y 0 

The left-hand side of Eq. (45) Qccounts for the body dyramics ana the gravity 

gradient and the gyroscopic torques; and on the right-hand side of Eq. (45) Td 

and I are the disturbance torques and the contr~l torques. respectively. 
c 

E.2 rhe Space Shuttle State Estioator 

The Shuttle State Es:!mator consists of two parallel Ka~c-type 

filters, one for acceleration estimation and one for rate est~t10n (10]. 

The attituae estimate is the extrapolation of the measured attitude and the rate 

estimate may be approximated by using a second order filter with par~ters 
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determined by the filter gains. With the current baseline filter data, the 

equivalent damping coefficient and the corner freque~cy for the rate filter are 

.8 and .04 Hz (for vernier rate filter), respectively (11]. 

E.3 Th~ Syetem Pointing Errors 

E.3.l. The Pitch Loop (Configuration A) 

From Eq. (45) and 19noring the initial conditions, one has the 

following output function, 

(46) 

Figure 11 shows the open-loop block diagram for the dynamics of the instrument 

pointing error excited by the random disturbances. Included in the diugram are 

the dynamics of the vehicle, the IMU, and the rate filter. Measurement error 

and the misalignment error are also included. 

E.3.7. The Roll and Yaw Loops (Configuration A) 

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

Eq. (45) 

where 

and 

[
HS)] _ 
1/1(5) 

TX - TcX + TdX 

TZ - TcZ + TdZ 

(49a) 

(49b) 

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

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

Random 
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Tdy 

+ 
TcY---'~ 
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IyS +3wo (~-lz) 

Pitch Vehicle 
Dynamics 
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1:S + 1 

lMU 
Dynamics 

Measurement Misalignment 
Error Error 

v bo 

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

Model 

E.4 The Instrument POinting Error PSt 

E.4.l !he Pitch E~ror PSD (Configuration A) 

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

error are. 

(50) 

(51) 

where Qy D ~ yand QT y is the second component of Eq. (28),and where R. and 
PA PA 

abo are defined in preceding sections. and o(w) is the Dirac delta function; 

and where. 

{52a) 

] (52b) 

S=jw 
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I 

I .-.. .. 

~--_l 
'~ 1- , 



T -
eX 

Roll-Axis 
Random 

Disturbance 
Tdx 

Roll Control 
Torque Roll Vehicle 

Dynamics 

D(S) 

Dynamic Coupl1ng 

(010 (IX-Iy+lz)S 

D(5) 

Yaw Vehicle 
Dynamics 

2 2 
IxS +4(01" (Iy-1Z) 

T
dZ 

Yaw-Axis 
Random 
Disturbar.ce 

D(S) 

IMU 
Dynamics 

IMU 
Dynamics 

Figure 12. Roll.. and Yaw Axes Block Diagram. 
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, 

H{~) - [TS ! 1 ] S-j~ 

Fe*(~) • Fe (-w) 

. . 

(52c) 

(52d) 

(52e) 

The output powar spectral density for the system is closelj related 

to the frequency response of the system,which characterizes the steady state 

dynamics of the system, and,hence, it is meaningful only if the system is 

stable. Unfortunately. in Eq. (52b), I < I which implies that the system is x z 

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. 2 Figure 13 shows the instrument pointing error PSD in (rad) -sec as 

a function of frequency in Hz. 2 Figure 14 shows the rate error PSD in (rad/sec) -sec 

as a function of frequency. 

E.4.2. The Roll and Yaw Error PSD (Configuration A) 

Ibe instrument pointing error psn's for the roll and yaw a:es are. 

P~(W) • F;(~) F~(~) ~ + F;~ (~) F~~ (~) Qz 

2 + R + abo o(~) (53a) 

(53b) 

and the instrument pointing rate error PSD' s for the roll and yaw axes are, 
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P~(~) - [F;(~) F~(~) Qz + F;~ (~) F¢$ (~) Q + R] a.(~) x r H (~j r (54b) 

where 

F~(r,J) - G~(~) H(e.:) (55a) 

[ 1 52 + ~ 2(1 -1 lj 
G

lI
(w) 

_ z o::! x 
(55b) D(S) Sajr,J 

F¢~(w) a G¢~(~) H(w) (56a) 

o X ::! z [ ~ (I -1+1 l l 
G¢~(~) a D(S) J S- jw (56b) 

F (w) 
.jI 

• G1jI(W) H(w) (57a) 

G~(w) 
[I 52 + 4. 2(1 -I l ~ _ x o:l z 

D(S) S-jw (57b) 

aLd ~ and Q are the first and the third components of QT in Eq. (28). 
Z PA 

For the same reason discussed earlier, the roll and yaw dynamics are 

also unstable (referring to Eq. (48),0(6) has r~ots in the right-half complex 

plane). The PSD's fer this cas~ are obtained again by treating gravity gradient 
I -

and gyroscopic torques as disturbances. Figures 13 and 14 show the roll and yaw 

power spectral densities. 

E.4.3. The Error PSD's for ConfiKuration 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, th~re are drawbacks for this configuration. First, it 

will require a larger support-tower for the IS instrument, and the second drawback 

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

payload-b&y nadir case. 
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To ob:ain ehe error power speceral densiey for Configuration B, ie 

is only necessary eo replace [;L and ehe corresponding notaeions of the equa­

tions in this secti~n bY[-~] 7 That is, for inseance, Eq. (52b) becomes, 
-x B 

where Ga(') here still represents the pitch dynamics. 

is stable. 

(58) 

~ince Iy > IX' Eq. (58) 

The instrument poineing arror PSD's are shown in Figure 15 and the 

~atc error PSD's are illuseraeed in Figure 16. 

The computer programs thae are used for generating these results are 

included in Appendices C and D. 

F. SUMMAR! OF M}JOR FINDINGS 

F .1 The MaJor Environmental u1sturbances 

The major disturbance sources. that are modeled are ehe aerodynam1c 

drag torques. the gravity gradient torques, and the gyroscopic torques. The 

unmodeled distur~ances are the solar pressure torques. the on-board equipment 

vibraeions. crew motions. and venting. Table 2 shows the static disturbance 

2 
torques in N-m a:d the stochastic torque PSD's in (N-m) -sec for both Configura-

tions A and B wita a circular orbit oi 400 km altitude. 

F.2 The Measurement Uncertainties 

The ~deled measurement uncertainties are summarized in Table 3. 

F.3 Ground Track Errors and Navigation Uncertainties 

The power spectral denaities for the ground track errors and the rate 

errors due to instrument pointing uncertainties for Configurations A and B a~e 

shown in Figure 17. It is important to note that strong resonances occur within 
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the frequency band of 10-5 Hz to 10-3 Hz. !he ground track e~rors at higher 

frequencies, .01 Hz and above, are dominated by the measurement noise. Recall 

that the 10 measurement noise is 28.28 arc-sec/axis. The corresponding ground 

track error is 54.84 m/axis or 77.56 m/latera1 motion. 

The 30 ground track errors due to navigational uncertainties are 

about one order of magnitude greater than the attitude errors ~th th~ 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 3a rms values. 
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Sources 

Aerodynamic 
Drag 
Torques 
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Gyroscopic 
Torques 

.I 

Table 2. Modeled Environmental Disturbances 

Static. N-m 
2 

Stochastic -- PSD. (N-m) -sec 
, 

Xp Yp Zp Xp Yp , Zp 1 

ConUg. A 0 -.68x10 -2 0 2x10-6 -3 ~.4x10-4 I 1.2:<10 . 
I 

ConUg. B -2.78xlO -2 
0 

. -2 
-3.2lxlO 6.3xlO-4 1.9xlO -4 1.2xlO -3 

I 

--l 
I 

0 0 0 Proportional to attitude errors I 

I 
I 

I 
- - -- --- -- -~ - ----_ .. - --------

Table 3. Modeled Measurement Uncertainties 

~<ce. 
. 

I Performance (10) Requirem~nt (10) 

IMU/Shuttle Misalignment 82 arc-sec 160 arc-sac . 
lMU Resolution 20 arc-sec 20 arc-sse 

IMU Noise (20) a~c-sec -
IMU Derived Rate See filter ~ynami~ model 

Rate Gyro - I 60 arc-sec/sec 
. -

Shuttle/IS Misalignment (lo) 30 arc-sec 

• 

~ 

~ 
f' 
I: 
~, ;, 

I 
r 
i 
I 

" '. I 
I 

I 
f· 
I 
I 
I 

! 
.. · .. }I---

\ ' 
IAI... 'l 

-- ... _._. - .. ----.~ .. 
,III. lIo. I':... .. 



.. ,.... 
0 
til 
c.. ...... 
eo 
0 
~ 

0 
...t 

,.... 
o 
til 
c.. ...... 
eo 
o 
~ 

o 
...t 

---~---

.. ----- .. 

200 ... 
CONFIGURATION A 

I Yaw 

-100~ .• 

i 
I 
I 

-200,_' __________________ ~------~----~----._----_.----_. 

10-7 10-4 1 10 
Frequency, Hz 

(a) IS Ground Track Error PSD, m2-sec 

200;~ ~ONFIGURATION A 
I ~ P1.tch , .......... I ____ 

, ~ ... 
100;.____ Roll-----...... 

~-----_::--------_ ~ I 
I --- ~ ~:\ 
i y~w----.~t. i ~~ ___________________________ __ 

o~ 
1 

I 
-100 : 

1 
I 
I 

-200~!-------------r-----~----.-----~-----r----~-----. 

10-7 
1 10 

Frequenr:f, Hz 

(b) 
- -. 2 

IS Ground Track Rat~ Error PSD, (m/sec) -sec 

Figure 17. IS Ground Track Error and Rate Error PSD 

40 

' .. 

. -.. , 
4 -< 

~ .--,:/ 



.,. 

.ro 1 
Yaw '] -- Pitch Q 

en 
~ Roll ...., 
co 

CONFIGLRAnON B 

~=====~ 
~~------------------------

0 
~ 

0 
.-l 

-100 

-200 I 
I 

10'-6 10-7 1~-3 .1 1 10 

Frequency. Hz 

(c) IS Ground Track Error PSD, m2-sec 

CO~FIGURAnON B 

--Q , --en 
~ 

;:. 
...., 

~ ~ 
0 
~ 

0 ---------.-l 

-10 

-200 I I I I 

10-7 10-6 10-5 10-4 -" 10 L .1 1 10 

Frequency. Hz 

{d) IS Gr~und ~rack Rate,Error PSD, (m/sec)2-sec'~ 

Figure 17. (Continued) 

41 



~ 
N 

~ 

" 
" Table 4. Expected On~Orbit Navigation Accuraciea (3a) 

" 
DESCRIPTION 

.' NAVIGATION I HlNIMUM I TRACKING UNMOD~LED PERIGEE POSITION. FEET 

I RADIAL CASE SYSTEM PERTURBATION n.mi. DOWNTRACK CROSSTRACK 

STDN'" NOMINAL 105 5,000 34,500 5,000 

TDRSS""" 105 3,600 18,')00 4,000 

-
2 STDN SHALL 105 3,000 22,000 1,500 

150 l,.WO 5,500 1,000 

TDRSS 105 1,800 10,000 2,000 
'1 1!>0 800 2,000 1,500 

I 3 STDN LARGE 105 8,000 80,000 5,000 

TDRSS 105 6,00Q 50,000 5,000 

NOTE: 

The correlation between downtrack position and radial v~locity 1s -0.95 

The correlation between radial position and downtrack velo~ity is -0.80 

'" Spaceflight Tracking and D~ta Network 

"'''' Tracking Data Relay Satellite System 
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-~ 

\ f 

>./ '\ 
\', f \) . " 

\ .., 
}.. \~I\ 

II 

RADIAL 

38.4 

22.1 

24.6 

5.S 

11.0 

2.2 

91.2 

56.0 

VELOCITY. f!§. 

DOWNTRACI.~ CROSSTRACK 

5.9 9.8 

3.3 4.0 

, 3.3 2.0 

I 1. J 1.S 

1.8 2.9 
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IV. PARAMETRIC ANALYSIS OF GEOMETRIC ERRORS 

In section III, the steady state error dynami~s of the ShLttl~ !maging 

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, Disalignment errors, earth rotation and 

curvature, etc. Figure 1 shows how the various errors propagate and how the geo-

metric errors and the ground pattern distortions can be generated through dynamic 

analysis and simulation. The block that is considered in this sect1~n is II. Due 

to mounting and other practical considerations, only the payload-bay principal-

axis nadir pointing configuration is canaidered (see Fig. 2). 

The geometric error m~pping functions due to the individual error 

sources as well as the aggregated errors are derived. The earth ~~rvature effect is 

incorporated in all oCthe results. For the purpose of quick reference. the key-

mapping functiotls are tabulated in Appendix A. ' A L'.st of the source- code of the 

ccmputer program that has been used for generating the geometric ~rror character is-

tic curves is given in Appendix E. 

A. COORDINATE CONFIGURATIONS 

In Fig. IS. the coordinate frame (~.Yp'~) 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 ths 

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 direction, the Z-axis is in the nadir direc-

tion, and the Y-axis is in the cross-track direc~ion,so that a right-hand coordinate 
.. " ..... , .. 

system is fo~~. 

For the purpose of this report; it ~s 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 ati those f~r a:eees~; th~ 3~epheric effects on 

o the images, the IS instrument is required to point up to ~5 about the pitch 

o axis (Y) from nadir (forward and back-"ard looking) or up to ±20 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 regarding 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.1 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.I.I. With Fixed Viewing Angles 

Referring to Figure 19. when the shuttle flies at nominal altitude h 

(position A). a ground point B with coordinates (Xo, Yo) corresponding to a view 

angle A 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 

is 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' 

.. 
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Starting by assuming (Xc, Yo) known, the task is to determine (Xc', Yo') 

by first computing the view angle 1. Figure 19b is generated by taking a side 

view from Fig. 19a in the direction perpendicular to Plane A:AOC B'. Apparently, 
e 

VXo2 + Y02 • R sinS 

GROUND AREA COVERED 
WHEN SHUTTtE IS AT 
NOMINAL ALTITUDE (POSITION 

A IN FIGURE" (b)7 I 
A\X 

~ -y :T 

Z";'ND AREA COI/fIED 
WHEN SHUTTLE IS AT 
HIGHER ALTITUDE (POSmON A' 
IN FI~ " (b» 

LEGEND: 

x 

------------------­
~---------- ---1~ ) P 81 I 

\4---- Yo ---~-AY-

I------yo' -----~ 

8 = A GROUND POINT CORRESPONDING TO 
VlF'N ANGLE ~ WHEN SHUTTLE IS AT 
NOMINAL ALTITUDE (POSITION A IN FIG. 4(b» 

8' = 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 8 
0, 0 

(X' Y ') = COORDINATES OF POINT 8' 
0, 0 

AX, AY = X AND Y COI'?CNENTS OF THE POSITION CHANGE 

(a) TOP VIfY/ (LOOKING TOWARD NADIR) 

-

': _ Figure 19. -Ground Point Sh~ft in X and Y Duection -due to Altitude Error 
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LEGEND: 
h = NOMINAL ALTITUDE 

Ah = ALTITUDE ERROR 
). = VIEW ANGLE 

I / 

i / 
~R I i ,I 

I i / 
~I 
Vi, 'i 
. /" . 

(b) Slot: VIEW 

A = SHUTTLE'S POSITION AT NOMINAL ALTITUDE 

A' = SHUTTLE'S POSITION AfTER BEING ELEVATED Ah 

•• 11: - - .... ;.. 

