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ABSTRACT 

The report contains a detailed evaluation of the Gemini 

8 inertial guidance system accuracy during the ascent and 

reentry phases of the mission. An analysis of the external 

tracking instrumentation accuracy during ascent is also in- 

cluded. The results of the error analyses a re  used to con- 

struct a reference Gemini 8 trajectory for the ascent and 

reentry portions of the mission. 

Postflight reconstructions of the Gemini and Agena 

trajectories during the rendezvous interval are differenced 

and compared with the onboard rendezvous radar relative 

position measurements in an attempt to evaluate the on- 
board radar accuracy. 

(Reverse of t h i s  page blank) 



t 

i 
r‘ 

3 150-6036-R8-000 
Page  v 

CONTENTS 

Page 

1 . INTRODUCTION AND SUMMARY ................. 1-1 

2 . INERTIAL GUIDANCE SYSTEM 
PERFORMANCE ANALYSIS ..................... 2-1 

2.1 I G S E r r o r  ............................. 2-6 

2.2 I M U E r r o r  ............................ 2-6 
2.2.1 Accelerometer Bias Determination ....... 2-7 

2.2.3 Discussion of Error Analysis ........... 2-11 
2.2.4 Preflight Measurement of IMU Errors ..... 2-15 

2.3 Azimuth Update ......................... 2-19 

2.4 Reference Ascent Trajectory ................ 2-20 

3 . REENTRY IGS EVALUATION .................... 3-1 

3.1 Init ial  Conditions ........................ 3-1 

3.2 Pla t form Misalignment .................... 3-5 

3.3 Simulation Resul ts  ....................... 3-7 

3.3.1 MSC Simulation .................... 3-7 
3.3.2 McDonnell 6-Degree-of-Freedom 

Simulation ....................... 3-8 

3.4 Reference Reentry Trajectory ............... 3-8 

4 . TRACKING SYSTEM PERFORMANCE .............. 4-1 

4.1 GE ModlI  ............................. 4-2 

4.1.1 GE Mod III/Burroughs(TRW-Processed) ... 4-2 
4.1.2 GE Mod III/Burroughs(GE.Processed) ..... 4-2 

4.2 MISTRAM ............................. 4-2 

2.2.2 Error Source Regression Resul ts  ........ 2-8 

4.2.1 MISTRAMI ....................... 4-4 
4.2.2 MISTRAM II (Passive Mode) ........... 4-4 

4.3 AFETR Best Estimate of Trajec tory  ........... 4-4 

4.3.1 MISTRAM . Only BET ............... 4-4 

4.4 TRW TOPS BET ........................ 4-5 

5 . RENDEZVOUS RADAR EVALUATION .............. 5-1 

5.1 TRW/Rendezvous Radar Comparison ........... 5-1  

4.3.2 F i n a l B E T  ....................... 4-5 

5.2 RTCC/Rendezvous Radar Comparison .......... 5-3 



3 150-6036-R8-000 
Page vi 

CONTENTS (Continued) 

Page 

APPENDIXES 

A Ascent Trajec tory .  ...................... A-1 

B Reentry Trajectory ...................... B-1 

C IMU Calibration History . . . . . . . . . . . . . . . . . . .  C-1 

D Error Source Regression Analys i s .  . . . . . . . . . . .  D-1 

REFERENCES ................................. R-1 

Total  Pages: 162 



3150-6036-R8-000 
Page vii 

ILLUSTRATIONS 

Page 

2-1 GE/Final and l O O K  MISTRAM A V  Sensed 
Coordinates ................................ 2-2 

2-2 GE/Final and lOOK MISTRAM AV Guidance 
hertialCoordinates. .  ......................... 2-3 

2-3 GE/Final and lOOK MISTRAM A P  Guidance 
Inertial Coordinates.. ......................... 2-4 

2 -4 Navigation Velocity Er ro r  ...................... 2 -5 

2-5 IGS Error  Source Contribution to Sensed Velocity 
Differences . x Axis .......................... 2-13 

2-6 IGS Error  Source Contribution to Sensed Velocity 
Differences - y Axis. .......................... 2-14 

2-7 IGS Error  Source Contribution to Sensed Velocity 
Differences . z Axis .......................... 2-16 

2-8 Sensed Coordinates AV With Recovered IMU Error  
SourceFit ................................. 2-17 

2-9 Sensed Coordinate A V  With Preflight Measured 
Error  Source Fi t . .  ........................... 2-18 

3-1 Map of Estimated Impact Points. .................. 3-3 

3-2 Effects of Initial Conditions and IMU Corrections 
Upon IGS Trajectory. .......................... 3-4 

X A X i S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3-10 
3 -3 Reentry Trajectory Comparison (Simulation-TRW/BET) 

3 -4 Reentry Trajectory Comparison (Simulation-TRW/BET) 
yAxis  .................................... 3-11 

Z A X i S  .................................... 3-12 
3 -5 Reentry Trajectory Comparison (Simulation-TRW /BET) 

3-6 Gemini 8 Retrofire - IGS Measured Sensed Velocities 
and Accelerations (x Axis). ...................... 
and Accelerations (y - 8 ) .  ...................... 
and Accelerations (z Axis). ...................... 

3-13 

3-7 Gemini 8 Retrofire - IGS Measured Sensed Velocities 
3-14 

3-8 Gemini 8 Retrofire - IGS Measured Sensed Velocities 
3-15 



ILLUSTRATIONS (Continued) 

3-9 Gemini 8 Reentry - IGS Measured Sensed Velocities 
and Accelerations (x Axis). ..................... 

3-10 Gemini 8 Reentry - IGS Measured Sensed Velocities 
and Accelerations (y Axis). ..................... 
Gemini 8 Reentry - IGS Measured Sensed Velocities 
and Accelerations (z Axis). ..................... 3-11 

3-12 Gemini 8 Reentry . Relative Velocity Magnitude . . . . . . .  
3-13 Gemini 8 Reentry . Altitude. .................... 
3-14 Gemini 8 Reentry . Altitude (Terminal Phase) . . . . . . . .  
3-15 Gemini 8 Reentry . Relative Flight Path Angle . . . . . . . .  
3-16 Gemini 8 Reentry - Relative Flight Path Angle 

(Terminal Phase). ........................... 
GE Burroughs and Compensated IGS AV in Sensed 
Coordinates ............................... 4-1 

4-2 GE Burroughs and Compensated IGS A P  in Sensed 
coordinates ............................... 

4-3 GE Final and Compensated IGS AV in Sensed 
Coordinate s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4-4 GE Final and Compensated IGS A P  in Sensed 
Coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4-5 MISTRAM I 10 K and Compensated IGS AV in Sensed 
Coordinates ............................... 

4-6 MISTRAM I 10 K and Compensated IGS A P  in Sensed 
Coordinates ................................ 

4-7 MISTRAM I lOOK and Compensated IGS AV in Sensed 
Coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4-8 MISTRAM I IOOK and Compensated IGS A P  in Sensed 
Coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4-9 MISTRAM I1 Passive and Compensated IGS AV in Sensed 
Coordinates ............................... 
MISTRAM I1 Passive and Compensated IGS A P  in Sensed 
Coordinates ............................... 4-10 

Page 

3-16 

3-17 

3-18 

3-19 

3 -20 

3 -21 

3 -22 

3 -23 

4 -6 

4-7 

4-8 

4-9 

4-10 

4-11 

4-12 

4-13 

7-14 

4-15 



4-11 

4-12 

4-13 

4-14 

4-15 

4-16 

5-1 

5 -2 

5-3 

5 -4 

5 -5 

5 -6 

5-7 

5-8 

5 -9 

I LLUSTR ATION3 Continued) 

3 150-6036 -R8-000 
Page ix 

MISTRAM Final BET and Compensated IGS A V  in Sensed 
Coordinates ............................... 
MISTRAM Final BET and Compensated IGS A P  in Sensed 
Coordinates ............................... 
AFETR BET and Compensated IGS AV in Sensed 
Coordinates ............................... 
AFETR BET and Compensated IGS 3P in Sensed 
Coordinates ............................... 
TOPS BET and Compensated IGS AV in Sensed 
Coordinates ............................... 
TOPS BET and Compensated IGS A P  in Sensed 
Coordinates ............................... 
Rendezvous Radar Residuals ARw Radar Minus TRW 
Calculated ............................... 
Rendezvous Radar Residuals AAw Radar Minus TRW 
Calculated ................................ 
Rendezvous Radar Residuals AE, Radar Minus TRW 
Calculated ................................ 
Rendezvous Radar Telemetered Relative Range. ....... 
Rendezvous Radar Telemetered Relative Azimuth ...... 
Rendezvous Radar Telemetered Relative Elevation ..... 
Rendezvous Radar Residuals ARw Radar Minus RTCC 
Trajectory. .  .............................. 
Rendezvous Radar Residuals DAW Radar Minus RTCC 
Trajectory. . .  ............................. 
Rendezvous Radar Residuals AE, Radar Minus RTCC 
Trajectory ................................ 

Page 

4-16 

4-17 

4-18 

4-19 

4 -2.0 

4-21 

5 -4 

5 -5 

5 -6 

5 -7 

5 -8 

5 -9 

5-10- 

5-11 

5-12 

(Reverse  of this page blank) 



2-1 

2 -2 

2 -3 

2 -4 

2 -5 

3-1 

3 -2 

3 -3 

3 -4 

4-1 

5-1 

I 

I_ 3150-6036 -R8-000 -: t -  

jd - . . , i .  Page xi 

TABLES 

Inertial Guidance System Error at SECO f 20 Seconds . . 
Gemini 8 Accelerometer Bias Estimation (counts/sec) . . 
ICs Error  Source Summary. ................... 
IGS Error  Source Contribution to Velocity Error 
at SECO + 20 Seconds.. ...................... 
Azimuth Update. ........................... 
Estimated Impact Summary. ................... 
Reentry Error  Source Summary. ................ 
IGS (RTCC) and TRW (ESPOD) Retrofire Conditions. ... 
Assumed Steady-State Reentry Conditions .......... 
Tracking Data Errors.  ....................... 
Ground Tracking Coverage .................... 

Page 

2 -7 

2 -8 

2 -9 

2-10 

2 -20 

3 -2 

3 -2 

3 -5 

3 -6 

4-3 

5-1 



3 1!50-6036-R8-0OO 
age 1-1 

1. INTRODUCTION AND SUMMARY 

Gemini Flight No. 8 was launched on 16 March 1966 from Complex 

The major objective accomplished on this 19 at Cape Kennedy, Florida. 

flight was rendezvous and docking of the Gemini spacecraft with the Agena 

target vehicle. This report, submitted to the NASA Manned Spacecraft 

Center by TRW Systems in response to Task MSC/TRW G-14 of the Mission 

Trajectory Control Program, presents the r e s u l t s  obtained from analysis 
of the inertial guidance system (IGS) performance during ascent and reentry 

flight phases and provides a reconstruction of the spacecraft trajectory 

during ascent and reentry. 

The following is a brief summary of the analysis results: 

a) The inertial guidance system (IGS) performance during 
ascent was satisfactory. 
e r rors  at SECO +20 seconds a r e  a s  follows: 

Best estimates of the IGS 

Ax = +896 *50  f t  = +5.1 *o. 5 ft/sec 
Ay = -617 *200 f t  

AZ = +985 *lo0 f t  

A set of IGS and tracking system er ror  source coefficients 
was derived from analysis of the position and velocity com- 
parisons between IGS telemetry and tracking system data. 
Recovered IGS e r ro r  sources that contributed significantly 
to the explanation of the observed differences were: 

A i  = -5 .  3 * 2 . 0  ftfsec 
At = +11.0 * 2 . 0  ft/sec 

b) 

Velocity e r ro r  
contribution 

in IGS coordinates 
Coefficient (f t /  sec) 

A2 x ax is  - 
X accelerometer 

scale factor + 199 *30 ppm +5.0 

y axis 2 
bias +45.5 * l O  pprn g -1.1 

bias +84.1 *10 pprn g +o. 9 

X accelerometer 

Z accelerometer 

2 accelerometer 
misalignment 
toward x +38 *37 s/e'd -4.6 
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z axis 

X gyro spin axis 
unbalance 

Z gyro input axis 
unbalance 

IGS azimuth 
misalignment 

Velocity e r r o r  
contribution 

in IGS coordinates 
Coefficient ( f t /sec)  

A i  - 

-1 .1  io .44O/h r /g  + io .  6 

-0.18 f 0. 30°/hr/g -6. 3 

t57 *18 sec  t6. 9 

c )  Significant tracking system bias  e r r o r s  recovered f rom 
analysis were: 

Velocity e r r o r  
contribution 

in IGS coordinates 
SECO t20  sec 

Coefficient ( ft  / sec) 

MISTRAM I 

P lOOK bias 

Refraction 
(P 100K) 

MISTRAM I1 

- 2 . 2  *o. 5 ft Ay = t28.5 

+2 i l  ppm A$= -10 

P bias  t1 .5  *l .  0 f t  A + =  -2 .7  

G E  Mod III 

No G E  Mod 111 bias  e r r o r s  were found to be significant 
relative to the random e r r o r  in the system. The random 
e r r o r ,  though nominal, is ve ry  la rge  (10-100 f t / sec)  la te  
in  flight a t  the lower elevation angles. 

d) A reent ry  IGS evaluation and t ra jectory reconstruction is 
attempted by comparing guidance system output with nominal 
t ra jectory character is t ics  during the terminal  phase of 
descent. N o  major  IGS e r r o r s  are apparent; however, 
incor rec t  initial conditions used in the navigation contributed 
approximately 10 n mi of downrange miss. No reent ry  
tracking data were  available. 
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e )  A comparison between rendezvous radar measurements and 
calculated values from a TRW reconstruction of the Gemini fX 
and Agena trajectories shows agreement within 1000 to 4000 
feet. 
be the limiting factor in this attempted onboard radar accuracy 
analysis. 

Inaccuracies in the trajectory reconstruction appear to 

Sections 2, 3, and Appendix D contain details of the ascent and 

reentry IGS analysis, while listings of the reconstructed trajectories 

a r e  contained in Appendixes A and B. An analysis of the quality of the 

external tracking data obtained during ascent is contained in Section 4, 

and includes plots of the residuals of each system referenced to the 

reconstructed trajectory. 

telemetered rendezvous radar measurements and calculated values. 

Section 5 discusses a comparison made between 

(Reverse of this page is blank) 
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2. INERTIAL GUIDANCE SYSTEM PERFORMANCE ANALYSIS 

Comparisons of IGS telemetered navigation quantities and external 

tracking data were  made for the purpose of evaluating the Gemini 8 IGS 
performance. The IGS evaluation was based in part on sensed velocity 

comparisons (F igure  2- 1). 
tracking data adjusted for gravity with the telemetered accelerometer 

accumulated count appropriately biased and scaled to engineering un i t s .  

The residuals from these comparisons were attributed to inertial measur e - 
ment unit (IMU) and tracking system errors.  

These were generated by comparing external 

Comparisons were also made between the telemetered total inertial 

position and velocity outputs from the airborne computer and external 
tracking data (F igu res  2-2  and 2-3) .  

computer navigation e r ro r s  caused by IMU position error  feedback into 

the gravity calculation, gravity approximations, truncation errors ,  etc. , 
as well as I M U  and tracking er rors .  The difference between the sensed 

and inertial comparison sets, called delta-delta comparisons (Figure 2-4), 

provide a measure of the airborne computer computational e r ror  alone. 

These comparisons include airborne 

The sensed, inertial, and delta-delta comparisons are plotted in  the 

IGS Computer Coordinate System, which is an inertial, orthogonal, right- 

handed system referenced to the center of the earth. The x and z axes lie 

in  a plane parallel to the geodetic tangent plane at the launch site at plat- 

form release time, with the x axis nominally defined by the launch azimuth 

(actually by the misaligned azimuth), positive downrange. 

positive down along the geodetic vertical, and the z axis is directed to 

complete the right-handed x, y, z set. 

The y &s is 

Position and velocity comparisons were also made in the external 

tracking measurement coordinates for the purpose of isolating I M U  and 

tracker error coefficients by performing a statistical regression analysis 

on the difference. 

Quick Look MISTRAM I 10K and 100K, GE Mod III Burroughs ( 2  per second), 

final MISTRAM, passive MISTRAM II, and AFETR BET. 

these data sources is described in Section 4. 
plots enclosed a re  referenced to liftoff time (16:41:02.389 GMT) which 

occurred 3.303 seconds after IGS "platform release. 

External tracking data used in the evaluation included 

An analysis of 

Unless otherwise noted, the 
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Figure 2-1. GE/Final  and lOOK MISTRAM AV Sensed Coordinates 
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Figure 2-2. GE/Final and lOOK MISTRAM AV Guidance Inertial 
Coordinates 
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Figure 2-3 .  GE/Final and lOOK MISTRAM A P  Guidance Inertial 
Coordinate s 
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Figure 2-4. Navigation Velocity Error 
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2 . 1  TOTAL IGS ERROR 

The IGS e r r o r  a t  SECO t20 seconds determined f rom analysis of 

position and velocity comparisons is presented in Table 2-1.  

headed "IMU E r r o r "  represents  the e r r o r  contributed by the accelerometer ,  

gyro, and platform initial alignment sources .  The column headed "Navi- 

gation Equation Er ro r "  represents  the contributions due to var ious approxi- 

mations within the airborne computer.  The columns headed "Total IGS 

E r r o r ' '  represent  the composite of IMU and navigation equation e r r o r s .  

The column 

Table 2-l(a) gives the IGS e r r o r  based on the analysis of the ascent  

(MISTRAM and Mod 111) tracking data. 

derived from the TRW reconstruction of the Revolution 1 free-flight 

trajectory propagated back to the t ime of ascent  te lemetry data. 

reconstruction is based on the data f rom the Gemini network of r ada r  

tracking s i tes  and is completely independent of the "ascent" tracking data 

(see Reference 1). The good agreement between the"Tota1 IGS E r r o r ,  

indicated in Table 2 - l ( a  andb) ,  therefore  gives considerable confidence in 

the e r r o r  assignment. 

Report  is given in Table 2-1(c) for  reference.  

indicated in Table 2-1 give the following "trajectory" referenced e r r o r s :  

Table 2-l(b) l i s t s  the total e r r o r  

This 

The total  IGS e r r o r  reported in the NASA 30-Day 

The IGS e r r o r  magnitudes 

Velocity magnitude e r r o r  

Flight path angle e r r o r  

Out-of-plane velocity e r r o r  

= t4. 1 f t / sec  

= to. 015" 

= t11 .0  f t / sec  

2 . 2  IMUERROR 

Analyses to recover  iner t ia l  measurement  unit (IMU) e r r o r  source 

coefficients were performed by using procedures  and data processing 

programs as documented in Reference 2. 

accomplished in the following manner:  

The e r r o r  saurce  recovery was 

a) Accelerometer bias e r r o r s  were  determined f rom the slopes of 
the IGS sensed velocities during an interval of orbi t  flight when 
no thrusting was being applied. 

A regression analysis in the tracking data velocity domain was 
performed on the IGS/ t racker  res iduals  af ter  compensating for  
the previously determined accelerometer  bias e r r o r s .  

b) 



(b) I I i (a) ! 

TRW Ascent Data Analysis I TRW Orbit 1 

Para- 1 
meter , 

i IMU Error  

z 

(c) 
NASA 30-  

: Recon- 
struc tion 

Navigation 1 Total Total 
Equation i IGS Error  IGS Error 
Error 1 I 

-0.13*0.21+5.1*0.5 , t 5 . 4 * 1 .  
‘-3.2 *l. 

I 
-0.39 *0.1 i -5.3 *2.0 

-0.38 *O.  1 1 11.0  *2.0 

-53 .  * 5 .  -617. *ZOO. 

-15 *5. +985. *loo. 

2 .2 .1  Accelerometer Bias Determination 

t11.1 * 2 .  

t813. *loo. 
-786. *loo. 
i 1021 .  * 200. 

Day 
Report 

Total 
IGS Error  

+5.0*1. 

-4.9 *2. 

+11.4 * 2 .  

+920. *loo. 
t120. *loo. 
+1015. *zoo. 

The accelerometer biases a r e  determined prelaunch by calibration, 

and the ascent acceleror 
mined estimates. 
an ideal test situation to recalibrate these biases. 

out in real-time, and the co. 

if they appear to be significzntly different from the preflight values. 
Various segments of orbit IGS telemetry data a re  available to TRW, and 

a postflight determination of accelerometer bias is also made. 

summarizes the various bias determinations. 

TRW postflight value and the preflight value inserted into the IGS com- 

puter during ascent is listed in  parts-per-million of gravity as an ascent 

IMU er ror  in Table 2-3. A history of the prelaunch calibration values for 

bias is plotted in Appendix C.  

ir output is compensated for these predeter- 
How:qe_;-, the free-flight intervals of orbital flight offer 

This test is carried 

Jter bias constants a re  updated during orbit 

Table 2-2 

The difference between the 
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Table 2- 2. Gemini 8 Accelerometer Bias Estimation 

Time 
Source of X -Bias Y- Bias Z -Bias 

(counts/sec) (counts/sec) (counts/sec) Me a s u r  eme nt 

1. 02997567 0.16331029 -0.09914397 Preflight Prelaunch 
calibration, 
ascent  com- 
puter com- 
pensation 

1.040 0.163 - 0 . 0 7 0  In-orbit up- Revolution 1 
date 

1.0446 0.1599 -0.0720 Postflight Revolution 4 
determination 
( T R W  

2.2. 2 E r r o r  Source Regression Results 

The identification of individual e r r o r  sources ,  in addition to acce l -  

erometer  bias, was attempted mainly by a statist ical  e r r o r  source re- 

gression, i. e . ,  by a weighed least-square-fi t  of the probable IGS and 

t racker  e r r o r  sources  to the (bias compensated) IGS/tracker differences. 

The regression was made in the coordinates of the external tracking sys- 

t ems  and involved a simultaneous solution for  IGS, MISTRAM I and 11, 

and G E  Mod I11 e r r o r s .  A discussion of the regression technique and 

more  details on various computer runs,  problems, and limitations in the 

analysis are contained in Appendix D. 

source analysis are summarized in Tables 2-3 and 2-4. The  tables also 

include the NASA/Honeywell preflight e r r o r  source est imates  as well as 

the postflight es t imates  included in the NASA 30-Day Report. 

t r acke r  e r r o r  source recovery resul ts  a r e  presented in Table 4-1 of 

Section 4. 

The resu l t s  of the IGS e r r o r  

The  external 

Table 2-3 l i s t s  the IGS e r r o r  source magnitudes, and Table 2-4 l i s t s  

The e r r o r  their  contributions to the total IGS e r r o r  a t  SECO t20 seconds. 

sources  a r e  grouped pr imar i ly  as to the type of e r r o r  source  and to a 
lesser extent in accordance with the velocity e r r o r  propagation correlation 

among them. 
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Table 2-3. IGS Error Source Summary 

E r r o r  source 

I Accelerometer 

X accelerometer bias 
Y accelerometer bias 
Z accelerometer bias 
X accelerometer scale 

2 i cce le rometer  scale  

Z accelerometer mis -  

factor 

factor 

alignment toward X 

11 Pi tch drift  

Y gyro constant dr i f t  

Y gyro input axis 
rate  

unbalance 

III Roll and azimuth drift  

X gyro constant drift  

Z gyro constant drift  

X gyro input axis 

Z gyro input axis 

X gyro spin axis 

Z gyro spin axis 

ra te  

ra te  

unbalance 

unbalance 

unbalance 

unbalance 

IV System 

Platform azimuth 
misalignment 

IGS time correlation 
IGS time scale  factor 

Units 

PPm g 
PPm g 
PPm g 

PPm 

PPm 

sec 
r? 

/hr 

O / a r / g  

0 

O/hr 

/fir 

/ h r  /g 

/h r  I g  

/ h r / g  

0 

0 

0 

0 

lhr /g 0 

STC 
sec  
PPm 

TRW analysis 

Recovered 
:oefficient 

~ 

+45.5 
-10.5 
t84.1 

k200.0 

-58. 

-38. 

(1 

to. 002 

(1 1 

(1) 

(1) 

-0.18 

-1. I 

(1 

$57. 

-90. 
+O. 025 

Jncertainty 
(2 1 

I O .  
I O .  
io. 
30. 

157. 

37. 

- 
0. 30 

- 
- 
- 
0. 30 

0. 44 

- 

18. 

20. 
0. 006 

Preflight 
measured 
:oefficient 
(NASA/ 

sone ywe 11 ) 

+IO.  9 
+45. 
-69. 

-80. 

f31 .4  

-7. 8 

-0.043 

-0.029 

+O. 085 

-0. 107 

-0.221 

+Q. 079 

-0.41 

-0.06 

NASA 
30-day 
report  

M. 
+IO. 
100. 

200. 

150. 

-30. 

-0 .1 

+o. 12 

+O. 08 

-0.22 

+O. 08 

-0.72 

+o. I 

+43. 

100. 
+O. 029 

(I'Not included in the statistical regresoion e r r o r  model because 
of high correlation with other t e rms .  

("Uncertainties are 1-sigma estimates. 
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Table 2-4 .  IGS Error Source Contribution to Velocity Error 
at SEGO +20 Seconds 

E r r o r  source  

I Accelerometer  

X acce lerometer  bia 
Y acce lerometer  bia 
Z acce lerometer  bia 
X acce lerometer  

sca le  factor  
2 acce lerometer  

sca le  fac tor  
2 acce lerometer  

misal ignment  
toward X 

Total I 

I1 Pitch dr i f t  

Y gyro constant dr i f t  

Y gyro input ax is  

Total I1 

ra te  

unbalance 

111 Roll and azimuth 
drift 

X gyro constant dr i f t  

Z gyro constant  dr i f t  

X gyro input axis 

Z gyro input axis 

X gyro spin ax is  

Z gyro spin axis 

Total I11 

ra te  

ra te  

unbalance 

unbalance 

unbalance 

w.balance 

IV System 

IGS azimuth 

IGS t i m e  cor re la t ion  
IGS t i m e  scale facto] 

Total IV 

misal ignment  

Total ItIItIII+IV 

Navigation 

Total IGS 

TR W analys is  

x Y z 

+0.18 -l.i 
+O. 16 

to .  93 

+4.97 

t o .  40 

-4.55 -- - 
f5 .15 -4 .32 t o .  16 

t o .  06 

+O. 06 

+O. 09 -6. 26 

-0. 06 -0.60 + I O .  6 0  

--- 
+0.03 -0.60 t 4 . 3 4  

t 6 . 8 5  

+6. 85 

+5.18 -4.86 t 1 1 . 3 5  

-0.13 -0.39 -0.38 --- 
+5.05 -5. 25 + I O .  97 

Pref l igh t  m e a s u r e d  
(NASA/Honeywell) 

x Y i 

+0.05 -0.27 
-0. 7 

-0 .80 

-2 .0  

-0 .21 

-0 .94  

-1 .95  -2.22 -0 .7  
--- 

- 0 . 0 4  -1.15 

t o .  i o  +0.77 

t o .  06 -0.38 
-- 

-0.01 + O . O l  -0 .85 

+0.02 0 -1.47 

t o .  02 +O. 02 t2 .  8 0  

-0 .04  0 t 2 . 7 5  

-0.02 -0.20 +3.95 

+o. 47 

-0. 03 -0.17 t7 .65  
--- 

-1.93 -2.77 t6 .95  

NASA 30-day 
r e p o r t  

x Y Z  

+O. 18 -1. I 

-1.1 
-0. I 

+4. 9 

T I .  0 

-3 .6 --- 
+5. 08 -4 .8  -0. i 

-0. 1 -2 .7  

to. 1 t 3 . 2  

to. 0 t o .  5 
- -  

-0. 8 

to. 1 -2.7 

+2.7 

-0. 2 t 6 . 7  

+O. 8 - -- 
t o .  1 -0.2 +6.7 

+5. 2 

t 5 .  2 
+5.2 -4. 5 t i i .  8 

-0 .2  - 0 . 4  - 0 . 4  

t 5 .  0 -4. 9 441. 4 

- -- 



3150-6036-R8-000 
Page 2-1 1 

-cap 

It must be emphasized at the outset that the complete separation of 

possible IMU and tracker e r ror  sources by analysis of t t e  postflight IGS/ 
tracker position and velocity comparison residuals is impossible. There 

is simply insufficient information in the comparison to differentiate among 

the great number of probable sources. In other words, there is too high a 
correlation or similarity among large groups of possible error  sources to 

pick out the individual contribution of each er ror  source. Various sub- 

stitute procedures can be attempted, and the one general approach used 
in this analysis is to limit the regression e r ror  model to only one or two 

representative and probable e r ro r  sources within each correlated group 

and solve for these. 

"representative" error  source is in effect an equivalent coefficient stand- 

ing for some linear combination of all the possible errors  in the corre- 

lated group. 

sources is not possible or to be implied from the analysis included here. 

What is provided is a "statistically reasonable" explanation of the observed 

differences and an indication of the kind of e r ror  source that is causing a 
trajectory position and velocity measurement e r ror  on the flight. 

The coefficient recovered in the regression for this 

The net effect then is that a unique separation of e r ror  

There a re  some error sources, of course, that can be identified 

with much better conf idencehothers ,  e. g. , X accelerometer scale 

factor error ,  because oftheir lack of similarityto other e r ror  terms or 
because of preferred directionalpropagation with respect to the external 

tracking system. Another most important aspect of the analysis is  that, for 

the most part, this problemwith correlationamong er ror  sources does - not 

affect the assignment of total guidance system er ror  (Section 2.1). Therefore, 

there is a large uncertainty as to what some of the individual error  source 
coefficients are ,  but not in their net effect. 

2 ft/sec (depending on coordinate and time) in the specification of IGS 
e r ro r  propagation as a result of analysis of the redundant tracking data. 

Whatever the proposed er ror  solution, it must give an explanation of the 

observed differences to within these accuracies throughout the flight. 

There is accuracy of 0.5 to 

2.2.3 Discussion of Er ror  Analysis 

The dominant recovered errors that explain the x axis residuals 

a r e  the IGS time correlation and scale factor e r rors  and the X accelero- 

meter scale factor error  (see Tables 2-3 and 2-4). The X scale 

factor e r ror  of approximately 200 ppm is the cause of the main trend 



3 150 -6036 - R8 - 0 0 0  
Page 2-12 

in  the x axis residual  and amounts to  5 f t /sec e r r o r  a t  SECO t 20 seconds 

( see  Figure 2 -1 ) .  The velocity res iduals  result ing f rom timing e r r o r s  

a r e  directly proportional to  acceleration and are evidenced by - 1.3 and 

+1.2 f t /sec jumps in  the x velocity res iduals  a t  160 and 337 seconds, 

respectively, corresponding to the abrupt acceleration changes at BECO 

and SECO. 

e r r o r  after SECO, these e r r o r s  do cause approximately 1 f t / s ec  of IGS 

gravity integration e r r o r  a t  burnout and position e r r o r s  equal to  the 

integral  of the velocity e r r o r .  

e r r o r  contributors a r e  shown as dashed curves in Figure 2-5. 

combined effect, along with the effect of other minor e r r o r  sources ,  is 

shown as a solid line on this plot. 

Although the timing e r r o r s  cause no explicit IMU velocity 

The propagations of these major  x axis 

Their  

The Z accelerometer  scale  factor and misalignment and the IGS 

timing e r ro r s  could account for the major  portion of the y axis trend. 

These e r ro r  source propagations a r e  shown in Figure 2-6. 

erometer  bias e r r o r ,  which resul ts  in an initial misalignment about the 

Y accelerometer axis, and the Z accelerometer  bias e r r o r  both have 

contributions to the y axis residual, but their  velocity e r r o r s  propagate 

with opposite sign so as to near ly  cancel their  net effect. 

The X accel-  

F i g u r e  2-1 shows that there  is good agreement  between MISTRAM 

and G E  Mod 111 tracking data in the crossrange,  z ,  direction and indicates 

an IGS e r ro r  of 11 to 1 2  f t / sec .  

of 1 . 6  f t /sec at 140 seconds, which is the t ime the G E  Burroughs/IGS 

update should zero  out the c ross - range  IGS velocity e r r o r .  

update, which appears  due to an approximation in the Burroughs computer,  

resu l t s  i n  an equivalent 50-60 a r c  seconds IGS azimuth misalignment and 

accounts for approximately one-half the 2 burnout e r r o r .  The remaining 

i e r r o r  is accounted for in the regression by the Z gyro and X gyro g- 

dependent drift r a t e  t e r m s  ( s e e  Tables 2-3 and 2-4). 

drift  terms as well as  azimuth alignment contribute to the z axis residual 

in a highly correlated manner such that the regression is severely limited 

in i t s  e r ror  source  discrimination. 

in the large uncertainty associated with the recovered X and Z gyro drift  

e r r o r  sources ( s e e  Table 2-3 ) .  However, f rom an analysis of all the r e -  

gression runs ( see  Appendix D), and as fur ther  indicated by the preflight 

Also note that there is a residual e r r o r  

This inexact 

All the X and Z gyro 

This fact  is mathematically represented 

I 
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calibration data, there appears to be a good reason to suspect a large X 
gyro spin axis unbalance drift error  source. The velocity e r ror  propa- 

gation of each significant recovered error source is shown. in Figure 2-7. 

The net f i t  associated with all the recovered IGS er ror  coefficients 
listed in Table 2-3 is shown as an overplot on the IGS/tracker differences 
in Figure 2-8. It is evident that the postulated IGS er rors  do not provide 

a satisfactory explanation of the y axis MISTRAM residuals, which show 

an increasing deviation from the fit-curve and the Mod 111 data starting 

at BECO and continuing beyond SECO. 
and P IOOK refraction error  of two parts per million in the index of 

refraction (2 n units) were recovered from the error  analysis of the 

tracking data (see Section 4). 

IGS er rors  provides an explanation of both the MISTRAM and Mod III 
residuals to within 0.5 to 1 ft /sec throughout flight in all coordinates. 

2 .2 .4  Preflight Measurement of IMU Errors 

A MISTRAM P bias of 2.2 feet 

Combining these e r rors  with the recovered 

A set of preflight-measured IAillJ e r ror  source coefficients obtained 

from NASA/Honeywell are also presented in Tables 2-3 and 2-4. Figure 

2-9 illustrates the velocity e r ro r  propagation curve associated with these 

coefficients. 

for the incorrect azimuth update) provide an explanation of the y and z 
axis residuals to within a few feet per second throughout flight. 

considered a reasonably good flight verification of the preflight estimates, 

However, the 2 residual is poorly compensated by the preflight estimate. 

The difference of approximately 8 ft/sec in burnout error  i s  most likely 

due to a change from the preflight calibration of the X accelerometer scale 
factor and amounts to a 300-parts per million error.  

calibration values for gyro drifts and accelerometer bias and scale 

factor is presented in Appendix C.  

It is observed that the preflight error  estimates (adjusted 

This is 

A time history of 
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Figure 2-8.  Sensed Coordinates AV W i t h  Recovered IMU Error 
Source Fit 
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Figure 2-9. Sensed Coordinate A V  With Preflight Measured E r r o r  
Source Fit 
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2.3 AZIMUTH UPDATE 

An IGS azimuth correction is calculated at  three separate times by 
On the first  pass through the navigation equations the onboard computer. 

after platform release, the roll gimbal angle reading is compared to the 
desired value, and the difference is used as  a correction to the intended 

flight azimuth. 

plies that the platform is rotated clockwise from the desired azimuth. 

This correction is called AqX, where a positive value im- 

Additional azimuth corrections a r e  made during flight at 100 and 

140 seconds after liftoff. 

range (z direction) velocity, a s  measured by GE/Burroughs, with that de- 

rived from the airborne system and attributing the residual to an IGS 
azimuth misalignment. 

Gemini 8 mission for the first  time and are presented in Table 2-5. The 

update values determined during the postflight data analysis a re  also pre- 
sented as determined by the following methods: 

These a re  calculated by comparing the cross- 

The calculated updates were telemetered on the 

a) Calculated from the telemetry data, and simulating the 
in-flight calculations 

Calculated from the jumps in the inertial velocity com- 
parisons and the delta-delta curve 

b) 



Table 2-5. Azimuth Update 

Time 
(sec  from liftoff) 

0 

100 

140 

TOTAL 

(100 and 140) 

Onboa r d 
computer 

to. 0018382 

-0.0014965 

-0. 0001249 

-0. 0016214 

-0. 092899 

simulation 

to. 001942 

-0. 001009 

-0. 000733 

-0. 001742 

- 0 .  0998 

The values indicated at 100 seconds include those a t  0 seconds. 

flight value for 0 seconds w a s  determined from an observable jump in the 

IGS z velocity af ter  platform release.  This jump corresponds to the f i r s t  

IGS correction, The te lemetered total azimuth correction of -0.0929' has  

been included in all plots contained in this report ,  

correction required of all the Gemini flights. 

follows. 

The post- 

This is the smallest  

A brief history of updates 

to. 001942 r a d  

-0. 001402 rad 

-0. 000135 rad 

-0. 001537 rad 

-0. 08806 deg 

Flight Azimuth Update Mean NASA/Honeywell 
Number (deg) Value Specification 

-0.29 
-0. 52 
-0.12 
-0.27 
-0.53 
-0.48 
-0.09 

-0.033 i o .  75 

2.4 REFERENCE ASCENT TRAJECTORY 

Appendix A contains a reconstruction of the ascent  t ra jectory gen- 

e ra t ed  by correcting IGS output for those recovered e r r o r s  l is ted in 

Table 2-3. 
iner t ia l  coordinates and in earth-referenced coordinates. 

sensed acceleration obtained by differentiation of the IGS accelerometer  

output is a l so  included. 

The t ra jectory is provided in Cartesian earth-centered 

A plot of the 



3. REENTRY IGS EVALUATIGN 

There was no post retrofire tracking data available for direct com- 

parison with IGS output during reentry. 
tion using ground tracking data during the two orbits preceding retrofire 

has permitted an accurate estimate of reentry initial conditions, and a 
span of IGS data beyond main chute deployment makes possible an evalua- 

tion of IGS platform misalignment. 

However, a trajectory reconstruc - 

Table 3-1 presents a summary of spacecraft impact measured by the 

IGS, the recovery ship, the sighting aircraft, and the TRW postflight 

reconstruction. The same information is  displayed in Figure 3-1. The 
large crossrange motion of the telemetered IGS ground trace is  due to one 

of the obvious IGS e r rors  recovered in the TRW analysis. 
mate of total IGS er ror  a t  drogue chute deployment is: 

The best esti- 

7. 6 f 1 n m i  right 

8. 1 f 1 n m i  long 

3 . 7  f 1 n m i  low 

AS seen in Table 3-2, which summarizes recovered e r r o r  sources 

and their effects, most of the downrange e r ro r  is attributable to the error  
in initial conditions, the altitude error is  primarily due to IGS platform 

pitch misalignment, and the crossrange e r ro r  is caused by both roll and 

azimuth misalignments. 

traces of the uncorrected IGS trajectory, the IGS trajectory with initial 

conditions corrected, and the IGS trajectory with both initial conditions 

and misalignments corrected, provides an indication of the contribution 

of the various errors .  

Figure 3-2, which presents a plot of ground 

3.1 INITIAL CONDITIONS 

Table 3-3 presents the retrofire state vector from the Real-Time 
Computer Complex (RTCC) used by the IGS for reentry initialization and 

the retrofire state vector recovered by the TRW orbital reconstruction 

program (ESPOD)(see Reference 1). 

is primarily due to inaccuracies in the RTCC vector. 

f ire conditions, this RTCC vector was propagated through approximately 
two orbits from the Hawaii 05 differential correction; ESPOD, on the 

It is also shown that the difference 

To obtain retro- 
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Latitude Longitude 
(deg) (deg) Description 

Table 3 - 1. Estimated Impact Summary 

C ro s srange 
miss distance 

(n mi) 

TRW 
Trajectory 
Reconstruction 

Intended t a r  get 
Ship pickup t25.37 t135.93 t6.18 
Aircraft sight. t25. 23 t135.90 -2.36 

chute -2.59 

1 t 

Main 
chute t25.352 t135.967 t5.58 
Final 

Main 

-16.01 

IGS* 

point 
-8000 ft 

Drogue I chute I t25.349 I t135.941 I t4.99 

t25.349 t135.973 t5.47 

Initial conditions 

Platform misalignment 

* 54000 -4000 -8000 

Downrange 
miss  distance 

(n mi) 

About X accelero- 
meter axis 

About Y accelero- 
meter axis 
About 2 accelero - 
meter axis 

- -  
-5. 28 
-5.0 

t3.27 

+* 
-1565k300 -4000 - 19000 -300 

-4000 - -20000 - 1325 f 100 t2500 

-2220 f300 -3000 - 14000 t500 

t6. 9 

t5.34 

-4. 86 

-3.09 

-2.73 

The "drogue chute" impact estimate should be used for ICs accuracy 
evaluation, since IGS guidance capability essentially ends at this time. 

Note: A positive value indicates, respectively, North latitude, East longitude, 
a long downrange miss,  or  a crossrange mis s  to the left of the intended 
target. 

Table 3-2 .  Reentry Error  Source Summary 

I I 

Erro r  Source 
RecoveEd e r r o r  Position e r r o r  a t  drogue 

(sec) 1 DowEtnge Crossrange Up 
(ft) (ft) 

* 
See differences in Table 3-3. 

The f numbers a re  l o  estimates. ** 

Note: The position e r ro r  values listed here a r e  only approximate. 
lese significant e r ro r s  were caused by those sources found during 
the ascent analysis which were also assumed present during reentry. 

Other, 
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Figure 3-1 .  Map of Estimated Impact Points 



Figure 3-2 .  Effects of Initial Condition and IMU Corrections Upon 
IGS Trajectory 
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other hand, used all available data including the Ascension 07 r a d a r  pass ,  

which occurred l e s s  than 8 minutes before re t rof i re .  

Ascension 07 f i t  agrees  closely with the ESPOD fit. 

of the s ta te  vector shown in Table 3-3  is ECI with x through Greenwich at 

0 day of launch. 

Moreover, the RTCC 

The coordinate system 

h 

Table 3-3. IGS (RTCC) and TRW (ESPOD) Retrofire Conditions* 

IGS vector TRW vector Difference : 
IGS - T R W  

X +IO, 094,700 ft +IO, 131,910 f t  -37,210 ft 

Y t19,407’, O G O  ft +19,393,020 f t  t13,980 f t  

Z -317,700 f t  -338,502 f t  +20,802 f t  

X -19,638.0 ftf  s ec  - 19, 609. 7 ft/ sec  -28. 3 f t l s ec  
Y $10,417. 8 f t / sec  tlO,461. 0 f t / s ec  -43. 2 f t l s ec  

Z t12 ,  259. 8 f t / sec  $12, 259. 7 ftf sec  to .  I f t / sec  

d h  h .,. I C  

Time = 1 2 45m49S f r o m  0 day of launch 

3.2 PLATFORM MISAUGNh4EMENT 

An accurate  set  of t ra jectory measurements against  which the IGS 

may be calibrated is necessary  for  recovery of IGS e r r o r  sources.  

Gemini 8, this condition was partially m e t  by the extension of IGS data 

into the lower atmosphere where the main chute w a s  deployed. Due to 

the lack of conventional t ra jectory measurements during main chute 

descent, nominal steady-state conditions were used for comparison with 

TGS indicated values, The assumption of 

nominal conditions was  pr imari ly  based upon postflight reporting that a 
smooth Gemini 8 splash-down occurred. Nevertheless,  had the actual 

main chute velocity been as l a rge  as twice nominal, the assumption wnuld 

have been approximately five t imes more accura te  than the IGS indicated 

value. 

On 

These are listed in Table 3-4. 
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Table 3-4. Assumed Steady-State Reentry Conditions 

Velocity 
1 . y  I: i c 2 1 

(ft) (f t  / sec)  

Time from Altitude Velocity Velocity re t rof i re  
crossrz-s,;c dowmrange Event 

(set) 

Drogue chute 1909 50,000 0 * * 
Main chute 2005 10,000 0 -8. 

plus  2.37 

* .L 

Main chute 

m i nut e s 2147 e,. 0 0 -32 .l. 

.II 1- 

No assumption made  

As noted, a s t e r i sks  in Table 3-4 indicate no assumption w a s  made  

for the given quantity. 

point and the zero c ross range  velocity a t  50,000 feet were used to compute 

the misalignments, and the other values were used only to check the 

reasonableness of the result ing trajectory.  

nents of velocity could be in e r r o r  by tens of feet  per  second due to 

surface winds a t  reentry,  but this is smal l  compared to the near ly  400 

f t / s e c  indicated IGS horizontal velocity that w a s  probably due to platform 

misalignment. 

In fact, the three velocity components a t  the final 

The final horizontal compo- 

The e r r o r  model used to fi t  the observed velocity differences 

consisted of only platform alignment e r r o r s  for the following reasons: 

a) N o  other e r r o r  source could supply a significant portion of 
the observed e r r o r  without being grossly out of tolerance. 

b) Nominal ICs performance w a s  seen during the ascent  flight, 
which was only' 10 hours  before reentry.  

c) The recovered misalignments are all of reasonable s ize  
relative to expected values, 

Although their  effect was relatively smal l  on the reent ry  e r r o r ,  the 

ascent-recovered M U  e r r o r s  were a l so  removed from the IGS indicated 

reent ry  trajectory. 

1 
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3 . 3  SIMULATION RESULTS 

3. 3. 1 MSC Simulation 

Two point-mass reentry simulation runs were made by MSC, one 

using the same retrofire state vector as the IGS and the other the retro- 

fire state vector recovered by the TRW orbital trajectory reconstruction. 