Figure 19. (Continued) 
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or 

and 

a = 1800 
- A - S 

From triangle ABCe , we have 

R R+h 
~~~ 

Substitut:mg Eqs. (59) and (60) into.(61), it becomes 

R R+h 
srn-I = --~[------~~~--(7~f========\-1)~ 

sin 1800 
- A - sin- 1 ...JX0

2 
R+ Y02 ~ 

which leads to 

tan A 

hence, 

tan -1( Jx02 + t0
2 

r-z- 2 
R + h - .JR- - Xo 

To determine JXo,2 + Yol2, triangle A'B'C
e 

is used, 

R R + h + lh 
~.. sin (1' 

and 

! 2 2 
.JXo' + Yo' R sin S' 

~ R sin (A + a') 
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.~ I Substituting Eq. (63) into (64), 

4,,",2 + Yo,2 _ R sin I> + SiD-1 [(I + b ; Ah) sin >]1 (65) 

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

cos ISiD-
1 [(I + b; Ab) sin >]1, siDce 90· < sin-

I HI + h; Ah) SiD ~ < ISO·. 
one baa 

( h + lIh)Z 2] 1 + R sin A sin A 

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

determined by 

-1 Y.o 
P .. sin 

JXo2 + Y02 

-1 Yo 
- cos 

JXo2 + Y02 

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

Xc' .. JXo,2 + Yo,2 sin p 

.. RXo sin A r(l + h ; lIh) 

JXo2 + Yo2 ~ 
Yo' .. JXo,2 + Yo,2 cos P 

.. RYo sin A fI(1 + h + lIh) 
I 2 2 L R 

"Xo + Yo 

where A is obtained by Eq.(62). 

cos 

Hence, from Eqs. (68). (69), and (62) the values for lIX .. Xc - Y.o' and 

flY - Yo - Yo' can be obtained. 

. 
, - -­... 
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When point A' is below point A, the negative value for dh should be used in 

the above equations. 

However t if one starts with given view angle A and p, the values of Xo, y~, 

Xo', and Yo' can be readily obtained using Eqs. (68) and (69) directly (set dh 

to 0 for Xo and Yo). 

B.l.l 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.I.l. 

the view angles n and a' can be found, 

(10) 

and 

(71 ) 

Using Eqs. (70) and (71), the value of lin = 0' - 0 can be obtained. Again if 

point A' is below point A, the negative value for dh should be used in the abovp 

equations. 

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

The intrack (alcng X-direction or direction of orbit) and the cros~track 

(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.2I. To determine the overall geometric errors associated with ephemeris 

uncertainties, the intrack error llX* and the crosstrack error llY* can be incor-

porated in ~X and ~y found in Section B.I.I. respectively. 

," 
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(b) CROSSTRACK ERROR ( ~ y*) 
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C. GEOm:TRIC ERRORS INDUCED BY ATTITUDE UNCERTAINTIES 

Attitude uncertainties refer to the angular errors with respect to 

the nominal roll (~), pitch (e), and yaw (~) axes. The effects of these errors 

to the images of ground objects are studied in this ~~~s~c~ion f~rst on the 1ndivi-

dual error basis and then on the aggregated basla. For conven1e~e, in the subsequent 

discussions, the term nominal flight condition vill be used to signify the condi-

.-tion of the shuttle flying in a 400 km circular orbit vith the attitude of payload-

bay nadir pointing. 

C.l Get ~etric Errors Induced by Roll Error 

Referring to Fig. 22, consider the nominal flight condition vith '0 
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, ~e image point (or pixel) on the 

ground is P with coordinates (O,Y*). For the same roll offset and view angle the 
o -

ground point P' is located after a roll error' is introduced. The coordinates o . 

of P' are (0, Y*'). Equlvalently, by rotating the optical instrument to the '~eftt" 
o 

the image recorded on the film appears to move to the "right." Therefore, the 

geometric error may be defined as the displacement of the object image after error 

is introduced relative to the image before the error is introduced. Mathematically, 

this is Po - P~ or P ~ 0' A - P ~ 0 ~, A • Since, in the case being considered, the 

image is on the Y-axis, one has 

dX - 0 (72) 

~Y - y* - y*' (73) 

where y* and y*' are, 

'0)] y* - -R sin (). + ~o) [(1 +~) cos (A + .0) - 11 -( 1 + ~ r Sin2 
(A + 

(74) 
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LEGEND: 
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+0 = ROLL OFFSET ~GLE 

+ = ROLL ERROR 

CENTER OF FILM WITH ROLL ERROR 

P = THE GROUND POINT CORRESPONDING TO 
o VIEW ANGLE ~ AND ROLL OFFSET +0 

Po = THE GROUND POINT CORRESPONDING TO 
THE SAME ~ AND + AFTER ROll ERROR + IS INTRODUCED 0 

X 

Flgur~ 22. Shift of Ground Point Induced by Roll Error 
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yo' - -R sin (A + 0
0 
+ 0) [(1 + l) <os (l + 0

0 
+ 0) 

-Jl - (1 +~)2 sin
2 

(l + +0 + 0)] (75) 

C.2 Geometric Errors Induced by Pitch Error 

Consider the case of pitch attitude error. Let 6 be the offset angle about 
o 

the pitch axis (de~ired attitude), and 6 be the pitch error. Referring to Fig.23, 

.-
for a given view angle A, projecting the slit onto the XY-plane forms two line 

segments: Bt, corresponding to null pitch error (6 = 0), and B 'C', cor:-espond­

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., Pa A - Pa +9 A' or 
0' 0' 

flX = X* - X*' 

flY = y* - y*' 

(76 ) 

(77) 

The formulae for computing X*, Y*, X*', and y*' are derived as follows. In 

Fig.23, assume that h, e, e , and \ are known. The lengths of the line segments 
o 

OB and Os' are 

08 = h tan e 
0 

(78a) 

and 

OB' = h tan (6 + 
0 

0) (780) 

and that of AB and AB' are 

AB= h 
cos a (79a) 

0 

AB' h 
= (6 + 6) cos 

0 

(79b) 
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LEGEND: 
A = VIEW ANGLE 

80 = PITCH OFFSET ANGLE 
8 = PITCH ERROR 
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~'I 
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tI 
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P' (X·', y •• ) 

P = THE GROUND POINT CORRESPONDING 
TO VIEW ANGLE ). AND PITCH OFFSET 80 

P' = THE GROUND POINT CORRESPONDING 
TO ThE SAME ).ANO 80 AFTER 
PliCH ERROR 8 IS INTRODUC£D 

Fig~re 23. Shift of Ground Point Induced by Pitch Error , . 
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BC and B' C'. with respest to Y-axis, can be obtained as 

Be .. -Ai can A '" -h tan A 
cos a 

o 

and 

(80a) 

B'C' .. --AS' tan A .. -h tan). 80 
cos(e +e) ( b) 

o 

implies that the signs of Be and B'C' are opposite to that of A. 1 and i' are, 

referring to Fig.23, 

2. =JOB2 + BC
2 

.. h s~c eo JSin
2 

eo + tan
2 

A 

and 

l' -JOB,2 + B"C'2 ... h sec (9 + e) Jf'tn2 (9 T a) + tan2 
A-

o 0 

the angles T and ~ (see Fig.13) can then be determined, 

and 

Finally, 

T = tan-
1 (~) .. tan-

1 
(sec 6

0 
JSin

2 
9

0 
+ tan

2 
A) 

, < 

tan-
1 (~') [sec 

-1 .. tan 

x* = JX*2 -'- y*2 .£!i 
1 

r -J1 _ (1 +~)2 .. R l (1 + ~) cos -. 
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2 
Sl.n 

,] sin :- sin 3 
0 

JSin
2 2 

~ + tan ). 
0 

] sin l' 

T I 2 
.Jsin "0 

tan A 

2 + tan A 

, '" 

(81a) 

(132a) 

(a2b) 

(83a) 

(8)b) 
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X*' 

( )
2 J. sin t sin (9 + 9) 

1 + ~ sin
2 t 0 

JSin2 
(6 + 9) + tan2 

A o 

(83c) 

2 1 sin E; tan ). 
sin E; J -;::========= .. JSil (9 + e) + tan2 ). 

o 

(83d) 

However, if one starts with (X*, y*) given, then). and 9 would have to be ~c:­o 

puted. In that case, 

(84a) 

and 

(84b) 

Once). and 9 are determined, T and E; can be computed using (82), and X*' 
o 

and y*' are determined using (83). 

C.3 Geometric Errors Induced by Yaw Error 

For a given yaw offset angle, wo ' and the view angle, A, the ground point 

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

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

puted as follows: 

cos (85a) 
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LEGEND: 

'i' 0 = YAY, OFFSET ANGLE 

'i' = YAW ERROR 

x 

P = THE GROUND POINT CORRESPONDING TO VIEW ANGLE )'AND YAW OFFSET "'0 
pI = THE GROUND POINT CORRESPONDING TO THE SAME ). AND .0 AFTER 

YAW ERROR 'i'IS INi_:JDUCED 

Figur.e 24. Shift of Ground Point Indu.ced by Yaw Error 
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y. - - [(1 + i) cos , -J 1 - (1 + it sin 2 ,] R sin A cos 1/1 
o (85b) 

X*' .. [(1 +~) cos A - J'-I---(-I-+-~--'t:--s-i-n-2-A'] R sin A sin (1/10 + tV) 

(86a) 
and 

[( h) I I h)2 2] y*' .. - 1 + R cos A - ~1 - (1 + R sin A R sin A cos (Ij.~ + 1)1) -

(86b) 

From Eqs. (85) and (86), we can obtain 

t.x .. X* - X*' 
t!.Y .. y* - y*' 

C.4 Geometric Errors Induced by Roll, Pitch, and Yaw Attitude Errors 

C.4.1. The Shift of IS Line-of-Sight due to Attitude Error 

Referring to Fig.2S, the shuttle is flying at an arbitrary attitude 

(¢, e, tV). Consider the 3-Z-1 sequence, i.e., the yaw, pitch, and roll rotation 

sequence. After yaw and pitch rotations, the Im~ging Spectrometer line-of-sight 

will shift to AB, where B(X1, Y1) is its intersection with the XY-plane. 

~l' YJcoordinates are determ1Ded as follows: 

where 

x + h tan S cos ~ 
o 

Y 1 .. Yo + h tan a s in ,~ 

Through a roll angle rotation, point B will move to C(XZ' Y2) 

X +h 9 X .. tan 2 0 

h 
4> sin ,I cos ¢ +- tan cos e 

Y .. Y +h '3 
h 

4> .~ tan Sl.n 1)1 - --- tan cos 
2 0 cos e. 
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(TANGENT TO 
THE PROJECTION 
OF THE ORBIT) 

h 

h 

Figure 25. The Shift of Ground Projection of the IS L1ne-of-Sight due to 
Attitude E=ror 
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I 
The interest here is to determine the coordinates of O'(X,Y) corresponding I 

to the final line-of-sight projected onto the ground. By taking a view normal to i 
the Aco-plane, Figure 26 is obtained. The quantities t, t, and p are obta~ned as 

follows, 

-1 (Jx; + Y;\ 
tan h) (89 a) 

t '" 

(89b) 

and 

p -l( YZ ) -1( Xz 
) 

.. SlO Jxi + Y~ '" cos Jx; + Y; 

(a9c) 

Hence, the coordinates of X and Yare, 

X = t cos P - R sin t 

(90a) L 

y. 'sin' - R sin, [(I +~) cos, -JI- (I +~)' s,n
2 ,) 

'1 
2 

y2 ? 
+ '1-H2 2 

(90b) 

where Xz and Y
Z 

are given in Eq. (88). 

Note that thiS derivation is general enough so that the formulae are val~d 

if one replaces the attitude errors with errors plus offsets, ~.e., replac1ng 

~, e'land 1jJ by ~o + ~. eo + a, and 1~0 + 1\1, 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. +. e,and ~ are used to represent the attitude angles 

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

yaw (~), pitch (6), and roll (+) Euler sequence is assumed. 

In this subsection, the re~ults of subsection C.4.1 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 0 be the nadir point wtiich 

is the origin of the XY-Frame and the X'Y'-Frame. The X'Y'-Frame is formed by 

rota:ing the XY-Frame through an angle $ 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 V1CW angle, the IS 

is sighting point Pl. Similarly, after a pitch (6) and then roll (+) rctation, 

the points P
2 

and th:n P
3 

are Sighted, respectively. 

The coordinates of P2 in the X'y'-Frame are, from the results of subsections C.I 

and C.2 and Fig. 23. 

x' 2 

R sin 6 sin E;2 

R tan ) sin 

2 S1n 
(9la) 

(9Ib) 

where the angle C;2 is the angle ~ defined in Fig. 23 corresponding to point P2 

here, and 

(9Ic) 

. , 
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Figure 27. 
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coordinates of P3 in the X'Y'-Frame are 

R sin e &in E;3 (1 + *) cos (3 -Jl - (1 + *t sin
Z E;3] 

X3a--------~~~===========-~~----~ 
JSinZ e + tanZ (A + t) 

where (3 is similarly defined as (Z and 

(3'" tan-
1 

(sec eJsin
Z 

e + tan
Z 

0 + $») 
or, finally, in the XY-Frame 

x) = Xj cos ~ - Yj sin W 

Y3 = Xj sin W + Yj cos W 

where Xj and Yj arc given in (92). 

The geometric error caused by the attitude errors is therefore, 

where 

x = 0 

(92a) 

(92c) 

(93&) 

(93b) 

(94&) 

(94b) 

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

(~ e, w ) with attitude uncertaint1es of (~, e, w). Let P (X ,Y ) be a ground 
0' 0 0 0 0 0 

point that is sigh ted by the IS with a viet.: angle ). and att itude (cp ,a .j,) • o 0' 0 

After (Q, 9, ~) attitude rotations from the nom~nal, the ground point P3(X3'Y3) 

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

and 

where 

and 

and where 

6X ~ Xo - X3 

6Y - Yo - Y3 

x ~ X, cos ~ - Y' sIn w 
o 0 0 0 0 

Y '" X' sin W + Y' cos ~ o 0 0 0 0 

'1 '" X' sin (~ + w) + Y
3
' cos (1jI +,:,) 3 3 0 0 

R tan (A + ~ ) 
y' '" _ 0 

o 
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To include errors caused by altitude uncertainties, one can reolace 

h by ho in Eq. (97), ~d h by h + ~h in Eq. (98), where h is the nominal or o 0 

estimated altitude and h + ~h is the actual alt~tude. 
o 

D. GEOMETRIC ERRORS INDUCED BY ATTITUDE RATE ERRORS 

Att~tude rates cause attLtude angle changes which in turn cause geometr~c 

errors. To account for attitude rates, one integrates the rates to obta~n t~c 

attitude angles, and then uses the formulae d~rived to obtain the corresponding 

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

<p' '" ;0 + f ¢dT (99 a) 

0 

6' 6 +1' adT (99b) 
0 

0 

'p' ~ 
0 +f '~dT (99c) 

0 

E. GEOMETRIC ERRORS INDUCED BY MISALIGNMENT ERRORS 

The misalignment errors can be incoroorated in the attitude errors. Let 

(:b' ~b' ~b) be the attitude bias or misalig~ment, then the effectlve IS attitude 

angles will be 

~o + ~b + , (lOOa) 

.:.' = Q + ;l + .... (lOOb) 
"0 '"'b 

J '" ; + "b + J (lOOc) 
0 
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The corresponding geometric e~ors can be determined using the formulae derived 

in subsection C. 

F. GEOMETRIC ERRORS INDUCED BY £ARm 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. ~round 

images become skewed as a result of earth rotation. 

Referring to Fig. 28. Lee 0 be the nadir point at which the latitude is ~. 

Let we be the spin rate of the earth, where we = 8~~OO • 7.2722 x 10-5 rad/sec. 

Let V be the linear velocity of the earth at 0, 
e 

v .. w R cos I; 
e e 

( 101) 

Let r be the orbital inclination at the equator, and let A be the orbital inclina-

tion to the local meridian at O. From r1g.29 and Appendix B, one has the follow-

ing spherical geometrical relation, 

cos r .. cos ~ sin 0\ 

or 

From Fig. 29 again, \ is also the angle between the linear velocity vector V and 
e 

the Y-axis. Hence~velocity components V X and V yare, using (102). e. e 
V cos r 

V .. V sin A .. -=e,,-__ 
eX e cos I; 

(103a) 

and 
2 

V .. V cos A .. V 1 _ (COS r) 
eY e e cos ~ 