The simulation impacts were then compared with the two trajectory impacts 

formed by integrating the IGS accelerometer data from each of the retro- 

fire state vectors, as was done in the TRW reentry reconstruction. 

position difference between the two impact points was of the same magni- 
tude in simulation and integration of IGS, but of opposite direction (see 

diagram below). 

The 

TRW/IGS RECONSTRUCTION MSC SIMULATION 

IGS INITIAL T!?W INITIAL TRW INITIAL 
CONDITIONS CONDITIONS CONDlTlONS - w- 11 NMI - 10 N MI -m 

IMPACT MISS 
DUE TO INITIAL 

CONDITION ERROR 

DOWNRANGE - 
The explanation of this somewhat unexpected result is that, in sirnulatior,, 

drag acceleration is  a function of computed altitude and depends directly 

upon initial conditions. 

acceleration is given by accelerometer output and is independent of both 

computed altitude and initial conditions. 

navigation and guidance encompasses use of IGS data for navigation and 

simulation results for guidance from the indicated position to the intended 

target. There is, therefore, a complicated tradeoff among initial 

condition error,  navigation error,  and resulting guidance or 

On the other hand, in integration of IGS data, drag 

Note that the actual reentry 
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steer ing e r rors .  

how each of these add together to give a n  effective total system m i s s  from 

the intended target.  

3 . 3 . 2  McDonnell 6-Degree-of-Freedom Simulation 

It was beyond the scope of this analysis to demonstrate 

The position and velocity differences between the McDonnell simula- 

tion and the TRW reconstruction of reentry a r e  presented in Figures  3-3 

through 3-5. These plots appear in IGS coordinates. 

The differences a r e  large pr imar i ly  because the McDonnell simula- 

tion begins with the RTCC re t rof i re  state vector used by the IGS ra ther  

than the updated one used by TRW. The in-plane differences observed 

(x and y) a re  consistent with the differences in initial conditions and their 

resulting propagation through reentry in a strictly simulation sense.  

is, f rom the MSC point-mass results,  it is expected that a simulation using 

IGS initial conditions will impact approximately 10 mi les  short  of the same 

simulation using the TRW initial conditions. 

indicated at  the end of the comparison (F igures  3-3  through 3-5), which 

corresponds to an  altitude of 80,000 feet, i s  about 20 mi les  short  of the 

TRW reconstruction a t  that point. The additional e r r o r  may be due to 

what amounts to an  effective timing e r r o r  between the two t ra jector ies  

near  the end (the velocity difference has  not get gone to zero,  and the 

position e r r o r  i s  getting smaller) .  

t rue simulation e r r o r  in addition to the initial condition e r r o r ,  and this 

e r r o r  wil l  a l s o  appear in this comparison. 

That 

Actually the position e r r o r  

It is a l so  expected that there is some 

The peak crossrange e r r o r  a t  1800 seconds ( see  the plot of de't A a z  

in Figure 3-5) may a lso  be partly due to the different crossrange acce lera-  

tion profile resulting from the incorrect  initial altitude. 

analysis uncertainty in dividing main chute crossrange velocity e r r o r  

between IGS platform yaw and roll  alignment e r r o r ,  it i s  believed that 

not more  than 50 percent of this e r r o r  is a l so  in the TRW reconstruction. 

3 . 4  REFERENCE REENTRY TRAJECTORY 

Due to the TRW 

The reentry t ra jectory was  reconstructed by integrating the equations 

of motion using corrected IGS measurement  of sensed velocity and the 

TRW estimate of the initial conditions. The corrections applied to the 

IGS output were for the ascent  recovered IGS e r r o r s  defined in Section 2 
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and for the initial platform misalignment errors recovered during the 

reentry phase evaluation. 

acceleration, relative velocity magnitude, flight path angle, and altitude 
follow (see Figures 3-6 through 3-16). 

Plots of spacecraft sensed velocity and 

Appendix B contains a complete listing of the reentry trajectory 

reconstruction in an earth- referenced coordinate system. 
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4.  TRACKING SYSTEM PEXFORMANCE 

Tracking data available for analysis of the Gemini 3 IGS performance 

included the following: 

a) GE Mod IU/Burroughs (TRW-processed) 

b) GE Mod IE/Burrwghs (GE-processed) 

c) 
d) MISTMM 11 (passive mode) 

e) AFETR MISTRAM-only BET 

MISTRAM I Quick Look 1OK and lOOK 

AFETRfinalBET 

r 

Each of the above sets was used for Bosition and velocity comparisons, as 
described in Section 2. The TRW-processed GE Mod III/Burroughs data 
w e r e  used for quick look analyses; however, detailed analyses were sub- 
sequently accomplished with the remaining sources. 

(TOPS), which is used to produce powered flights best estimates of tra- 
jectory (BET), was also used to aid in the tracking data analysis. The 

results of the ensemble IMU/tracking system analysis accomplished on 
this flight a r e  presented in Table 4-1. 
obtained by AFETR, GLAD, and BET programs. 

A TRW program 

Also presented a r e  e r ror  sources 

For a clear picture of what portion of the observed differences are 
considered a tracking error,  tracking system data were  compared wifh 

inertial guidance data that had been corrected for guidance system e r ro r s  
derived from the regression analysis results of Section 2. 

In general, the most significant tracking system er ror  was an approxi- 

mate 2-foot bias in the MISTRAM I lOOK P channel measurements (because 

of forced internal consistency, there was about 0.2-foot bias also in the 

10K P channel). 

was the performance of the MISTRAM 11 system. 

only BET agreed well with the final TRW trajectory, while the AFETR 

final BET contained a small difference in the vertical direction, amounting 

to about 3 ft/sec at SECO. 

The GE Mod XU system performance was nominal, as 
The AFETR MISTRAM- 
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4. 1 GE MOD 111 

4. 1. 1 GE Mod III/Burroughs (TRW-Processed)  

The Burroughs data received a t  TRW consisted of r a w  counts re -  

corded on punched paper tape a t  a rate  of two samples  per  second. 

data were t ransfer red  to magnetic tape a t  TRW and processed in the data 

reduction programs.  

The 

Figures 4- 1 and 4-2 show GE/Burroughs (TRW)-compensated IGS 

comparisons in guidance coordinates. 

differences a r e  within the uncertainties of both the GE system and the 

compensated IGS data ( see  Section 2) .  

GE-processed Burr,---- '  

muth and elevation biases  of -0.000015 radian and -0.00005 radian, 

respectively, and a range bias of about -75 feet, all of which a r e  nominal 

values for the GE Burrough t racker  measurements .  The analysis,  in- 

cluding the GE rate  (f, p, q)  measurements  (Section Z ) ,  showed some 

remaining residual  e r r o r s  in these data, although their level w a s  generally 

with in the e xp e c te d un ce r ta inti e s . 

4. 1. 2 GE Mod III/Burroughs (GE-Processed)  

No major  e r r o r s  a r e  evident, and  

The regression analyses  using the 

data (Section 4. 1. 2) resul ted in es t imated az i -  

The General Electr ic  Company processes  essentially the same two 

per  second Burroughs data which a r e  t ransmit ted to Syracuse in near  

real-t ime via hardwire.  

cessing techniques (TRW and GE) a r e  the amount of filtering applied to 

the data and the method of correcting for refraction effects,  

The p r imary  differences between the two pro-  

4 . 2  MISTRAM 

The MISTRAM data received a t  TRW a r e  fully scaled and cor rec ted  

raw range sum, P, and  Q measurements .  

through the TRW transformation and comparison programs in the usual 

m anne r. 

These data were processed  

> ~~ 

Figures 4-3 and 4-4 show the GE-processed Burroughs data- 

compensated IGS comparisons,  

the heavier degree of filtering in the GE-processed data. 

disagree with the TRW data (Figure 4-1) in the y direction by approximately 

1.5 f t / sec  at SEGO because of differences in refraction correct ions applied. 

Comparison with Figure 3-3 clearly shows 

These resul ts  
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4. 2. 1 MISTRAM I 

Figures 4-5 through 4-8 show the MISTRAM I 10K and 100K- 

compensated ICs comparisons.  

Except for  noise levels,  these resu l t s  agree  with each other  because 

of forced internal consistency between the 10K and lOOK systems.  

p r imary  e r r o r  found to be present  in MISTRAM (Section 4. 3 and 4 .4 )  was 

a n  approximate t2-foot bias and 2 n-unit refraction e r r o r  in the P 100 

channel, the effect of which is most  noticeable in the IGS y (ver t ical)  co- 

ordinate (Figure 4 - 7 )  where a positive trend culminating in about t 1 6  f t / s e c  

a t  SEGO t20 seconds is  apparent.  

somewhat into the x and z coordinates, although a t  a greatly reduced level. 

Subsequent analyses by AFETR (Section 4. 3) and TRW (Section 4. 4) indicated 

that there were no other significant e r r o r s  in the MISTRAM I measurements .  

The 

This P bias e r r o r  a l so  propagates 

4 .  2.  2 MISTRAM I1 (Pass ive  Mode) 

F i g u r e s  4-9 and 4- 10 show the MISTRAM 11-compensated IGS com- 

These resu l t s  in general  represent  the best  par isons in IGS coordinates. 

performance of MISTRAM 11 observed thus far in the Gemini se r ies .  Except 

for  an  initially high noise level  due to the low elevation angle a t  acquisition, 

these differences agree  quite well with those of the BET analyses (Sections 

4. 3 and 4 . 4 ) .  

I1 measurements .  

Gemini 8 t ra jectory relative to MISTRAM 11, resulted in the overal l  good 

performance of this system for  this flight. 

4 . 3  AFETR BEST ESTIMATE OF TRAJECTORY 

These same analyses showed no large e r r o r s  in the MISTRAM 

This fact, coupled with the improved geometry of the 

4. 3 .  1 MISTRAM-Only BET 

The MISTRAM-only BET is computed by means of the AFETR "GLAD" 

program using MISTRAM I (10K and 100K) and MISTRAM I1 measurements .  

The solution is obtained from a conventional least-square adjustment of 

measurement  biases  and Cartesian t ra jec tory  values. A rate  bias t e rm is 

included in the MISTRAM I1 (passive)  range sum e r r o r  model. No refrac- 

tion te rms  a r e  solved for .  
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Figures  4-1 1 and 4- 12 show the f i n a l  MISTRAM BET-compensated 

IGS comparisons. 

adjustment ag rees  well with the results of the IGS regression of Section 2. 

The biases  es t imated by GLAD were t2.46 feet for MISTRAM I P 100 

(0 .21  for  P lo),  tQ.81 foot for Q 100 (0 .08  for  Q l o ) ,  t 2 . 1 5  feet  for  
MISTRAM ZI P, and +1.08 feet for  MISTRAM I1 Q. Range sum estimated 

b iases  were  0.68 foot for MISTRAM I and -0.09 foot for MISTRAM II. 
These values a l so  agree well with those estimated by the TRW TOPS 

analysis (Section 4.4). 

4. 3 . 2  Final BET 

These differences imply that the GLAD trajectory 

The AFETR final BET is a conventional weighted least-square 

adjustment using measurements  from MISTRAM, GE, FPQ-6 radars, 

and x-band GLOTRAC stations. 

Figures  4- 13 and 4- 14 show the f i n a l  BET-compensated IGS com- 

parisons.  

which implies that the BET incorrectly es t imated t racker  bias e r r o r s  by 

a n  amount sufficient to cause about 3 f t / sec  ver t ical  velocity e r r o r  at 

SECO. F o r  example, this is reflected in the final BET'S est imate  of 

MISTRAM I P l O O  bias, which w a s  +1.2 feet, a figure low about 1 foot 

(Section 4 . 4  and 4.4. 1). 

during the analysis of the Gemini 6 IGS. 

4 .4  TRW TOPS BET 

The most  significant difference is the trend in the y coordinate, 

This same type of f inal  BET e r r o r  w a s  noted 

Input to the TRW TOPS program consisted of MISTRAM I and LE and 

GE Mod LU ( t rack and ra te )  measurements.  

the TOPS-compensated IGS comparisons. 

with those of the preceding analyses and help to verify the est imates  of 

guidance system e r r o r s .  

of P and  Q biases at SECO were  approximately t2 .1  and to. 12 feet, respec-  

tively. 

P lOOK refraction e r r o r  was a l so  estimated in the TOPS analysis.  

mated  e r r o r s  for  the MISTRAM II and G E  Mod III systems were nominal 

and agreed  well with the regression results of Section 2. 

Figures  4-15 and 4-16 show 

These resul ts  generally a g r e e  

In t e r m s  of MISTRAM I 100K, the TOPS es t imates  

Est imated range sum bias was approximately -5 feet. A 2 n-unit 

Est i -  
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F i g u r e  4-1. G E  Burroughs and Compensated IGS A V  in  Sensed 
Coordinates 



T m D P m A F m L m m  

Figure 4-2. GE Burroughs and Compensated IGS A P  in Sensed 
Coordinates 
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Figure 4-3. GE Final and Compensated IGS aV in Sensed Coordinates 



Figure 4-4. GE Final and Compensated ICs A P  in Sensed Coordinates 
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Figure 4-5. MISTRAM I 10 K and Compensated IGS AV in  Sensed 
Coordinates 



V 

Figure 4-6. MISTRAM I 10 K and Compensated IGS A P  in Sensed 
Coordinates 
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Figure 4 - 7 .  MISTRAM I lOOK and Compensated IGS A V  in Sensed 
C o o r  dinat e s 
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Figure 4-8. MISTRAM I lOOK and Compensated IGS A P  in Sensed 
Coordinates 
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Figure 4-9. MISTRAM I1 Passive and Compensated IGS AV in Sensed 
C oor din at e s 
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Figure 4-10. MISTRAM I1 Passive and Compensated IGS A P  in Sensed 
Coordinates 
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,m u - T*.LTrI m 

Figure 4-1 1. MISTRAM Final  BET and Compensated IGS AV in Sensed 
Coordinates 
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Figure 4-12. MISTRAM Final B E T  and Compensated IGS A P  in Sensed 
Coordinates 
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Figure 4-13 .  AFETR BET and Compensated IGS AV in Sensed 
Coordinates 
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Figure 4-14. AFETR BET and Compensated IGS A P  in Sensed 
C 00 r dinat e s 
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--- 
+ti- t ' t  

Figure 4-15. TOPS BET and Compensated IGS 6.V in Sensed 
Coordinates 
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Fimre 4 -16 .  TOPS BET and Compensated IGS LIP in Sensed 
Y 

Coordinates 
- 
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5. RENDEZVOUS RADAR EVALUATION I 

The rendezvous analysis for  the flight consisted of comparing the 

onboard radar measurements (R, A, E) with a set of calculated measure- 

ments. 

jectories for both the Agena Target Vehicle (ATV) and the Gemini space- 

craft during the rendezvous sequence and then differencing the trajectories 

to obtain a relative position vector. 

5.1 TRW/RENDEZVOUS RADAR COMPARISON 

The calculated values were obtained by reconstructing the tra- 

The ATV and Gemini trajectories were reconstructed using the 

ground radar data detailed in Table 5-1. 

data were used in the TRW orbit prediction program to propagate the 

Gemini trajectory through the terminal maneuvers preceding docking. 

Gemini 8 IGS accelerometer 

Flight 
phase 

P r e  NSR 

Post NSR 
to 

TPI 

TPI 
to 

rendezvous 

Table 5-1. Ground Tracking Coverage 

Comparison 
interval 

GET 
(a) 

212 
to 

220 

270 
to 
315 

316 
to 
3 55 

Tracking data 
used in orbit I 

de t e rmi: 
Gemini 

CALC 02 
WHSC 02 
GTIC 03 
PREC 03 

CALC 03 
HAWC 03 
PREC 04 

Pre TPI 
fit propagated 
through burns 

ttion 
Agena 

CYIC 01 
CYIS 01 
CROC 01 
HAWC 01 
HAWS 01 
CALC 01 
GYMS 01 
WHSC 01 
TEXS 01 
HAWS 02 
CALS 02 
EGLC 03 
MLAC 03 
GBIC 04 
CALS 04 
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The results of the comparison between observed and calculated r en -  

dezvous radar measurements a r e  presented in  Figures  5- 1 through 5-3. 
These plots show the range, azimuth, and elevation residuals  over the 

data span from 210 to  344 minutes f rom launch. 

a r e  plots of the rendezvous r ada r  measurements  themselves.  

Figures  5-4 through 5-6 

There appears to be an inability to reconstruct  the t ra jec tor ies ,  most  

probably the Gemini t ra jectory,  to better than a mile o r  so over this ren-  

dezvous interval. The quality of the Gemini orbit  reconstruction over the 

main period of interest ,  NSR to TPI, depends pr imar i ly  on the quality of 

three radar passes:  

HAW 03, maximum elevation 1 6 O  

CAL 03, maximum elevation 5 O  

PRE 04, maximum elevation 90J which represents  the 
pre-TPI  burn portion of this pass  

Fifty minutes of orbit  must be determined by this trackingJ and the 

conclusion must be that the tracking data quality is not adequate for a 
Setter  overall orbit determination than the 1000 to  4000 -foot res iduals  

shown in  the comparisons. 

r ada r  i s  relatively accurate ,  which appears  justified in this case since 

the radar measurements  successfully accomplished the rendezvous, and 

no major r ada r  biases were noted by the astronauts when the Gemini and 

ATV were relatively close together. ) 

(The assumption he re  i s  that the rendezvous 

The lack of a precis ion reconstruction means that a detailed rendez- 

vous radar evaluation cannot be done. However, the comparisons 

(Figures 5-1 through 5-3) can and do demonstrate grossly adequate radar 
accuracy and provide good est imates  of system noise (the reconstruction 

i s  smooth, if biased). 

i n  the event of a system malfunction. 

A comparison of this accuracy would be very useful 

Both the tracking coverage and maneuver te lemetry data on Gemini 8 
were  better than for  the rendezvous interval  of Gemini 7/6,  and a consid- 

erably better comparison was  obtained. Gemini IX will  rendezvous a full 

orbi t  ear l ier ,  which should provide better ground tracking coverage than 

ei ther  of the previous missions.  Therefore,  an  improved relative posi-  

tion determination should be possible. 

being examined in an effort to improve the accuracy of this comparison. 

The analysis procedure is a l so  

3 



5 . 2  RTCC/RENDEZVOUS RADAR COMPARISON 

It is desired to generate a comparison which demonstrates the ac- 
curacy with which the MSC RTCC real-time operation computes the 

Gemini/Agena relative trajectory in the post-coeliptical (NSR) maneuver 

interval. 
5-3), but substituting an RTCC-calculated trajectory for the TRW- 

calculated =lues is an attempt to show this accuracy. 

A comparison identical to that just presented (Figures 5- 1 to 

Figures 5-7 to 5-9 a r e  plots of the cornparison between observed 

onboard radar measurements and predicted parameters using RTCC- 
initialized Gemini and Agena orbits. The RTCC vector nearest NSR was  
taken for Agena; the first  vector print after the NSR maneuver w a s  taken 

for the Gemini initialization. 

reflected in this trajectory; that is, the RTCC vectors at the indicated 

times were simply propagated forward using the TRW reconstruction 

program, and the resulting GeminilAgena trajectory differenced and 

compared with telemetered radar values. 

- 
No subsequent updating by the RTCC is 

The Gemini orbit was constructed using initial conditions provided 

by the RTCC program at 2oh15m0sCMT. 
RTCC on-line print.) The Agena orbit was constructed using initial con- 

ditions provided by the RTCC program a t  20h33m0sGMT. 

span was  limited to the interval of time between the NSR and TPI maneuvers. 

(The vector was taken from the 

The comparison 

It is apparent that utilizing RTCC initialized orbits leads to somewhat 

greater residuals in relative range than the TRW reconstruction presented 

here; however, no significant differences exist in azimuth and elevation 

angle residuals. 
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APPENDIX A 

ASCENT TRAJECTORY 

The ascent t ra jectory i s  provided in three separate  forms: a) guidance 

coordinates as sensed by the accelerometers (these data a r e  uncorrected for 

e r r o r s  determined during flight); b) an earth-centered iner t ia l  coordinate 

set;  and c)  various special earth-referenced parameters .  The la t te r  two 

have been corrected for  apparent IGS e r r o r s  and therefore  represent  the 

TRW best estimate of the ascent trajectory. 

The earth-centered iner t ia l  coordinate system has the z axis  aligned 

with the ear th ' s  rotational axis, positive north, and the x-y plane is in the 

equatorial plane with the x-z plane containing the Greenwich meridian at 

platform release time. 

Figure Page 

A- I Sensed Acceleration in IGS Coordinates . . . . . . . . . . . . . A-2 

Tables 

A -  1 A-3 

A - 2  Reconstructed Ascent Trajectory,  ECI Coordinates . . . . . A-5 

A-3a, b Reconstructed Ascent Trajectory, Special P a r a m e t e r s .  . . A-7 

Sensed Trajectory Listing for the Ascent Flight Phase . . . 

c 
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Table A-1. Sensed Trajectory Listing for the Ascent Flight Phase  
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152+017 
194.tc 7 
19t.519 

ie9.ii2 

19V.ilS 
m1.915 
2001.1t5 
2Ct-445 
2CS.123 
21C.Sf1 
21I.t45 
21t.325 
218.151 
220.H) 
223.5t1 
225.393 
22C.07C 
230.117 
232.151 

-21  
-%5 

-12b5 
-2211 
-31i.C 

-t367 
-15f5 

-irz40 
-1i112 
-155;r 
-11c** 
-illet 
-'?Ire 
- 2 t i 4 5  
- 3 i 5 P 4  
- : - 1 t i c  
- 4 1 t c c  
-1113'L 
-5< F65 
-5~4.72 
- t z t c t  
-t7t5t 

- 1 ~ 7 7 i 5  
- 1 3 4 m  
-144t45 

-1tr72C 
-I*2L7C 
-113413 

-153?35 
-2FSLCG 
-217129 
- 2 2 t t i t  
-2>5+2c 
- i 5 r 7 t l  
-r(tllt< 
-2ltS37 

-31 i5.1 
-311425 
-?iSI.*I- 
-;.*c, c 
-?ti514 - ? 71 14 5 
-3f2e72 
-rit..7 
-4 1Cli I 
-4 ?lit..  ... I' 
-<1<?7€ 

-5uif1.1 
-5;1<51 
-54:ii- 
- c : l L L r  
- 5 1 ~ i i r  
-:F+UI. 
- c * Z L t r  

- t i?: I 
-'Jte.3 
- b $ ? b i O  
- t l k ? t i  
- t5ikt ;  
- 7 1 1 k C :  

- 1 e ~ s i 3  

- z r ~ : 5 a  

-.:=- 
-*f i r11 

-.i I 
-.26 

-1 -.2* 
-1 -.C5 
-6  -.I" 

-11 

-1-7.2; 
-211.27 
-319.01 
4 2 5 . 7 5  
-512.i t 
-5za.;. 
-154.:- 
..-82f. 13 
- 9 3 ~ 0 7  

-1.354.1J 
-1l.C.eL 
-1'Si.I I - 1; 41.12 
-15Lq.48 
- L L ; l - t C  
-1128.79 
-1.ic.c5 

-.i3 
-.70 
-.55 

-1.w 
-L.5 
-Lie 
-3.20 
-A-43  
4 - 1 6  
-6.11 
-7.62 
-e.*, 

-1d.14 
-11.5b 
-12.41 
-11.93 
-14.69 
-15.45 
-15.e3 

-15.99 
-17.lb 
-17.4R 
-10.5: 
-15.4" 
-14.43 
-13.11 
-13.91 
-14.71 
-12.e: 
-9.c.J 

-18.59 
-17.60 

-16.02 

-.11 
-.w 

.02 

.YO 
-.GI 
-.v7 
-.12 
-.IT 
-.a 
-.04 

.e? 
1.51 
>.>l 
5.14 
6.61 
e. 15 

15.34 
lL.?l 

~9.C6 
Lt..7 
21.12 
LF.92 
-2.34 
F.32 
5.5.52 
3%J9 
49.27 
41.52 

-z++eo 
-29.51 
-31.12 
-46.99 
-52.36 
-bl.52 
-7.I.Al 
-7e.55 
-85.54 
-94.b2 

-1U1.7b 
-1lJ-5C 
-119.40 
-1i9.56 
-142.43 
-152.49 
-1b4.43 
-175.03 

-195.83 
-rG9.15 

-235.49 
-151-'5 
-2t3.4~ 
-114.67 
-293.00 
-111.23 
-33.l.93 
- 3 4 5 . ~ 2  
-,t?.lP 

-393.51 

-1e3.47 

-.19.83 

-3113.~5 

-41.76 -.I* 
-42.21) -.22 
-42.6W - a 4  
-43.19 -.% 
-43.72 -.U 
-*.KT -.45 

-41.2b -.53 
41. E5 -.13 
-0.50 -.SO 

lC7.65 
ll2.',5 
110.96 
125.Ql 
1Zt.41 
131.U9 
1'1.35 
144-26 

167.52 

-48.83 -44 
-4Y.18 -.M 
-4% t l  - 2 2  

14.41 -5Q.II5 -.22 
1b.uI -5G.M -.23 
18.Ul -55.72 -.22 
2U.15 -51.61 - A 3  
71.74 -51.31 .l* 

-'1.59 .37 
-51.tl .45 
-51.65 .Y 
-51.W -09 
-51.1~ -10 
-56.98 .3a 
-50.75 .5a 
-50.9b -.13 
-51.43 -Id* 
-52AO -&W 

42.w -53.39 - 2 . a  
44-46 -53.6a -2.97 
4l.dl -%.GI) -3.04 

52.14 -54.14 -3.13 
5e.W -54.32 -3.26 
57.41 -5*?55 -3.35 
60.12 -54.- -LB 
t3.W -54.35 -3.42 
tt. bb --%.47- -3.49 
tS.11 -54.53 -1.52 
12.L3 -%.e6 -3.71 
15b4-  -54.Eb -&e3 
7E.41 -54.53 - 6 5 1  
li.57 -53.51 -4.14 
-- 85.90 -52.13 . -&b7 
9u.i.I -51.93 -4.3V 
9:.92 -51.W -4.33 
Ft.*b -52.13 4-46 

100.54 -13.02 - --<-is 
10k.30 -54.W -5-31 

-3bI) l  -5.61 
-55.66 -5.91 
-56.48 -LO? 
-57.1' -4.18 
-58.U1 -6.- 

-55+f3 -7.10 
-60.53 -1.50 

-b3.16 -8.23 
-64.15 -&SS 
-M.?C -&?a 

49.94 -54.05 .-3.n 

-5e.79 -6.72 

-ti.v -7.~2 

-v-1.< 5 
-4~5.60 
-412.60 
-421.92 
-431.4' 
-438.72 
-451.116 
-451.98 
-452.51 
-452.57 
--s2.64 
-45r.21 
-+51.51 
-+54.62 
-450.W 
-448.73 
-6+1.26 
-445.5h 
-444.51 
- z c m  
-440.1)~ 
-430.t5 
-435.43 
-4?+.95 
-417.53 
-42q.qz - 
-420.25 
-425.84 
-4m- 
- L i b 2 9  
-415.31 
=&m.lZ-- - 
-412.95 

.L25 -14.12 -3.30 
4C.9) -14.19 -3.39 
41.43 -14.15 -3.47 
42.1C -14.33 -3.60 
4i.12 -14.ZI -3.62 
4?.C5 -14.C8 -3.23 
45-11 -12.70 -2.31 
+b.44 -11.35 -1.22 
47-38 - 8 . ~ 3  --51 
411r4b -1.00 -.03 
45.27 -6.38 .11 
4S.65 -t.1t .19 
5J.59 -5.61 .29 
5 r . 3 2  --xw- :37 
51.96 -5.39 -41 
52.79 -5.LI .11 
5?.5R ~ 4 . 7 6 -  -59 
5 4 . ~ 5  -&E6 a61 
)E.'+ -4.39 .TO 

- 5 T . X  - =*.x---.ls 
5b.56 -3.97 .79 
57-65 -3.66 .11 
58.'9 - X 3 3  .OS 

. .  
-.c5 1.13 
;;bT 1.u 

67.16 - 4 9  1.22 
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Table A - I  Sensed Trajectory Listing for  the Ascent Flight 
Phase (Continued) 

2 3 5 . Z f C  
237.Sf0 
239.141 
242.554 
245.3Ll 
241. I 5  5 
245.Et4 
251.715 

itc.259 
2t9.011 
210.1t~ 
271.571 
276.282 
278.122 
280.8k4 
283.599 
2 8 5 . k 4 5  
2P8.151 
2511.7f2 
252.451 
295.C71 
297.t45 
3 0 0 . 2 i 5  
302.84: 
3U*.tU4 
3C7.164 
3c9.7t3 
3112.380 

336.279 4 1 0 4 7 € 3  -243C5bl 
315.147 417521S -?45€15i 

-4.2,: 1 
-5 IJ135  
-70666 

- 5 3 * $ 4  
- 5 3 P . l i  
->&fit2 
-5i582 
-5C62F 

-53333 
-5 '? *7  
- * 1 4 \ ) 1  
-hl(iUZ 
-61013 

-037C3 
-04t57 
-b531! 

-571b5 

- 6 9 b P 5  

-51.51 

5 7 t ~ t b  

-. - - ~  

-hi7?t 

- * i 2 ? 1  

-b779? 

- 5 5 5 2 7  
-7ic53 
- 7 J O l l  
-71713 
-72501. 
-7?ib2 
-73ROI: 
-7,543 
-752tt 
-759E1 

- ? % 5 1  
-171rl) 
-171tt 
-78398 
-?895, 
-7>39u 
-799L-2 
-80474 
-909t2 
-81391 
-3TI5tT 
-81712 
-821'7 
=5Em 
-828P1 
-83264 
-8383 
-83555 
-8b314 
=mn5 
- 8 W 5 8  
-85553 
m 
-3bZ39 
-d i t85  
- 3 m b  
-8738C 
-87123 -x*m 
-88549 
- 0 8 P C I  -- 
-8965t 

_. 

:?J_S: 1 2  
-405.98 
-403.65 
-399.72 
-?96.31 
-393.85 

-381.61 
-383.79 

-377.37 
-373.21 

-366.29 
-361.92 

~~ - 3 5 8 . 9 k  
- 3 5 4 . 5 1  
-35J.02 

. -346.66 . 
-342.12 
-336.90 

-?29.26 
- ? i 3 . 1 5  

~- -119.6; 
- 3 1 4 . r .  
-308.2 ' 
-302.2 ' 
-295.8 0- 

- 2 9 1 . k L  
-284.43 - 216x6- 
-269.22 

- 38.9-. 83 

-?74.91 

--3_CP._oR_ 

-333.56 

. . . .~  

~ ~~ 

69.d) 
76.19 
10.83 
12.66 
7k.M 
75.12 

__ 

_ _  7t.68- 
7a.00 
75.39 
81.04 
82.49 
86.15 
-5.93 
C7.46 
89.49 
91.22 
93.20 
95.35 
97.5: 
95.8t 

-_ ... 

_ _  

.. . 
134.88  
138.69 
143.10 

~ 

14e.83 
154.49 
160.62 
165.40 
n3.65 
181.84 
189.531 
IST.6' 
204.5; 
211.01 
t13.71 

2.31 
2.3t 

.12 

.05 
- X I  

-.I2 
.34 
.JB - 
-11 

- -~ 

.52 
-13 
-14 
.ot  
7 

-.a1 
.li 

-7w 
-.04 

.si 
sk9 
-66 

1.32 

2.17 
~- 2.Rb 

3.28 
3.94 
4.67 
5.12 
5.73 

1.w 

6s.l 
6:95 
7.68 
8.27 
5 - 0 0  
9.09 

11.70 
12.7k 
13.65 
14.65 

l t . 8 2  

19.39 
20.M 
22.07 
23.39 
25.25 
26.04 
26.82 

10.77 

1 s . e ~  

n.n 

30.58 
J l . P l  
32.04 
36.46 

3 x 6 7  
A 2 . 8 0  
45.t7 
W.'i 
53.111 
57. H 
59. It . *l . 9 5  

. 31  

.I* 

.m 

.u I 

.(r . .m 

.02 

.11 

.I 1 

.2u 

.14 
;;m 
-.03 
-.01 

-Zk- 
. l 5  

-.t.2 
-.or 

.02 

- 

- .. . >I 
.- 

1.27 
1.33 
1.35 
1.33 
1.31 
1.35 
1.38 
1.38 
1.38 
1.43 
1-46 
1.50 
1.55 
1.37 
1.60 
1.62 
1;61 
1.11 
1.7' 
1.1' 
1.8, 
1.9 
-Ti* 

2.04 
2.01 
n t  
2.30 
2.40 
2.50 
2.63 
2.79 

-2.92 
3.01 

_ 
3.22 
3-40 
3.51 
3.69 

- -T..pL 
4.19 
4-54 
%Ob 
5.58 
6.06 
6.16 

- 

.14 

.10 

.ah 
-01 
.Ol 
. l I  
-19 

-.DO 
.au 
.W 
.01 

- a 1  
-.02 

.- 

-a03 
-=m 

-.01 
-00 
.D2 
-03 

-.Ol 
-.01 
-.a1 
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Table A-2. Reconstructed Ascent Trajectory,  ECI Coordinates 

A I  b* 

1.1R22 -7-015q 

1.369P 1 . ~ 7 i i  -8.172J - . Y . B I S ~  

1.461h -4.1914 
1.4716 -0.6165 
1.4914 -10.2149 
1.4070 -1F&026 
1.5226 -1I.IUbZ 
1.1947 -11.6317 
2.5.171 -12.1611 
3.i514 -12.W55 
5.2534 -12.9441 
7.2509 -13.2431 

1*.05?3 -13.6415 
17.5PPl -13.14- 

lh.1197 -13.9190 
10.3441 -14~0641 

7? .  541' 1 -1 4.1475 
74.14T --14.COM 
36.7c54 - 1 4 J * 7 Z  
Z O . 4 1 2 8  -1?.78C9 

12.2330 -13.3752 

36.49-1 -17-368e 
3QS473  -1I.TOW 

47.4C41 -1Z.RZM 

1.2783 -8.r3-2 

n.nz5n - i 3 . 4 4 ( ~  

I L . M ~  -13.ezn4 

2r.4312 -14.161* 

3n. iwr -if.-% 

34.=052 -12.0546 

4 i . i ar1  -12.~9-  

4 3 . ~ 3 ~ 2  - -4 . in t i  
45.25in -i5.e.-1 
46 -1-97 -1 5.301 7 
49.35.4 -1-.3'371 

2.133 
10.992 
22.115 
33 -651 
4* .w9  
%b.ng 
b9.mCT 
7V.706 
93.w1 

1%-TT3 
121.110 
1%-411 
153.C10 
169.098 

2W.  bC 0 
214.269 
217.759 

264.6P5 
782.045 
lC'J.507 
315.161 
'34.4C" 
353.btr: 

3nb.431 
4??.VT 
413.1P5 
*29.2*9 
445.915 
454.421 
462.bW 
412.615 
4!w.92* 
G119.3CO 

1 8 3 . 3 ~ 2  

75n.690 

3 4 n . 1 ~ 3  

. .  
2.5713 
5.1213 
7.66'3 
9.1334 

12.264? 
14-S.391 
16.9143 
10.4749 
22.5211 

-13.W- 
-1 1.84'2 
-10.- 

-9.4157 
-8.9254 

-9.5'313 
-1 G-ZbSZ 

-11.n940 

-1l.T5*5 
-1 1. 651 Z 
-12.1526 
-12.5579 
-I 2.966 I 
-1 3.7909 
-1 3.7545 

-14.7949 
17.9367 
17.8751 
17.8273 
17.77.17 

18.3*8* 

- 8 . ~ 3 3  

-1-.6vor 

-1 i . 7 m 3  

-16.ir7i 

i7,nro 

-.mF11 
-1.6462 
-2.3024 
-2.1214 
-3.1943 
- * A 2 3 9  
-3.C741 
-3.0235 
-4.1426 
4.4116 
-4.6136 
-4.7725 
-5.1816 
-5.3979 
-5.11250 
-6.2937 
4 .6664  
-7.1615 
-7.5312 
-7.7450 

-14.95M 
-15.w462 
-15*1211 
-1 5.2W7 
-15.W61 
-15.1W44 

99171 IS. 1 
09 71 If I-  7 

19.9292 -19.152l. 
22.7318 -1S.4166 
24.48M -15.6P47 
26.4-59 -16.1302 
2T.CTjl -16.179. 
Zl.?W#' -1a.4571 
77.7604 -16.5859 
28.1315 - 1 6 . ~ 2 ~  
28.2944 -16.7850 
20.6771 -15.W56 
70.05'35 2 9 . ~ 1 1 ~  --1~.n481 -17.~201 

29.5% -17.7*53 
29.8633 -17.3060 
3F.0911 -17.400C 
3r .643J -17.611b5 

~ c . - 5 * 5  
113.1171 
174.571': 
171.6.?61 
11~ .262c  
1 1 l . l ? U  

107.4352 
189.?127 
192.LIbP 
104.CST5 
106.5795 
190.7150 
?C1.034@ 
213.7040 

144. n i  nb 

znh.4414 
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Table A-2. R e c o n s t r u c t e d  A s c e n t  T r a j e c t o r y ,  ECI  C o o r d i n a t e s  
(Con t inued)  

TIm 

341. IC47 
343-4445 
345.@42C 
348.121'3 

3 5 1 .  M A C o  
355.3 810 
357.5Q4C 
350.9'751. 

364.0 976 
367.1t.14 
3 7 0 . ~  2'35 
372.2 175 
374.4192 
3 7 6 . 5 5 7 9  
3 7 9 - 5 2 2 1  
381.5E27 

386.7697 

35r .4-55 

362.  R - 2 r  

384.r q i r  

v x  V Y  V l  
17175.185 -345.73" - 5 4 6 . 1 3 5  - 
1777L.00C -759.069 -579.t P 1  
12414.7h.2 -2B6.139 -h77.670 
17550.783 -121.115 -676.769 
17659.019 - 5 7 . k 8 2  -71-.t15 
118~10.426 74.263 -761.234 
1795".7'71 113.700 -812.165 

1'725.179 263.907 -899. bC 9 
13381.134 354.7117 -951.799 

1?659.7r5 51 1.197-1 111.489 

11945_.787 h7".8 91-1113.701 
14122.917 771.591-1193.525 

- 

i 3 - t n . 5 ~  1 7 3 . 3 ~ 1  -047 .8 -7  

17404.~13 417.568 - 0 ~ 7 . 9 7 ~  

19878.734 c 6 . i ~ i - i ~ ~ 5 . ~ 2 1  

1 4 3 ~ 0 . 6 6 5  ~7: ) .915-1747.~42 
1 4 4 2 4 . 3 3 1  0 3 9 .  n54-1287.412 

- 

1 4 b - P . l ' V  I 47.578-1746.1 5 5  
1 4 7 3 6 . 5 7 7  111 3 .  5?7-1'P1.249 
L4977.33' 1219.2~~-1"4R. l ' lb  

5'-.1724 
52.8520 
53 .64 -3  
54.4742 
52 .2914 
56.17r  1 
57.,.476' 

31'.1315 
-1 .?775 
3 1 . 4 6 5 0  

37.1416 
37.5351 
52.9979 
31.7791 
31.6980 

3 1. n i w  

34.06119 
3 4 . ' 2 3 1  
34.9359 
15 .4648  

- 1 7 . R R 7 1  
-14.11125 
- 1  8.21l-1 
-11.4155 
- 1  R.62rll 
-18.5477 - 10. n b t P  
- 1  9.174 9 
-19.3736 
-19.5606 
-19.6805 
-19.9959 
- ? , I .  t 5 7 9  

5?.1Q00 35.6776 -2n.3685 
05.1641 36.4124 -911.4641 
66.791q 3 7 . P 7 4 b  -21.2247 
67.3%'4 37.4942 -21.5150 
6U.6707 38 .1047  -21.UQ97 
69.Q42' 38.667R -22.2276 
71.1151 3Q.?7<7 -72.6517 

4t. i q w  -73.nor.z 
4G.7452 -21.4120 
41.4614 -23.0173 
47.74P.7 -24.2551 
42.R85R -74.6296 

44.4318 -25.5477 
4 5 . 9 4 9 0  -26 .?641 
46.3917 -26.6696 
47.3292 -77.1990 
411.1868 -7f.Rd99 
4 9 . 5 7 5 5  -2P.48'2 
5F.6826 -29.1C36 
51.0P4O -29 .1654 
53.1171 -1P.5098 
44.315 8 -31.1901 
55 .024"  -32.C151 
51.3583 - 37. S I  511 
58 .P517  -13.0300 
611.5439 -34.5UV 

6 4 . 3 7 2 5  -76.61'2 
C6.1752 -37.617') 

4 3 . 7 3 5 0  - 7 5 . 1 3 4 3  

62.1rq9 -35.4135 

LB.~L 'Q ' I  -74. r -24  
i r . 6 6 2 5  -4:i.r,8z1 

i i . i n 5 8  -44.rk267 

~ 8 . ~ 2 6 -  -49.9473 

1 ~ 2 . 4 5 0 2  -56.438a 
1 ~ 4 . 2 7 5 1  -5 i .an7:  

73.3001 -41.5716 
75.0124 - 4 3 . r ' l l l  

R1.5732 -46.136R 
P5.3261 -48.163q 

93.4852 -52.1695 
90.C759 -5r.3554 

26.C6'71 - 1 4 . 7 7 R R  

-6.9255 
-b.Q*68 
-7.971r 
- R . 7 5 7 7  
-9 . lQr2  
-9.4753 
-9.642 3 
-0.65115 
-9.Qt.Rl 
-9 .0 '54  
-Q . 4 F  7 2  

-9.6978 
-9.7' ea 

-1r. 1 4 ~ s  
-1:.2n67 
-1, . - e r n  
- ir  . 5 2 ~ 2  
-11 .6"4 
-1r.5252 
-1n.6~44 

26.5n99 
26.4556 
26.14G3 
?5.R01H 
25.7557 
75.7419 
25.b7711 
2 5 - 5 - 1 5  
25.547- 
25.6514 
2 5. 60W 
75.6760 
25.6135 
25.4073 
15.3n35 
2 5 . 3 7 1 ~  
25.3915 
25.*65b 
25.2915 
2 5.278O 

-1A.2964 
-14.?124 

- 13 .Q?3.I 
- I  3.184'1 
-19.6771, 
-13.83B3 
-13.7975 
-13.7665 
-17.8294 
-11.1191 

-13.8441 
-1.3.73a4 
-1 ? .680 8 
-13.h565 
-11.6452 
-13.0147 
-13.6136 - 11.60" 9 

- 1 4 . ~ ~ 7 2  

-13 .16~2 
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Table A-3a. Reconstructed Ascent Trajectory,  Special Paramete r s  

CEMINI 8 ASCENT 8ET 1 

T I * €  

(SFCOkOS) 

2.578 
5. I21 
7&63 
9.736 

12.286 
14.835 
16.914 
19.471 
Zi.Oi2 
24a.53 
24.487 
29.C94 
31.7JC 
33.696 
36.326 
39.295 
45.901 
43.519 

F R G C  LICTCFF 

43.508 
4e. 121 
51.729 
52.723 
55.330 
5-i.558 
59.929 
C2..4C 
65-12? 
67.138 

63.147 
72.3t2 
74,354 
76. C 65 
79.572 
81.565 
84.177 
C6.786 
8C.779 
91.392 
94.ec2 
95.5f4 
96.5G8 

1-1.255 
?L3.255 
1Y"5.E7l 
IC7.922 
112.535 
113.149 
'1 55-14? 
117.769 
12:. 388 
l22.42C 
125.1246 
i27-tC3 
i29.605 
~ 3 2 . ~ ~ 4  
134.523 

136.531 
139.524 
141.S63 
144.I86 

i48.874 
151 -496 
153.493 
154.6CO 
156.117 
158.136 
ltJ.774 

1 4 6 . ~ 7 3  

Ib3.396 
166.513 
167.946 
17c. 554 
973.112 
174.972 
177-6001 
180.263 
1@2.1* 
184.819 

189.332 
192.017 
i94.697 
196.536 
199.215 

1ez.499 

i 3 4 i . e  
1342.4 
1343.6 
13cI.7 
134t.C 
1349.3 
1351.5 
1355.2 
1359.5 
1365.~.  
1372.1 
1386.5 
l ' 2 t . t  
1426.1 
1457.8 
14M-1 
1528.8 
1577.6 
1618.3 
1677.5 
1742.5 
1795.4 
1E70.2 
195e.4 
iG15.5 
2105.5 
i199.u 
2274.2 

i379.C 
24@9.5 
2577.4 
2695.4 
2816-3 
2912.2 
3c43.c 
318l.C 
3290.0 
3441.2 
397.7  
3752.i 
3892.1 
4'371.9 
4213.1 
44C5.2 
456C-9 
4766.4 
4981.0 
5151.4 
53e3.2 
5624.5 
5819.6 
6 ~ 7 7 . 5  
6346.2 
6359.2 
t848.i 
7t49.5 

7388.5 
1714.4 
7978.7 
r33z.e 
8713.2 
9009.9 
9415.8 
574C.2 
9925.1 
9973.6 

1C126.2 
10216.4 
1'3309. i 
1C379.4 
lL476.3 
ltS76.2 
1&46.0 
IC 7501 4 
10051.1 
10934.4 
11 047.2 
11162.1 
11242.4 
11362.4 
11484.9 
11570.1 
11697.5 