(l03b) 
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LEG£ND: 
"''II :: ANGULAR VELOCITY OF EARTH SPIN 

t = LATITUDE n POINT 0 
Ve :: LINEAR VELOCITY OF THE EARTH AT POINT 0 

Figure 28. Linear Velocity of the Earth at the Nadir Point 
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ORBIT PROJECTION 
ON EARTH 

(0) INTRACK AND CROSSTRACK COMPONENTS OF EARTH LINEAR VELOCITY VECTO:: 
AT THE NADIR POINT 

(b) ORBIT INCLINATION TO THE LOCAl MERIDIAN CA) degrees , 
ORBITAl NORTH LATITUDE, degrees I 

INCLINATION -
(deqrees) 0 20 40 60 80 

0 90 - - - -
18.5 71.5 - I - - I -. 
.co SO 54.61 90 - -
60 30 32.15 40.75 90 -
85 5 5.32 6.53 10.04 30.13 
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Figure 29. Earth Spericdl Geometry 
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During the time interval from t1 to t 2, the ground point has moved from 

P(X, y) to P'(X', Y'). the corresponding position chaneP-R ~re. 

ft2 ft2 X .. V dt.. Ve cos r dt 
~ eX cos t 

t1 t1 

(104a) 

l104b) 

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

approximated as 

and 

AX :i £2!...L V (t
2 

- t
1
) cos 1; e 

X' .. X + ~X 

y' - y + ~y 

G. NUMERICAL RESULTS: GEOMETRIC ERRORS AND ERROR SENSITIVITIES 

(105a) 

(105b) 

(106a) 

(106b) 

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.l 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 

to 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 thiG 

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

errors for the range shown. 
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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 

corresponding geometric error can be determined. For instance, from Table 4. the 

3a altitude uncertainty. with TDRSS in the tracking system for the 150 ~.orbit. 

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

STDN system and large unmodeled perturbation and 105 ~mi. orbit. the 3a altitude 

uncertainty is 8000 feet (or ~2440 m). From Table 5. the corresponding 3a geo­

metric errors for the largest view angle (.8250
) are 3.51 m and 35.1 m, respectively. 

Note that the nominal pixel size is 30 m. 

G.2 Geometric Errors Due to Roll Uncertaint1es 

The geometric errors for view angles rang1ng from _9° to +9
0 due to a 

roll error of 10 are tabulated in Table 6. The error sensitivity at the nominal 

attitude is also tabulated in Table 6. By ° comparing the errors for 1 and the 

sensitivity for the same view angle, it is found that the differences are.2% or 

less. That is. for small angles, the error sensitivity data can be used to com-

pute errors. Fig. 31 shows the plots of geometric errors for roll errors of up 

to 5°. Unlike the errors corresponding to altitude uncertainties, these curves 

are relatively flat. ° The geometric error is about 7 km per 1 of roll error. 

It is noted from Fig. 3it~hat for small roll errors. the geometric 

errors are nearly symmetrical with the view angles. For larger r~l1 angles, the 

geometric errors are greater for view angles that have the same sign of f. This 

is more visible from Fig. 32 which shows the plots of geometric errors corresponding 

to roll errors of 10 and 20 from a roll offset 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-

o 0 ponding to the 1 pitch error for the view angles of up to ~. 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 10 and 20 pitch uncertainty induced 

o 0 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. 
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G.4 Geometric Errors Due to Yaw Uncertainties -, : - "'"=----

Geo~tric errors due to rotations about the yaw or the local vertical 

o axis (assuming zero offsets) are tabulated in Table 8 for 1 and plotted in Fig. 36 

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

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

smail~r geomet~tc errors. 

G.S Geometric Errors Due to Attitude Uncertainties 

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

pitch, and yaw axes. Tbe error magnitude 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 SO roll, 

pitch, and yaw errors. o Fig. 38 shows two curves, one corresponding to 1 pitch 

error and the other, 10 yaw error, with the roll offset of 200
• 

o Comparing pitch curve with that of Fig. 33, the 20 roll offset has 

no noticeable effects on the geo:etric errors. On the other hand, the effects on 

the yaw curve are quite pronounced, as a large bias of approximately 2.S km results 

due to the 200 roll. 
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Fig. 39 shows the 1° roll and 1° yaw curves for a pitch offset of 

o 
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. 
o By offsetting the pitch angle to 45 , the yaw-induced 

geometric errors increase to about sevenfold from zero pitch offset. and more than 

o 
twofold oVer the 22.5 pitch offset. 

The roll-induced geometric errors were lesb drastically affected by 

pitch angular offsets. o For instal.ce, for 22.5 pitch offset. the error has in-

o creased about 7% from that with zero offset. and about 46% for 45 pitch offset. 

G. 6 Ground Point Shift Due to Shuttle Motioc and Earth Rotation 

The earth rotation effect on the shift of the ground image varies 

with the latitude of the shuttle, and the c~bined effects of the earth rotation 

and shuttle motion vary with the orbital inclination in addition to the latitude. 

Table 10 shows the tsbulation with latitude ranging from 0
0 

to 800
• The largest 

earth rotation effect occurs at the equator •• 46 km in one second, and diminishes 

to .08 km in one second at the la~itude of 800 as $hown in Fi~. 41. 

The combined effects are dominated by the motion of the shuttle 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 9. Geometric Errors Induced by 
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Table 10. Ground Point Shift Induced by 
Shuttle Motion and Earth Rotation 

• Nominal Earth Radius - 6356.785 km (Polar) 
• Nominal Orbit Inclination - 85° 
• Nominal Shuttle Ground Speed - 7.202 km/sec 

0 20 40 

Ground Point Shift Velocity 0.4623 0.4344 0.3541 
due to Earth Rotation, km/sec 

Ground Point Shift Velocity 7.177 7.175 7.171 
Relative to Nadir Point, 
km/sec 

Angle of Velocity Vector -86.32 -86.54 -87.19 
with Y-axis. deg. 

Shift in 0.1 sec, km 0.7177 0.7175 0.7171 
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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 point~g 

errors and angular rates, ephemeris prediction errors including altitude, intrack, 

and crosstrack uncertainties, earth rotation and curvature, and shuttle and instru-

ment m1saligment. 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 in Tables 5 through 10 and also plotted in Figs. 30 through 

41. To illustrate the effects of view angles and linearity, an extended range of 

~o is used. For the push broom imaging spectrometer studied here. the field of 

o vie.w is l:1mited by :t.82S (see. Fig. 4). The following are the specific findings 

reSUlting from fur~her analysis: 

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

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

42 illustrates several cases of earth curvature effects. 

'Q' = 10 Ian 

a = 9.99999 ••• km 
b = 9.9999<4 • • • km 

R 
o 

l 
'C'''''13.752 ••• Ian 

c = 413..460 ••• Ian 
a = 400 Ian 

Figure 42. Effects of Earth C~rvature 
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2. Altitude uncertainties cause only moderate geometric errors. Table 11 

shows that the worst 10 geometric error is 11.71 m and the corresponding rate is 

.133 m/sec. The worst case associates with the STDN systeN and large unmodeled 

perturbation and 200 km orbit. The least 10 errors are .22 m and .0032 m/sec 

correspondins __ to. the TDRSS system and small t.Dmodeled 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 
e-

feet. Downtrack and cross track position errors are mapped directly to the 

geometr~c errors. 

3. Geo~tric errors caused by altitude uncertainties are, within the range 

of interest here, proportional to the v~ew angle and altitude error (see Table S 

and Fig. 30). 

4. The effects of roll and pitch attitude errors are relatively large 

compared with those of altitude errors and yaw attitude ~rrors. 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 0 

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 fro~ 1.94 and yaw sensitivity increases to .75 m/arc sec fro~ 

.0279. The pitch sensitivity, in this case, is nearly ~naffected. By offsett1~g 

the pitch angle to 45° (forward looking), the roll sensitivit} increases to 

l.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 proportional to roll errors (Fig.3l), pitch errors (Fig.33), and 

y&1 errors (Fig.36), and are independe-lt 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 misalignment,and the 

misalignment between the shuttle and the Imaging Spectrometer,unless means of 

error reduction, such as using gr~und control points and a prec~ion point mount 

between the shuttle acd the IS instruments, are employed. 

On top of these uncertainties, the shuttle deadband is another source of 

error that can cause gross geometric error~. This problem, of course, can be 

resolved by using a precision point u:ount. 

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

IMU resolution, lMU noise, rate gyro drift, and combined shuttle/IS misalignment, 

for nominal attitude and attitude offsets. Single axis geometric errors corres-

ponding to tr_e combined shuttle/IS misalignment are 169 ~ 198 m, and 379 m, 

respectively, for nominal, 20° roll offset, and 45° pitch offset, for instance. 

Other cases are shown in detail in Table 14 • 

7. Earth rotation causes images to shift toward the direction of rotation. 

The magnitude of t~1s shift depends on the latitude of the object (see Fig. 41). 

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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Table 11. Geometric Errors Due to Expected 
On-orbit Navigation Uncertaintv 

Navigation Minimum 10 Altitude Max. Geom. 10 Radial 
Tracking Un'llOdeled Perigee. Error, Error in Velocity, 

System Perturbation km m FOV, m mls 
-

STDN Nominal 
200 508 7.32 3.87 

TDRSS 200 366 5.27 L.25 

STDN e- 200 305 4.39 2.50 

Small 300 122 1.76 .59 

TDRSS 
200 183 2.63 1.12 

300 81 1.17 .22 

STDN 200 813 11.71 9.27 

TDRSS Large 200 610 8.78 5.69 

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 3a Position, Feet 3a Velocity, Fl'S 

Tracking Pertur- Perigee Down Cross Down Cross System bation n.mi. Radial Track Track Radial Track Track 
- - -

STDN Nominal 105 5,OOr) 34,500 5,000 38.4 5.9 9.8 

TDRSS 105 3,600 18.500 4,000 22.1 3.3 4.0 

STDN 105 3,000 22,000 1,500 24.6 3.3 Z.O 
•• 

150 1,200 5,500 1,000 5.8 1.3 1.8 
Small ! 

TDRSS 
105 I,SOO 10,000 2,000 11.0 

I 
1.8 2.9 

150 SOO 2,000 1,500 2.2 0.9 2.1 

STDN 105 8,000 80,000 5,000 CH.2 8.u 8.0 

TDRSS Large 105 I 6,000 50,000 5,000 56.C 6.2 7.8 

NOTE: 

The correlation between dovntrack position and radial velocity is -0.95. 
The correlation b~tween radial position and downtrack velocity is -O.SO. 

-. 
STDN - Spaceflight Trac!'ing and Data Network 
TDRSS - Tracking Data Relay Satellite Syste~ 

- ... 6---
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Table 13. Geometric Error Sensitivity 

Nominal Orbit: 400 km Circular 

Error Sensitivity, m/arc sec 
Error Attitude For View For View Source Offset 

- - Angle .. 0° Angle· ±.825° 

Roll angle 1.939 1.940 

Pitch angle No 1.939 1.939 offset 
Yaw angle . 0 .0279 

Roll angle 2.25 2.28 
2.22 

Pitch angle 
20° 1.94 1.94 roll 

Yaw angle offset .72 .75 
.70 

Roll angle 22.5° 2.11 2.11 

Pitch angle pitch 2.31 2.31 

Yaw angle offset .83 .83 

Roll angle 45° 2.82 2.93 

Pitch angle pitch 4.33 4.36 

Yaw angle offset 1.94 1.97 
I 

Altitude uncertainty 0 .0144 m/m 
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. . 

Geometric Error 
for 10 Angular 

Error, m 

6,987 

6,982 

101 

8,200 

7,000 

2,683 

7,600 

8,300 

3,000 

10,200 

15,700 

7,100 

14.4 m per 1 km 
altitude change 
max in FOV 

I 

-. 

I 
I 

I 
I 
i 
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Table 14. Geometric Error Induced by Shuttle and 
Imaging Spectrometer Measurement Uncertainties 

Nominal Orbit: 400 km Circular 

Per Axis 

Source - - - Attitude Per Axis, Geometric 
Offset arc • sec Error. 

m 

IMU/Shuttle Misalignment 82 159 

IMU Resolution- 20 39 

IMr Noise No Offset 20 39 

Rate Gyro 60 arc sec/sec 116 m/s 

Combined Shuttle/IS 87 169 
~salignment 

IMU/Shuttle Misalignment 82 187 

IMU Resolution 
20° 

20 46 

IMU Noise Roll 20 46 

Rate Gyro Offset 60 arc sec/sec 137 m/s 

Combined Shuttle/IS 87 198 
Mise:.1ignment 

IMU/Shuttle Misalignment 82 358 

IMU Resolution 45° 
20 87 

IMU Noise Pitch 20 87 

Rate Gyro Offset 60 arc sec/sec 262 m/s 

Combined Shuttle/IS 87 379 
Misalignment 

... 
I Combined roll and pitch axps. 
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2 Axes,t 
Geometric 

Error, 
m 

225 

55 

55 

165 m/s 

239 

245 

60 

60 

180 m/s 

260 

426 

104 

104 

312 mis 

452 

, 
I· 
t< 
I 
I 
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V. GROUND PA'l'TERNS AND IMAGE DISTORTIONS 

rne 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 advantag~s 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, selected ground patterns as seen through this optical system are studied 

here. 

!he patterns that are readily generated and, most importantly, suitable 

for exhibiting imaging distortions are square grid patterns. 

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 perfectl, spherical earth, an 

imaginary 10 x 10 grid is painted o~ the ground. As the satellite flies through 

this region, ~ 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 11+" pattern (the undis­

tor ted nominal pattern). Fig. 43(b) shows that when a 0.10 roll attitude error 

o occurs, the IS instrument points 0.1 left of the object field and t~e image on 
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(a) NOMINAL GROUND PATTERN (b) WITH C.10 ROLL ERROR 
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the "film" has shifted to the right; therefore, the solid pattern has shifted to 

the right of the "+" pattern. 
o 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. o A 5 yaw error (clockwise rotation) 

will ma~~ the pattern appear skewed as -sh~JD in Fig. 43(c). 

Fig. 44 shews the effects of simple attitude errors with 200 roll 

offset. With the large roll an&~e, the nominal pattern itself has suffered 

cross track distortions, i.e., the pattern image a~pears shrunk cross-trackwise 

as shown in Fig. 44(a). In 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 200 roll offset the 

images appear narrower. 

o 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 also 

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. o It is noted that the pattern images associated with the 45 pitch off-

set are narrower than those of the 200 roll offset. This is due to the fact that 

200 is 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 a~is for instance, the 

roll error is 0.1 t; whereas, the 0.10 roll error (Fig. 43(b» at t = 0 is 0; 

therefore, the "+" pattern image coincides with the solid one at a very 
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(a) NOMINAL GROUND PATTERN (b) WITH 0.050 ROLL ERROR 
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Fia. 44. Ground Pattern Distortions With 200 Roll Offset and No Earth Rotation Effect 
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(a) NOMINAL GROUND PATTERN 
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Fig. 46. Ground Pattern Distortions With Conatant Rotation Rate and 
No Earth Rotation Effect 
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small t. Shown in F:1.g. 46(b) :1.s the solid pattem 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). 

The effects of sinusoidal attitude rates on the pattern images are 

shown in Fig. 47. For instance, the sinusoidal rate _cauaing a 0.2 sin (4.51378t) 

~j 
degree roll error will make the image apppar as the shape "s .. , as shown in 

Fig. 47(b). The same function applied to the pitch axis will cause along-traCk 

~ distortions with densely packed grid lines followed by loosely packed ones, etc., 

1 
as illustrated in Fig. 47(d). 

Altitude change causes images to vary in size. Again, it affacts the 

cross-track much more than the along-track due to the push-broom principle. 

I 
I 

As shown in Fig. 48, the solid image has shrunk cross-trackwise but expanded 

along-tr£ckwise. The former is due to the altitude increase of 40 km which has no 

i amplification effect on push-broom camera; the latter is du~ 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 pronouncad when the 

satellite flies through the equator,and reduces as the latitude increases. Earth 

rotation will not cause along-track distortions. 

Computer programs that are used to generate these pattems and dis tor-

tions are listed in Appendix F. 

107 L 



u ",',,'" \: . 

.... 
~ 

,.) - ----

(a) NOMINAL GROUND PA'rTERN 

(e) WITH 50 SIN (4.51378t) YAW ERROR 

Elllllllll~ 

(b) WITH 0.20 SIN (4.51378t) ROLL ERROR 

(d) WITH 0.10 SIN (4.51378t) PITCH ERROR 
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Fig. 47. Ground Pattern Distortions With Sinu£oidal Rotation Rate and No Earth Rotation Effact 
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(a) NOMINAL GROUND PATTERN 
WITH 200 ROLL OFFSET 
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Fig. 48. Ground Pattern Distortions With Effect of Altitude Change (increase) of 
40 km and No Earth Rotation Effect 
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(a) NOMINAL GROUND PATTERN 
UtTH 200 ROLL OFFSET 

+ ;-r 

+ 

• 
+ 

+ 

+ 

• 
• 

tL... ...tl 

(b) NOMINAL GROUND PATTERN 
WITH NO OFFSETS 
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(c) NOMINALoGROUND PATTERN 
WITH 45 PITCH OFFSET 
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Fig. 49. Ground Pattern Distortions Hith Effect of Earth Rotation for 40 Latitude 
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VI. CONCLUSIONS 

1. The effects of earth curvature are ~~ry small for the appli~tiOQ here (see 

Fig. 42). 

2. Altitude uncertainties cause only moderate geometric errors. The worst 1a 

geometric errors are 11.71 • in ~ositicu and C.133 ./sec in rate with STDN 

an:! large unmodeled perturbations at 200 ':m orbit. The performance improves 

with TDRSS. For the 300 kill orbit and with small u1llllOdeled-perturbations. 

the 1a geometric errors will reduce to 0.22 • and 0.0032 ./sec (see Table 

11) • 

3. The effects of other navigation errors are significantly greater. The la 

downtrack errors range from 2,03 • (300 kill orbit) to 8128 • (200 kill orbit); 

and those for the cross track are 152 • to 508 • (see Table 12). 

4. 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 ./arc sec or approximately 7000 m/degree. The 

o yaw sensitivity is 0 for a 0 view angle and 0.028 m/arc sec for the maximum 

o view angle of ~ 0.825 (see Table 12). 

5. The error sensitivities of attitude errors incraase significantly for large 

attitude offsets. 
o For 20 side looking. the sensitivity increases to 2.28 

m/arc sec for roll errors and to 0.75 ./arc sec for yaw errors,and the pitch 

error sensitivity is almost unaffected. o For the 45 forward looking case. 

the sensitivities for the pitch. roll. and yaw errors increase to 2.83. 4.36. 

and 1.97 ./arc sec, respectively (see Table 13). 

6. The performance of the Shuttle ImaginS Spectrometer is limited by the Shuttle 

IHU (Inertial Measuring Unit) accuracy. instrument misalignment. Shuttle Res 

(Reaction Control Subsystem) deadband. etc. unless some means of error reduc-
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tion are employed. Far 1n8talce. grO'md control points may be useci to reduce 

uav1gation prediction errors; aa.d prec1a1on point 1IIOUD.ts. such as AGS (ASPS+ 

Gimbal System) sud IPS (I118trument Pointing Syatem). may be used to reciuce 

the attitude errors. The siDgle axis geometric errors dca-to·tt. comb1Dad 

Shuttle/IS m1salignment, for iDstance, for normal nadir point1ug, 200 side 

looking, aDd 450 forward looking are 169 m, 198 m, aa.d 319 m, respectively 

(refer to Table 14). 

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

The magnitude of these shifts dep~ds on tha latitude of the object. For 

instance. at the equator the object moves approximately 662 ~ in ana second 

a 
(for 400 kill orbit) I aDd at 60 latitucle it movu only 231 m 111 ona HCoDd. 

8. Diatorted images for selected ground patterna provide revealing information 

of the effects of system errors to the imag .. ~f ground objects. 

+ Annular Suspension Painting System 
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Error 
Sources 

APPENDIX A 

GEOHETRIC ERROR MAPPING FUNCTION TABLE 

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

Comments Geom~tric Error Mappin2 Function 
r---+I--------------------------------------------~------~ 
Altitude 
Error, 
... h 

Yaw 
Error, 
IjI 

\ 

I, 

At nominal altitude h, a view angle>. is given which sights a ground point 

P(O, y). Aftp.r elevating "'h, the same view angle will sight another ground 
o 

point 1"(0, V'). ThL following equations are for obtaining Y and V': 
() 0 0 

Y = -R Hln ). 
o 

y' .. -R sin A 
o 

[(1 + *) ,., > - J, - (1 + *)2 .in
2 ,] 

[(1 + h ; .") '0' > - J, - (1 + h ; Ah)' 81 n 
2 > ] 

Given:a yaw offhet IjI and a view angle). which sights a ground point P(X*, y*). 
o 

The B~me view angle will Si~lt another ground point P'(X*'. Y*') after yaw 

error IjI is introduced. The following equations are for obtdining X*, Y*, X*', 

and Y*': 

x* .. [(I + ~) cos>. - JI - (I + *)2 s11l
2 

>.] R sin>. sin .po 

,. • - [(1 + ~) '08 > - J, -(1 + ~)2 sln
2 \] R 81n > '08 ~o 

, 
\I 

. 
• 

R - Earth 
Radius 

R - Earth 
Radius 

h - Nominal 
Altitude 

':i .n; 
::r: 
.~ 
;~ 
,,'I 

" rJ. , 
/. f; 

I !J 

r 
I 
I , , 
I 

I 

I 
I 
i 
I 
I 

I 
I .. 
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Error 
SouLces Geometric Error ~apping Function 

Holl 
Error. 
~ 

X·, • [(1 + ~) cos, - F(1 + ~r sln
2 'J R 91n , sin (.0 + ,) 

y.' • - [(1 + 1~) C09 , - J 1 - (1 + i)' ,In 2 ,] R 'In , C09 (.0 + .) 

Given: a roll offset <P and a view anglc >. which sights a ground point P(O. Y*). 
o 

ThE' same view angle will sieht another sround point p' (0. Y*') after roll error 

<P is introduced. The following e4uations are for obtaining y* and y*' : 

y. - -R sin (X + +0) [(1 + ~) cos (>. + <P ) - 'I - (1 o ~: \ 
h)2 2 ] + R sin (>' + <Po) 

Y·' - -R 'In (, + °0 + +) [(1 + ~) C09 (, + +0 • +) 

-F(1 + ~t sin
2 

(>. + <Po + <p~] 

Comments 

R - Earth 
Radius 

h - Nominal 
Altitude 

~ I ----------------------------------------------------------------~--------~ 
Pitch 
Error. 
o 

Given:a pitch offset 6 and a view angle A which sights a ground point 
o 

P(X*. y*). The same view angle will sight another ground point p' (X*'. Y*') 

after pitch error 6 is introduced. The following equations are for obtain­

ing X*. Y*. X*', and Y*': 

X* • R [(1 + *) I ( h)2 2] sin T sin 6 
cos T -~l - 1 + R sin T 2 O

2 
JSln 6

0 
+ tan A 

[( 
I ) 1r--(-h~)2 -2 ] sin T tan A 

y* • -R 1 + i cos T - ~l - 1 + R sin T 2 2 

"Sin 6
0 

+ tan A 

\ 
I 

\ '\ \ , 

R - Earth 
Radius 

h - Nominal 
Altitude 

For T and t. 
refer to 
Fig. 23. 
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Error 
Sources 

I~aw 
Error 
oJI, 

Followed 
by pitch 
error e, 

Ithen 
roll 
error ~ 

X"'" .. R [(I + ~) 
Geometric Error Mapping Function 

cos E; 
J ( h)2 2] sinE;sin(aota) 

- 1 - I + - sin E; 
R J 2 2 sin (a + a) + tan ~ 

o 

sin' t] sin t tan' 

JSin
2 

(ao + a) + tan
2 ~ 

Y"'" .. -R [(I +~) COS ( - JI - (I + ~)' 

T • tan-
l 

(sec ao JSln
2 

ao + tan
2 A) 

E; u t~n-I [sec (ao + a) JSin2 (ao + a) + tan2 ~J 

Given\ a yaw of fset ~I , followed by a pitch offset a , then a roll offset ~ • 
000 

A view angle ~ is also given which sights a ground point P (X ,Y ). After 
000 

the errors oJI. a,and ~ are introduced, the same view angle will sight 

another ground point P3(X3, Y3). The following equations are for obtaining 

Xo ' Yo' X3,and Y3: 

X' o 

R sin a 
II 

sin to [(I + i) co. to - JI - (I + ~)' sin' tJ 

J 2 ;.! sin a + tan (~+ ~ ) 
OrO 

R tan (A + ~ ) sin E; cos E; - Jl - (I + hR)2 sin2 
E; 

Y' 0 0 0 0 

o ~ 2 2 sin e + tan (~+.) 
o 0 

Comments 

R • Earth 
Radius 

h • Nominal 
Altitude 

For to and 
t3. rufer tol 
Fig. 23. 
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.... .... a, 

Error 
Sources Geometric Error ~Apping Function 

Xl • R sin (6
0 

+ 6) Sill E;, 1 + ~) cos E;3 - 1 + ~ 
3 JSin2 (6 + 6) + tan2 (~ + ~ +~) 

" (' + ~o + ~) s:. (3 [(1 +~) cos (: - Jr-1---(-I-+-h-
R

"""")2=--s-i-n-2-E;-J 
~ 

R tan 

J 2 ' sin {6 + 6) + tan- (~ + ~ +~) 
o 0 

-1 E; • tan 
o 

( r 2 2 ) sec 6 'l/sin 6 + tan (~+ 1ft ) o 0 0 

E;3 .:an ·1 [sec (6 + 0) JSin
2 

(6 + A) + tan2 (~ + ~ + ~)] 
o 0 0 

X D XI cos ~ - yl sin ~ 
o 0 0 0 0 

y - XI sin ~ + y' cos ~ 
o 0 0 0 0 

X3 • X3 cos (~o + ~) - Y3 sin (~o + ~) 

Y3 - X3 sin (~o + ~) + Y3 cos (~o + ~) 

, f 
\.' .. 

I 
/ 

Comments 

• 

~ 
~ 
~~ 
:I~ 
.. J 
r ,./ ,.. 
.-;' , , 

, I 

~ ~, 
f • "'/ 

;. J 
, 'J 

I 
I 

I 

I ' 
I " I 

~ 
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Error 
Sources 

Part H: Given the coordinates of a ground point. find the attitude 
offsets. the corresponding view angle and the coordinates 
oi the point with the same view angle after the errors are 
introduced. 

Geometric Error Mapping Function 

Altitude I At nominal altitude h, a ground point P(X , Y ) corresponding to view angle 
o 0 Error. 

hh A is given. After elevating 6h. the same view angle A will aim at another 

ground point P'(X', Y'). The following equations are for obtaining X' and y': 
o 0 0 0 

JX2~ y2 
A _ tan -1 ( 0 0 ) 

R + h -JR2 - x! - Y! 

x~ .~RX; sin,' [(I + h; ,,) cos, -)1 _ (I + h; ")' sin' ~ 
X + Y 

o 0 

y~ r j; Sin,' ~I + h ; ") cos, -J 1 _ (I + h ; ")' sin' ,J 
X + y ~ 

o 0 

~ 

Comments 

R - Earth 
Radius 
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Elror 
Sources 

Roll 
IError, 
cp 

G~ometric Error Mapping Function 

A ground p0int P(0, y*) cUlresponding to roll offset ~ and view angle A is 
o 

given. After roll error ~ is introduced, the same view angle A will aim at 

anoth~r ground point P'(O, Y*'). TIle following equations ~re for obtaining 

y*' : 

>. + ~ .. -sgn(Y*) tan- I ( ly*1 ) 
o R + h _ J R2 _ y*2 

y*' • -I{ sin' p + ~o +~) [(I + *) cos (>. + ~ +~) o 

-JI - (I h)2 2 1 
+ R sin (>' + ~o + ~~ 

} , 
.c ~. " 

\/ 

. 
_0' 

Comments 

R .. Earth 
Radius 

~~ ~. 

h .. Nominal 
Altitude 

I"., 

,I' •• ,. 
.. ~ 
A~m 

" 

I' 

~ 



'%1 _ ~~'l ~ ________ ,-__________ _ 

I 
I 

,I 
i I , I 

, 

.... 
N .... 

Error 
Sources 

/Pitch 
jError, 
a 

--------------

Geometric Error Mapping Function 

A ground point P(X*, y*) corresponding to pitch offset 6 and view an~le A is 
o 

given. After pitch error e is introduced, the same view angle A will aim at 

another ground point P'(X*', Y*'). The following equations are for obtaining 

X*' and Y*': 

-1 [ 
,un "(. + h 

y* 

-Y.;f)] 
A • 

y")(J +( ~" I 2 2 
-..JR - x* -

'0 • tan-

I 
[. + h _ JR2X: X.2 _ y.2] 

t • tan-
1 

(sec (6
0 
+ a) JSin2 (6

0 
+ e) + tan2 A] 

X" • • ain ('0 + 'J sin , 1 + ~) cos , - JI - sin 
2 ,J 

JRin2 
(6 + e) + tan2 

A 

y.' __ '[(I + i) ,:s ( _Jr-1 _-(I-+-*-)2-II-in-2 -~] R tan A sin 

JSin2 
(6 + e) + tan2 A 

o 

,. 

Comments 

R • Earth 
Radius 

h • Nominal 
Altitude 

For t. refer 
to Fig.23. • 

• 
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Error 
Sources Geometric Error Mapping Function 

taw 
~r(or, 
<l' 

Earth 
Rotation 

A ground point P(X*,y*) corresponding to yaw offset f and a certain view 
o 

angle is given. After yaw error ~ is introduced, the same view angle will 

aim at another ground point P'(X*',V*'). The following equations are for 

obtaining X~' dnd Y*': 

-I (X*) IJi • -tan -y; o 

-1 ( Jx.' +y.2 ) >. .. - ugn (y*) tan J 2 2 2 R + h - R - X* - Y * 

I X" • [(1 + *) C09 , -J. -(. + *)' atn' ,] Rain' aln <°0 + ~) 
Vic' .. - r(1 + ~} cos>. - JI - (I + tf 8in

2 
>.] R ain A cos (lJio + 1/1) 

Let r be the shuttle orbital inclination at the equator. and t be the latitude 

of tIle nadir point. A given point P(X.Y). after time period 4t. will 

move to P'(X' ,V'l. The following equations are for obtaining X' and y': 

\' e .. wR cos t 

2n 
w m 86.400 radians/spc 

X' .. X + .£2!...!. V 4t cos l; e 

Y' .. Y ·F-(~t V 4t cos l; e 

t· 
~ " ... .t.. ' .. _ 

.... .' 

. .... ~ . ,- ~w· 01' 

Comments 

R - Earth 
Radius 

h • Nominal 