10057.7 

25.3 
47.4 
72.5 
94.6 

121.c 
150.6 
175.C 
N6.5 
239.8 
273.C 
3m.f 
340.4 
360.7 
413.5 

493.5 
542.6 
394.8 
636.7 
695.3 
757.2 
837.4 
876.8 
95D.5 

1dCS.6 
l T 4 C . 4  
1175.9 
1242.3 

457.e 

1335.4 
1434.2 
1:13.c 
l t Z . 3  
1735.1 
1825.6 
1W.7 
2 0 a . 3  
21~4.2 
2326.e 
2476.2 
2594.9 
2157.4 
2929.7 

3836.8 
3971.7 
4146.3 
443r.i 
401 9.1 
4071.4 
5134.4 
2343.4 
562714 
5924.1 

6159.a 
6401.5 
6742.7 
7lr93.1 
7469.9 
7764.c 
¶lbbr(L 
8460.7 
8672.5 
8718.7 
8799.2 
8864.9 
8951.t 
9341.2 
9109.1 
92i3.C 
9299.5 
9366.8 
9466.9 
9570.2 
9645.0 
W54-2 
9865.6 
9943.5 

10060.3 
10179.6 
10262.7 
13387.2 

INEUTIAL fLT. INERTIAL ALTITUDE GEWETIC LAl. CEODElIC LCW& 
?ATH A N U t  CEAOING ANGLE IFEETI  IDEIXEESI IOECRLESI 

IOEUEESI  lO€S(IEESI 

-996 

3.093 
&LO? 
5.181 
&406 
7.437 
0.763 

10.154 
11.53J 
12.619 
14.205 

16.8lG 
18-2C7 
19.22t 
20.468 
21.615 
22.429 
23.391 
24-224 

25.488 
26.OI5 
26-39; 
26.754 
27.012 
27.131 

2-f.181 
i 7.156 
27.104 
27e-6 
27.1l2 
27.131 
2.1-129 
2T.W 
26.917 
26.8L6 
26&48 
Z(k4C7 
26.273 
2L.Ct9 
21.792 
25.4Ee 
25.266 
24.976 
24.622 
24.315 
23.858 
23.452 
23.li2 
52.695 
22.322 
22.25c 
23.735 
2 L 3 U  

2.023 

is.aei 

24.e16 

21.154 
2c.153 
23.62( 
20.w 
ZC.C76 
19.878 
19.629 
19.445 
19.345 
19.142 
11.786 
18.512 
18.165 

17.572 
17.242 
16.881 
16.603 
16.10 
15.753 
15.4% 
1SeC33 
14.b15 
14.333 
13- 926 
13.523 
13.253 
12.861 

17.aia 

90.104 
90.516 
9 5 0 3 7  
90.049 
90.C 6G 
W.116 
W0.163 
9G. 196 
90.244 
90.271 
90.325 
90.411 
90.513 
90- 594 
90.136 
90.839 
90.9 00 
91.119 
91.229 

91.592 
91.701 
91.832 
91.9b6 
92.9C4 
92.197 
95.394 
92.548 

9 1 . 4 ~ 1  

92.6tS 
92.749 
9i.CS4 
93.242 
93.553 
93.735 
94.073 
94.35 3 
94.537 
94.835 

95.213 
95.4,11 
95.639 
95.716 
95-96? 
96.1X 
9b.28t 
96.479 
96.619 
96.775 
F6.9C5 
97.001 
97.153 
97.2t.4 
91.362 
91.497 
97.625 

95.047 

97.715 
97.829 
97.917 
98.031 
98.146 
98.229 
98.339 
98.421 
98.466 
98.499 
98.572 
98.627 
98.7U1 
98.776 
98.832 
98.903 
98.945 

98.984 
99.000 
99.011 
99.G29 
99.046 
99.057 
99.074 
99.093 
99.lUO 
99.116 

9 0 . ~ 1  

G8.0 
137.7 
289.7 
462.2 
736.7 

lC83.7 
1421.2 
1901.3 
2477.2 
311C.C 
3682.0 
4518.2 
5456.7 
6247.7 
7379.7 
8319.C 
ws.2 
li11t;S 
123iI4.C 
13980.5 
15760.2 
1724;. . 
19274.7 
21439.5 
231U.G 

32923.2 
35829.3 
38124.7 
4Ai61.7 
4453207 
47139.2 
53674.1 
54375-3 
573dZi2 
61277.2 
6W07.2 
beb66.7 
73085.7 
77727.0 
81335.2 
86217.7 
9ClSSt2 
95355.7 

1DUt64.0 
15115Ll 
11J49C.5 
116274.; 
12 2881 .7 
126934.5 
133151.5 
138024. 5 
i44560-5 
15WS3.7 

156555.u 
163637.5 
i b9297.2 
176775.5 
im6m.o 
190729.2 
198882.2 
itStUs.5 
P 3L. 79- 7 - . - . . - . 
21385i.Z 
222361.2 
228930.2 
237309.3 
245592.5 
251664.0 
259187.0 
267863.7 
273357.5 
211299.7 
289181.0 
294656.2 
3024U1.7 
310004.7 
315121.2 
322522.0 
329773.7 
334654.7 
341699.2 

28.507 
20.M7 
2 1.507 
28.507 
20. 5J7 
21.507 
28.507 
20.507 
20.507 
28.507 
28.HI7 
28.507 
28.507 
28.S07 
28.507 
28.507 
28.506 
28.% 
21.506 
28.566 
28.xI6 
28.505 
28.505 
28.505 
28. %4 
:n.?5M 
28.503 
280SG3 

20. so2 
28.H)l 
28.soOL 
28.") 
28.499 
28.498 
28.497 
20.495 
28.4% 
28.492 
28.490 
26.489 
28.406 
28.404 
28.482 
28.+79 
28.476 
28.473 
28.470 
20.467 
25.463 
28.459 
28.455 
28.450 
28.445 
28.++1 
28.435 
28.429 

28.42* 
28.417 
28.412 
28.404 
20.396 
201309 
2 h U W  
28.373 
28.369 

28.353 
z0.m 
28.335 
28.325 
28.317 
28.hib 
28.295 
28.207 
28.275 
28.264 
28.255 
28.243 
28.231 

28.210 
28.197 
28.189 
28.175 

2 a . w  

28.221 

-80.555 
-8C.555 
-00.55s 
-m.555 
- e a 5 5 5  
-0rJ.551 
-0G.555 
-80.555 
-6Q.555 
-m.555 
-00.555 
4 . 5 5 5  
-0G.555 
-80.555 
- s . 3 5 5  
-80.5% 
-809554 
-0%553 
-80.552 
-8ti.551 
-W.H9 
-bra.%? 
-8%%5 
-00.h 
-0a.53. 
-(10*335 
4.5u 
-.&.sit6 

4t3oYo 
4 .514 
-0h5Cd 
-0b.58 
-&HI 
- W O . ~ W  
40.473 
3E.462 
-0Gc.452 
-00.439 
-W0.424 
-00.412 
-oh396  
-006374 
-00.563 
ac.ws 
-00.326 
-a303 
a 2 7 8  
-me0250 
-&aG 
-8U.ZUL 
-00.176 
-00.143 
-8C. loa  
-80.019 
-8f.040 
-79..99 

-79.- 
-790921 
-79.883 
-79.833 
-79.779 
-79.- 
-79.670 
- 7 9 d 3 1  
-79.605 
-79.568 
-79.503 
-79.452 

-79.320 
-79.27L 
-19.202 
-79.133 
-79.085 
-79.014 
-78.W 
-7k0w 
-76.816 
-70.740 
-70.187 - 7 8 6 1 C 
-78.531 
-78.477 
-70.396 

-79 .3n  
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Table A-3a. Reconstructed Ascent Trajectory,  Special Pa rame te r s  
(Continued) 

T i n €  
FROM L I F T O F F  
ISECOLOSI 

201.935 
203.165 
206.W9 
239.129 
213.961 
213.645 
216.325 

I N E P T I A L  VEL. 
PIGNITUOE 

I F T I S E C  I 

RELATIVE VEL. INERTIAL FLT. INERTIAL 

I F T l S t C  r (DEGREES1 IOEGREESI 
MAGNITUOL PATH ANGLE HEAUING ANGLE 

ALTITUOE 
(FEETI 

GEOOETIC LAT. GEOOETIC LONG. 
IOEGREESI  IOEGREESI 

10516.3 
15654.1 
13131.0 
13812.1 
10966.8 

12.410 
12.213 
11.838 
11.411 
11.222 
10.865 
10.513 
10.217 

9.925 
9.595 
?;3m 
9.045 
8.121 
8.513 
8‘. 205 
1.901 
7.656 
1.397 
1.1Cl 
6.913 
6.631 
6.442 
6.169 
5.901 
5.121 
5.451 
5.203 
5.;32 

4.186 
4.621 
4.385 
4.152 
3.995 
3.111 
3.54b 
3.351 
3.183 
2.983 
2i-c 
2.654 
2.464 
2.218 
2.094 
1.912 
L l 9 b  
1.623 
1.451 
1.331 
1.113 
1.013 

.a55 
-705 
-605 
.459 
- 3 i 3  
-169 

.G28 
-.a31 
-.053 
-.OS3 
-.OS3 
-a052 
-.a51 
-.C49 
-.040 
-.e46 
-e045 -. 044 
- a 0 4 3  
-e241 
-.J4.j 
-.038 
-a031 
-e035 
-a034 
-.a33 
-.C?1 
- . O X  
-a029 
-.021 

99.132 
99.143 
99.160 
99.171 
99.189 
99.201 
99.225 
99.239 
99.259 
99.280 
99.295 
99.316 
99.337 
99.352 
99.315 
99.391 
99.414 
99.438 
99.465 
99.483 
99.51J 
99.530 
9’1.560 
99.590 
99.612 
99. 644 
99.611 
99.1CU 

348699.2 
353334.1 
360025.0 
366513.5 
310?15.1 
311315.2 
383511.1 
381682.5 
393678.0 
399613.0 
403539.2 
409181.5 
414689.2 
418383.1 
423693.1 
428910.2 
432406.5 
431485.0 
442349.7 
455605.2 
453256.0 
453356.2 
451190.2 
462C86.7 
464944.0 
469083.5 

415135.5 
473018.0 

28.162 
28.153 
28.139 
28.126 
28.116 
28.102 
28.088 
28.078 
28.063 
28.048 
28.038 
28.023 
28.001 
21.991 
21.981 
21.965 
21.953 
21.936 
21.919 
27.9C8 
21.890 
21.818 
21.860 
21.842 
21.829 
21.810 
21.191 
21.118 

-18.3L3 
-18.251 
-78.114 
-18.089 
-18.030 
-11.944 
-11.856 
-11.195 
-11.105 
-11.613 
-71.549 
-71.456 
-17.361 
-77.296 
-11.198 
-11.099 
-11.030 
-16.926 
-16.823 
-16.751 
-16.&5 
-16.571 
-16.462 
-16.352 
-76.215 
-16.160 
-16.045 
-15.965 

11829.5 
11919.8 
12054.1 
12193.0 
12288.1 
12432.3 
125111.2 
12680.0 
12832.0 
12989.3 

13258.4 
13422.6 
13531.4 
13708.4 
13884.8 
14C01.5 
14193.9 
14381.4 
14512bi 
141C1.6 

15046.9 
15255.L. 

13091.2 

14143.6 

l l l C  8 .  0 
11251.6 
11351.9 
11501.9 
11651.1 
111763.1 
11922.9 
12C85.4 . 
12199.0 
12368.3 
12541.2 
126b4.8 
12849.1 
13035.8 
I3165.C 
13359.8 
13494.9 
13b91.0 
1390I.C 
14048.4 
14261.8 
14489.2 
14643 8 

~ ... . - ~  
218.151 
220.843 
223.561 
225.393 
228 .C 76 
230.751 
232.591 
235.280 
231.588 
239.842 
242.554 
245.301 
241.155 
249.814 
251.115 
254.428 
251.131 
258.581 
261. 143 
2t4.446 
266.299 

_... ~. . 
1540O. 1 
1562O. 6 
15843.C 
15998.3 

269.C11 

213.511 
116.282 
218.132 
286.044 
283.590 
285.445 
588.151 
590.732 
292.491 
295.071 
291.t49 
360.225 

3d4.6624 
301.164 
309.163 
112.380 
314.144 
316.124 
219.302 
321.919 
324.455 
326.261 
328.840 
331.459 
334.033 

2 1 0 . ~ 6 0  

3 0 2 . e ~ ~  

36231.2 
1t393.1 
16636.5 
16886.4 
17060.9 
17323.3 
11596.4 
11185.5 
18069.1 
18341 - 4  
18542.2 
18 834.1 
1913L.t 
19448.1 
19115.5 
200G2.6 
20344.5 
20699.3 
21613.3 
21333.4 
13127.2 
22191.2 
22511.8 
23019.6 
23338.4 
i 3823 .6  
24341.6 
24878.6 

1481 5 8 
15531.1 
15215.1 

99.135 
99.159 
99.796 
99.833 
99.858 
99.898 
99.938 
99.967 

1’)O.LUB 
13O.Ck9 
103.017 
100.120 
130.162 
100.2C6 
lUJ.2.l 
1>0.282 
100.328 
120.314 
ld0.422 
1GC.455 
100.5C4 
1JL.553 

419354.2 
481813.G 
485301.5 

21.758 
21.144 
21.124 
21.153 
21.689 
21.661 
21.t45 
21.630 
21.601 
21.585 
21.510 
27.541 
21.524 
21.5Gl 
21.416 
27.460 
27.435 
21.409 
21.383 
21.364 
21.331 

-15. H1 
-15.165 
-15.643 

15528.9 

15964.5 
16237.0 
16421.0 
16769.1 
16986.3 

11412.1 
17114.1 
18085.3 
18412.2 
18639.U 
TO’1BJ:t 
19335.C 
l 9 l o  8.6 

29362.1 
29711.8 
2I2tf.l 
2165Z.l 
21912.3 
22451.2 
22915.C 
23511.9 

i5 ioz .e  

ii111o.n 

i w t e . 5  

488669.2 
490884.1 
494020.0 
491056.1 
499028.0 
531195.1 
594234.2 
505929.7 
568219.5 
51i381.5 
5 1 2 i l l . 0  
5 14344. (I 

-15.52C 
-75.434 
-15.301 
-15.116 
-15.C81 
-14.954 
-14.826 
-1&131 
-14.605 
-14.471 
-14.334 
-14.193 
-14.c91 
-13.954 
-13.808 
-73.651 
-13.554 
-13.4Cl 
-13.245 
-E..G83 
-12.801 -72.92t 

-12.638 
-72.463 
-72.288 

5 i 5 i i i ; s  
517251.2 
5 18 8 10.2 
525250.2 
521141.5 
522331.2 
523382.0 21.310 

21.281 
21.252 
21.231 
2 1.20 1 
21.169 
21.131 

....~~. 
110.6ir5 
133.651 
100.693 
120.741 

5243o6;i 
525016.9 
525523.5 
526051.0 
5264513.0 
52bb84.2 

336.481 
331.S10 
23t.455 
341.C65 

254c3.0 
15621.1 
25711.3 
15121.4 
15128.9 
25133.4 
25135.2 
25735.6 
25136.4  
25136.6 
25136.8 
25136.9 
25131 3 
25131.5 

24036.1 
24260.1 
24344.3 

100.904 
! 10.9i6 
1w.954 
1n1.341 
161.121 
191.2G2 
101.285 
171.351 
131.442 
131.524 
191.602 
101.683 
101.178 
151.852 
1J1.925 
132.022 
12Z2.091 
192.llG 
102.243 
192.342 

526159.2 
526145.5 
526111.5 

21.106 
21.093 
21.c.91 
21.C46 
21.015 
26.983 
26.952 
2t.921 
26.881 
26.654 
26.822 
26.190 
26.149 
26.118 
26.681 
26.646 
26.614 
26.583 
26.551 

26.413 
26.450 
26.407 
26-3b4 

26. 508 

-72.116 
-12.044 
-71.916 

24354.4 
24362.0 
24366.5 
24368.3 
24369.C 
24369.t 
24369.1 
24310.E 
24310.1 
24310.6 
24370.8 
24314.4 
24316.1 
24316.9 
2431 1.0 
24311.1 
24371.2 
2431 1.2 
24311.4 
2 4317.4 
24311.5 

526615.2 
516521.5 
526439.1 
526351.J 
526215.7 
526188.9 
526164.5 
526026.5 

525851.5 
525185.5 
525110.5 
525619.2 
525550.5 
525484.0 
525419.0 
525333.2 
525265.1 
525202.2 
525142.0 
525063.5 

525948.0 

-1i.wa 
-11.619 
-11.448 
-11.286 
-11.122 
-10.545 
-1C-113 

-10.W5 
-1C.239 
-10.C84 
-69.929 
-69.126 
-69.569 
-69.416 
-69.260 
-69.052 
-68.887 
-68.129 
-68.575 
-68.312 

-70.610 

343.445 
345.t42 
348.120 
35c.ics 
?52.8Cl 
355.301 
351.59 4 
359.9c5 
362.tC2 
364.5e4 
361.160 
31C.030 
312.238 
314.415 
316.598 
319.S23 

384.091 
306.210 
389.141 

3 8 1 . ~ 5 3  

55141.1 
25742.8 
25143.5 
25143.6 
25143.6 
25143.1 
25743.e 
25143.9 
25143.9 
25144. C 

102.41 8 
102.492 
l92.5t5 
102.661 
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Table A-3b. Reconstructed Ascent Trajectory, Special Parameters 

GEMINI 0 ASCENl O f 3  

( I E L A l l V E  f L 1 .  
PATU -LE 

IMS(LfES1 

W.185 
m.332 
09.267 
09.i31 
099.016 
eo.ot3 
C h 6 C 2  
00.51S 
O C . 3 U  
U.32t 
U.401 
...Me 
87.452 
e6.201 

82.547 
cC.157 

75.797 
73.ZCF 
7k.160 
60.959 

64.207 
62.551 
tc.345 
58.329 
56.591 

84.254 

~ 1 . 6 7 7  

a . 5 n  

CLOCENTRIC LAT. 
IMCIEESI 

2.570 
s. 121 
7.ct3 
9.736 

12.206 
14.839 
16.*14 
l P 1 i 7 l  
2 i . a  
24.493 
26.401 
29.c92 
31.7Ut 
33.696 
35.U.6 
30.295 
46.900 
43.519 
45.520 
40.121 
flJ.729 
52.72- 
55.Y5t 
51.538 
59.929 
62.54C 
65.147 
67.150 

-116584 
-14 1.230 
-1t2.239 
-159.t50 
-157.t74 
-159.229 
-1sr.tn 
-152.13G 
-140.492 
-147.109 
-15b.W 

1701226 
13&159 
1131907 
114290 
iCS.891 
SCd2Gz 
lC3.150 
lG.47G 
IC1.446 
l rC.649 
lO'LU2* 

99.2.c 
50.712 
56.339 
57.555 

57.0*2 
~ 7 . 0 5 4  

-15.533 
-00.520 
-00.509 
-00.500 
-06.490 
-00.479 
-0iL47J 
-00.463 
-w.u9 
-EL439 
-0OA31 
-00.120 
-00.409 
-03.433 
-8J.309 
-0U.38U 
-10.369 
-6c.357 
4 0 . 3 4 0  
-00.336 
-00.323 
-83.313 
-00.305 
-60.206 
-0G.273 
-0C.260 
-at3.2+4 
-82.252 

Zoo346 
28.346 
20.- 
20.346 
20.346 
2h34b 
20.346 
28.W6 
20.346 
2E.M 
2m.m 
2e.m 
20.346 
20.346 
28.346 
20.346 
20.345 
20.245 
28.345 
28.345 
28.344 
28.344 
20.344 
20.343 

2 0 0 0 W U 5  
2CQlOOC3.2 
2C910155.2 
23910327.7 
2091obo2.2 
2ImlG9W.2 
ZCell7.IC7 
23911114.0 
23912343.0 
M912975.7 
2W13547.7 
2091430%2 
20915122.7 
20916113.7 
2k517245-7 
20910105.2 
20919522.7 

2692217&l 

iZ923641.1 
2119271i'%5 
2092914217 
20931328.0 
20933052.7 
21l935459.7 
22937996-5 
2k-23-5 

2592aq79.0 

z ~ m n 7 ~ 5  

20.343 
28.343 
28.342 
20.M2 

t9.7C7 
72.H2 
74.354 

54.465 
52.4CC 
%.Wl 

91.5C7 
970111 
57.242 
57.54C 
t7.815 
97.537 
90.2W 
5 L 4 2 6  
CC.514 
51.677 
C 8 . W  
96.€64 
58.953 
95.i29 
99.C14 
99.123 
99.16D 
SS.2W. 
99. $16 
9 9 - 3 4  
95.417 
59.431 
95.441 
94.471 
99.501 
99.537 
CF.5W 
Wet36 

-80.215 
-8C.197 
-03.184 
-0&165 
-00.145 
-00.L29 
-M.lS7 
-0E.EO5 
-8LC67 
-6*&43 
-00.010 
-79.990 
-70.974 
-79.941 
-19.918 
-79.086 
-79.061 
-79.027 
-79.791 
-79.763 
-79.724 
-79.664 
-79.651 
-19.697 
-75.561 
-79.524 
-79.474 
-79.422 

2.9 W l  
2 O . W  
28.WJ 
20.339 
20.330 
20.337 
28.335 
2 h 3 3 4  
28.333 
-32.1 
28.329 
28.320 
20-325 
Z8.523 
28.32 1 
28.311 
28.316 
28.312 
28.509 
Z8.3W 
26.3irZ 
28.296 
10.291 

28.264 
28.20G 
28.214 
26.266 

z c . m  

20.265 
20.256 
Z B - i S i  

28.235 
28.229 
26.223 
20.213 
LO.PG9 
28.233 
20.193 
28.185 
28.175 

20.~43 

m.1- 
2 0 . ~ 6  

2e.m 

26.145 
20.134 

20.115 
20.104 
26.295 
28.283 
28.C.71 
28.063 
20.CfO 
20.037 
28.029 
28.016 

20962191.2 
2J965lac.S 
2cpsusz.o 
20951U5.0 
2094Um.G 
509s7Dcb2 
20960555.0 
25964553.5 
2L967101.5 
2d9711M.2 
2 o M 2 9 a . 2  
20970551.5 
20902972.7 
iJ981b14.5 
2s991226.7 
20996112.1 
21000352.0 
21015226.C 
21010508~0 
2131476G.5 
21tZ05C1.5 
21C261d9.2 
ZLZCi8CJ.7 
tlOMO58.2 
21CA3tiBJ.5 
21S7957.7 
21554459.7 
21061P29.2 

21C645C5.5 
51373595.C 
21Q79260~.5 
i1236746.5 
21 094650.2 
211~0715.2 

21115272.7 
2111¶686.1 
21 123662.5 
2113230.7 
21130960.7 
21 147350.2 
i 1 1 5 5 6 u . 5  
21161725.0 
21169850.4 
21177946.0 
21153447.5 
2119 1401.5 
21199295.7 
212~+770.5 
21212536.2 
21220151.7 
23225283.7 
21232690.2 
21239955.0 
21244644.7 
21251W2.5 