Altitude 

Ve • Linear 
Velocity of 
Ground Point 
at Latitude 
l; 

w • Angular 
Velocity of 
Earth Rota­
tion 

6t is 
assumed 
small. 

'I, I :'~ 
r]·,'.' > 

.-."'" . " _-..._J __ 

~. - , 

" 
'\ 



'-lI 

I 
I 

I-' 
N 
W 

Error 
Sources 

~:w 
tkror IjI 
followed 
~y Pitch 
ErrOL e 
then 
Roll 
Error $ 

-! 

Geometric Error lfupping Function 

A ground point p(O,Y*) rorresponding to vIew angle A (with no attitude offset) 

is given. A yaw error IjI ib introduced first, then a pitch el ror 0, finally a 

roll error~. The same view angle A will then aim st another ground point 

P'(X*',Y*'). The following equations are for obtaining X*' and y*' : 

x .. - sgn{Y*) -1 ( IY*I ) t,m 

R + h - R _ y*2 

E; sa tan- 1 [sec a JSin2 a + tan2 (X + ~)] 
X = R sin e sin E; [(1 + ~) cos E; -Jr-1-_--:-(1-+-k-1 )""'II2~s-in-2-(] 

~sin~ e + tan~ (X + ~) 

Y .. 
-R tan (X + e) sin E; [(1 +~) cos E; -)1 (1 + ~)2 sin2 ~] 

JSln
2 e + tan

2 
(A + ~) 

X*' - X cos ~ - Y sin IjI 

Y'" - X sin IjI + Y cos ~I 

~ ..,.. .... ~ ...................... ~ ___ .......-4 ...................... .-.. ....... .-__ .. _........ ..... ..... ... _ • ....- ---.. -----.......... ---
r;) 

( f 
\ I 
,Ji ~, 

'" w.). h 

, ( 

l 1\ ''t!~ 
,..,," .l.~-

~ 

Comments 

R .. Earth 
Radius 

h sa Nominal 
Altitude 

For t, refer 
to Fig. 23. 
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APPENDIX B 

NAPIER'S RULES FOR lUGHT SPHERICAL TRlANGLES* 

A right spherical triangle has five variable parts. If these components and 

their complements (compleme~t of r: 90 0 
- r) are arranged in a circle, as illus-

trated below 

n 

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 0 -\ - ., "os t cos (90· - A) 

i.e., 

cos r ,-05 C; sin A 

*See Ref. 13 
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APPENDIX C 

COMPUTER PROGRAM IDR SHUTI'LE IMAGING SPECTROMETER POINTING ERROR 

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

ELT NED-10~Z0/82-10:2~:28-152,) 
12537*ISI1J.SRnR/PROCI52J 

1 :PROGRRI'I II'IAGING SPECTROMETC:R SHUTTLE RIGID I'IOUNT - A 
2:INITIRL 
3:VARIABLt T-O.O 
4: ItITECER F'NlJI'I, NPOINT 
5: 
6: 
7:COI1l'1£NT INITIALIZE SOME PARAl'lETERS 
8: CONSTANT NPOINT-641 
,: CONSTANT F'NUI'I-3' 

10: CALL FOPENIFtU'IJ 
11: TFINAL-1.0*NPOINT-1.0 
12: COl/STANT FACTOR-O.O 
13: COtlSTANT SCAF'AC-1.0E+5 
14: SCFAC2-SCAF'AC*SCAF'c C 
15: SCF2DB-10.0*ALOG10ISCF'AC2J 
16: 
17:CONMENT SET VARIOUS I'IATHMATICAL rONST~TS 
10: PI-3.1415'Z65 
": RSRCC-PI~1180.0*3600.0' 
ZO: R5HZCC-1.0~12.0*PI' 
21: 
22:COI'IMENT DEFINE tlQl'I[NTS OF INERTIA 
23: CONSTA~T IX-1.3BE+6 
24: CONSTANT IY-1.00E+7 
Z5: CONSTANT IZ-l.05[+7 
26: IXZ-IX*IX 
27: IYZ-IY*IY 
2B: IZZ-IZ*IZ 
Z9: lXYZ-IX-IY+IZ 
30: IXYZ2-IXYZ.I~~ 
31: 
3Z:C0I'lt1Et~T DEFINE WO 
33: CONSTANT WO-O.0011315 
34: WOZ-wO.WO 
35: W04-WOZ*WOZ 
36: 
37:COMMENT DEFINE INITIAL ANGLES AND RATES 
3B: CONSTANT THO-O.O 
3': COIISTANT PHIO-O.O 
40: CONSTANT PSIO-O.O 
4 1 : COtlSTAtlT THOD-O. 0 
42: COrlSTANT PHIOO-O.O 
43: COIISTANT PSICO-O.O 
44: TH02-THO*THO 
45: THODZ-THCO*T~O 
46: PHIOZ-PHIC*PHIO 
47: ~riI002-PHICD.PhIOO 
4B: PSIOZ-PSIO*PSIO 
49: PSIOOZ-PSIOD+PSI00 
50: 
51:COI'IM[NT OLFlNE ~'S 
52: CONSTANT QX-Z.014E-6 
53· COl/STANT CY-1.Z51E-3 
54: C:lII5TANT OZ-5.43BE-4 
55: 
56:COMME~T DEFINE RATE FILTE~ PARAMETERS 
57: CONSTANT ~O-O.Z513 
58: CONSTANT ZETRO-O.8 
59: WOZ-WO*WO 
60: WQ4-W02*WDZ 
61: ZDZ-ZETA~*ZETRO 
6Z: 
63:CDl'IMEtIT DEFINE VARIOUS CONSTANTS 
64: CONSTANT R-S.55E- I O 
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65 CONSTANT SlGBO-87.:;Z 
66 SICSO-SICBO.ASRCC 
67 SICBOZ-SICBO.SICBO 
68 COl4STANT TRU-O.OZl 
69 TAUl-TAU.TRU 
70 OEWW-l.0 
71 
72 COI'V'IEHT DEFINE W CONSTANTS AND INITIRLIZE W 
73 CONSTR~IT Wl.O-6.Ze318531E-7 
74 CONSTANT WFRCT-l.0Z9Z0U5Z7 
75 W-WLO/WFRCT 
76 
77 END 
7a DYNAtIIC 
79 CINTERVAL CI-l.0 
80 
al 
B2 
83 
a4 
85 
8; 
87 
8a 
89 
!l0 
91 

COI'II'IEHT COMPUTE W 
W-w*WFRCT 
PROCEDUR~(DLLW-W) 

DELW-O.O 
IFCW.LE.O.) DELW-l.0 

END 
WHZ-W*RS,",ZCC 
F~EO-RLOC10CWHZ) 

wz-w*w 
W4-WZwW2 

9Z COtw1Et'T COttPUTE HW2 RHD DWZ 
93 HWZ-l.0/(TAUZ.WZ+l.0) 

. .-- ... 

94 NDWZ-W04.WZ/«WZ-W~) •• Z+4.0.ZD2.WDZ.WZ~ 
95 DW2-IX.IZ.W4-WOZ*(IX*IZ+IYZ+3.~ IY.IZ-3.0.I~).WZ 
9E COI'V'IENT DW2-DW2+4.0.W04*(IY-IX)*(IY-I~) 
97 OWZ-DWZ/SCRFRC 
98 OWZ-Owz.owz 
99 

100 COI'V'IEtIT COI1PUTE F' 5 
101 COtu1EI~T F'THWZ-HWZ*SCFRCZ;,c ClY*WZ+3.0.WOZ.IIZ-Ix) ) .. Z) 
10Z COhMENT FRWZ·(IZ*WZ-WOZ*cIY-IX».*Z*HW%/DWZ 
103 COMMENT F~~Z-(IX4WZ+4.0*WOZ*(IZ-IY»**Z*HW2/DW2 
104 FTHWZ-HWZ.SCFRCZ/cc:y.wZ) •• Z) 
105 FRWZ-(IZ*WZ) •• Z*HW2/DW2 
106 FRYWZ-WCZ.IXYZZkWZ.HW2/DW2 
107 FVWZ-CIx.WZ) •• Z*HWZ/DWZ 
108 
109 COrv1ENT COI1PUTE PSD'S 
110 
111 C~~HT PITCH PSD COMPUTRTIONS 
lIZ PPW1-FTHWZ*IYZ*THOOZ 
113 PPW2-FTHWZ*IVZ.T~02.WZ 
114 PPWl-FTHWZ*OY 
115 PPW-R+SICBOZ*OELW+CPPW1+PPWZ+PPW3)/SCFRCZ 
116 PPWD-PPW*HCWZ 
117 
11a 
119 
lZ0 
lZI 
12Z 
lZ3 
1:4 
lZ5 
lZ6 
lZ7 
lZ8 
lH 
130 

COMMENT RCLL PSD COMPUTRT:ONS 
~Wl-FRWZ.IXZ.PHIOD2 
PRWZ-FRWz*IXZ*PHIOZ*W2 
PRWl-FRWZ.WOZ-IXYZZ.PSIOZ 
PRW4·FRWZ·OX 
PRWS-FRYWZ*IZZ·PSIOD2 
PRW6-FRYWZ·IZZ*PSIOZ*UZ 
PPW7-FRvWZ*WOZ*IXYZZ*P..,y02 
PR'A·FRYWZ*OZ 
RS-R+SICBOZ4DELW 
PRW-~S+(PRW1+PRWZ+~~~+PRW4+PRW5+PRW6+PRW7+P~)/SCF~Z 
PRWD-PRW*HDwZ 
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131 
13Z 
133 
134 
13:5 
136 
137 
138 
139 
140 
141 
14Z 
143 
144 
14:5 
146 
147 
148 
149 
1:50 
1:51 
I:5Z 
1:53 
1:54 
1:5' 

'" "7 
"8 
1:59 

COI1t'lEHT VFiW PSD CCI1PUTATI DNS 
PYWlorYWZ*IZZ-PSIODZ 
pr~orYW2*IZZ-PSIOZ*Ml 
pYW3orYWZ*~OZ*IXVZZ*PHIOZ 
PYW4-rywZ*Oz 
PYW5orRYWZ*I~*PHIODZ 
p~W6orRYWZ*IXZ.P~IOZ*~ 
PYW7 orRYWZ-WOZ*IXVZZ*PSIOZ 
PYW8 orRYWZ*Ox 
PYWoRS+(PYW1+PYWZ+PYWJ+PYW4+PYW5+PVW6+PYW7+PYW8)/SCrACZ 
PYWD 0 PYW*HDWZ 

COHMtHT PREPARE VAPIASLES rDR OU~PUT 
RSIG-P+SICBOZ*uELW 
RSICD9-10.0-ALOGIO(RSI~)+FACTDR 
PPW3DBol0.0-ALOC10(PPWl)-SCFZDB+FACTOR 
PPWD9oI0.0*ALOC10(PPW~+FACTOR 
PRW4D9 0 1C.O-ALOCIOCPRW4)-SCFZD9+FACTOR 
PRW8DSoIO.O-ALOG10(PRWB)-SCrZDH+rPCTOR 
PRWD9 0 10.0*ALOC10(PRW)+FACTOR 
PYW4DS-l0.0-ALOC10CPYW4)-SCF2D9+FACTOR 
PYW8DB otO.O*ALOCIO(PYWB)-SCFZDS+FACTOR 
PYWDSol0.0*ALOCIO(pyw)+rACTOR 

PPWDDSol0.C-ALOCIO(PPWC)+FACTOR 
PRWDDaoI0.O*ALOC10(PPWD)+FACTOR 
PYWDD9-IO.O*ALOGIOCPYWO)+FACTOR 

160 COI1MENT SAY<: NUMBERS IN rILE 
16~ CALL rS~VE(FREO,PPWDS,PRWD9,PYWDB,FNUM) 
16% 
163 
164 
16S 
166 
167 

TERMT(T.CE.TFINAL) 
DERIVATIVE 
ALGORITHM IALCo3 

OOoIHTECCI.O,O.O) 
168 END 
169 END 
170 TEi<MlNAL 
171 
172 COMMEt~T CLOSE FiLE 
173 CALL FCLOSE(FtNM) 
174 END 
17' END 

EOr:175 
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O:>[LT WED-10/20/82-10:30:02-C3,) 
1Z537-IS(1).$RMA/FSUBS(3J 

1:.,O~,IS FF.FODEN 
2: SUBROlr.'!N£ FOPENCN) 
3: REWIND ... 
4: RETURN 
5: Ellt' 
&:'FOR,IS FF.FSAVE 
7: SUBROUTItJE FSn'iECW,P1,PZ,P3,N) 
8: WRITECN,100lW,P1,PZ,P3 
9: 100 FCRMAT(4G14.8) 

to: RETURN 
11: END 
12:'FOR,IS rF.FC~OSE 
13: SUBROUTINE FCL~SE(N) 
14: EHDFILE N 
15: RETURN 
1&: EtlD 

E::IF: 1& 
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APPENDIX D 

COMPUTER PROGRAM H)R SHUTTLE IMAGING SPECTROt-fETER POINTING ERROR 

POWER SPECTRAL DENSITIES FOR CONFIGURATION B -- NOSE-IXMl NADIR POINTING 

ELT WED-l0/Z0/8Z-10:36:41-(14,) 
12537*IS(1).SRHS/PROGI14) 

I :PROGRAH lMA:::NG SPECTROMETER SHUTTLE RIGID HOLINT - S 
Z:IHITIAI.. 
3:VARIRBLE T-O.O 
4: ItlTEG£R fNUH,HPOIHT 
5: 
6: 
7:0l11H£UT I'~ITI!;LIZ( SOI"E PRRfll"ETERS 
8: COHST~ HPOIHT-641 
9: C(l~TANT rrlUl'I-39 

10: ;.ALL fOr""!HlfNUHl 
II: TfINRL-l.0*HPOIHT-l.0 
lZ: COkSTRNT .RCTOR-O.O 
13: COtlSTRNT SCRrRC-l.0E+l0 
14: SCfAC2-SCRFAC*SCRfRC 
15: SCfZOS-l0.0*ALOG10(SCfACZ) 
16: 
17:COnnEHT SET VARIOUS MATHI'IATICAL CONSTANTS 
18: PI-3.14159265 
19: ASRCC-PI/(180.0*3600.0) 
20: RSHZCC-l.C/12.0*Pl) 
21: 
22:COt1H£UT DEFINE i10MEHTS Of INERTIA 
23: CONSTANT IX-l.00E+7 
24: CCNSTRNT IY-l.05E+7 
25: CONSTANT IZ-l.38E+6 
Z6: IXZ-IX*IX 
27: IYZ-IY*IY 
Z8: IZZ-IZ*IZ 
29: J)"'!-IX-IY+IZ 
30: IXYZZ-IXYZeIXYZ 
31: 
32:~I1H£UT DEFINE WO 
33: CONSTANT WO-0.OOI131S 
34: WOz-wo-wo 
35: w04-wOZ*W02 
36: 
37:COt1H£I~T DEf:tlE.%tIITIAL RNGLES AND RRTES 
38: CONSTANT THO-O.O 
39: CO'~TANT PHIO-O.O 
40: CONSTRHT PSIO-O.O 
41: CONSTANT THOD-O.O 
42: CONSTRNT PHIOD-O.O 
43: CONSTANT PSIOO-O.O 
44: THOZ-THO*THO 
45: TH002-TriOO-THOD 
46: PHIOZ·PHIO-PHIO 
47: PHIOOZ-PHiOO-PHIOD 
4B: PSIOZ-P5IO*PSIO 
49: PSI OD2-PSI OO*PSIOD 
50: 
51 :COt1P1[IIT DEnNE O'S 
52: CONSTANT OX-l.970E-4 
53: COIISTANT oY-I.za6E-3 
54: COtISTAN· OZ-6.3Z0E-4 
55: 
56:COt1H£NT DEfINE RATE fILTER PARRMETERS 
57: COtlSTANT WO-O.Z513 
58: CONSTANT ZET~D-O.8 
59: wOZ-wO*WD 
60: W04-WOZ*WD2 
61: ZOZ-ZETRO*ZETRO 
6Z: 
63:COt1H£NT DEfINE VRRIOUS CONSTRNTS 
64: COuSTANT R-B.S5E-IO 
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65: 
66: 
67: 
68: 
69: 
70: 
71: 

CONSTANT SIG80·87.3Z 
51 GBO·SlGBOaRSRCC 
SIGBOZ·SICao.SICBO 
CONSTANT TAU.0.OZ3 
TAUZ·TAU*TAlI 
DELW·'.0 

7Z:CO"":NT DEFINE W CONSTANTS AND INITIALIZE .. 
7~: CONSTAHT WLO·6.Z8318531E-7 
14: CONSTANT WFACT·'.OZ9Z00sZ7 
75: W·WLO~ACT 
76: 
77.END 
711: IIYHAfU C 
79:CINTERVAL CI·'.0 
80: 
81:COnMEHT COMPUTE W 
8Z: W·W.WFACT 
83: PROCEDURALcDELW·W) 
84: DELw·O.O 
85: I'(W.LE.O.) DELW·'.0 
86: EI~O 
97: WHZ·w.RSHZC~ 
88: 'REO·ALOG10:WHZ) 
89: wz·waw 
9(;: W4·UZ.WZ 
11: 
5Z: COnMEHT COMPUTE HW2 AND IIWZ 
93: HWZ·'.0'(TRUZ.WZ+1.0) 
94: HI:WZ·WC4*WZ.f( (WZ-WUZ)"Z+4.0*ZUZ*WUZ.WZ) 
95: DWZ·IX.IZ*W4-WOZ.cIX.IZ+IYZ+3.0*IY.IZ-3.0.IZZ).WZ 
36: DwZ·OWZ .... O.WO ... Uy-IX).UY-IZ) 
97: OWZ·OO,SCArAC 
98: OWZ-OWZ.OWZ 
99: 
l00:CO~HT COMPUTE "5 
101: 'THWZ·HW2.SC'ACZ'CfIY.WZ+3.0.WOZ.fIZ-IX» •• Z) 
10Z: FRWZ·fIZ-WZ-WOZ.!IY-IX».-Z~'DW2 
103: ,YWZ. (IX-WZ+4. O.WOZ.fIZ-IY» •• 2.HWZ/DWZ 
104: FRYWZ·WCZ.IXYZZ-WZ*MWZ'DWZ 
105: 
106:COMME~T COMPUTE PSD'S 
107: 
108:COMMEHT PITCH PSO COMPUTATIONS 
109: PPW1·FTHWZ-IYZ*THODZ 
110: PPWZ·'THWZ-IYZ.THOZaWZ 
III: PPW3-,rHWZ*QY 
lIZ: PPW-R.SIGBOZaDELW+(PPW1+PPWZ+PPWl)'SCFACZ 
113: PPWO·PPW.HDWZ 
114: 
",: C!lMMCtlT ROLL PSO COI1PUTATIOI'!S 
116' ~R~I·F~wIXZ.PHIODZ 
117: PRWZ·'RWZ.IXZwPHIOZaW2 
118: PRWl·FRWZ.WCZ.IXYZZaPSIOZ 
119: PRW4·FRWZ-OX 
lZ0: p~~·'RYWZ.IZZ.PSIODZ 
lZ1: PRWS·FRYWZ-IZZ-PSI02.WZ 
lZZ: PRW7·FRYWZ-WOZ.IXYZ2.PHIOZ 
123: PRWS·'RYWZ.QZ 
lZ4: RS·R+SIGB02-0ELW 
lZ5: PRW·RS+CPRW1+PRWZ+PRW3+PRW4+PRW!5+PRW6+PRW7+PRW8)/SCFRCZ 
126: PRWO·PRW-HDW2 
127: 
128:COMMEHT YAW PSO COMPUTATIONS 
lZ9: P~~1-'~WZ-IZ2.PSIODZ 
130: PVWZ·FYWZ-IZZ-PSIOZ-WZ 
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131: 
13Z: 
133: 
134: 
135: 
13S: 
137: 
138: 
13S: 
140: 

PYW3-FVWZ*WOZ*IXYZZ*PHIOZ 
PYW4-FVWZ*OZ 
PYW5-FRVWZ*IXZ*PHIODZ 
FVWS-FRYWZ*IXZ*PHIOZ*WZ 
P'W7-FRVWZ*WOZ*Il<YZZ*PSIOZ 
PYW8-FRYWZ*OX 
PYW-RS+(PYW1+PVW2+PYW3+PYW4+~+PYW6+PYW7+PYW8J/SCFRCZ 
PYWD·PYW*I-IDWZ 

141:COMMEHT PPEPRRE VRRIRB~ES FOR OUTPUT 
14Z: RSIG·R+SIGBOZ*DE~W 
14~: R5IGDS.'0.0*P~OG10(RSI~J+FACTOR 
144: PPW3DB.'0.0*R~OG10(PPW3J-SCFZDS+FRCTOR 
145: PPWDS·'0.0*A~OG10(PPW)+FRCTOR 
146: PRW4DS-l0.0*ALOG1C(PRW4J-SCF:DB+FRCTOR 
147: PRWBDS-l0.0*ALOG10(PRW8l-SCFZDB+FRCTOR 
148: PRWDB-l0.0*R~OG10(fRWJ+FACTOR 
149: PYW4DS-l0.0.A~OG10(PYW4)-SCFZDS+FRCTOR 
150: PYWBDB-l0.0*ALOG10(PYk8J-SCFZDB+FACTOR 
151: PYWDB-l0.0.R~~Gl0(pYWl+rRCTOR 
15Z: 
153: 
154: 
155: 
156: 

PPWDDB-l0.0*RLOG10(PPWD)+rQCTOR 
P~W~DB-l0.0*R~OG10(PRWDJ+FRCTOP 
PYWDDS-l0.0*ALOG10(PVWOJ+FRCTOR 

157:COMMENT SAVE NUMBERS IN FI~E 
158: CALL FSRVE(FREO,PPWDB,PRWDB,PYWDS,FNUHJ 
159: 
lEO: 
161: TE~T(T.GE.TrIN~l 
16Z:DERIVATIVE 
163:R~GCRITHM IALG-3 
164: OO-IHTEG(I.0,0.Ol 
165:END 
166:END 
167:TERMINRL 
168: 
169:COMMENT ~05E FI~E 
170: CRLL FCLOSE(FHUM) 
171 :END 
17Z:END 

EOr: 17Z 
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ELT NED-,O/ZO"2-,O:50:42-(O,) 
'2537eISc,).SRftIVFSU8S(O) 

t:.,OR,IS ".'0'1" 
2: SUIlROUTUC 'OPEHCHJ 
3: REWIND N 
4: A£TURN 
5: END 
I:"OR,IS 'F.FSAYE 
1: SUIAOUTItC'SAYEU.,Pt,P2,P?,H) 
8: WRITE(H,tOO)W,P',P2,P3 
9: '00 rO~Tc4G'4.8) 

'0: A£TURH 
,,: END 
,Z:"OR,IS ".'CLOSE 
'3: SUSAOUTIHI! 'CL05[CH) 
14: EHDFILE N 
,,: RETURN 
'Ii: END 

Eor: '1 
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APPENDIX E 

GEOMETRIC ERROR ANALYSIS PROGIWt LISTINGS 

100 0 00,551 OOLTA 
100 It 0000., 0'112 
)00 R OOOt25 DT[T A1 
'00 0 OOUao OV 

0000 R 0002.3 D'tTCM 
0000 R 0002" OROLL 
0000 R OOOISO OTETAZ 
0000 R 000225 OVA~ 
0000 0 000352 'It 
0000 1 01070a. I( 

0000 It OootS. D'IA 
0000 0 00'2.2 OilY 
0000 R 000213 OTM[TA 
0000 D 02,.7. [RR 
000' 0 000360 'IZ 
~OOO D OO~30Z LAMDi 
0000 R 0307to PI 
0000 D eOl~ •• 'IT 
0006 0 Ot025. AHOI 
0000 R 00ftOl7 IDN 
0000 D Ot~5" IOUAT 
0000 D onzlo T 

0000 R 0000.7 [ 
0000 R 000110 t 
0000 0 003214 t 
0000 ° OZSIOI t 
0000 It 000000 • 
0000 0 OOOU. l 
0000 0 o17h. f 
0000 0 000112 f 
o~OO 0 olOas •• 
0000 0 oll350 
0000 D 010.'0 
000' 0 022502 
0000 ° 011732 
0000 0 OOSI" 
0000 0 oUZOo , 
0000 ° OZ255~ \ 
0000 It 000131 ) 
ocoo ° Oolo07. , 
0000 ° 0113-0 , 

100 0 OUoZo '1 
)00 1 030711 J 
JOO 0 001530 'DIY 
100 D 00Ql52 '11 
100 0 00110. RA 
100 0 020522 AOt 
JO, 0 Ollt.o IM'T 
JOO ° OZ7't4 IOUTI 
)00 R 000051 TOH2 
JOO 0 00752. T112 
)00 0 01555Z Tt 
JOO 0 022750 VP 
JOO 0 01875. II 
100 0 01207. 12 
100 0 OUtl. VI 
)00 0 011712 V22 

C 
C 
C 

0000 0 011~'0 PDY 
0000 0 ~017T. 'IVV 
0000 0 00.520 RHn 
0000 D 002522 • 
0000 D 022532 ILUMDA 
0000 0 00223. Ixy 
0000 0 00711' T[TAt 
0000 0 007330 TIt 
0000 D 025372 Til 
ooeo 0 022730 V'I 
0000 It 000015 10 
OOGO D..o'S530 122 
0000 D OO$O.Z YO 
0000 0 O2Ut. V:I 

0000 ° 00731Z TETAZ 
0000 0 007S1. TIZ 
0000 D 005110 TZ 
0000 ° 02,71. VI 
0000 ° 00ftS2. xV 
0000 D Ol,z,a 13 
0000 D OZl110 VO 

THII PROGRA" COMPUTE I TH[ [RROR I[~IITIYITIE' AND GEOMETRIC 
[RRORI C, GROUND POI~TI INDUCED BY ALTITUOE,ROLL,YAW ANO 
PITCH [ARORS AI "ELL AI EAATH ROTATIO~ aND SHUTTL[ ~OTION 

,ARAM[T[R ~LAMDA.IO,NLOHOA.I.,NDHal.N'IaJ.NPll.l'NTETA'S 
I.NDTa,.NDETAas.ND'Ias.NDPIA.ID,NDTME.tO.NCOM'15.NIOH'2 
lEAL N.R,DH(NOH).DLAMOA(NLAMDA),DLO"OACNLOHDA)'IOHCNIOH', 

ITDMI.TOHZ,O'Il(N'I' ,D'I'CN'l) ,DPSll(N'lt) ,D'IIZ(N'II) • 
IDPIICN'II),OI[TACN,.t,.IO(NLOMDA'.O'l(NO'I). 
IOTET'I(NTETA"OTETA2(NTETA),IO(NLO~OA"O'SACND"A) 
I,DTCNDT',OT1U,OETA(NOETA"DAL'A(~C'SA"OTH£TA(NDTM[' 
I,OVA.(NCOH',OAOLL[NCDM"D'ITC"(~COM' 

DOUBLE ,RECIIION LA"OA(NLAMOA"IYChLAMD1"'II(~'I','12CN'I' 
I,DIY(NDH,NLiMDA'.LDMDACNLOMDA,.Y(NLOMDAI.'V(ND':,NLDMDA' 
S.DV(ND'l,NLOMOA,.PO.V(NDw,NLAMOA).,SIYCNLAMD&,NO"" 
II.Y(NLA"OA),O'IV(NLAM~A'~DM"lr~L&MOA.NDH',B'I(N'I'NLnHDA" 
ITIYI(NLAMDA,.TIY2(NLAMD&"OTIY(NLAMDA,.T(NLAMD&,.'JYCNDH.NL&MO 
IA,.SV2(N'I,NLOMOa,.DIY[N'I,NLONOA"B(NFt,NLOMOA,,'11(~'II', 
IBETACN'II"RA[NLAMOA"DELTA(h'II.NLAMna',D(NPSI.NLAMDA). 
IPSa(NOPSA,.AL'A(hD'IA'.ODLTA(NO'IA,NL'MDA,.YO(hLOMDA', 
IT2(NOTWE,NLOMOA,.O[LC NDTW[.NLOMD".RMD(NOTNE,NLOMOA, 
I.T[TA1CNTETA,.TETAZCNTETA',TI1(NT[TA,.TI'(NTETA,. 
ITI11(NT[TA.NLOMDA,.TII2(NTETA,NLDMOA'.0!Ll(NTETA,NLOMOA,. 
IOELZCNTETA.NLOMOA'.RMDICNT[TA.NLOHDA,.RM02CNTETA.NLOMOA" 
.IQURTt(NTETA,NLOMOA).SQURT'CNTETA,NLO-O&"XII(NTETA.NLOMDA), 
.VIICNTfTA,NLOMDA,.XlZ(NT[TA.NLOMDA,,"2fNT[TA,NLOMOA' 

DOuBLE 'RECtlION XZ(NCOM.NLOMDA,. 
SI"'TCNT[TA,NLOMOA'.IEN[NTETA,NLOMOA,.YAW[NCOM"ROLLCNCD"'. 
"ICNO'l,.POVCND'I.NLO"OA'.YI[hOTHE.NL"M~A'.T"ETAtNOT"f'. 
l'l(HOT"E.NLOMO&),TI(NOTHE"sgUAT(NOTH~.NLOMDA). 
SIH'(NOTHE.NLONOA"'ITCHChCDH1, 

I 
i 
j 

I 
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" ~ 
J -

S" ss. 
s •• 
u· 
Sl. 
S.· 
'0' .se .Z· ue 
••• U' ••• nt 
U' .. , 
'0' ,., 
sz, 
n­
U' 
n­, .. 
ST. 
,eo 

'" '0' ••• 
'2t 

". 
6" 
'5' ... .,t 
Ut 
••• 10-
TI' 
l2e 
n· , .. 
75' , .. 
n. 
ye. ,., 
'0' ••• u' 
U' , .. 
n. 
••• . ,, .. -.. , 
'0' 

ORIGiNAL PAGE IS 
OF POOR Ql'J1.urv 

'IJC~COM,NLO"OA',YJC~CO".NLO"DA' 
•• 01"CNCOM.NLOMDA),TAU.OMlla,ITA,.DlT.,. 
'V(NCETA'.'LU"OACNOlTA"~UMD.CIDITA"V.(NDlTA"VY(NOITA" 
'OEX(NOfTA,NDT),OEY(ND'Ta.NDTI,I .. ,.ec,a.NOT',VI,v'ICNDITa,. 
IV'CNDETA,.ANILCNDE1A"D1NGLCNOITa"DlLICNDfTI,NDTJ 
..~EL'(NDETA,NOT,.E.RO(N~rTA.NOT"Y"NLO"DA' 
',TSS(NCOM,NLOMOA"OE'fNCDM,HLOMO&).TStCNCOM). 
'Y:(NCOM,NLOMOA,.ROICMCOM.NLOM01).IOUT,CNCOM.NLOMOA, 

DATA (OH(K', •• "NO"" •• , ••• ,' ••• , •• I ••• ' •••••••• ' 
D.TA H,R.OTAU"'O ••• Slt.'.I,",' 
DATA (0'I,K, ••• "NO'I"I' •• I'." •• ,II.,12., 
DATA (OPIACK" •• "NO"A),.5, •• ".I.I •• I.I" •• J"""'.1.5., 
DATA (OTNET~(K) ••• 1.NOTH!),zo.I,".I.'2.I,'J.'.~ •• ".s.,c ••• .,s .• c •••• 7.' 
DATA COYAw(., ••• :.NCOM,'O •• O •• o •• s.,·, •• o •• t •• o •• , ••••••••• 

•••• 0 •• S ••••• , 
DATA (DPITC~(K) ••••• NCOM"O •• I.,.S ••••••• 'ZZ."'Z.',la.I'11.1. 

112.5 •• 5 ••• ,:.41 ••• ' •• "., 
DATA (DROLLe.) ••• I,NCOM)'ID •• IO •• , ••• I, •• I •• ,O •• I ••••• ,o.,o., 

10 •• , ••• , •• 0 •• 0.' 
DATA (DLAMOACI).I.'.NLAMDA)'O •• ' •• , •• ' ••••• S ••••• 1 ••••••• , 
DATA (OLDMOA(J'.I •• 'NLOHOA)/ ••••••••• , ••••••• s ••••••• S ••• I •• 

•• 1 ••••• 1 •• 2 •• 1.' ••• 5 ••••• ' ••••••• , 
DATA t,ONCI).J •• ,NIOM)','I •• 021 
OAT& TDHI,TD~2'.'.' •• 011 
DATA (0'IS(.), •• ',N't'.'0'IZfKJ,.~ ... '1'/.OI'.02 •• 0' ••• 0 •• 

••• 0Z, •• OSI 
DATA (OP'IS(.),K ••• N,II),(0,111,., ••• ""'II)/.0".02 •• 05, 

• •• 01 ••• 01,·.OS' 
OAT' (DT[TAlfK)'K •• ,~TrTA),(DT!TAZ(.) ••• I •• T!TA)'.Ol'.OI. 

'.OS,·.01,·.02,· •• " 
CATA (IOC.),K.,.NLOMOA)/".O.I 
DATA ,XOCK, •••• ,NLO"CA""'o.1 
DATA 'OT(.J, ••• 'N~T)'I ••• I"OI' 
DATA (~ETA(.), •• ',~DrTA)/' •• IO.,.o.,.e.,.o,1 
PI.J.U.'92115 

00 aoo KahMOM 
DO to l.a.NI.A"D' 
L1MO'CIJ·01.&MOACJJ'Pt/IIO. 
I'CIJaR'((J+H/R)'OCOaCLAMD'(IJJ.O'QRT( •• (I+~'."( •• H'R,e 
'D'I~(LAM01(1"'0'I~CLl"~&(1))')'DSJN(llMOACl') 
'IV'.,lJ.A.«(.+CH+OH(~il/a)~OtOa'LlM'&(t)J.0'QRTC1.(1+CH.O"(~ 

"J/A)eCl+C"+DM'.)J/Q)'OSIN(LAMOAfl)'oatNCLAMO&,I)J»)eOllN 
ICLlMOAU)) 
OI"·,I).,."K.I,.I'(I) 
1'(OIY(K,I).EQ,O., GO TO '0 
POI!( •• I).OASa(OXYCK,I)J.100,/OABICIYtl), 
10 TC '0 

I. POXY(IC,U'O. 
to CONTJNUE 

100 CONTINUE 

00 102 JaS,N'DH 
DO 101 l.l,NLAMDl 
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91t 
9Z' n. 
9 •• 
.~. 

911' 
CIT' ",. 
q9. 

lOOt 
101' 
10Zt 
101' 
10" 
lOS' 
1011' 
lOT' 
108-
10.' 
110' 
UI' 
lU­
lU' 

"" U5' 
II .. 
U1' 
U" 
U9' 
UO' 
UI-
122' 
U3' 
IZ" 
125. 
IZ .. 
U1' use 
129' 
UO' 
UI' 
132' 
IU' 
U" 
ll~' 
U" 
131' 
13" 
13" 
1109 
1'1' 
I'Z' 
lG3' 
I'" 
II!' 
I'.' 
l'T'~ 

LAMOA(I)'OLAMOACIl'PI/lao. 
'XYCI".'CCI+",.,aDCOICLAMOACI"~DIURTCI.CltH/."CI.~,I" 
IOSI~CLAMOACl"'DIINCLAMOACI""'DIINCLAMOACI" 
PIXYCI,J)"'CCltCMt'OHCJ"'."DC05,L,.,ACI".0.at 'CI.CltCM+IOHCJ" 
"."Clt("tSOH'J",I"O'INCLA.OAC%J,aD.r~CLAMOA'IJJJ"DIINC 
UA"OACI)) 
DS~'CI.J]·pS.YCI,J'·s·YCl' 
SCI.J]aOIXYCI,J]'SOHfJ) 

101 CONTINU£ 
loj! eONTI~\lt 

DO 103 la,.NLA"OA 
LAMOACI]aDLA"OACI]'PI/1&O. 
TXY1CI]ataCCltCH.TOHI],q)'OCD.CLAMaACt".0IaITCI.CI.CH+10MI,/.,. 

'CltCM+TOH1".,.OSINCLA"OACI"tOIINCLA.OACl""aOIIHCLAMOACI" 
TXYZCI,.I'CCltCM.TOMl".,aOCOICLAMOACI1J-0.aITCI.CltCHt'OHZ,/I;' 

SCI.'H+TOMl,/A,-OIINClAMDaCI"aOIINfLAMOACI""'OIINCLAMOACI" 
OT.Y'I).T.YtCI)·TXY'CIJ 
T(I'80TxYCI,/CTOHI·'OHl) 

loJ CONTINU£ 

00 Itt !(aItNO'I 
'l(KJaOFICkJ.PI/I&O. 
DO 110 J'I.H~O"OA 
~OMOA(J,aOLOMOACJ'·PI/180. 
YCJ, •••• C(I.M/.'.~CO.CLOMOACJ'J·osa.T(I·(ltH/R'.(I+H/1J' 
IOIIN(LO~OACJJ"OIINClOMoa'J"'JaO'INClOMOA(J" 
PY(K'J, •• R'CCI.H/."OCO.CLOMOACJJ.,IC.".Ola-'CI.CI."/."CI.H/.,' 

SOIINClOMOACJ).'ICK,).OSINClOMOACJ).'lf.J')"OIINCLOMDACJ'.'ICK,) 
OYCK,J),PYCK.J)·YCJ) 
I'CYCJ,.[Q.O., GO TO 109 
POYCK.JJ.CAe.cDYCK.JJ)'IOO./OA'ICYfJJJ 
GO TO 110 

10' POYCK.J)'IO.OIOO 
110 CONTINUE 
III CONTINUE 

DO no KeltN'I 
'II(.J.O'IICW~$PI/180. 
'12C."0'IZC.) aP I/180. 
DO 1'0 J.I.NLO~DA 
LONOACJ)·OLOHOACJ)·PI/180. 
8YICK.J) •••• CCI.M/A).OCO.CLO"OAtJ).'IIC.J'.O.aATCI.CI.MIA,. 
l'l.H/A"DIINClO~OAlJJ.'IICK"'OIIN(LDMOACJ).'IICKJJ)'a 
SnS1NCLOMOACJ).'IICK'J 
8YZC_,JJ •• q.C(I+H/.J,CCOICLOMDACJJ.'IZCK),.Ola.TCI.CI.MIA). 

ICI9M/A"DIINCLOMOACJJ+'lZlK,J'OliNCLOMOAlJ).'IZCK))),. 
'OIIHCLOMOACJ)+'IZCK), 
OIYCK,J).ay,CK.J' •• YZCK.J) 
eCK'J)a~.YCK'J)/CD'IICK).0'I2CK') 

120 CONTINUE 
130 CONTINUE 
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r 

,41' , .. , 
150' 
I'" I'le 
,Ue 
15" t"· I'" 151' 
l,a. 

I'.' 1fI0' 
1fI1' 
IU' 
161' 
16" 
ld. 
'66' 
161' 
16a. 
1.9-
11011 
111' 
111' 
lU-
11 .. 
11511 

"'" 171e 
17a. 
I'" 
laOIl 
lal11 
liZ' 
lUll 
11--I'" .... 
Ul11 u.e 
U" 
190' 
191' 
lue 
19]' 
1'" 19" 
19.' 
19f' 
I'" 1·" ZOOIl 
ZOl' 
Z02' 
103' 
10" 

DO 132 IC81."OPSA 
OAL"c·)a'llo •• O·I'CK)JII. 
'IAl.)aO,aAC.)"I'IIO. 
AL,AC.JaOAL'ACK)·"'lao. 
00 131 J_I,NLAMO' 
LAMOACJJaOLA"OAfJ)'Pt'IIO. 
RACJJa.IICCI+N'.)'DCOICL,MOACJ)).CIOATfl-CI+M/AJIICltH/.) 

"O,'NCLAMO'CJ))"OI'NCLA"OA(J"),fOI,-fL'"O'CJ)' 
OOLT,c·.J)aC.'CJ)IIOIINC'I'CI)')/OIINcaL,aCK)) 

Ul CONTINUI 
UI CC"T!NuE 

DO 13ft 1(11 .. ,.11111 
O'IICKJaO'111~1).O"I'CKJ 
08ITACK)_CI80._0"!CK"". 
'11(K,aO.'I(K'"'I'II~. 
8£TACKJa08[Ta(K"'I/II0. 
00 1]5 J_I,NLAMO' 
LAMDACJ)-OL,MOA(J)"!/180. 
AACJ)aA"CCltM/A)IOCOICLAMO'CJ)J-OIOATCI-CI+H'.,"CltH'A)11 

1011NCL£MO'CJ,,'01INCLAMOACJJJ'J'01INCLAMOACJJ' 
OlLTACK,J)IICA,CJ)IIOIINC'lrCI)')'OIINCIIT&CK), 
O'~'J]aDILT'C •• J"D'IICK' 

In CONTlNU[ 
n6 CONTI NUl 

DO ZO •• al,HOTH' 
T"lTACK)aOTHIT'CK'·'I'I.O. 
DO lOS JIII,"LOMOA 
LOMOACJ)aOLCMOACJ)·'I'I.O. 
'OCJ)a.A'CCI+~'A)IIOCO'CLO"O'CJ))-OIQ.YCt-CltHI.,IICltH'.,1101'" 
ICLOHOACJ))IIOIINCLO~O'(J)")'O.rNCLpMD'CJ" 
T1CK'aN'OTAN(TNlT'CK]) 
Tl'.'J'a.0'8'CH'OCOICTM£T'CK))JIIOTAN~OMO'CJ" 
OEL:c,J)IIOIQATCTIC.,"T1CK,+TICK,J,.T'C •• J)) 
AHOC~,J)aOAT'NCOILCK,J"N) 
IQURTCK,J)a.'CCS+H'A,'OCOICAMOCK.J,)-OIOATC1-CltH,.)"CltN'A)'O.IN 

S'A"OCK,J))'OII~CA"OC.,J)')JIIOIINCRMDCK,J)) 
XICK,J)aCIQURTCK'J)'TICK')'OILCK,J) 
'ICK.J'_CaQUATCK'J"TZCK,J),'O'L(~,J) 
Ih'CK.J]aOIQ~TCXICK'J)'XICK.J)+CYICK'J).YO(J'J'CYICK'J].YO(J),) 

iO! CONTINU[ 
Z06 CONTINUl 

00 Zoa UhliTf" 
TEr41c·,aO'[T'I'K)'"1/180. 
T£TAZCK,-OT£f"'K"'I/IIO. 
DO ZOf Jas,NLOMOA 
LOMO'(J)'OLOMDACJ1"t/lIO. 
TIIC.,a"'OT'N(T[TA1CW), 
TIlC.,aW'OTANCT[TAlCK" 
TIII(K,J)'.OASaCM/OCOICTITAICK),)IIOTANClOMOICJ), 
TIIZ(K,J,.-OleICH/OCO.CTITAZCK)))IIOTANClOM04CJ)) 
DlLICK.J)aOIQATCTIICK)'TrSCK)tTII1CK'J)'TIIICK'J)' 
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7 

ZI!' 
2'" In. 
loa. 
lOt. z". zu· 
lU­
lU' 
ll" 
215. 
l .. -ll7e 
lla. 
lI,e 
ZZO. 
lZI' 
lZZ' 
Zll' 
ZZ" 
225-
lZ .. 
ll7. 
ZZlt 
lZ" 
,lOt 
Zll' 
ZlZ' 
lll' n,. 
Z!5' 
Z3.' 
Z37' 
Zll' 
Z3" 
llOt 
ZII' 
ZU' 
213t 
Z'" 
115' 
ll" 
Zl7t 
l'" 
ZI" 
l5,t 
Z51-
l52t 
253-
Z5" 
Z5S-
25.t 
Z57t 
251e 
n" 
ZtOt 
UI' 

--~- ---~-----------
ORiGiNAL PAG[ I~ 
DE fOOR QUALfT1l 

DELZCK,JJ.OSQATCTIZCK"TIZCK).TIIZCK,J,tTIIZCK'J" 
A~OICK,JJ.OATA.CDfLltK'J)/H) 
AHOZC~,J).OATANCDfLZCW.JJ/M) 
IOUATICK,J).AtCCI.H/R)tOCOIC·HOICK,JJ,.nIO.TCleC.+H/.J. 
iCl.H/R)'DSI~CA"~ICK'J'J'OIINf."OtCw,J""'O'INCA"OICK,J" 
SQURTzeK.J".'CC,.M/R)IOCOIC·HOZCK,J',eDIO.TCleC'.H/.,. 
lel+H/R"OSIHe.MOZCK,J"IG'I~CA"OlCK,J""'OIINC."OZ(K.JJ' 
XI1CK,J)eCIOURTICK,J)-TIIC-,J/OELICK,J' 
YllCK,J)eeSOUATI(K'Jl"111((,J'J/DfLI'K,J) 
vlzeK.;1e(SOUATZ'K,J)I'IZeK,J/DELleK,J' 
YZZCK,J)eCSQURTZ(W,Jl l 'IIZCK.J)"OfLZCK,J) 
S~'TCK.JJ'OSQATCeXll,~.J)·.ZZ(K,JJ"(WI'CK,JJ.X2ZC.,J',. 

I'YIICK.JJ.YlZCK,J)ICY'lCK,J).Y22Cw,J", 
SEN(K,J)eSH,T(K,J)/(OTfTA1CW'.OT1TAlCW'J 

l07 CONTlNU~ 
lOl COHUJlU£ 

DO III Ke"NCOM 
YA.(Kl.0YA.CK"-I/IID. 
ROLLeK,aOROLLCK)I'I/,ID. 
'lTCHCK).O'ITCHCK,IPI/'SD. 
00 llO Je',NLOMOA 
LOMDAeJ)·OLOHDACJ)·Pt/IIO. 
YOeJJe.R·cel·H/R)·~C05(LOHOACJJ'.OSQ.Tet.e'+H/.)IC1."'.). 

SOSINCLOHOACJJ)IOIIJlCLOMOACJ")"OSIN(LOMOACJ,) 
TI1(.,.M10TAU('ITCHCK)) 
'33CK,J)'.OABSl"/OCOSCPITC"CK,))IDTANfLOMOACJ)+.OLL(K)) 
0£ICK,J)'0IQRTCTIICK,I'ltCW)+'33eK.J)'T13CK'J») 
R01CK,J)'0ITA"COE:CK,J)/M, 
SQUTICK,JJeRICC'.H/R,IOCOS(A01(K.J)'.~SOAT(1-(I.H'R,ICI."'., 

SI 01INCROI(K.J»·01INC R01Cw'J""'01IN(.OICK.J)' 
XlCK,JJ'(SQUT1CK,J)ITI1CK",O!ICK.J) 
Y2CK.J).(laUTICK.J)IT33,.,J"/OfICK.J, 
X3(KoJJ.X2CK.JJ-OCOSCY&W·K,,-YZCK""OlrNCY'WCKJ' 
Y3CK.J) •• 2CK,J,.OSINfYA_fK),+Y2CK,J)·DCOICyA.(K,) 
OI"CK.J'.OSQRTCeX3(_.J).XDCJ'JIC.3CK,J'.X~:J'~:!~JCK.J'.YDCJ". 

SCY3CK,J).YOCJ),) 
210 CONTINUf 
211 CONTINUE 

TAU.OTAU-PI/18G. 
OM£GA:l.·'1/80'01. 
DO l20 _." NOETA 
ETACK,.~ETACK,~PI/IIDo 
VCK)'O-lGI'A'OCOIC£TACW), 
SLU~OA(.,.OCOSCTAU"DCOSefTACK') 
CLYMOACK).OSQRTCI-ILUMOACK,.ILU"OACK" 
VXCK,.V(K'·SLUMDA(K) 
VY(KJ.VCK,ICLUMOA(K) 
DO 215 J.hNOT 
O[X(K.J,.VXCK)'OTCJ, 
O£Y(K,J)-VY(W"OTCJ) 
£RACK,J)'~IQATCOfXCK,J'-OEX(K,J'.OEYCK,JJ·OEYCK.J)' 

215 CONTINUf 
22' CONTINUE 
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2U' 
2U' U·· 2.5' z ... 
2,7' 2.,· 
Z ••• 
Z70' 
211' 
212' 
213' 
27" 
275' 
27~' 
277' 
21.' 
2'0' 
210' 
les' zu· 
213' 
lU' 
2SS' 
~8" 
ZI7' 
zel' 
2'" 
Z90' 
20,. 
2!1Z' 
293' 
20" 
295' 
2'" Z,,' 
a' .. a.o. 
JOO' 
30" 
30Z' 
103' 
lou 
305' 
10" 
107-
10" 
10" 
110' 
lU' 
31Z' 
lU' 
31" 
315' 
3'" 
317' 
n.' 

va.2 •• PI·A/S5.S •••• 
TAU"TAU'PI/II •• 
OMlGA.2.'PI18"00. 
00 222 K.,.NO[TA 
£TIC.).OlTICK"PI/I10. 
VCX)BQ"l"'A'DeOIC£TICK)) 
ILU"OAc.).oeOICTAU)/DeOIClT&CK)) 
CLUMO&c.).oaQATCI.ILUMD&'.)'ILU"OIC.)' 
VXCK,.VCK'·SL~"DICK, 
VY(K).VCK)·CLU"DICII, 
vPX(II"Yi&(K,.VI 
VP(K"OIQATCyPICK"Y'ICK,tVYCK"YYCK)) 
ANGLCII).OATiNCV'ICII"VYCX" 
DANGlCK)eANGlcx"llo./PI 
CO ZZI J''''IOT 
DELICII.J).vPI:C),OT(J) 
DtLYCI.J)'VY(K)·OTCJ) 

• 

[AAOC •• J).OIQATCDlLICII'J)'DlLICK.J)tDfLYC •• J"D[LYCK'J), 
III CONT!JtU! 
Z22 CONTINUE 

DO 217 • ., It HOlt 

• 

wAITlc •• al.) A.~.DM(I).COll"OACI)'I'I.NLIMD&',CIVC."I'l.NLI"O 
IA',C'IYCK.I).I.I.NLA~DI).CDIYCK.I).I'I.NLI-oA)'CPOlyCI.1).1,1, 
INLIMDA' 

a3' 'OA"ATC1"'.' •• • ••••••••••••••••• 'fOMfTAte lAAOA INDUC[D 8Y" 
I' ALTITUDE EAAOA •••••••••••••••••••• '.1111111111. 
II [AAT" AADIUS A .,.,0 •• ,111"""'" NOMINAL ALTITUD[I. 
I' "".' •• O"K"",".I ILTITuDE [AAOR OM ""3.0.' ... " 
11/1111111,1 VIl"',SI.'ANGl[I.I.1 OlAM~ACDl"III", 
1121"a.o,oe91"2.0)"II,, NOMINAL LOCITION '11 .. ".10011." 
11/1,' IHI'TED LOCATION '1")'.10Dtl ••• 111,71"E'RO~I"I' 
IICI"",10011",'II"""II([AIOA)/.1 •• 'CI)I,2I,,5.1, 
Ilx"!.],IC'.,'S.]), 

237 CONT!NUI 

DO 23. J.l.NIDM 
.RITl(',2]!) 1,~.SOM';).(OLA~D'CI1.I."NLAMO')'CIXY(1).I' 
II'NLA~I).CPIXYCI.J).I.l.~L'~DA).cosxvCr'J),:al,NLAMDI),CS(I'J) 
It 1. hNU"Ol) 

23' 'OI .. IT(I"I'I •••••••••••••••••••• G[OM[T'le [AADA SINIITIVITY' 
,I .ITM A[IPICT TO ALTITUOI [IIOR •••••••••••••••••••• 1.11111111 
III,' fAI·M RID IUS I ••• ' •••• 'K .. I"II.' NOMINIL '~TtTUO[ M '" 
S'4.0.IIM'.III.' lLTITU~[ ERROA SOH ",'4.Z,I.MI,IIIIIIIII.' VI[_' 
S.S •• IAN'LEI.I,I DLA"Ol(O!"[EI'I.\IX •• Z.0,~'91,'2.0)'III. 
I' NOMINAL LOCATION (1")'.10011 ••• //1,' SHI,T[D LOCATIO" '.")', 
110011.1,111.71,'[AI O_I.I.,I,K",I,100II ••• ,I •• I.I[AAOI '.1. 
I' I[NIITIVITY C."I-"".IOOII •• , 

n. CONTINuE 

.RIT[co,'40) I,M,TDMt,TDNZ.(DLI"O'(I).I.l.~A"Dl"(T.YI(I'.I' 
'I,NLA"OA',(T.Y2(1)'I.I'Nll"OA).CDT.Y(r"1~I,NLA"OA).(T(ll.l. 

138 

. . . 

--



I . 
I 

i 
I 

I 

I 

31Q· 
ll~* 
u," 
3U' 
ll3' 
nil 
us· 
12'" 
lZ1' 
328' 
3Z·· 
]JO* 
33" 
33Z' 
333' 
33.' 
335' n., 
Ul' 
338* 
339' 
3.0' 3.,· 
3.Z· 
3.3' 
3u' 
ld. 
3 ... • 1." 
3U' 
3 •• ' 
350' 
35" 
35Z' 
153' 
15" 
355' 
3n' 
35" 
3581 
359' 
3.0' 
3"" 3.Z· 
3.,3' 
3 .. ' 
3 .. 5' 
3 .. • 3.,'­:s ... 
1'" 370* 
3'" 
372' 
3n· 
37" 
375' 

11 ..... '1'0') 

OF.:GlfV\L ?}:\~~ .3 
OF. FeOR QUALfi': 

z.o JOI"IT(l~I."""**"'."""'" G[OMrTqlt EAACI Sl~IITIYITY' 
I' _ITM AESPECT TO ALTITUDE [AAOA •••••••••••••••••••• ,. 
11/111/1111., [I~TH ~IDIU' • • '., •••• '."'.111.' ~C"I~AL' 
.' ILTITUD[ " "., •• O,'.M'.III.' ALTIT~Dl ERROR, TDMI ". 
,F •• Z.'.H'.III.' ILTITUDE [AAOA Z TDMZ ".F5.Z.'K"" 
SIIIIIIII" YIEw'.SI,'ING~E'.I., O~I"D&CD[GAEES)I'IZx. 
iF2.0 •• CQX.Fz.O).III.' SMI'TED LUCATION,.I,' CUE TO EAAOAI 
S' I C~"J"I~D't ••• ,II., S~I'TEO ~OC'TION"'" DUE TO' 
\1 lAqOA 2 (~")'.tODll.,.IIII.' Dt'FEA~NCE CK"J" 
'lOhll •• ,III.or.'ERAoe',I,1 S(NStTI'TTY (K"/k")',IO 
~OIl •• J 

DO 2." K'''!jD'I 
.AIT[c".205) A'H.~FICK).CO~OMDI(J),J."IO),'Y(J).J.t.10). 
'CPYCK.JJ.J'I'IO),'DY(~,J).JI1.IO),CPOYCK'J).J'I,IO).(DLOMDI(J). 
SJ'l'.NLOMDIJ,CY(JJ.J.1I,NLOMDI),CPY(K,J),J.11'"LOMDI),(OT(K,J). 
IJ.t',NLO"DI),(PDy(K,J),JII1,NLO"01) 

Z" FQA"IT(I"I.' ••••••••••••••••• ~ •• GEO"fTllt EAAO, INDUCED By', 
S' AOLL [AACI •••• $ ••••••••••••••• ','111111' 
S' [lATH AAOIUS A ",F,.q,'KM'.III., N"Mr~AL ALTITUDE H •• , 
" •• O"K~'.III.' AOLL EAROA 0'1 "".'O"O[GA[E',IIIIII, 
S' YIEw,,5X.·&NG~E"'.' OlO"OI(OEGREEll,.li!x.Fl.O,.(AJ.F3.0), 
11/1.' NO"INAL LOC!TIO~ (k"J'.IOOII.a.III,' SHIFTED', 
S' LOC'TIO~ (kM".10DI1.atlll.71"E.AOA'.a"'(~M)',looII." 
$111.al.IIBS(E~AOA".~X"(S)I,Flo.o.aFI1",lx,F5.2. 
11/1111.' YIE-'.5x"A~G~£'.I" OLOMoICOEGAEES3"13x,FZ.O. 
,8(9X,Fl.O),'ll,· ~OMIN'L LOtlTION (~Ml"'Oll.a"II., SHIFTED' 
•• LOCITION ,K")'.'011 •• ,111,71,'ERAOA'.'X.'(K"),.90II." 
1111"X.'18S(EAAO.)"~~"(X),.'10.'.'FI1 •• ) 

2a. CONTlNl" 

DO JOO IC-I.Ic'I 
_AITEe,.lSO) A,H.oFII(lCl'OFIZ(IC).~OLO.D~ 1).Jal.10l,(BYl'. 
',J)'J.I.lO),(~Y2(K'J).J'I,IO).(08Y(~J) •• 1.IOl.(8(ICtJ).J. 
",IO).(DLO"0IeJ).J'II. NLOHOI),(8YI(IC,J).Jatl,NLOMOI).(BYZ 
S(.,J).Jall.NLO"DA),(08Y(K.Jl'J"I.~LOMDI),(8(.'J).J.lt.~LOM 
'01) 

Z50 FOAHIT(I"I" •••••••••••••••••••• GEOM!TIIC EAAD. SEN'ITIYI' 
S'TY -ITH AESPECT TO AOLL EAAOI ••. , ••••••••••• ,' ••• "'1'11 
S,' EIRTH R'OIU. A .,., •••• 'IC"'.III.' NO-INAL '~TITUO£ H.'. 
'F"O"KH""'" AOL~ EAA~A J OFll ",'5.2,IDEGAEE""I. 
" ROLL EPAOA Z 0':2 .'.'5.2,'OEGA[E"'IIII,' VI[-',51. 
S'INGLE',I,' OLOMDI(O!GAEfS)",ZI,'1.O.Q(8X,'1.O),II. 