21140077.2 

49.152 
4 7 . x 9  
46.673 
u.313 
444.L76 
43.LCc. 
41.632. 
w.667 
39.79P 
3c.667 
37.553 
36.731 

%.Pi6 
33.999 
33.f.34 
32.i65 
31.LIP 
x.i4.F 
29.6;: 
21.774 
27.C99 

35.6ei 

27.441 
16.757 
26.116 

AJb.CSI 
;59.S24 
:*1.563 
iC+. 164 
:+6.(73 
:48.814 
15 1.496 
153.493 
154.6kO 
156.1i1 
158.136 
lt9.774 
1631396 
164.113 
le7.946 
170.594 
173.112 
174.972 

18.l. 263 
1@2- 134 
184.019 
ia7.499 
189.332 
192.017 
i94.697 
191.5% 
199.215 

177.6aat 

f5.tSC 
15.067 
Z4.t*8 
i 4.112 
i3.tc3 
I3.24c 
22.767 
22.456 
22.279 
22.c31 
21.596 
21-264 
PC .a37 
20.41i 
t0.:21 
19.114 
lQ.284 

9F.666 
9 9 - 1 5  
99.734 
95.171 
99.122 
9s.tn 
99.902 
FS.537 
95.957 
F9.905 

1CC.OSC 
1CC.102 
1 C  C. 170 
1CC.231 
1OG.209 
1co.353 
10C-302 
IGC.387 
1CC.393 
1CG.393 
lCC.393 
100.393 
1co.393 
l O C . 3 3 4  
160.393 
lGC.353 
1CC.392 
WOO. 392 

-79.3ei 
-79.324 
-79.278 
-79.2:7 
-79.151 
-79.10- 
-71.031 
-70.976 
-78.W5 
-70.902 
-T8.026 
-70.767 
-70.690 
-70-672 
-78.554 
-70.476 
-70.394 
-70.343 
-10.259 
-76.175 
-70.116 
-7Y.330 
-77.943 
-77.802 
-17.794 
-77.714 

-71.550 
-77.642 

17.C65 
16.507 
ia.254 
15.772 
15.297 
14.976 
14.517 
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Table A-3b. Reconstructed Ascent Trajectory,  Special P a r a m e t e r s  
(Continued) 

2c1.935 
2i3.165 
2 ~ 6 . 4 4 9  
2+9.129 
Il2.561 
:1.3.t45 
~ 1 6 . 3 2 5  
i i a . 1 ~ 7  
22:.e4> 
223.5bl 
225.393 
228.C16 
230.157 
232.591 
235.2EQ 
231.F88 
239.8s2 
242.Y54 
2 4 5 . 3 ~ 1  
2*7.155 

tY1.715 
254.428 
151.137 

261.145 
264.446 
16b.299 

2 ~ ~ a 6 4  

2 5 a . c ~  

769.L11 
274.8 b, 
273.571 
27a.282 
278.131 
28il.144 
2 83. S9!) 
285.445 
280.151 
Z F C .  7 32 
202.491 
193.C71 
297.619 
jX.225 

3 J+.6:4 
,51.114 
3 J5. 16? 
j i z . 3 a  1 

314.L4* 

119.3~2 

>JZ.@'#s 

216.721 

321.41" 
324.495 ._ . 
326.261 

53 1.459 
334.333 

xa.a41: 

336.481 
537.5lir 
338.455 
34.. a65 
343.445 

348.12i 
35lJ. +E5 
352.8111 
355.501 
357.594 
a59.9115 
362.8r2 

361.160 
31u.330 
372.238 
374.415 
276.598 
319.523 
?81.(53 
3W.091 
386.210 
389.141 

3 4 5 . e ~  

m . g a 4  

14.651 
13.755 
13.316 
12.Pt6 
12.5% 
12.179 
11.1lb 
i1.495 
1 1 . ~ 9 7  
l C . l L *  
lC.443 

9.762 
9.455 
9.li.2 
8.752 
8.510 
8.176 

1.624 
1.314 
7.185 
6.780 
6.471 
6.213 
5.576 
5.691 
5.499 

io.c6a 

7 . ~ 5  

5.223 
5.t39 
4.115 
4.516 
4.341 
4.L92 
3.844 
3.619 
3.442 
3.222 
3.C14 
2.861 
2.t53 
2.449 
2.i49 
2.116 
1.925 

1.552 

1.252 
1.ceu 
.910 
.1*9 
.642 

.332 

.118 

1 . m  

i .428 

.4e7 

.03C 
-.C32 
-.C56 
-.r56 
-.056 
-.L55 
-.a53 
-.c52 
- .b51 
-.W5 
-.048 
-.C41 
-.C45 
-.C43 
-.w3 
-.CM 
- .L4L 
-.c37 
-.C36 
-.L3' 
-.C'3 
-e( 3 2  
-.c3c 
- a 6 2 5  

1Ci.391 
lLi.392 
i t  i . ? 9 2  
1iL.394 
163.396 
1CC.399 
lCC.4b2 
105.405 
1tC.41i 

106.423 
lOC.429 
lL0.437 
10C.442 
lC(1.451 
lGC.46U 
1GC. 461 
160.478 
100.492 
lCC.531 
llC.515 
1LC.527 
1CC. 544 
lGO.562 
1LT.575 
1 ~ b . 5 9 5  
1LC.tl5 
1cC.t 31 

1 ~ ~ 4 1 8  

lGL.653 
l G C . 6 6 9  
1LL. c 44 
?Ci.l5?. 
10C.731 
lCC.766 
lC0.794 
100.81s 
1ti0.845 
1C0.815 
1C0.856 
1OC.S28 
1CC.S59 
iCG.392 
lUl.U26 
161.GSJ 
1CleC85 
l C A . 1 2 C  
101.151 
1C1.:€3 
1c1.22c 
101.259 
lC1.299 
1C 1.34C 
1C1.368 
101.411 
1C1.452 
l C 1 . 4 S 3  

181.533 
1C1.549 
IC1.511 
1C1.669 
101.7 54 
101.839 
101.926 
lCE.CC3 
1C2eC93 
1CZ.18C 
302.262 
102.345 
102.449 
IC2.521 
l i2 .604  
102.7C7 
102.186 
10i.863 
101.941 
1C?.C44 
1G3.126 
lC3.2C5 
1C3.282 
103.383 

-71.456 
-71.392 
-11.291 
-71.201 
-17.135 
-11.031 
-16.930 
-76.07~3 
-76.769 
-76.6Ej 
-16.5W 
-16.489 
-76.383 
-76.310 
-16.2Cl 
-76.091 
-76.314 
-75.899 
-75.784 
-15.104 

-1 5.506 
-1S.385 
-15.264 
-15.119 
-75.053 
-14.926 
-14.839 

-74.581 

-14.109 
-74.619 
-74.4eb 
-74.352 
-14.258 
-14.120 
-73.918 
-13.803 
-73.136 
-13.551 
-73.501 
-73.958 
-13.213 
-73.966 
-12.9lA 
-72.811 
-72.657 
-72.503 
-12.338 
-12.228 
-12.064 
-71.891 
-11.724 
-71.551 
-11.43) 
-71.251 
-71.065 
-10.878 

-70.691 
-10.620 
-1J.54E 
-1V.351 
-13.171 
-69.989 
-69.817 
-69.645 
-59.451 
-69.215 
-69.102 
-68.928 
-68.710 
-t0.545 
-68.382 
-68.166 
-68.300 
-67.836 
-61.612 
-61.453 
-61.216 
- 6 l - ? l J  
-66.947 
-66.?3.? 

28.102 
27.993 
21.980 
27.966 
21.951 
21.943 
27.928 
21.919 
21.904 
21.859 
21.819 
21.864 
21.R48 

21.022 
27.806 
27.194 
21.711 
27.765 
21.14q 
27.731 
21.119 

27.838 

- . .  
21.701 
21.683 
21.611 
21.652 
21.632 
21.619 

21.600 
21.586 
27.56b 
21.545 
21.531 
27.509 
21.481 
21.412 
21.449 
21.428 
21.413 
21.390 
21.361 
27.343 
21.3:9 
27.302 
21.211 
21 -252 
21.226 
21.2C8 

21.153 
27.124 
21.C95 
21.615 
21.045 
27.013 
26.982 

21.1n1 

26.950 
26.931 
26.925 
26.891 
2b.859 
26.827 
26.797 
Ibi166 
26.732 
i6 .bq9 
26.667 
26.635 
26.595 
26.564 
2b.513 
26.492 
26.461 
26.420 
26.391 
26.355 
26.320 
16.281 
26.254 
26.211 

2 12 589 16 e 2  
212 6356 1.0 
21210264.1 
2127b827.2 

21287592.7 
21293809.1 
21297984.5 
21303994.1 
213G9945.C 
21313881.1 
21319539.5 
21325062.1 
21328168.0 
21334094.0 
21339321.0 
21342834.5 
2134193G. 2 
21312812.0 
21356019.5 

21363860.2 
21368312.5 
21372621.2 
21315491.2 
21319656.0 
21383669.7 
21386246.5 

2 1 2 a w 9 . 0  

2 1 3 ~ 1 7 4 i . i  

21 389919.2 
i i 3 9 2 4 5 i ; i  
21395966.2 
21399349.2 
21451519.2 
2 1 4 0 4 m . a  
2 1 4 0 1 1 9 4 ~ 1  
21409181.2 
21412511.1 
21415092.0 
21416142.1 
21419055.2 
2142 1240.2 
21423295.2 
21425250.1 
21426495.0 
21428205.5 
21429184.0 
2 1 4 3 1 2 9 2 ~ 2  
21432159.7 
21433316.2 
21434454.1 
21435461.5 
214362L6.C 
21436173.1 
21431237.5 
2 143 1661 1 
21431921 -1 

21438333.5 
21438F32.1 
21438<1:C.5 
2143794e.l 
21431892.G 
21431835.1 
21431183.5 
21437732.5 
i1431678.0 
21431621.2 
21437580.2 
21431533.5 
21431416.1 
214314?6.C 
21431346.2 
21137345.5 
i i 4 3 7 i c i . i  
2 1431 2 72 2 
21437238.2 
i 1431194.2 
21431160.5 
21431129.2 
214371CJ.l 
21437064.2 

4 



APPENDIX B 

REENTRY TRAJECTORY 

The reentry trajectory is provided in two sets, the earth-centered 

inertial coordinates and the special earth-referenced coordinates. 

inertial set  has the z axis aligned with the earth's rotational axis, 
positive north, and the x-y plane is in the equatorial plane with the x-z 

plane containing the Greenwich meridian at  the time of retrofire (17 

March2 45  49 ). 

The 

h m s  

Tables Page 

B-1 Reconstructed Reentry Trajectory, ECI 
Coordinates. - . . - . . . . . . . - . . . . . . B-2 

f?-2a, b Reco~istriicteG Reei i iry Trajectory, 
Special Parameters . . . . . . . . . . B-12 
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Table B - 1. Reconstructed Reentry Trajectory,  
ECI Coordinates 

-:2595. T 

-27h26.32 
-22657.20 
-27CR7.P9 

4 s  .9. 17 

9 7 F . 1 7  
01 4 1  -77 
9175.57 
0157.8' 
91 3 T .  5 9  
01.7. R ?  
w n 5  .'7 
O"hr.72 
9119.2- 
Oq73.1 5 
8097.41 
R 9 7 . 3 7  
9956.R4 
9923.3R 

9076.73 
9053.54 
8029.91 
8 Rqh .34 
9707.51 
R751.63 
07-4 .74 
I n m .  7P 
R bPh . 5 2  
8667.c7 
R O 7 R . . 7  

1 5 9 0 . R 4  
9565.54 

w r i > . i z  

* h i + .  I 5 

8549.99 
q 5 1 h . 1 2  
0491 - 5 1  
1460.17 
-447.41 
9417.57 
8307.51 
97h7.lS 
5347.26 
1317.29 
3201.04 
R756.60 
e741 .?4 
a714 .29  
4197.64 
'I1 65. I1 
9119.55 
3113.711 
w-87.06 
nn67.16 
8146.61 
8?1*. 7C 
79C4.72 
7959.13 
7931.90 
'0*5.84 
7879.47 
1053 .-e 
7826.50 

7RP'. 7? 
T T l X . * ?  
7746.92 
7 7 2 l .  1 6  

756h.hb 
70'0.74 
T4!2.62 

1558.50 
7531 - 5 1  
791 2 78 
1477.01 
1449. 4 9  
1422 .*7 
7 394. 66 
73hb.PI 
'T79.43 
1311.AT 
720'.93 
72M.12 
?*28.27 

-1m2.34 
1172.15 

7o93.w 

7505. n- 
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Table B-1. Reconstructed Reentry Trajectory,  
ECI Coordinates (Continued) 
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Table B-1. Reconstructed Reentry Trajectory,  
ECI Coordinates (Continued) 

2 
( F T I  

-2 '32.16 
- 7 7 ' 7 4 . 5 5  



Table B- 1. Reconstructed Reentry Trajectory, 
ECI Coordinates (Continued) 
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Table B-1. Reconstructed Reentry Trajectory, 
ECI Coordinates (Continued) 

V 
I F T I  

LVYT 
I F T l S  EC) 

l n p * . C 8  
h 9 7 4 . A O  
6955.16 
6911.63 
6809.02 
bnh-.A5 
68*1 -65 
b W * . P ?  
6774.10 
6745.27 
6716.39 
6hr)7.18 
6bW.1~1  
0670.95 
6599.64 
b W l . 6 8  
0541.W 
6511 -110 
6b.2.31 
$45?.-6 
b423.10 
63". 54 
6372.71 
6334.31 
63W.62 
6274.83 
0245.L2 
6215.nb 
6184.81 

?*412.94 3'45.71 

6154.4'l 
6124.56 
6094.55 

6 0 V . 5 3  
5972.96 

-5942.29 
S9II  -79 
5881.23 

65.W 

... 
4075.94 

-1241.72 
-1  317.1 1 
- la?? .  14 



Table B-1. Reconstructed Reentry Trajectory,  
ECI Coordinates (Continued) 

L 
lETl 

OR.7'-~* *i 
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Table B-1. Reconstructed Reentry Trajectory,  
ECI Coordinates (Continued) 

-7  7E.Pl' 

-7190.70 

- 7 3 2 6 , 4 L  
-7?80.45 

-71 '5 ,97  

-776z.n? 

9997.37 
R937.15 
901'1.95 

-nrbr. 4n  
-01 34.3' 
-01 57.77 
-0757.77 
-93-0 .65  
- 9 2 R r .  I 4  
-0479.67 
-95"1.60 
- @ C C l . 7 6  
-067a.93 
-9474.19 
-9747.06 
-979% .72 

. -9R69,6_4 
-n9*7.57 

701.16 
?62 .37  
t l0 .9P  
109.32 
147.19 
1'9.14 

75.14 
L5.12 
3.24 

-60.1 7 
- 0 R . 1 9  

-141.872 
-171 .?7 
-213.86 
-242.36 
-?86.13 
-11  5.47 
-35R.21 
- I  9%. 77 

-25.07 

-493.58 
-QSO..M 
-6"7. 69 
-597 -1'6 
-574.96 
-hI&.nl  
-641.19 
-676.30 
-719.91 

-7o9.4c 
-797.?: 
- R V . 2 5  
-864.47 
-593.96 
-0-4 .be 
-265.77 

-1my.nn 
-1g38.95 
-1Q31.20 
-1 11, -30 
-1 1 74. 3n 
-1 IR2.62 
-1276 31 
-1 ? 55. 52 
-1298. 67 
-1377.50 
-137- -01  
-1399.90 
_. -1 443.19 
-1477.01 
-1515 .ni 
-1 5-W. 86 
-1 587.34 
-1616.76 
-1650.37 
-16lB.80 
-1731.42 

--1761,71 
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Table B-1. Reconstructed Reentry Trajectory,  
ECI Coordinates (Continued) 

1 
L ? J  

-e.,-*.*? 
-142'6.09 
-14298.27 
-14333.32 
-1437q-O6 
-1U19." 
-744Tt- '7 . -  
-14515.99 
-14553.- 
-14592.33 

- 14bR7. b? 

- 

-I*?.% 

-1471 o. ns 
-14755.53 
-14Wb.72 
-15830-89 

-31n.ci 
-3-6.76 
-3924.") 
-3944.62 
-3061 -12 
-39FT -1 C 
-46-1 .?3 
-Jn16,17 
-413.62 
-4949.n3 
-v)6l.?l 

- 4 ~ S O . W  

-4! % .I5 

-41 26.32 
-4137.29 
-41 -7. ?3 
=4146*29 
-41M.29 
-4148.19 
-4 141 -44 
- 4 l e . 4 7  
-414?-?5 
-414'l.02 
-4135.08 
-41z1.W 
-4122.37 

-L n.92 

-+-w.-4 

-4i i=.r3 
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Table B-1. Reconstructed Reentry Trajectory,  
ECI Coordinates (Continued) 

11'3-7744.77 
11913c 9 1 . 1 2  

11926343.12 
1179?637-97 
1177754'.'7 

11 ~ ~ 6 0 4 7 . 9 7  

7 

I F T I  
znoT 

( < T I S  F C I  

-4115 .87  
-471'.=.1 
-41 17.'9 
-4119.04 
-41'4.92 
-415*.-a 
-4169.70 
-*191.47 
-4711.58 
-427P.58  

-42.9.?7 
-41 79. 3 3  
-412?.hO 
-4"01.73 

-cC_la.41 
-@Oh<.  7 6 

-4225.*4 

- 4 3 5 h . 7 ~  

- a 0 7 4 . ? -  
- ~ n q & . l c  
- 1 ~ 4 3 . 1 9  
-3774.77 
-3776.93 
--67'.46 
- 2 6 . C .  * r  
-34-7.*5 
-349 .  .50 
-3314.75 
- 3 2 7 c .  1 9  

-3275.41 
-7175.51 

-3141 .15 
- 3 1  7b .t87 
- 3 - x  . ? 3  
- 3 - A l . 3 1  
- 2 0 4 5 .  P5 
-7876.44 
-?724. ' 1  
-2626.12 
-25 -4  .r9 
--84'4.'5 
-232". 'I 
-2237. q5 
-2I-C. 30 
-7-035 .44 
-1  966. I 4 - 1 4 C4.78 

-1679.24 
-1677.31 
-150% .54 
- 1  564. 04 
-1571.87 
- 1  bhR.*S 
-1417.w 
-1x57 .  *7 
-1 7*5.12 

-3147.5- 

- 1 7 w . i n  

- 1 i r . 9 7  
- I ~ - ~ . P O  
-1"4b.31 

-952. *? 
- 0 I - l . Y P  - 547. -n 
-777.74 
-777.63 
-6fll.113 
-ban. 11 
-595.02 
-5w.33 
- 5 - 5 .  2 
-479 .i 4 
- 3 w . 6 9  
-371. 41 

-31'.63 
-290.53 
=16^.19 
-215.71 
-215.05 

241.26 
-:44.9(, - 24q.97 
- - 759.58 
-171.88 
-152.u) -. 143.17 

--7?.ni 
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Table B-1. Reconstructed Reentry Trajectory.  
ECI Coordinates (Continued) 

z 
LET1 

-1IW. 
-x?Cc=1 
-1166.92 
-1151.52 
-1116.74 

r n T  
(=TIS €C I 

-23.44 

-11.37 
?e .m 
-3.10 

-10.- 
-36.13 
-12.03 
-11 -72 
-=3- 
-12.12 
-4.m 
*.51 

-1b.70 
4 .01  
-7.60 

-14.49 
-17.2'3 

-e.- 
-*.e7 
-1.60 
-4.17 
-7.79 

-11.53 
-19.12 

-1n.32 



Table B-2a. Reconstructed Reentry Trajectory,  
Special Pa rame te r s  

T M E  PRCU 
P . F I R E  

(SIX) 

2.125 
4 .667  
7.35= 
O.Of.5 

12.427 
14.726 
16.P7h 
19.396 
21 . w 5  
24.422 
26. '7> 
28.P76 
31.396 
3 3 . 0 4 7  
-46.672 
38.3'. 

43.396 
55.042 
5-.17 
57.911 
55.432 
57.94; 
6n.42; 
62.791 
65.19' 
67.52' 
7 0 d 2  

w . e 7 h  

2535..5 
Z53' . 7  
'529R. 9 

? 5 ? ? l t L c  
9'17 -4.2.9 

9 5 6 0 7 6 .  
055788.' 
056E12.7 
956491.n 
156769.5  
9 5 6 i ! 5 . ?  

4 1 7  
- .739 
-.655 
- ,57? 

.-.4ll 
-.349 
- 2 0 9  
-.!'ID 
- . 1 ; 9  
- .-45 . - 7 5  
.I15 

. 27h  

.3-49 

.499 

.5R> 

.T?? 

.n>-4 

. 9 3 -  

.9L4 
1.1'47 
1.110 
1.105 
1.27? 
1.75 

.117 

. 4 1 n  

1.426 
1.5 1 
1.554 
I .655 
1.737 
1.8P9 
1.R45 
1.063 
7:;o 
7 . 1 ' 6  
7.197 
7.758 
7.345 
7 .411  
7.4'4q 
7 , 5 7 4  
2-65?  
9.727 
7.4'4 
2.q4- 
7 . 9 5 7  
-4.123 

3.187 
3.164 
-4.34- 
3-47 5 
3.4'~- 

r . n m  

1.568 
1.645 
2.777 
~ J Q *  

3.874 
3.050 
4.176 
4.1." 
4.17- 
4:5- 
4.331 
4.1 * n  
4.404 
5.559 
4.bl. 
4.717 

4. R64 
4.94- 
5 .  I16 
5 .  07 
5 . ! h 7  
s.743 

5.395 
5.471 
5 . C 4 6  
5.h7- 

6 . 7 ~ 9  

5.310 

' 5 2 5 1 . 3 ,  
? 5 7 2 ? . 4  

n . r i 8  

z i . 4 1 ~  

7 1 . 6 ~ 1  

21.173 
21.277 

21.545 

?'.I313 
"1.917 
Z?.I-51 
22.185 
22.321 
27.557 
22.693 
92.P78 
?7.962 
'3.P94 
!3.2'?1 
'3.349 
' 3 . 1 7 9  
'3.697 

1 
I 

51.17' 
-2 4 
61 -126 
61.172 

?17?'.1 
73714.3 
23714.6 
?-4715.: 
73715.U 
>-471h.!  
7-471h.h 

. .  
61 . 1 4 -  

7 2 . 4 2 3  
7 1 . 9 . 7  
76.4 2 
79.595 
81.096 

96.195 
9 9 .  '24 
91 . b 7 4  
94 .L 23 
96.396 
98.795 

~ 4 . 4 2 3  

23.735 
23.863 
73.440 
74.118 
24.246 
25.376 
24:593 
24.633 
24.761 
24.1189 
25.rib 

75.4-2 

25.145 
25.273 

75.53F 
75.657 
2 5 . V U  
25.915 
26.r44 
26.173 
2b . ln1  

26.517 
26.689 
26.817 
76.946 
27.013 
77.2-2 

26.47r. 