" S~tFTED ~OCATI0N'.'.' cuE TO [AAOR, (1<-)"10011 •• 
SII.' SHIFTED LOCATIoN'.I,' DUE To EAlnA Z (K")', 
II0Dll.a.III.' OI"EAE~CE (K~"'IODll.a.,I,.x, 
S'ERROI'.I.' SENSITlvITV,ICM/D£Gl'.IOOII.4,11111. 
S' YIEW'.51"INGLE"',' OLO"0'(DE~AEE"'.Ii!X,F3.0,a(8x. 
S,3.0).II.' SHI,TEO LOC'TIOIc',I,' DuE TO EAAOI I (IC")'. 
ItOII.".II,' SHIFTED LOC'TION'.I.' DUE TO EqAOA Z (a")', 
S9DI1 •• "II" oI"ERENCE (KH)"t~II ••• II ••• , 
S'EAAOI',I.' SENSITtYITY(KH/OEG1'.9011 •• ) 

300 CO~TINU[ 
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R"""~ 1~3...~... l:L.-_'"--~ _____ ... ____ -- ____ _ 

S7 .. 
117' 
)7" 
S"" 
JlOt 
Jilt 
SIZ' 
SI1' 
JI •• 
SI5' 11., 
sn. 
18" 
S'f1l 
S'O' 
Sf., 
1'2' 
S')' 
I'" It!. 
J'.t 
S'" 
S'" S'" 
000' .U· 
102t 
'OS' 
10" 
lOS' 
10.' 
'07' 
U,t 

.t'· 
"Ot ... ' 
OUt 
oU' •••• It!. 
' ... II"" .... 
•••• ·2oe 
8ast 
'22" 
'2Jt 
02" on. 
• u· 
'21' 'U' ., .. 
'JO' u,· .n. 

.. . 

DO SI •• 'I.~O'I. 
wRITIC •• lIO, R,",D'IICK',C~IMDI'I',I.I'.~I"OI', 
ICOO~'ACK.J',J"'N~IMDI) 

12. 'ORMI'C ••••••••••••••••••••••••• GIO"t"IC IRRCR INOUtID' 
5' 'T yi. Et.OI ••••••••••••••••••••• ""1'11',. [IA," , 
I'AIDIUI A .'., •••• ' ••• ,'1". NO"INI~ I~TI'uOI " ""'.0, 
I'K"'"II.' YIN 1ii0R 0'11 ""S.I"OI •• tl',,/IIIIII, 
" vIIM',S."INCLI'.,,' OL&MOICOIGItl"'tll.,'Z.O,'C,.,"")' 
..1111.7 •• '[ •• 0.' •• I.'C.M' ••• 00 •••• , 

321 CONTI NUl 

DO 1;00 1CC"~'11 
.AITIC •• l!., R.".DPSIIC.,.D'I,2CK,.COL,MOICll,I.I.NL'MOI" 

ICOILTjC •• J;,J.I'NL&MOI"'O' •• J'.J'I'~'.D" 
J!O 'OAMIT'."I.' •••••• • ••••••••••••• GIOMITRIC EAAO. 11~IITIVI'Y' 

S' wlTM RlaPECT TO YI. llRO • •••••••••••••••••••• '.,11111". 
I' IIA," RIOtUS • ••• , •••• ' •••• ", •• """IHIL IL'I'UOI " ". 
" ••• ,.KM'.III.' Y'. IAAOR I OPI'I , •• "., •• 0"'11""" 
,. YAM llAO. , OPIII e·,'!.I,'DIG.ll."IIIIIII,. vII.'.! •• 
I'AN'~E •• I,. OLINOICOIGAII.' •• SZ •• " •••• , ••• " •• ).,III. 
I' TOTIL IMI" C ... ,.,SOO ••••• ,II •••• 'I •• OI'.I' 
I' IINIITIVITYCK"/OI""'OO"'" 

'0' CONTI NUl 

00 .,. .'''NOTMI 
-.ITIC ••• ,O, IrN,D'NtTICI),COLO"O&'J).Je ••• O),CIOCJ"J' •• IO)' 

.:YOCJ).JWI, •• "C.ICK.JJ,Je •• IOJ.CYICI.JJ,Jel •• f"C.NfCK,JJ.~ •• I" 
1,(OLOMO,CJI,J •• :.NLa-O".CIOCJI,J,tl.NLOMOA,.CYOeJ,.J",. 
'N~O"OA"CIIC.,J"J'II'NLOMOA',C'ICI.J'.J"'.NLOMO".CIMfC •• JJ.J' 
II It"\.OIlOA, ''0 'O ... "el"I" •••••••••••••••••••• eta-IT.IC 'IRDI IHOUCt~ I"~ 
I' 'ITCM [ •• OR •••••••••••••••••••• "'111'.' IIAT" IIDIU' I e­
•• ' •••• 'K"'.III,' NONINAL '~TITUD! ~ ""',0.,.",,111.' 'I'CM' 
S' [RIO. DTMI" ."".I,'O,G.II'.,III,.' Vll."'."A~'LI"" 
,. DLOMOICOIGAIIII·,.a.",.o,'C'I.",."III,' MO"INAL • COO.O­
"~, 'KM".7.,F2.0 •• e'.,'2.0J,III.' _ONIMIL , COO.O. CKN", 
1.00It ••• III,' '"1"10 • COO.O. (KN".1001 ••• ,III.' 1"1"'0' 
I' , COO.O. C •• J'.IOOII ••• ,II.' •• 'I •• O ••••• ,·'.MI •• IOOII •• ' 
1///1/., VII.,.! •• 'INGLI'.,.' OLO.OICOI,I'III •• IZ."1.0, ,1,1 •• ,1.0).,,1.' NO.lhIL • COORO. C.M,'.7 •• ,a.o,I".,'2.0, • 
1/// •• _OMINAL y COORO. , •• ,.,.0SI •• ,',I.' IH"'IO • COOIO.' 
I' CK~j"'O".II.III" I"I'TID' COOAO. '.")"'DII,"""'.' 
l·t~AOA"""tKM)'.90.'." 

.n CO"T!NU! 

00 !oo K.'.NTITA 
MI~TI""'O' A.M.OT('A.'.'.O"'laC~'.fOLO"DACJ'.J ••• 10J • 

".11CK.JJ.Jal,I01"YII' •• J).Jel •• o,.CrZZ'K.J),J.1.10). 
ICY,Z, •• JJ,J.I.10I.CSM"C.,J).Je,.lo"tlrNCM.J)'J".IO,. 
.'OLQ"OICJ'.Je.,.NLO-OI,.lll,C •• J'.J.ll.-LOMOA" 
I'Y'ICK.JJ.J,'l.NLOMOA,.CIZZ,K.JI.J"'.NLOMOAJ, 
',YZZC •• JJ,Jell.NLOMD".C'.'"I.J"Je',.NLO"OA" 
ICI,NC •• J).Jell.NLOMO" 
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IIU' 
IIJ', 
435' 
4U' 
411' 
lila. 
Ill.' 
a.o. 
'·1' I:IIZ' 
<141' 
,,~ .. 
us. 
QII,., 
1101' 

lUI" II.'. 
1150' 
1151' 
1152* 
"n' .5.' 
055* 
4S.' 
451* 
1158' 
459' 
0.0' 

"'I' •• 2' .u. 
4U' 
4.5. 

" .. ' . ." 
461. .. " 
1701 .". 
412' 
17]' 
117.' 
1175. 
111'" 
171' 
411. 
117" 
480' 
481' 
IIU' .u· .a •• .n· .e". 
111' 
lIaae /II', 

l.1,.-I';'"" 1 ~ \'''- ..-0,,1\....." ~~'\_ ....i .. .-

OF. POOR 'lUAU I I 

II~O FOA~AT(lHI., ••• , •••••• , ••••••••• G£OM!TAIC EAAOI SENSITIVI' 
"TY -ITH A[SPECT TO PITCH EAAOA •••••••• , ••••••••••••• "". 
I' EAATH RADIUS I .,.~ •••• '.N','I,' NOMINAL ALTITUDE" '" 
"".O •• KH',II.' PITCH ERAOA 1 DTETAt ."~5.Z.'DfGRfE •• ',. 
S' PITCH [RAOA Z DTETAZ .','5,Z"o£GIEr •• ,III •• vIE-"51. 
S'ANGLE'.,,' DLOMDA(OEGAEES1 •• 1ZX,'3.0 •• cal,'3.0,.". 
" SHI"ED • COORO.'.", DU[ TO EAAOI t (k"".tODI •••• ". 
I' SHI'TED Y COORO.'.I.' DUE TO EAIOR t C.""'IOOtl ••• '" 
I' SHI,TED • COOAD.'"" DUE TO EAAOR I CK""'IOOtt ••• ". 
" I"I"EO Y COORD.'."'.OUE TO EAAOA I CK""'tOOtl ••• III. 
" OI"ERENCE C.~)',lootl.II.II."I"EAAO."'" IEN'I' 
"TIVITY(K"/UEG1',IOOtl.a.,III,' VIEw',SI.'ANGL['.,. 
$' OLDHOACOEGAEES)'.llX.F,.o.e(aX.F,.O).,I. 
I' IHIFTEO I COORD.'.,.' DuE TO EAAOR 1 C_N" •• OII.'.II. 
" SHI,TEO Y COORO.'.", DUE TO [DADA' (K"), •• OII.'.I', 
I' I"I,TEO 1 COORD.'.,., DUE TO EAAOA I eKM2,.,011.',I'. 
S' IHI"EO Y COORO."'" DUE TO EAAOR I (K")".O ••••• III. 
" DI'FEAE~CE (_H,'.9011.1I.II,"I,'lII0I'.,.. SEhilt 
"TJYITY(K"/OEG)',901 ••• ) 

500 CONTINUE 

00 "01 .. "NCON 
wHITE("'OO) I,H.OYAMCK),OAITCH(k).DROLLC.).(DLOMOAeJ,.J_ •• IO). 

'CIO(J).J'I.10).(YOCJ,.J_t,tO),CX3(k,J"J_t,IO),cY3CK,J),J •• ,IO). 
ICOI"Ck,J),J_.,IO),CDLOMOACJ"J_II.NLGMOA"CXO(J),J_.I,NLONCA) 
S,(YO(J',J.ll.NLO"OA1,CI3(K'J),J'll.hL~"OA),eYJeK'J).J.II.NLO"O" 
1,(DI"CK,J),J_tl,NLOMOA) 

.00 'OAHATCI"I.' •••••••••••••••••••• GEO",T8IC EAAO. INDUCED '" 
I' 'A_,PITC" AND lOLL fARORI •••••••••••••••••••••• ,," • 
I' [ARTH AAOlul R ",F9.a,'k"',III,' N~MINAL ALTITUDE" _', 
l,a.o.,KM'"II •• YAM fAIOR OY'. ""',','O[GRE['.',I. 
" PITCH ERROA OPITC" _,.'a.I,'OEGR[[',III" .OLL [R.D.' 
I' DROLL ""'.I.'OEGIE£',IIII,' VI[-'.SI"ANGLEI,I., OLOMOA' 
I'COfGA[EI)'.IZI"3.0.9cal.,,.0,.,II.' NOMINAL I COORD. (KM,' 
1,71"2.0.9('X,'l.OJ"II" ~OMINAL ¥ COORD. Ck"J"IODII." 
""" IHI,TED I COOAO. (K"",IOOI'.""II,' S~I'T£O Y COORD •• 
I' (K"",100II."'II,'I"ERROA"0I,'C'.)',10011 ••• ,I,,. 
I' VJE.',51,'AN;LE',I.' OLOMOA(DEGR[£I",121,'1.Q.ICII.'3.0). 
1/',. NOMINAL 1 COOIO. CKN)',71,'2.0.8C'I,,2.0).",. 
I' NOMINAL Y COOAD. C •• ,'.9011 ••• ,II.' .WI'T£D 1 COOAD. CKM" 
1,'011.""'" SHI,TED Y COORD. CKM",9011."",,11"[AIO." 
101,'Ck",'.9DII •• ) .0. CONTlNU£ 

DO 7(5 "hNOETA 
wIITEC.,700) R,OTAU'OETACK),V(K).coT(J)'J.t.NOT),CO[ICk,J), 

IJ.t,NDT"CD[YCK.Jl,J.l.hOT),CERRCK.J),J-l.NDT) 
100 'OR"ATCIHI" •••••••••••••••••••• G[OM!T81C ERIOR INDUCED 'Y' 

I' EARTH ROTATION ••••••••••••••••••••• "111'11'1" fA.TH' 
I' RADIUI .'., •••• '.N""'I,' ORBIT INCLINATION ""'.0, 
IIOEGR[£""II" LATITUDf ".' •• O.'o£GR!!','IIIIIII, 
" GAOUND POINT SHI'T VELOCITY DUE TO !ARTH DOTATION ", 
IDIO •• ,'K"I'EC',IIII. 
I' 'IME INT[IVAL (SEC",3'15.Z"II,' ,HI'T IN',I, 
I' X DIRECTION (kH",]I.]015.a,III,' IMI'T IN',I. 
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·'0' ., .. 
.'Z· •• S • .... 
"'" lI'" In. .... 
II'" 500' 
SOl' 
5OZ' 
501' 
50 .. 
50" 
50" 
507' 
50" 
50" 
510' 
511' 
'IZ' 
51St 
5, .. 
5'" 
51.' 

. .. .. 
~ ... ~ 

,I Y DIRECTION (M~J,,'X,SDI5.1,'III" 
,I (KNJ',lx,3D,'.I) 

70s CONTINUE 

00 101 K'I,NO[TA 
.IIT((.,10., R'DTAU'OE1A(K"V(K"VI'V.(M"DANG~(K),(DT(J', 

IJ",NDT),COELX(K,J),J",NOT)'CDELYCK'JJ,J,t,NDT)'CIR'O(K,J), 
Ual,NOT) 

10. 'O ... 'T(IMI'I •••••••••••••••••••• GROUND 'OINT IwS,f INDUCIDI 
,I IY ,MUTfLE ~OTrON &NO 'AAT" ROTATION •••••••••••••••••••• 1 
1,1//1111111,1 EARTH RADIUS ",Ft •• ,'K"I"/II,I OR.ITI 
,I INCLINATION ",'I.O,IO(GREEI.'III,I LATITUDI ,1"1.0, 
,IDI'RIE',IIII,' GROUND POINT ,Hl'T VILOCITY out TO I'RTHI 
II ROT'TION ,I,DIO •• ,IKM/'ICI,'III" IMUTTLI GROUND 1'110 ,I, 
IOIO •• ,IKM/'ECI,IIII,I GROUND POINT IH", VILDC1TY RILATIVEI 
II TO NAOll 'OINT ",Olo.a, 
IIKM/ltCI,IIII,1 ANGL! 0' VELDCIT' vECTOR .ITM ,_AXIl ,I, 
1010 •• ,'0IGRIII"III,I TI~I INTERVAL (IICJ',S'I'.Z,III, 
II 'Hl,T IN"',' X DIRECTION (K")I,Sx,SOI' •• '/II. 
II IHI" IN',I,' 'DIRECTION (KM)I,lX.lOl' •• "III, 
II TOTAL IHI'T ,K")I,SX,1015.') 

101 CONTINUE 

., CT'I.1S, IU'I.IO".t 

,A 'NUTIX'.IMAGI/A" 
2,S-JI 0'/27/'S 101SI.21 

Z IU' •• ?l. C~U'.O'O 10-.30Z CC.lR_.131 
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oeoo 
CGOO 
0000 
OOOll 
0000 
0000 
0000 
ono 
OOCO 
0000 
0000 
'lDOO 
oeoo 
0000 
0000 
OCOIi 
0000 
OCIlO 
Deoo 
0000 
DODD 
0000 
O~OO 

oeDO 
:1000 
lIOOO 
0000 
oooe 
DODD 
oeoo 
GOOD 
DODD 
oeoo 
0000 
DC/DO 
0000 

lCO 
101 
101 
lol 
10l 
10. 
1:'5 
1'!!!: 
1 .. 5 
1:;5 
l:i!.. 
1G~ 
Ie!. 
lo~ 

:t'S 
1:15 
105 

.- . ..-.--------

APPENDIX F 

GROUND PA'I'IERN AND DfAGING 

DISTORTIONS GENERATION PIOGRAKLISTINGS 

I 006010 lit 
1 00!!112 .I 
I 006011 .III 
I 005114 L 
It 000003 LMNDA 
I 005613 NGII 
I 006065 IILI"3 
I DO,,;;.7 IITIC 
I 006072 ',TICS 

00f,Q2. IItGA 
005630 It 
eOS1:'1 .1101 
005152 StURTl 
0(16052 TICI 
006:60 TlC6 
00'57., T21 
00603. VIT 
005140 .9 
005(,54 lICEMT 
003262 Itf 
00575' 1111 
oe5615 U£FT 
00~1C'7 ."0" 
0(!3221 IP4 
(105661 'ISTA 
~05120 II 
G05651 YAWD 
0115100 T80T 
00'51&0 HI 
eOH~3 Tf 
C05153 'I'll 
005610 TL£N 
IlOG215 TP 
li032H TP5 
005644 TSTAP 
005101 TtoP 

c 

DODD 
DODD 
0001 
DODD 
0001! 
DODD 
0000 
01101 
DODO 
0000 
DODD 
DODO 
01100 
DODD 
DODD 
!lOaD 
DODD 
0000 
DODD 
DODD 
0000 
O~OO 

0000 
0000 
00,,0 
0000 
0000 
DODD 
OCOO 
oeoo 
OllOO 
a coo 
:1000 
oeoo 
:1000 
ot'OO 

I 0 06021 1"1 
I 006045 .100 
I 006022 J~1 
R 000000 LAMDA 
II 000002 LYNDA 
I 005674 NGy 
I 006D10 IIL1". 
I 006053 IITICI 

006061 liT le' 
or5646 PO 
005167 IA 
006000 ROLL 
0C!6023 TAU 
006055 TlU 
006074 TlC1 
CO'026 V 
0C!6031 VI 
006040 lf8S 
005751 XU 
D&!0612 XG 
OD5no XJ 
005667 '(LU 
000202 liP 
oa3015 lfP5 
0060Dl lCSTAO 

.. 0:10421 Y 
R 005652 YAWS 
It 005755 '181 
II 005764 YO 
R 001003 '1G 
R oe5111 '1.1 
II OC'020 YLI 
" 002153 1Pl 
II 005205 TP6 
R 00:64~ TSTAPI 
II 005113 YV 

DEC L~ PE H .... UERS 

0000 I 00510' IP' 
DODD I 0051'2 .I. 
0001 I 0057U .II 
0000 I 003030 LfLA. 
OC!OO I 0017.7 "'LA. 
DODO I OC6050 IILI. 
0000 1 006073 1IL1.5 
0000 I 006056 IITICZ 
DODD I 00'"75 "TIC7 
DODD I 005631 PI 
DODD I 006037 RAA 
0000 R 005656 IS 
DODO I 0057'3 T£HTA 
OOCO R 006063 TIC3 
OOllO 005730 Tl 
0000 005636 VS 
DODO 006032 VT 
DODD 005156 lIBl 
DODD 005220 100 
DODO 004610 1&1 
DODO 006005. 
DODD 006017 XLI 
0000 0021-0 1P1 
DODO 005112 1IP6 
DeliO 005714 XT 
0000 005725 TA 
DODO 00 5745 TAl 
DODD 005703 YC 
DODD 005_11 YOO 
0000 005001 1'&1 
0000 006002 YK 
DODD 001365 TIl 
DODO 002201,.,2 
DODD 005615 TP7 
0000 00563. Y5TAI 
DODD 000200 YY 

P~MA~ETE~ ~LINES=11.~DT=400.~LA"~A~_60.~LP"DA=31a. 
S~LY'OA=450.NLM"OA:.ea 

c 

REAL LA~D_.LrrDA.LYMDA.LR"OA 
l~rF~EA flAG.AfLA~ 

01~E~S10~ Of ~~RIAQLES 

0000 I a 
lOGO I 0 
0000 I 0 
DOOO I a 
OOGO I a 
OOGO I 0 
0000 I a 
0000 I a 
0000 I a 
OOGO I a 
DODO I a 
0000 • a 
0000 I a 
0001 • a 
CDOO I 0 
ooDO I a 
10DO I a 
DODD I a 
ooDO I , 
0000 • 
0001 • 
0000 I 
OOGO I 
DOOO • 
0000 I 
DODD I 
OODO I 
0000 I 
OCOO I 
DOOO I 
DODO I 
DODD I 
DODO I 
DODO I 
DODO I 
0000 I 

DIMENSInh XI'2'.Y'I12'.IP'~LIhES'.YPINLIMESJ.X'NLl"£S.~IM£S' 
S.'1t~LIN£S.MLINES'.I'(~LIIIES.~LIN~SJ.T'11LINtS.'LI"£S'. 
'(~'~LJht~.nLlhES'.TM'NLl~ES.NLINES •• NfLA'IMLI~ES.MLI.£S,. 
'"fL.G'~Ll~ES.hLlh[S,.XPll~1NfS'.'1Pl'''LlhES' 
S.(P2ChLIhtS'.'1P2IhLl~[S'.'"'~LI.tS.1LINiS,.TH'~LlNES.flLl"iS' 
'(fLaGrhLI~ts.hLI'ES,,'P3(.Llh(S'.YP3'NLlNts'.ap~'IILlh(S,. 
'UL'G "'.L lO.U .J.LI .. d.,. yp41 hLlr.fS ""4( NU"rs •• .,P5'IILIMES Ie 
S(f'"LJ~ES.hLIhES'.Yfl~LINtS'''LlhES'.Lflft'l'IILI.ES.MLINESI. 
S'"IC"LINES •• LINES).Y~111LJN£S •• LI.ES' •• fLA'I'IILI11S.NLI"ES'. 
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COlO5 u-
00105 19-
00lC5 20-

__ .DU06 21· 
co 106 22-
00106 23-
00121 :4-
00121 25-
00131 U-
CCll5 21-
00142 26-
CC150 2.,· 
C0l50 3D- C 
00150 31-
C0l51 32-
C0l51 33- C 
00151 3"-
C0152 35-
COlS3 36-
00154 37. 
C0l54 :sa- C 
G0154 ;s,-
OU55 40-
C0156 41-
00151 42-
00160 4;S-
D0l6D "4_ C 
OOUI! .5-
GU61 4,e 
~DI62 .1. 
00163 4@-
C0164 .,. 
00165 50-
00166 51-
cOin 52-
eOllO 53e 
00111 54-
CCl.ll 55. C 
(10111 !!6-
''']112 57. 
00172 5h C 
C0172 5D • 

00113 63-
0017" 61-
OCll5 '2-
OC176 63-
C0117 ';'-
0020;' 65-
G020a 66- C 
00200 61-
00201 6a-
00211' 6'. 
:;0205 7.-
!:0210 11-
00210 12- C 
00210 13· C 
00211 ,.-

.. 

.. , . -.. ~ .......... 

ORlG«iA1. P ~GE is 
DE '-OOR QUAUTl 

,/ 

S('lChLJNES.NLJhES'."ICNLJNES.NLJ.ESJ.JP6C~J.ESJ. 
S"6'.LJN'SJ.~DD(hLl.ES.'LINESJ."'C'LIIES.~I.ESJ. 
SAILAGCILIIES.IIoLJIISJ.JP1CILIIESJ."lCKLIN£SJ 

DATA 1 •• I.I.O.,ST'I.OT •• S,H.00.OS/6356.185.3.1415'2654. 
SI00000, •• 400 •• -5.5 •• 0C •• 1.13.'.440 ••• 003' •• " 

DATA E.Sl.DET.,STA'.'STA'I.'0 •• S.fLA".02.1 •• 
1-5 •• -434.1 •• 0055 •• &5.21 

DATA ,STA,.,AWO.,AVS/-5 ••• 0031 •• S25' 
DATA 010LL.,STAO.IO.IS/O •• -5.0 •• 0042.1.1 
DATA OTAU.D'TA •• STA.'STA •• S4/85 •• 40 •• 0 •• -S •• 1.2021 

l .. nJ AllZE THE .LOTTU 
ULL f6N.lT 

CENTII .lCT 
.CE"T =G. 0 
'C£NT=I.0 
CALL OIJ'JIC~C£IT.'CE.T' 

DEf lIE TI'[ fOI" Of THI .LOT 
"YPE = *L tNLJ"-
.LEu,.O 
'LEII:'.O 
CAt.L .LfO,,,.,,,neILE .. UUI' 

SCALE TlfE 'lOT 
lUIU'=-! 
1112'=8 
ncu=-a 
naz'=8 
NlllC=2 
""=2 
NGe:-l 
N,,:-1 
CAll 'lSC'lC .......... 'I." ... ', •• ", 

TO SfAIT PLOTTl" 
CALL 'lGRAf 

OEfl .. E 'IJO LI"!TS 
ClEfT:-5 
.. lfiIIT:5 
COEl:(XIIGHi-XlEf"/~J.ES-I' 
'1I0T.-5 
'TOP:5 
'OELs'fTop-,aOT'/.hll .. IS-l) 

caNSHUCT DATA 
'C:'To, 
DO JSI JNOI.l.NLINIS 
CC:IILEfT 
DO 100 I.Tal ... LI .. ES 
'CIOtlS leU 110, IfClI, 
(Dan c-."e"u-' 
,"O".XC-IO 
''':»''.'C 
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,-
1 , 
I 

I 

.:; 

1 

I 
-j 

0212 
0213 
021" 
-021~ 
0211 
022D 
0222 
022" 
0226 

D- 0230 
0232 
0233 
0233 
023" 
0237 
02"2 
02"3 
02 .. 5 
02 .. 7 
02511 
0253 
025. 
0257 
0260 
0260 
0~61 
026. 
0267 
0270 
0211 
0212 
0213 
0215 
0211 
03D! 
0302 
0!C3 
03D. 
33115 
e316 
C!!11 
:l3~3 
0322 
D373 
0375 
D326 
l326 
0321 
e332 
~335 
e336 
O~.G 

03.: 
113-3 
33 •• 
0341 
e3~O 

--

75-
76-
11-
1/!- 100 
1'-
80- 150 
61-
e2· ,3-.... 
!5-
86. 
al. 2:10 
8e-'f. ,:I-
'1- 2C1 
'2- 2C!2 
9l-, ... 
'5-

"-'7-,,-
". 

100· 
101-
102-
10J-
10"-
lOS-
106· 
lDl- 10 
10;- ao 
109-
110- 20. 
111-
112-
lU-
114- '8 
11~- .,., 
116- :05 
l1le 
ne- 211f 
110-
12C-
121- 20e 
122-
123-
124-
125- 1 
121.- 2 
1~7e 
121'-
12"-
130-
131-

ICIIHOR.l'U=UOII 
YUNO I.JPl,=YNOiI 
1(C="C·"DEL 
CCiNUfiU£ 
te:fc-un 
CONTUoUE 
IfCfLAG.£Q_U ~ TG 200 
lFcFLAG.fli.2' &0 fO 20. 
IfCfLAC.E".3' 50 TO 231 
1'''L.G.FO ... ' &0 TO 251 
100 T:) 261 

CornJ"U£ 
DC 202 l=I.NLlaES 
DO 201 J=l.~ll~ES 
"'lAG n.J '=0 
CONTI r.Ut 
CONTl~U£ 

'W=YSTAlI 
DO 206 L=I.an -
DLA"DA=DS 
DO 205 K=l."L~.A 
LA~DA=DLA~DA-'l/l!O~ 
XW:-R.I'I·H'R'.COSILA"OA,-SORT'l-lleH'R,-CI.H/I,_ 

. , 
SSI.Cl."DA'-SI.ILA"OA"'_SINILA"OAJ -

DO SO 1=1eJlLlUS -. -, 
DO 10 J=I.NLl~£S 
CZ='(W-XI leJ, , _ .. 
U='''-YC 1 • .1' ~~ -.j 

I~'~ 
JR=I I ,,' 

,-!,';£- .. 
JR=J ';4~ IfCA8SI'Z'.LE.E,SI.AND.A8SCYZ'.LE.E'SJ' GO TO 20. 
COIIT! HIiE 
COflTlhUE 
GO T3 99 " 
"fl"'_ n .. JRJ:l >, 

~....:.~ 
If'lA.Jk)=D-(-TAN'lA~DA'' '-..,:. 'fCIR.J,,=,ST.I.CL-I'·.D2es n~ 
WRITE.6.'!' -k.'''.ll.JI.OLA'DA.XfllR.JR,.YfCII.JI' 
fOA~A"'.2fl0.S.21 •• !'10.5' 
aLAlia '=D LA"DA-II 
COf<lTJ t.UE 
Y,,='STAR·L-DTeVS 
CONTIt.UE 
GO TO 299 

COllTIP:U£ 
DO 2 1=1eMLI"U 
DO 1 J=I.NlINU 
II'LACHJ.J '=0 
CONn t.UE 
COlln"uE 
DTHn.=c. 
'A:YSTAP 
00 211 L=t. .. DT 
THETA=DTHETAePl/l'O_ 
DlP"D .=PS 
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0351 IU-
J035" 133-
'0355 13"-
0356 135-
0351 136-

1036a 131-
'0361 13"-
0361 Il9-
0362 1,,0-
0"63 1,,1-
'03'" •• 142-
0365 1.3-
03" 1 •• -

10311 1.5-
'031" 1,,6-
0315 1,,1-

00316 l"e-
'0371 1.9-
'0,,00 150-
0.02 151-
0.0" 152-

;0.06 153-
10"01 15·· 
'OUII 155-
'0.11 156· 
10"12 151-
0.2~ 158e 
0.2. 15--
'0.25 160-
'0.21 161-
0.30 162-
0"31 163. 
'0,,33 16"-

0.3. U.S. 
0.3" 166-
'0·3" 161. 
'0 •• 2 1';9-
0 •• 3 16" 
0'''5 110-

:e •• " 111-
'0.50 1'1:<:-
a-51 113-
0.52 11.-
:I_55 115-
'o.~, I1F-
C461 117. 
C-62 1111. 
0.63 119-
O.E. teo-
0.65 131-0." 182· 
a466 193-
OU7 u,.· 
0.10 IllS. 
C411 l!b 
r:,"~ lel. 

DO 216 K=I.NL'ftDA 
L'"DA.ILPPDA-'I/I·O. 
n=D-T All eTHETA' 

- ..... 

T2=-AIISI r./e05 CTHET A' •• ". ILPUA, 
DEL=SQ.TCTI·Tl*T2-T2' 
INO=A TAfICDEL ID' 

ORIGINAL PAoe: ~S 
OF. POOR QUAlm: 

SQUIT : ••• U-OII' -cos .... 0 ,-sa.TIl-n-D/., - I1-D/.,-SlN 
S"HO'-Slh'.HO"'-SI ...... " 

YI=CSQU.T-Tl"DEL 
II=CSQURT-T2"DEL 
YB:YI -YA 
'(6=(1 
~O 22 l=hNLlNES 
DO 11 J=hNLlIIES 
ce=lC8-x.ItJt 
ye=Yil-Y( hJJ 
IG:l 
JG=J 
IfCABSC,e,.L£.£PSI.ANO.A8sc,e'.LE.E'SI, GO TO 210 

11 eO~TUU[ 
22 eOICTlHUE 

CiO TO 215 
21' "'LAGCIG.JG'=I 

._'I~.J"=O-C-TAhCL'~OA" 
YGCIG,J,,=Y80T.tL-l,·.0288 
41IT£C6,212' la.,B,IG,JG.DL,"IA.I'CIG.JG,.,'tIG.JG' 

212 fO."ATC/,2'10.5.21".3fl0.5, 
215 DL'''DA=DLP"DA-,O 
216 eOICTI NUE 

'A='STAPeLe.02!! 
DTHET_=L '?500. 

211 CONTI ItU£ 
GO TO :<:" 

DO 220 1=1.NL1~ES 
DO 21q J=I,~LINES 
IIfLAGln,Jt=O 

219 co .. n ~UE 
22!J e~"TJ "lUE 

'E"TA=~T"ETA-'I'lfO. 
£T=DET·'III!O. 
'Al='STAPl 
DO 221 L=l,NDT 
DL'''DA=P5 
DO 226 K=hNLPflDA 
L~D4=DLF"DA"1/1~0. 
Tl1=D.TA~CT"ETA-fT' 
T21=-A8SCO/COSCTHETA-ET"-TANCL'ftOA' 
OELI=SQ.TITII-TII-T2IeT21' 
IH01=ATAN'OEL1/D' 
SQ~'Tl= •• CCI-D/I'-COS"HOI'-SQ.TC1-CI*D/"'CI-O/"-

'51 ...... 01.·SI ••• H01").SI ••• HOI. 
'II=CSCURTI-TII.'~ELI 
.ll=CS'U.TI-T21"r.£LI 
'81=' II-'AI 
'81=.11 
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0473 
0476 
0501 
0502 
0503 
0504 
0~05 
OSC7 
0511 
0513 
0514 
OSI'5 
D516 
0517 
OS17 
"3D 
3531 
0532 
'534 
3535 
3537 
::IS40 
':iAII 
1541 
"44 
::1541 
lS~O 
)552 
15!!14 
)555 
)5~6 
1561 
'562 
1563 
15U 
S67 
567 
~7D 
571 
572 
573 
~74 
577 
602 
603 
6,4 
605 
606 
610 
612 
614 
615 
.16 
617 
620 
631 
E:!2 

lU-
189-
no-
191* 
li2!' 
193* 
194-
19S* 
1"-197-' 
19!-

e_ 199* 
200* 
2U-
212~ 

203* 
214-
205* 
216* 
201-
20!* 
219* 
210* 
211-
212-
2U* 
214-
215* 
216* 
217* 
215* 
2U-
220-
221* 
222-
223-
224. 
225· 
22~* 
227-
22"-
22'* 
230-
231-
232-
233· 
234-
235-
236-
237· 
23~-
23--
24:1-
241* 
242· 
243· 
244· 

00 222 l=l,NLINES 
00 221 J=I.NLINES 
~C1alCB1-"hJ' 
YC1=TBI-YChJ. 
IG1=1 
JG1=J 
llCABSIYCI'.LI.EPSI.ANO.ABSCYCI •• LE.£PSI. GO TO 223 

221 CONUJlUE 
222 eoulNu£ 

:;0 TO 225 
223 ~ILAGICIGI.J'I.al 

~GIIIGI.JCI'=O.I-TANCLP"DA.' 
,GICIGl.JGl.=YSTAPl.,L-I.·*02 ••• Yll 
~RITEC6.224' Y81.YBI.l'I,J'I.0LPNOA,XGICIGI.JG1 •• 

SYIiI II GltJGlJ 
2~' ,ORNATC/.2'IC.5.2I4."1D.S. 
225 DLPNDA=OLP"DA-PD 
226 eOIfT! NUl 

yAI=TSTAPl·L •• D2!1 
227 COUUluE 

GO TO 605 

231 CONU NUl 
DO 4 1=1.NLJNES 
DO 3 .. =l.NLJNU 
,,'LAGU ... ,.O 

, CONUa.UE 
4 cortTUU£ 

D,AW=O. 
YD=YStu 
DO 240 L:hNDT 
,A .. =OYAIo .PI/II10. 
OLYNOA=YA .. S 
DO 238 "al.NL'NDA 
L,"OA=OLYPOAePI/JSD. 
RA=-R*CCJ*O/R.'COS.LY-O"-SGRTCI-CJtD/""JtD/.,*SINCLY"O" 

SeSINfL'NDA'.'·SIJlCLYNDA, 
(.laRA eCCl nAw. 
YJ=-.A.SU.CYA~' 
([=~J 

TE='J+'O 
DO 44 I=J,NLJt<iU 
DO 33 JaJ,HLI"" 
.T=IIE-" ItJ, 
TTaYE-,U.J' 
IH:I 
JHaJ 
"CASSfIlT,.LE.EPSI.AND.ABSCTT •• Lf.EPSI, GO TO 233 

33 CONTINUE 
44 CONTUUE 

&0 13 235 
23l "FLA'CIN.J"'=1 

("CIN.JN.aD •• -T.NILYNDA" 
'"CIH,JH':YAOT.CL-1,*.02!1 
.. IIT£.6.234. y£.YI,IN ..... DLY~D ••• NCIN.JN'.1Hll".JH' 

234 lOINA H/.211O.5,214.311O.5. 
235 DLTNDAaDLY"OA-TAwD 

154 

-:..t~ _. 

. -~' .. -'" 
I - • .:: 

I ~~_ 

-< ----.. --

I 

----\0 



a633 1'!:· 
0635 2-64 

0636 2.7-
0637 2-5-
164' - 2"'· 

064:£ 250-
a642 251-
0643 252-. 
06-6 253-
DUI 25"-
D652 2~5-

a"4 25'-
0"6 257-
e657 25.-
a 657 2"-
UfoO 260-
0661 261-
DE'" 262-
'66' 263-
l610 26"-
l6n 265-
"71 266. 
'672 267. 
3613 26~· 

"U 2"· 
)701 2'0· 
17D2 211-
H03 212-
He .. 21:!. 
'105 214-
)107 275· 
1711 27'. 
)713 271-
'714 2n-
:715 2U· 
1716 280-
1111 2U-
730 2U· 

.731 2":!-
'732 28"-
734 2!1!J· 
73' 2"1'· 
7~7 2e7-
737 2t!-
140 2U· 
74l 2'0· 
746 2'1· 
747 2'2· 
151 :,,!. 
753 2'''· 
754 2"-
7~' 2'~-
7~5 2"-
156 2'·· 
151 2"-
11-2 300-

~: --

.. 

ORIGINAL PAGE IS 
OF. POOR QUALITY 

2la CONTI "fUE 
'D=YSTa'.L •• 02U 
D'A~=5.-Slh"L·PI"l1._' 

240 CONna,ur 
GO TO 2" 

241 CONTI NUE 
00 6 1 =t.r.LUIES 
DO , J=l.UUln 
LfUliU,J'=O 

, CONTI NUt 
6 CONTINUE 

.OLL:D.OLL.PI/I&C. 

.STAO= •••• I.D/.'~COS •• OLL'-SG.TCI-CI.D,.J.CI.D/.'.SI ••• OLL, 
S.SI~C.OLL"'.S"f.OLL' 
TIt:'STAO 
DO 250 L=hNDT 
DU"Da •• S 
DO 2"5 K=l,IIL.~DA 
L ... DA=DLM'DA'PI/1 5 0_ 
DlS.- •• CC1'D/.'.COS.L' .. Da"OLL'-S,.TCI-CI'D/.'.Cl_".'.SI. 

•• L."Da.'OLL,·SIII.L."Da-.OLL"'·S'.CL."DA'IOLL' 
CUDIS-.STAO 
DO 66 l=le.LlNES 
DO " J=t.IIL1NU 
lL=ltK-1C leJi 
'L='IC-YC hJ' 
Ut=l 
J"=J 
I'CA8S.(L'.LE.EPSI.AlfD __ BSC,L'.LE_EPSI' 50 TO 2"2 

55 CONTI ,-ut 
66 CONUNUE 

GO !O 2"4 
242 LfLA.'l~.J"'=1 

'~'IA.J"'=D·C-TAN'L."Oa" 
,",I".J"'.YSTaO.CL-l'-.02fa 
W.ITEC6,2"~' CK.'K.l~.J".OL."OA.X"CI".J"'.,"CI".J'" 

243 foa~ATC/.2'10.5.~I",3fl0." 
2 .... OL.~Da=DLR"DA-.D 
2 .. 5 CONTI t4Ut ,".'S TAO.L •• 0'l1! 
250 CONJhUl 

251 COIITI "fur 
DO !I I=lt r.UUS 
DO 1 J=lthL'''U 
LFUliUleJhO 

7 CONTla,Uf 
a co'nlNur 

.OLL-D.OLL·PI/lao. 
DEI:O. 
XSTAO =a •• U-O/., .COS CROLL '-S(,ITU-U"" '.Cl-D/U.s I •• IOLU 

s.SIN.aOLL"'-S'~CkOLL' • 
YKI-"STAO 
DO 260 L-"NDT 
U=GE ... , IIU O. 
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0763 
0164 
0167 
011:1 
0710 
0771 
0712 
0775 
JOOO 
JOOl 
J002 
J003 
J004 
J006 
JOlO 
1012'-
1013 
JOJ4 
JU5 
1016 
J0l6 
1021 
1030 
J031 
1033 
103" 
1035 
1037 
1040 
1040 
1041 
1044 
1047 
J050 
1052 
1054 
to!5 
10~6 
1057 
1060 
JOU 
1062 
1063 
106· 
1065 
1066 
J067 
J010 
J073 
101' 
1011 
1100 
J1I:0 
1101 
1102 
1103 
lUf 

30l-
302· 
303-
304-
s;!-
306-
301-
3OS-
309-
311. 
311-
312-· 
3U-
314-
315-
316-
3U-
318-
319-
320-
321-
322-
323-
32"-
325-
326-
327-
321-
%2'-
330-
3U-
332-
333-
33.-
335-
33.-
337-
335-
33i-
34G-
3''1' 
342-
343· 
344-
345· 
346-
347-
34S-
34,-
350-
35J-
35':-
353-
354-
35'-
356-
357-

-----

DUftDA:RS 
DO ~55 K=loIlU"D. 

. . 

LI"D.=OLI'O.·PI/lfO_ 
DlS1a-I-CC1'O/I'-C:JSCL.~O.'.OLL'E.'-S •• TCl-Cl'D/.'.'1'0/., 

S.SII1'L.~O.-.OLL'EI,eSl.CL~D.-.OLL'E.",eSlI1CLI"'.'.OLL-EI' 
CK1a.Ule1ST.0 
.0 sa l=hNLlffES 
00 11 "=1.NLlNES 
.cU='(lCl-'n • .II 
,U=YU-Tlh'" 
1"1=1 
""1=" 
l".BSfYLl,.LE.EPSI •• ND •• SS"LJ,.LE.EPSI' GO TO 252 

77 CO .. TU,Ul 
as CO .. TlffUE 

&0 TO 254 
252 L'LA'l'l~l."~l'=J 

c"ICI"I,"'I'=D-'-T.NCLI" •• " 
Y"lCI"1.""1,.YB3T"L-l,e.02&' 
41:TEf6.253' 'CK1.'KJ.I"1'''''I.DLI''' •• X''1CI''1'''''1'. 

""1Ul'lh"'U 
253 'QR"ATC/'~'JO.5.~14.3JI0.5' 
254 OU"",,=IILR"U-ID 
25'5 cOlin hUE 

YKJ:YST"t'L-.C2!B 
OER=0.2-SJIIC,LePJ"174., 

260 cOlin !!lUI 
GO TO 2'J1J 

261 CONU "Uf 
DO 263 1=1,IILUiES 
DO 262 "=I,NLJffES 
AfLaGCI,"'=1I 

262 CONTI':UE 
263 CONTI r.UE 

T""=OT "U' FI IHO. 
0"EG.=2 •• rl/e6"OO. 
u,,=OtT"·PJ/1!O. 
V=OMEG"-R.coseET., 
SLU"DA=C~SCT"U"COS'ETA' 
CLU"Da=SCRTfl-SLUPD"·SLU"O'" 
VX=VeCLU~D" 
Y'=Y. SLU"D. 
YTle=-v. 
V"=wH-VY 
lCAUCSU 
UA:'fST. 
DC 270 L=I,NOT 
DLY"D a ='f .IoS 
DO 26' ~=I.NL'''D. 
L,,,D,,aDL,'D •• PI/IPO. 
aAAa-ke'Cl.0/.,eCOSCL,"OA'-SOITC1-C1·0/.,eC1·D/.,-SIN 

.'L'''OA'-SlhCL'''O.",eSIIICLY''O., 
cs".ca"""A , .... .,,,,, 
DO 26! I=J.~LI.ES 
DO 2'" ".J.~LlhrS 
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ORrGiNAl PAm: :5 \, 
OF POOR QUALlTt 

I 
I 

1111 35:- lCC:Y 118- Y U • .n j 
1112 35'- ''':'118·' n.", 

11113 360- IDO:I 
111' 361- JOO:J 
1115 362- Ife '" s eY cn .U.E PSI .... O. AIlS nU,.U.iPSI, IiO TO 2~6 
1111 363- ~ .... eo,.n NUl 
·1121 36'- 265 CONTlr.UE 
1123 365- CiO Tl 268 
112' 366- 266 AFLAG C Ie J ':1 
112~ 3fi7- lDD'IDD.JDD':D-e-TA~'LY"OA" 
'1126 3&&- YDOCIDD.JCO,:,STA·eL-I,-.D2af 
1127 36~- JIITE(~.267' 'BB"~B.IO),JDO,bLY~OI.lOOCJOO,JOO'. 
1127 37:1- noou 110. J 00' 
u"a 371- 2" r~R"AT",2flD.5.2I.,3flD.5' 
11"1 372- 261 OL'~OA:DLY"DA-OO 
1142 373- 269 CONTI".ur 
11 .... 314- 'AA=I~TA'L-OT'VT· 
1145 375- ,II:YSTI'L.OT-v" 
1146 376- 270 co .. nHUE 
1150 377-
I1~C 37e- C PLOT MOl lZO N TAL LINES 
l1:!D 370;-
1150 !~O- ~n CONTlr.U[ 
11:!1 3!l- TIC:'" 
1152 382- NTIC:-1 
1153 313- "LlJI:JlLI"'ES 
11!!' 354- 00 .00 IHOI:1.~LIN1S 
1157 3f115- 00 3~D IPT:I.hLI~rs 
1162 ~"6- ('CIPT':I(I"OI,IPT, 

"J~~ .~-

11£3 la7- ,peIPT':'CIHO',IPT' --.I 
\16' 3sa- 3CO CONTI NUl "'-<..,;;.;: 
1166 3!1'l- CALL rLCURveXP"p,HLIN,NTIC.T1C' , --.;;! 
1167 3'0- 'GO CONTINuE 
1171 3'1- l -
1171 392- C PLOT VERTICAL LI.lS 

.j 

1171 3'i'3- DO 500 IvrkT:I,"LI~E~ 
117. 3"'- CALL rLCUNV'.Cl.1VEIT'.Y'I.lvrIT'.NLIH.NTIC.TIC. 
1175 3"5- 5CD CONTlr.UE C:;J ~ 

1177 3~6~ IFULACi.rG.U e.o TO 655 ~~-".-

1201 3'7. HHL AG. [G.2' GO 10 tt05 
-~.::-

1203 "',,,. IIlfLAG.[C..3' GO TO !.01 
12D! 399- He'LAG." •• , CiO '0 ell' 
1207 '00' .. IJ n '~1 ... , 
1210 101' 
121e. 402- C PLOT Il0RllCNTAL LINES 
121il 103-
1210 .0'" f~5 C014U r.UE 
1211 405- TlCl: t' < -"" 1212 .0&- IIT1Cl = D ~ ...... -< 

1213 107- IIoLJN1:NLJt.ES 
1211 40a· 00 7~0 JM~I:I,~LI"'£S 
1211 40·· O~ 100 IPT:l,hLI_lS 
12:':! 410- (~IC:PT,:wf'IHo.,r'1' 
1-"· ... - 411- YPI'IP1':'f.r~Ol,1'T' 
1~~it .12- no CONlIf.Ul 
1Z2" 113- CALL PLCu'V'.Pl.YP1.~LI1I1.1I1JC1,1ICl. 

1227 414. 150 CONTUU£ 

-----

--
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• . . 

1231 415-
1231 416- C PLOT VERTICAL LINES 
1231 417- 00 ao~ IVERT=I.NLINES ,) 

1234 41r- CALL f~CURVf~f'1.IVE'TJ.'f'I.1V[RTJ •• Ll.l.NTIC1.TIC1J 
1,l35 419- 1100 conUUE 
1237 420- GO TO 9999 
1240 421-
1240 422- - C PLOT HOR lZOHTAL LINES 
1240 423- (105 CONTI.UE 
1241 424- TJC~O 
1242 425- NTlC2=O 
1243 426- rtLIN1:NLIMS 
1244 427- DO !50 I"OR:l.NLl"ES ----
1247 •• 28- 00 520 IPT=I.NLlhlS 
1252 429- ~P2CIPT':.'CIHOI.IPTJ 
1253 43e- ,P2CIFT,=,celhOI.IPT, 
1254 .31- (120 CONTlhut --- -
1256 43c- CALL PLCUIVCYP2.TF2.'LIN2.NTIC2.TIC2' 
1257 433- !50 CONTUuE .. 
un .34-
1261 '3~- C PLOT VERTICAL Llr.[S 
1261 436- 00 ~51 IVUT=hNLlIIIU 
12';' .37- C~LL PLCURVI'GC1.IVEIT,.,Gfl.IVEIT,.NLJN2.NTJC2.TIC2' 
12E~ '311- E.~1 CONTla-UF 
1267 4H- 100 13 9999 

1270 44a-
1210 .41- C "LOT .. ORUO"TAL LlNU ---
1270 .. ~- TJC6=O 
1271 "3- .. TlC6=O 
1212 44.- N~Jr'&=IILIa-£S 

1213 "!.- DO :54 IhCI:l •• LJhrS 
1276 446- DO R53 JPT=I.NLJ\ES 
1301 4.1- (.611PT,=,GICJHOI.JPT' 
1302 • 4,.- '.6fIPT':T61CIHOI.IPT • 
1303 •• 9- e .... -- CCNTI.UE 
13:25 .50- CALL PLCURVCXP6.,r6.NLJ'6.NTIC6.TIC6' 
13r6 451- !I 5' CO:." -UE 
1310 .52-
1310 .53- t PLOT VERTICAL LI~£S 
1310 .5.- DO !55 IVERT=I.IILlhrS 
1313 II~5- CALL PLCU~Vcv'I'J.IVt'T"'.ICl.IYE'T""LIN6.NTIC6.TlC6' 
'1'111 456- 1:~5 CONn 4U£ 
131(, 457- liO TO oQe,!! 

1317 IIS"-
1317 .S"- C PLOT MCRlZI'NTAL LI'ffS 
1317 .60- 901 CONTI"U[ 

1132( 4"1- TlC3::! 
1321 462- "nC3=0 
13~2 .63- :4LIU3:"LJ '£5 
1323 '64- DO 90S IHCR:l.NLI~tS 

'13''; 46!i- Da '03 JFT=l.IILIN£S 
13.$1 466- (Pl'IPTJ:.HCl~O •• IPT' 
133: .67- 'P3IJPT':'HCIMOI.IPT, 

'1333 '6!- 9Gl cornu,ur 
:133~ 4,.-_ CALL ILCU.VcvP3.,P3.hLl_'.NTJC3.TJC3, 
,.3~6 .'71!- ,GS CO·.rI.UE 
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:1340 471-
01340 472- C 
1134o 473- -
31343 ,,74-
1134, "75- "07 
~1346 47(,· 
:1347 477-
~13"7 47a- C 
'13"7 479- 911 .. 
11350 4t1o-
'1351 ""1-
'1352 4'!12-
'13~3 483-
1356 484_ 
1361 .. P5-
'1362 4!6' 
'1363 "87- 913 
1365 4H· 
1366 469. 915 
1370 .. ,0-
1370 491- C 
137:: "'2' 
1373 .. '3-
13'''' ",4. 917 
137" 4'5' 
1376 "'f6' C 
1376 4'7- '0' 
1377 4'!!-
1400 4'" 
14:17 500-
1402 !lU' 
1405 502-
1410 503' 
1411 ~O .. • 
1<1112 505' '19 
141" 506-
1415 507' '19 
1417 50!' 
1417 501)· C 
1417 510' 
14'2 511-
.423 51:!' 9:0 
.. _Z5 513. 
142'" 514' 
142F 515- C 
.426 516. '21 
.427 517' 
.430 5H' 
~4'1 '519' 
"32 520-

."35 521-

.440 522-
441 523' 
•• 2 52'" 922 

I 4." 525' 

I 44'5 526' 923 

I 
I 

l 
'!.. ~ ... 

. .. . 

::f'\:Cif-.7!l.t: ~\~~~. 
CJF POOR QUALi:'Y. 

PLOT VERTICAL LINES 
_ 00 '07 IVEIT=I.MUhES 

• 

CALL PLCURV'lH'I.IVEAT'.YHCl,I~E.T,.~LI'3 •• TIC3.TIC3' 
CoNTlIfUE 
liO TO ,.°9 

PLOT HORUO.TAL LlUS 
CO.TI N:( 

TIC4: 'e-
NTlC":-1 
.. LlN4:hLIUS 
DO 915 IHO.:I.MLlhES 
00 913 IPT:l.NLlhlS 
CP"CIPT,=y",IHOI.IPT' 
YP4'IPT':T"CI~0 •• IPT' 
COIITI"'UE 
CALL PLCUIVCIP".YP .. ,~LI.".~TIC .. ,TIC'" 
CONTINUE 

PLOT Vi.TICAL LltlES 
DO '17 IVEIT=I,MLlhES 
CALL PLCU.VC."Cl.IVEMT'.yKCl.IVE.T',.LI ..... TIC ... TIC .. ' 
CONTI "UE 

PLOT ItOI JZONTAL LINES 
CO~TI"'UE 
TlC5:n 
IITI(5=O 
NLlN:' :NL I foIES 
00 01' IhOI=l.NLlhES 
DO '18 IPT=l ... LlhlS 
cF5CIPT':'"lCIHOI.IPT, 
'P5'IPT':T"lCI"~I.IPT' 
C" .. TI flUE 
CALL PLCUhVIWP5.TP5.hLIN5.NTIC5.TJC5' 
CO"TIt.U( 

PL~T VERTICAL LlhES 
00 92C IVl.T:l.NLINES 
CALL FLCU~V(("lCl.IV(IT'.'"ICl.IVEIT'.NlJ.5.NTIC5.TIC5' 
Co .. TI "UE 
1i0 TO IJ99i 

PLIlT HOI JZnllUL LINES 
CONTJr.UE 
TlCl:0 
NlI(7:0 
NUN7 :NL I "U 
00 923 I"OI=l.NLI~ES 
00 '22 IPT=I'''LthES 
<Pl(IPT,:wODCIHOk.IPT' 
YP7(IP1'='001IHOI.IP1, 
COIIUr.UE 
CALL PLCURVC'P7.YP7,"LIN7'.'IC7,1IC7, 
CO .. 11 "'UE 
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) 

1_ 

1447 
1'''7 
1"'7 
1"~2 
1"53 
1"55 
1'55 
1455 
1"56 
1456 
1'57 

NO FI,R: 
PU:l.3,9 

527-
5211. 
52"-
530-
531-
532-
533-
!!34-
535-
536-
537* 

C PLOT VERTICAL LINES 
00 '2" IVEITal.NLINES 

• 

" 

CALL 'LCU'VC~OOCI.IVE.T'.YDDC1.JVE.T'.NLI.7.NTIC1.'IC1' 
9.4 COliTl II UE 

C TO 'I-ISH PLOTTIN' 
.,,, CALL LNDI'U 

". STOP 
END 

$UPS:'.131 

DELETE.- SHUTE~P.I"AG[-I/A8S 
UR'UI 2"3-.18 05/U/E3 11:56:41 
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