101;175 
1 '3 .595  
1'5.956 
IC8.367 
I lc -923 
113.145 
115.545 

. .  
1?724.2 
2'774.7 
?17?5.1 
7-4775.4 

117.9%. 
121 -396 
122."75 
124.422 
127.674 

27.331 
97.461 
27.590 
77.719 
77.1148 
27.477 
21.1-5 
211.234 
71.364 
2R.493 
20.672 
711.751 
28.880 
29.nr8 
7 9 . ~ 0 5  
9 9 . 7 0 8  
29.?37 
79.527 
79. 656 
29.785 
20.915 

3n.174 

3n.4?3 

3~..6-3 
3n.n-v 

9*.*44 

30.3-4 

3'. 563 

139.5 95 
14>.--= 
144.4 ? 3  
146.922 
14s .224 
151.624 
153.996 
1 5 6 . 4 - 9  
15R.873  

23731.3 
? 3 7 -47. *- 
2-413?.5 
23733.: 
237"a. l  

23774.9 
? 7 7 ? 5 . ?  
2-.7,r..- 

1 1 7 + . 5  
7 3 7 3 7 . t  
73737.5 
Z 3 7 3 0 . 5  
??770.7 

?a7-a .6  
2 3 7 4 : .  .' 
23741.1 
13741.7 
z3747.1 
2-4719. I 
?374>. . !  
23 744.5 
23145.1 
23745.7 
23746.4 
-3147.1 
'3747.5 

. 7 2 7 4 R . 4  

?-477L.? 

61.447 
' 7 . 4 C Z  
c 1.473 

C1.496 
l l . 5 ' F  
61.5:l 
C?.514 
61.546 
51.559 
61.572 
hl .595 
61 .5qU 
h1.6*2_ 

6 1 . 4 ~ 5  

1'42.423 
194.R23 
197.224 
190.674 
2P7.r?3 
2 I i l 4 C 9  
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Table B-Za. Reconstructed Reentry Traiectory,  
Special Parameters  (Contixked) 

- * 5 %  
-.55.1 

-.=e1 
-.St7 -. =h4 
-.=b' 
-.=hQ 
-.'14 
-.=71 
-.535 
-.5* 

-,rw 
-.<I.& 

-.591 
-.C.!Il 
-.6'4 
-.CCl 
- . E l 6  
-.*I4 
- . * I '  
-.fZ. 
-.h2C 
-.e17 
-.4'" 
- . e = &  
-.626 
-.hi..' 

-.5a7 

-.e+* 
- .e47 
- .6 -  

-.h53 
-.6?1 
-.6h' 
-:e*- 
-.c57 
-.LA? 
-..e73 
-.e*- 
-.4U" 
-a*? 
-.*SA 
-.5q0 
- .*q? 
-.6Qr 

-.1- 1 
-.1-= 

-.he9 

-._ - ~ .  - 
- . 7 ' 1  
- .7 .4  
-.l'U 
- . I ? -  
-.--& 

- * 7 - 7  

-.7'1 

-.137 
- . 7 - <  
_ .7 - . )  -. 742 -. 746 
-.749 
-*-=. 
-.7<E 
-.7=.P 
-.?51 
- .7 t4  
-.7C? 
- .7? 
-.7-1 
- . l f C  -. 77Q 
-.711' 
- . i n 5  
-.780 
- . 1 q 3  
-.-I95 
- . 7 1 P  

-.e333 
- .W6 
- . * I '  
-.e12 
- 9  R15 

5.698 
5.773 
5.949 
6.325 
5 . ~ 0  
b . V q  
6.127 
4.774 
6.3 1 
6.771 
6-45? 
6.577 
h.603 
4.471 
6.753 
oI.B?* 
6.0.3 
6.079 
7.'54 
7.128 

7.779 
1.354 
1.47- 
7.5-1 
7 . c - e  
7 . 6 3 9  
7.7>* 

7 . ~ 4  

3m.952 
*1."G! 
11.212 4.1.654 .. 

61.669 
r1 .6C3 
61.691 
61.7-7 
41.727 
41-76? 
E1.15. 
41.774 

. ._ 
31.342 
31.412 
11*Mm 
31.689 
31.1161 
31.391 
37.121 
32.251 

,..--. , 

6 3 . 7 5 3  
55 .  ZRI 
63.'1* 
43.379 
h l . 3 r 9  
63 .797 
- 6*.427 
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Table B-2a. Reconstructed Reentry Trajectory,  

-.?45 
- . R 4 7  
-.P5' 
-.P- 
-.a55 

___ -.est _ _  
- .e50 

-.8b5 

4 2 ~ 6 2  
42.170 
42.29b 
42.447 
4?.b93 
42.739 
42- @74 

43.148 
4r.201 
43.417 
47.553 
43.690 
43.6?b 
41.963 
4c-90 
44- 238 
44.371 
44.71n 
44.647 
44.704 
44.Q?1 
45.*15 
45.198 
45.331 
45.473 
r5.t11 
45.741 

r w i a  

45.895 
46.C24 
4b. 1 b3 
56.1-1 
46.439 
4 5 . . i l O  
46.714 
Lh.154 
46.993 
47.132 
4?. 7?1 
47.41P 
47.5440 
47.6¶9 
41.701 
47.Q67 

40.247 
49.391 
41.526 
49.Cbt 
.m. n-7 

411.9*1 

4Q.2?8 
49.368 
49.570 
47.640 

4e.in7 

4 9 . ~ 1 7  
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Table B-La. Reconstructed Reentry Trajectory,  
Special Parameters  

I n ~ i v r  V = I .  T Y = * T T ~ I  F I T .  r* :rmt&t  

(Continued) 

S3.78.4 
53.927 
54.FTI 
54.216 
54.361 
54. 506 
54.65n 
Y. 106 
54.941 

55.232 
55.3?6 
55.523 
55.667 
55.1113 
55.959 
56.1?5 
56.752 
56.354 
56.513 
56.CBf' 
60.830 
56.985 

q1. 28F 
51.415 
51.c73 
' 1 . 7 2 1  

55.ro6 

57.132 

56.8'- 
66.191 
66.945 
6h.903 
57.  41 

677.122 
619.521 
6R1.921 

25335.5 
2f?'..t 
25317." 

2 S L = 9 . 5 -  
' 5  34-8.7 

- l * I F ?  
-1.1-4 
- I . ? .  5 
:!.I ' 9  
-1.111 
-1.113 
-1.114 
- ' . I l l  
-1.117 
-1.121 
-1.12? 
-1.125 
-1.127_. 
-1 .129 
-! .I*? -'... 1.5: . 
-1.135 
- l . l ? S  
-1.1.4m 
-1.?4'  

- 1 . 1 + 4  
-1.144 
- 1 . 1 4 -  
- 1 . 1 5 -  
-1. ! F! 
- I . ? = >  
- ? * 1 E <  

- 7  .,.7 .~ 

604.333-- 
6'16.15" 
589.122 
691.521 
491.921 
5 of. .-i 2' 

Z5342.f' 
? 5 3 4 3 . 4  
2 '344.1  
2 5 - 4 6 . ?  

740479.1 I Y . F S I  
141'43.- 10.111 

6 9 a J z L .  
l(11.340 
1 33.549 
715 .Q40 
1'8.35' 
1 1 P . ' V  
?l3.121- 
115.511 

52.n43 
42.214 
52.316 
62.518 
62.67C 
62.523 
62.975 
13.12n 
6 3 . 2 ~  
63-43)  
6%5¶6 
63.739 
63.093 
64.C16 

hb.r53 
61.597 
64.w1 

64.2-1- 

253'5.4 
1 5 3 7 5 . 7  
? = ? 7 4 . t  
2 5 1 ' ? . 1  
? f 3 q n . l  
i5?11l . t  
:5353.-  
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-!..1., 
-1 .217  
-1.21? 
-1.?!5 
-l..?h 
- 1  .?2 9 
-1.219 
-1.77' .  
-!.2?? 
- I  * ? 3 7  

-1.7'4 ~~ 

- L 2 2  h 
-l.i'?S 
-!.??a 

-1.;37 
-1.771 

2 3 . 7 1 ~  
27.776 
7 3 . 3 7 5  
-7.375 
7 3 . 4 2 4  
73 .477 
- 3 . s 7 7  
7 7 * = 1 1  
73.619 
7 3 . 6 5 7  
'3.714 
7 3 . 7 0 4  

73.95'  
7 3 . 5 1 1  

'2 .Q-6 
71.75= 
ZL.' ' 
74. 4 8  
24.'94 
24.141 
t 4 . ! 7 3  
>4.23-4 
7 4 . 7 7 9  
i 4 . 3 - 4  
24.37, 
74.41- 
74.461 
Y6.5'5 

0 5 , 3 6 4  
66.570 
66.676 
66.837 
66.QqU 
61.144 
67.311 
67.456 
67.61 4 
51.711 
67. 978 
h(i.bR5 
68. 242 
6 8 . 6 I P  
61.557 
69.715 
6 R .  873 
60.C29 
60. I Y7 
60.346 
69.514 
69.663 
69.C71 
60.98C 
7". 139 
7 ' .70e  
7 * . 4 5 F  
7-.616 

7r. 775 
7 3 .  '34 
71 .* Ob 
71.756 
71.416 
71.577 
11.699 
7 1 . C O 6  

77 .717 
7?.?70 
77.54" 

72.  Rb4 
73.r24 
73.146 
13-34? 
73.5')9 
73.672 
77.C.46 

74.161 
75.324 
7c.415 
74.64II 
74.61 1 
-4.911 
7c.179 

7 z . r - i  

7 2 . 7 ~  

7 %  on- 

75.m3 
75.467 

75.794 
75-95? 
76.123 
76.2117 
76.457 
76.61 5 
76.781 
76.946 
71.110 
77.277 
71.b42 
77.637 
71.173 
77.039 
7U-135 
78.218 
78.437 
78.603 
78. 77c 
78.934 
7% 103 
79.270 
79.437 
79.66+ 
79.771 

7 5 . ~ 3 ~  
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Table B-2a. Reconstructed Reentry Trajectory, 
Special Parameters  (Continued) ' 

73.939 
en.1-6 
BF.774 
8".441 
80.61 P 
80.778 
8%946 
81.114 
Rl.213 
(I1.4%1 
RI.%? 
81.7BP 
Cl.958 

82.296 
P2.465 
e f . 6 9 5  
82.R-5 
82.974 

03.314 
83.48L 
83.653 
81.R2Z 
R3.993 
84.164 
F4. 315 
05.576 

02.12r 

m3.144 

l34.6771 
*4. we 
Sb.rK5 

85.362 

85.7.)5 
8T.077 
86.4-411 

86.391 
86.565 
8 6.737 
96-91" 

87.155 
97.4?6 
07.599 
87.772 
RT.W9 

"J.'", 

0% l o p  

05.533 

w.218 

9 i . r ~ ~  

n n - * m  

8R.4119 
B8.641  

Prl.99L 
80.162 
09.376 

.- __. 

Ba.mi5 

89.51 0 
eo.cr(4 

0% -33 
90.217 

~ 9 . 0 ~ 8  

9n.3-2 
9n. 557 
00.731 
91'.016 
Q!.TPI1 
91.257 
01.432 
91. 607 
93.7112 
91.917 
92.134 
92.3'19 
92.LR5 
92.661 
0'. R37 
03.*13 
93.199 
93.365 
93.541 
93.71 C 
93.894 
94.071 
94.?46 

-1.32: 
-1.'- 
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Table 

1367.69'1 
13 7'. 5 "5 
1377.L*' 
1375.396 
1?77.335 
13WL.1"5 
13*2.135 
1354ae06 
1396.0% 
13W.795 
1 3 9 1 . m  
1394-677 
1396.5% 
1199.417 
1401.371 
14%.73* 
14W.17'. 
14 -9 .99  
141' -97- 
1413. P 30 

29711.3 
?=72=.  2 

57rJl.l 
57P'. 7 

.57q4.  = 
5785.6 

'57F7.9 
?5709.P 
15791." 

F.794.7. 
12707 ,1  

-1.315 
-1.717 
-1 .- 17 
- 1 . - : 7  
-1.=17 
-1.316 
-1.216 
-7.316 
-! .'I6 
-1.JL-2 
-1.315 
-1.3?5 
-1 4 - 
- I . % ! L  
-1.1'9 
: X I ? -  
-1.313 
-1.112 
-1.11 2.. 
-1.f11 
-Y.=:!  

.-1 . = 1 1 
-l.?l'. 
-]*:I- 
-1.?^9 
- 1 . 3  8 
-I.=,$ 
- 7 . 3 - 7  

2512 e. - 
-1.795 

06.424 
94.631 
04.7?9 
94.955 
95.132 
95.309 

95.664 
Q5.141 
96-?1R 
96.196 
96.373 
06.551 
96.729 
96.99' 
Q7.FR4 
97.262 
9T.*P 
97.619 
97.796 
97.975 
08.153 
98.331 
90.5111 
9LL.658 
90. -7 
9R.917 
09.272 

w.431~1 
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Table B-2a. Reconstructed Reentry Traiectorv.  

-1.241 
-:.:E" 

- 1 . 7 5 9  
-I.;<? 
-1.256 
-1.?55 
-1.?54 
- ? . 7 5 3  
- I . ? < !  
-1.:4* 
- l . ) b 8  
-1 -747 
-? .? t6  
-1.%4 
-1 ."43 
-?.:A1 
-1 .?4?* 

- 1 . 3 8  

- 1 . 7 7 6  

-1.234 
-I.?'? 
-1.232 
-! .2?* 
-1 .Z2% 
-I . '?? 
-1.?74 
- 1 . 7 2 3  

-1 .170  

109.435 

1-9-796 
1ln."15 
110.157 
119-376 
11 1-521 
1 11.737 

1 11. -97 
111.243 
111.458 
11 1. bn4 
7 l l . C l 9  
l l l . - b l  
112.11n 
112.328 
112.541 
112.688 
1 1 L . 9 n l  
i 1 3 . r ~  
113.195 
11 3 - 5 1  0 
113. -56 
113.773 
113.916 
114.133 
114.593 

i n 0 . 6 5 1  

11-.n12 

I 

114.851 
t15.211 
1 1 5 - 5 7 4  
t 15.710 
115.934 
116.071 
1 16.293 
11 6- 679 
ll5.Mo 
11 7. n30 
111.162 
117.323 
111-Sbl 
117.722 
117.881 
l l h . n * 4  
118- 293 
11B.441 
1 i n .  603 
110.r61 
1 I Q-O-lcI 
i 1 P. ibi 
119.320 
11 9.720 
11 9. sa0 

120.198 
12*. 359 

I Z ~ . F M  

-1.144 
-1.14- 
-1.1-s 
-1.120 
-1.12.4 
-1.119 
-1.114 
-1.11. 
-1.1 ' ?  
- I .  ?JS 
-1 .-3 
-1.r87 
-1.,7c 
-! .' 7 5  

-!..<? 
-I.,--= 
-I.'l4? 
-1.-,42 
- . . -a9 
- 1 .  .a 
- 1 . . 2 ?  
-1.-15 
-1.. 12 
-1. - "7 -. 9-87 
-.e91 
- . o w  

-f.'ho 

12e.594 
1 7 %  753 

l t l . f i 7 2  
121.301 

I 7 m .  01 0 

121.463 
1 a . m  
121 .T in 
122.ri- 
121.168 
122.324 
122.481 
1 2 * . n 1  
122.849 
I23.!'?4 

123.411 
123.565 

123.874 
124.1*2 
l24.2S5 
124.491 
124.561 
124.790 
124.931 
125.C92 
125.243 

it3.ine 

i 2 3 . m  
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Table B-2a. Reconstructed Reentry Trajectory,  
Special P a r a m e t e r s  (Continued) 

( C F G P F ' S I  

I 2  5.4'8 
175.61 r) 
1 7 5 . 7 b 8  
125.@9P 
1 ? 6 .  l 6 C  

125.436 
176.656 
126.P35 
125.95" 
1Z1.P98 
127.'15 
127.459 
127.673 
127.96C 
17,a.172 
128.243 
170.596 
178.736 
128.P75 

1 2 6 . 2 5 ~  

179.~17 
179. 2711 
120.351 
129.493 
129.674 

!3* . I ' t  
13-.239 

i ? q . a i u  

, , c 7 , .  . r 
7 1 E ' T . C  
..,. 

?!.?.313 
1 7 . 4 L 1  

1 1.523 

??! 24.4 
- 1 9 0 1 .  c 
7 1 7 5 9 .  L 

-1.431 
- 1 . 5 ' 0  
- l . f ? l  
--!.7?t, 
- 1 . 7 R '  
-1.'27 
- 1 . 9 3 )  
- 1 . 9 1 '  

- 1 . * ' 7  
-1.F:: 
-! .791 
-1.7Q" 
-1.160 
- 7 . 7 5 :  

-! . 741 
-1.774 
-1.7'22 
-1.714 
-].-r?? 
-1.1": 
- 1 . 7 7 '  
- 1 . 7 7 1  
- 1  .P ' 2  
-1 .Ol? 
- i + " ' Y  
- 2 . 2 1 4  
-'.'e= 
- ? . 7 7 7  

.~ 
1 7 : 1 9  

111.327 
127.439 
I32.55n 
197.711 
132.813 
137.91 1 

733.791 
133.318 
133.513 
133.597 
133.693 
133.FIA 
134."14 

t7=.c54 

lll'.' 2 0  
111c.- 7? 

2 5 . 7 ? 1  
Z5.tOb 
' 9 . 6 9 -  
7 F . h 6 , =  
2 5 .  b45 
75.621 
? 5 . 6 - h  
75.511 
99.5711 
2 5 . 5 5 '  
?5.'43 
Z C . 5 3 7  
75.514 
75.5 ' 
7 5 . 4 1 1  
75.47'  
75.46- 
7 5 . 4 5 5  
9 5 . 4 4 4  
7=.  t. 4 -I 
75.470 
> 5 . 4 > 7  
7 5 . 4 1 3  
25.4 ,L 
75. +'I<? 

7 5 . 3 Q 1  
75.396 
25.391 

174.089 
134.715 
134.28P 

13b.435 
114.543 

134.358 

i '537 .7  
1 191.P 

C ' P 3 . P  18:q.Slh 
1 4 1 1 . 4 4 7  
1 8 1 4 . 5 1  
1R16.441 
1819.427 
1821.761 
1823.335 
IEZt.~l' 
1828.39 
1831.311 
1833.121 
1 5 3 5 . 4 4 9  
1 8 3 6 . 6  27 
184' .19? 
1842-  8 8 6  

=17 .1 
~ -9il'.r. 

Ph13.9 
8177.7 
7878.1 
7'90.' 

5676.3 
6 L b 3 . 1  
6191.1 

7 i c a . r  

4191.3 
"071.5 
?57!.9 
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l C 5 7 . L  
15W.5 
1555.1 
1547.F 
1546.7 
1537.1 
1525.9 - 
1534.0 
1526.5 

.151".1 
1511.2 
! 5'4.C 

=.I l . : lC 
-12.. 1 0  
-12.57' 
-1?.+75 
-13. t62  
-1a.490 
-1S. 'T(J 
-15.r15 
-16.142 

. -161599 
-1?.30' 
-18.611 
-J9.'25 
-!0.459 
- 7 ,  .:39 
-2Ir3'6 
-21 .(J- 

25277 
?5.-471 
/5.2h7 
25.944 
?5.-61 
75.35n 
75.356 
75.354 
75.35' 
?5.35' 
25.349 
25.347 
25.141 
25.'47 
25.34- 
25.147 
75.747 
15.341 
?5.=4? - 
75.14Y 
25.758 

135.6% 
135.716 
175.T33 
735.?5l- 
135.765 
135.706 
135.199 
115.01 0 
135.021 
135.035 
135.- 
135.862 

135.874 

13S.086  
135.8Pn 
13S.WS 
135.099 
135s-2 

-135. e61 

1 3 5 . 1 ~ 1  

! ..w 1 . , 

2a.'51 
25.351 
Z C .  351 
75.251 
25.351 
Z5.3St 
25.35> 
?5. 352 
?=.Si> 
?C.f57 
2s.352 
25.-W 
25.3SZ 
2s.3'7 
25. 357 
75. *57  
75.352 
75. -45? 
75.35' 
15.357 

75.357 
25.152 
25.-45? 
25. as2 
25.352 
75. 357 
75.352 

-- -e. 2. -- 
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2czc.571 
2' ? 2 . 6 1 5  

2C27.771 
2-20. P53 
2' 1? .a?? 

2'.25.,?7? 

2C92 . E l 2  
2 ~ 0 ~ .  ~7 

2'06.C5C 
zlnC."11 
1102.1196 
2104.154 
21"1.2&9 
21*19.?96 
2111.>54 
2114.r4q 
2110.497 
2121.t4R 
2123.671 
2 1  28. a 7 3  
213r.013 
2136.'. 42 
217P.112 
714n.191 
2 1 4 3 . ? V  
2 1 4 5 . ? P )  
a147.474 
21Y.54I  
2 1  57.591 
2 1 5 4 . ~ 7 3  

Table B-La. Reconstructed Reentry Traiectory,  

-.SI? 
- . n 9 1  
- . a 2 2  
- . w c  
-.e$,- 

-1 . ->e 
- .ea7 
-.qn 
-.9!7 -. 707 
- . 0 2 4  

- 1  .r 1" 
-.651 
- . 7 Z P  
-.07' 
-,qss 
-.791 
-.W? 

-. 964  
- .4?h 
- .h40 
-.621 
-.669 

-.724 

75. 7 5 7  
7c.32')  
2 = . - 5 -  
1q .257  
75.157 
75.35- 
r=.-.s2 
2*. 75' 
'5.357 
75 .157  
75..=..7 

75.'51 
?*.a51 
75 .151 
-6 .751  
* r .7T1  
7q .351  
75 .151 
75.351 
7 5 .  -45 
7 5 . 7 5 1  
-=.*51 
25 .351  
75.351 
76.151 
-5.751 
75.191 
>5.351 

135.972 

i a s . 0 7 7  

I v.  97 z 

135.972 

1 3 %  977  
1*5.072 

135.977 
135.913 
1 3 5.972 
135.a17 

1'4% 973 
135.913 
135.973 
13 5.913 

I 3 * .  973 
175.913 
135.973 
135.971 

I 35.073 

i - - .or3 
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Table B-2b. R econs t r uc t ed R e entr y Tr aj ec tor y , 



3150-6036-R8-000 
Page B - 2 4  

Table B-2b. 

,, ~ 

R e constructed R e entr  y T r  aj e c tor y, 
Special P a r a m e t e r s  (Continued) 

2 1  947144.5 
7 1 9 4 7 ' 5 8 .  5 

44hh94.2 
71946"3h. 7 

7 1  84'5 14.5 
71 944915.5 
71 R445Vr6. 7 
- 1  n 4 1 7 7 4 . 2  
? I 8 4 3 1  *R. 5 

21941P95.7 
7 1  441  ?59. 7 
21'4'1649.5 
71341-25.7 
7152939R. 7 

7 u 197hR. c'l 

2'338133.7 
?1937495.c 

-1 R35272. 5 
71 439561. 7 
' lR349rq.? 

? ' 9 3 1 5 9 4  7 
21837937. 5 
' 1 9 7 P b b .  5 
7 1  R714, 'O.  5 
7 1  8' *9?4.5 

>ir4?4~0.? 

7 1  ~ 3 6 ~ 5 4 . 5  

7793425'. 7 

~ 1 7 q i z 7 7 . n  
217Qn432.2 
71799571, 7 
2179R713 .  ? 
'1797854.0 
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Table B-2b. Reconstructed Reentry Trajectory,  
Special Parameters  (Continued) . 

415.546 
477.97= 
4ep. 37. 
402.174 

4P7.574 
480.94t 
402.16- 
494.774 

485.174 

497; 174 
490.574 

5'4.375 
5.- t . 774  
5- P. 3 7 6  

5~1.0-5 

542.774 
545.174 
547.574 
540.075 
552.=75 
554.774 
556.415 

561.075 
564.375 
566.774 
5bf .  174 
571.274 
=7*.97= 
576.775 
578.77ic 
581.174 
5e3.574 
58  5.97 5 
5RP. J b r  
500.774 
593.174 
595.574 
597.975 
bOP.375 

hhL.415. 

55". 574 

6 r 2 . 7 7 ~  

fPJ.C.14 

. . _ .  
71 7 R A 1 0 h .  
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6 7 ? . 1 2 2  
579.6: 1 
6 P l . Q 2 '  
C 8 4 . 3 3 5  
686. 75' 
6 8 9 . 1 2 2  
691.511 
60'.0'1 

691.711 
7 r r . > b C  
7' 7 . 5 4  0 

7c 5.945 
71 P.35 
711 .'21 
71?.11? 
7 1 5 . 5 2 1  
717.94Q 
72:. 3'- 
7 2 2 . 7 9 .  
77s.11.0 
7 2 7 . 5 4 9  
720 .C?!  
772.3" 
734.75' 
737 .  !'r c 
720 .  =.+n 

74(.7LC 

~ ~ 6 . 4 7 1  

Table B-2b. Reconstructed Reentry Trajectory,  
Special P a r a m e t e r s  (Continued) 

-1.1-1 
-1.1.P 
- 1 .  1,'s 
- 1 . 1 . e  
- 1 .  7 ii 
- 1 . 1 ' 1  
- 1 . 1 1 6  
- 1 . 1 1 7  - 1 . 1 7.. 

-? .122 
- 1 . 1 7 5  
-1.177 
-1 .  7 0  

-! . I  ? ?  
-1 .17'  
-1.13c 
-1.134 
-l.!f.l 
- 9  .14a  
- 1 . 1 4 6  
- 1 . 1 4 7  
-1.1" '  
-1.15'  
- 1 . 1 : s  
- 1 . l S 7  
- ! * ! C O  

- ! . . A 1  
- 1 . 1 6 ,  

- 1 . 1 c o  
-i .1 c.= 
- 1 . 1 7 '  
- 1 . 1 7 2  
- 1 . 1 7 4  
-1.177 
- ? . 1 7 0  
-1.1-t  
-1.19' 
- 1 . : 9 5  
- 1 . 1 9 t  
- I .  !.e* 
-1.10? 
- 1 . 1 5 4  
- I . ! = &  

-1.10' 
-1.71.- -, - 7 ' 1  
-1.2'4 
-1.7' t 
-1.Z'h 
-1 - 1  i 

- 1 . 7 ! 7  -!. 7 i  3 
- ! . 2 1 '  
- ! . ? 1 7  
- 1 . 7 1 -  
-1 .???  

.L. 

-1.224 
- 1 . 7 ? '  
- 1 . 7 7 7  
- L . ? i C ,  

- 1 . 7 3 ?  
- 1 . 9 - 5  
-1.;?7 
-1.7?P 
- 1 . t k I  
-1 .242 
-1.P4 
-1.246 
- 1 . 7 6 7  

-1 .2=1  
-!.2.3 
- 1 . 7 ' r  
'1.256 
- i . 7 = n  
-1.26- 
- I . ? + ?  
-1.267 
-1.2w 
-1.756 -!. 7hP 
-1.7-0 
-1 .772 

- ] .>a! 

- 1 .  TCO 

!I.?*! 
r7.5',= 
1 7 . t i 0  
1 7 . 0 0 1  
1 7 . 7 5 4  
17.6717 
1 7 . 1 3 ~  
1 7 . 0 4 ?  
1 9 . - - -  
lP.'hR 
1 P . i l  
19.19' 
lP.75=-  
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Table B-2b. Reconstructed Reentry Trajectory,  
Special Pa rame te r s  (Continued) * 
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Table B-2b.  Reconstructed Reentry Trajectory,  

21451537. 
7145-1  2 4 . 7  
7 1  4491 67.7 
214472 7. 
71445997.  5 
'1444487.5 
7 1 4 4 3 P  17.0 
71441hh5.7 
7 1 4 4  751.7 
?71 '9959 .  5 
?I  477446.5 
7143b"l?.  5 
714346 %.7 
? 1 4 3  1 1  9.. 7 
7143'777.9 
" 4 3  -411." 
'1423965. p 

7 1 c ? i 5 5 ~ .  5 
?14?6(  7 5 . 5  
214'477 .? 
714732aa .  5 
7 l L 7 1  R77.7 
2142392Q.7 
21 419>4- .  = 
21 417624. 
2141h2 7.q 
71 4 1 4 7 9 ~ .  ? 
*'4!1Y77. L 
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Table B-2b. Reconstructed Reentry Trajectory,  
Special Parameters  (Continued) 

.- . 
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1 4 P  7.0% 4 
149'. t 91 

Table B-2b. 

- 1 . 1 s .  
- 1 . 1 9 1  -!. I ' f  
-1 .171  
-1 .16 '  
- ! . IEF  
- I . ! = +  
- 1 . l l . P  
- ! . l a  
-?.l>. .r.  
-1.170 
-1 .1?2 
- 1 . 1 1 5  
- l . I ' . @  
-1.1"1 
- , . , P I .  

- 1 . ~ ~ 7  

- i . r w  
- l r ( 7 6  
-1.it69 
- 1 . 0 5 ~  - 1. " 2 4  
-1 .c47 
-1 . ' 4"  

Reconstructed R eent r y  Trajectory,  
Special P a r a m e t e r s  (Continued) 
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Table B-2b. Reconstructed Reentry Trajectory,  
Special Pa rame te r s  (Continued) 

7 7 . : u  
77.1'0 
??.-ob 
77 . -5 *  
77 .  21  
7h. 305 
7 6 . 0 7  

24.944 
7 6 . 9 ' 6  
2 6 . w  
7A.154 

164 3.740 
1645. R7L 
164".-5? 
lb41.216 

1655.474 
m 7 - 3 1 7  

lW!. 072 
17: 3.=5= 

1-1 .123 
I . ? . .  
1 2.7:1 

- -1.F27 
-1.019 
-1.0's 
-1. e-0 

- l . F 7 ?  -:. F"C 
-1.ec5 - 1. 851 

- 1 . e p 1  
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Table B-2b Reconstructed Reentry Trajectorv,  
Special P a r a m e t e r s  (Continued) ' 

144.79 
1 I . 4 .  0 0  
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Table B-2b. Reconstructed Reent ry  Trajectory,  
Special Pa rame te r s  (Continued) 

Z"9i.012 
2 - 0 4  a+? 
2 - 9 6 . 0 ~ '  
2 l i C . . l l  
2ir7. .  06 
21 4.154 
21?7.240 
2 1 - % 2 0 6  
21 11 .?S* 
21 14.44E 
2116.491 
212 7-64 P 
2123.67! 
717P.777 

Z13t. 6 1  
213s.112 
2 1 4 r .  - 0c 
2143.207 
7 ' 4 9 . 7 3  

-... .., 

7 1 6 7 . 4 1 P  
21S'.E4- 
2 1  ". 5 91 
2154.573 

(Reverse of this page is blank) 
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APPENDXX C 

IMU CALIBRATION HISTORY 

The following plots contain the history of the preflight calibration 

values for  the accelerometer  bias and scale  factors and the gyro dr i f t  

rate. 

flight value, and the gyro dr i f t  rate is shown a s  the actual calibrated value 

( there  is no in-flight adjustment for the gyro drift  rate). This information 

was provided by NASA/Honeywell. 

The bias and scale factors a re  shown a s  the differences from the 

Figures  Page 

c - 1  Accelerometer Bias History (Deviation from 
Flight Constant) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C -2 

c -2 Accelerometer Scale Factor History (Deviation 
f rom Flight Constant) . . . . . . . . . . . . . . . . . . . . . . . . .  C-3 

c -3 Gyro Constant Drift Rate History . . . . . . . . . . . . . . . . .  C-4 

c -4 Gyro Input Axis Unbalance Dr i f t  History ............ C-5 

c-5 Gyro Spin Axis Unbalance Drift History.  ............ C-6 

, 
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Figure C -1. Accelerometer Bias History (Deviation f rom 
Flight Constant) 
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Figure C-2. Accelerometer Scale Factor His tory  (Deviation 
from Flight Constant) 
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F igure C - 3 .  Gyro Constant Drift Rate History 
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F i g u r e  C-4. Gyro Input  Axis Unbalance Drift History 
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Figure C-5.  Gyro Spin A x i s  Unbalance Drift History 
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ERROR SOURCE REGRESSION ANALYSIS 
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APPENDIX D 

ERROR SOURCE REGRESSION ANALYSIS 

The regression analysis was performed using the IMU telemetered 

data together with tracking data f rom the GE Mod 111, MISTRAM I 10K 

and 1OOK system, and data f rom the MISTRAM II (Eleuthera) system. 
The fit domain was  that of the following tracking systems: 

MISTRAM I 1OK RSUM, @, b 
MISTRAM I 1OOK G, 6 
GE Mod III R, A, E, R, P, Q 

MISTRAM 11 kSUM, 6 ,  6 
This domain was selected since MISTRAM position bias e r r o r s  have no 

effect. 

residuals pr ior  to the fit to determine white noise i - s igma estimates.  

Table D-1 indicates the various 1-sigma noise estimates which were used 

in the regre_ssion program. 

Weighting of the data w a s  accomplished by visually examining the 

Table D-1. Tracker Noise Est imates  

R 120 
A 

GE Mod 111 

To 

i60 

- 

I 

t 

36 0 

1 - 

iu 
~~ ~~~ 

10 ft 

0. C O O 0 5  r a d  

0.00005 r ad  

0. 25 f t l s e c  

0.01 
0.01 

0.25 
0. o i  
0.01 

0.03 
0. 03 

0.15 
0.02 
0.02 

From 

16 0 

1 

- 

To 

3 

iU 

,o  
0.00005 
0. 00005 

0. 5 
0. 02 
0.02 

0. 25 
0. 005 
0.005 
0. o i  
0. o i  
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Table D-2  l i s t s  the total postulated models together with the a 

p r io r i  1-sigma uncertainties. This model was input into the Recursive 

E r r o r  Modeling P r o g r a m  (REMP) with about half of the t e r m s  excluded 

f r o m  the f i t .  However, the statist ical  effect of this exclusion is  accounted 

for  (Reference 5) .  

Table D - 3  l i s t s  the final model selected by REMP along with the e r r o r  

coefficients recovered in the fit. Also in the table a r e  the a pr ior i  uncer- 

tainties and the a posteriori  uncertainties (i.  e., the uncertainty associated 

with the recovered e r r o r  t e rm) .  

of the total e r r o r  model based on the effect of the e r r o r  function due to  the 

associated 1 -sigma a p r io r i  uncertainty. The weighted least-square curve- 

f i t  then proceeds a t e r m  at a t ime using the established sequence. 

manner ,  the more  prominent e r r o r  sources  a r e  used f i r s t  in  the regression 

solution. The program re jec ts  e r r o r  functions as the solution proceeds if 

they a r e  "excessively" correlated with one o r  a combination of the previ- 

ously selected functions. The correlation l imit  (the definition of "exces - 
sively") is an input i tem and has  been empirically determined. 
analysis, the following e r r o r  sources  were  purposely omitted f rom the fi t ,  

but left in as  f a r  as the a posteriori  uncertainties a re  concerned: 

The R E M P  does a preliminary ordering 

In this 

In this 

BX PHIX 

BY P H I Y  

B Z  vox 
Y S F  VOY 

A9(4)  V O Z  

AlO(4) YGSAU 

A l l ( 4 )  ZGSAU 

In addition, the following t e r m s  were automatically omitted by the program 

due to correlation: 

YGCDR 

XGIAU 

ZGCDR 

XGCDR 
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Table D-2. E r r o r  Model and A P r i o r i  Uncertainties 

Error Description io a priori 
uncertaintv 

BX 

B Y  
B Z  

XSF 

Y SF 
ZSF 

* 

* 
*POX 
*POY * 

POZ 
XGCDR 

Y GCDR 

ZGCDR 

vox 
VOY 

voz 
*XGSAU 

Y GSAU 
ZGSAU 
XGIAU 

*YGIAU 

ZGIAU 
ZXMSL 
PHIX 
PHIY 

* 

-PHI2 

X accelerometer bias 
Y accelerometer bias 
Z accelerometer bias 

X accelerometer scale factor 
Y accelerometer scale factor 

2 accelerometer scale factor 
X initial position bias 
Y initial position bias 
Z initial position bias 
X gyro constant drift rate 

Y gyro constant drift rate 

Z gyro constant drift rate 
X initial velocity bias 
Y initial velocity bias 
Z initial velocity bias 
X gyro spin axis unbalance 
Y gyro spin axis unbalance 
Z gyro spin axis unbalance 
X gyro input axis unbalance 
Y gyro input axis unbalance 
Z gyro input axis unbalance 
Z accelerometer misaligned toward X 
Platform misalignment about X 
Platform misalienment about Y 
Platform misalignment about Z 

Timing scale factor 
Timing bias 
M I S T R A M  I refraction error 

Time bias in Mod 111 
GE Mod I11 range bias 
GE Mod 111 refraction error 
GE Mod 111 azimuth bias 
GE Mod III elevation bias 
Time bias in passive MISTRAM 
MISTRAM II X survey 
MISTRAM ll Y survey 
M I S T R A M  11 2 survey 
MISTRAM I1 rate bias 
MISTRAM I1 refraction error 

( I C s  azimuth) 

(central site) 

5 . 0  ppm 
5 . 0  pprn 
5 . 0  ppm 

160 PPm 
160 ppm 
160 ppm 
50 f t  

50 f t  

50 f t  

0.1 deglhr 
0.1 deglhr 
0.1 deglhr 
0 .5  ftlsec 
0 .5  ftlsec 
0 .5  ftlsec 
0 . 2  deg/hr/g 
0 . 2  deglhrlg 
0 . 2  deg/hr/g 
0 .2  deglhrlg 
0 . 2  deglhrlg 
0 .2  deglhrlg 

35 s i  

4 5  SQC 

45 6 - 2  
n 100 sec 

100 ppm 
0.01 sec 

5 n units 
0.01 sec 

100 f t  
5 n units 

0.0002 rad 
0.0002 rad 

0.01 sec 
50 f t  
50 f t  
10 f t  

0 . 5  ftlsec 
5 n units 

*The asterisks indicate those error coefficients solved for 
in the regression. 
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Table D-3.  Recovered Er ro r s  and Uncertainties 

Coefficient 
value 

-89.9 
+ O .  025 

+ O .  00088 
-0. 00013 

+15.29 

+3. 15 
+l. 71 

+56.9 
+198. 

+O. 0019 

-0. 18 

-37.9 
-57.8 

+74. 3 
+18.6 
-30. 

+31. 1 
- 1. 1 

+O. 0000 15 

+O. 00005 

-0.22 

1 posteriori 
uncertainty 

19. 7 
0.0055 
0.00 19 
0.00036 

3 . 3  
5.1 
5 .2  
1. 8 

29. 8 

0. 29 
0. 30 

37.4 

157. 
11. 6 
55. 
58. 7 

39. 6 
0.44 

0.0000 1 

0.00002 

0.088 

A priori 
uncertainty 

100. 

0 . 0 1  
0 . 0 1  

0 . 0 1  

5.0 
5 .0  

5.0 
100. 

160. 

0.2 

0 .2  

35. 
160. 
100. 
50. 

50. 
50. 

0.2 
0.0002 

0.0002 

0 .5  

Number 
of sigmas" 

0.9 
2 .5  
0. 08 
0.001 

3.0 
0.6 

0.3 
0.57 

1.2 
0 .01  

1. 
1. 
0.35 

0.74 

0.35 

0.6 

0.6 
5.5 
0.07 
0.25 

0.45 

Units 

PPm 
s ec 
s ec 
s ec 
n u n i t s  

n units 
n u n i t s  

S T C  

PPm 
deg/hr/ g 

deg/hr/g 
s ec 

PPm 
f t  

f t  

f t  

f t  

deg/hr/g 

- 

rad 
rad 
f t /  sec 

.b ,a- 

This column indicates the magnitude of the recovered coefficients in terms 
of the a priori 1-sigma. 
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Table D- 3 indicates that only one recovered e r r o r  coefficient (XGSAU) 

is very large in  t e rms  of its a pr ior i  uncertainty. 

possibly represents  a combination of gyro e r r o r s  that were excluded. 

The uncertainty of 0.4 / h r / g  is twice the s ize  of the a pr ior i  value (0. 2) ,  

which testifies to the high correlation of this t e r m  with omitted terms.  

Some compensating effect does occur between XGSAU and ZGIAU. 

It is felt  that this e r r o r  

0 

* 

Figures  D-1 through D-10 a r e  plots of the e r r o r  coefficients as the r e -  

gression solution proceeds. 

coefficients which would be produced by the program if the solution were 

stopped at the addition of each new e r r o r  source. 

cate that the solution for  ZGIAU shifts abruptly at the inclusion of XGSAU. 

indicating correlation between these e r r o r  functions. 

tory of the R M S  (root mean square)  of the residuals as new e r r o r  t e r m s  

a r e  added. 

the reduction is not impressive.  

evidenced by the level change in PHIZ when XGSAU is included in the f i t  

( s ee  Figure D-4).  

These plots represent  the value of the error 

These f i g u r e s  a l so  indi- 

Figure D-11 is a his-  

Note that the RMS does decrease as XGSAU is added, although 

Correlation between PHIZ and XGSAU is 

Several REMP runs were made using e r r o r  functions other than 

XGSAU; however, the resulting f i t  to the data w a s  decidedly poorer than 

when XGSAU was used. 

final recovered coefficient. 

al tering the solution somewhat, a regression run was made that used no data 

beyond 300 seconds, which insured against smal l  elevation angles; the r e -  

covered coefficients remained approximately the same (XGSAU became 

-1. 3 5  O/hr/g). 

the data were used over the interval 120 to 360 seconds. 

120 seconds were not used in order  that low altitude refraction effects could 

be avoided. The actual resul ts  of the regression may be seen  in  F igures  

D-12 through D-16, which a r e  plots of the residuals input to the program 

with the curve-fit superimposed. 
data was extremely good, resulting in near  zero remaining mean. 

Because of this, more  credibility is given to the 

To s e e  if a t racker  refraction e r r o r  might be 

The final solution included t racker  refraction e r r o r s ,  and 

Data pr ior  to 

The f i t  to the MISTRAM 1OK and 1OOK 

The MISTRAM II data were also fi t  quite well and appears  to be 

reasonably f r e e  of systematic trends. 

J. -r 

F o r  an explanation of this, s e e  the Appendix of Reference 5. 
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The GE Mod I11 curves indicate that although small ,  systematic 

t rends still remain in  all s ix  parameters  (F igures  D - 1 ~  and D - 1 3 ) .  

the most  dramatic  of these is the R residuals that indicate a ramp-type 

e r r o r  remaining in the data. There is no explanation for  the remaining 

bias  a t  this time. 

Possibly 

Some remarks  a r e  in order  concerning the validity of the recovered 

e r r o r  coefficients f rom the final regression run. 

Table D-3 that the t e r m s  

F i r s t ,  it i s  seen f rom 

A4(4  1 Z X M S L  

A 4 ( 1 )  P O X  

YGIAU P O Z  

ZGIAU XGSAU 

have a posteriori  uncertainties l a rge r  than the a pr ior i  Uncertainties, 

because so many e r r o r  sources  a r e  carr ied a s  "nuisance" parameters  

without being solved for. 

was continually recovered to a level of x -1. 2O/hr/g, i t  could be a com- 

bination of some unsolved e r r o r s .  

i s  the one t e r m  that does the bes t  job of fitting the data. 

remaining af ter  the fi t  is the smallest  yet observed for a Gemini analysis 

( s e e  Figure D - l l ) ,  a plot of the R M S  history).  This remaining level of 1. 0 

denotes a near  perfect f i t  in t e r m s  of the assumed noise on the data versus  

the final observed RMS. 

solution progresses  (Figures  D-1 through D- 10)  indicates that ser ious com- 

pensational effects a r e  not present  to any alarming degree in the final r e -  

duced model. 

In par t icular ,  this implies  that although XGSAU 

I t  can be said regarding XGSAU that i t  

Second, the RMS 

Third, the histories of the coefficients as  the 
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Figure D-1. E r r o r  Source Recovery History - TSF, DT 



3150-6036-R8-000 
P a g e  D-10  

Figure D-2.  E r r o r  Source Recovery History - A2(4),  C 2 ( 3 )  
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Figure D-3. Error  Source Recovery History  - C4(3), A4(4) 
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Figure D-4.  E r r o r  Source Recovery History - A4(1) ,  P H I Z  
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Figure D-5. Error  Source Recovery History - XSF, YGIAG 
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Figure D-6. E r r o r  Source Recovery History - ZGIAU, ZXMSL 



Figure D-7. E r ro r  Source Recovery History - ZSF, C O ( 3 )  
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F i g u r e  D - 8 .  E r r o r  Source Recovery His tory  - POX,  P O Z  
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Figure D-9. Er ror  Source Recovery His tory  - P O Y ,  XGSAU 
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Figure D-10. E r r o r  Source Recovery History - D0(3) ,  FO(3) 
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Fi gur 

T I N  I” Y C L I D S  ram LI,, OTF 
... 

e D-12.  GE Mod I11 LIP and Regression Fi t  in 
Coordinates 

Tracker  
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Figure 0-13. GE Mod 111 A V  and Regression Fi t  in  Tracker  
Coordinates 

-- t 
. .- 

.. .* 
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Figure D-14. MISTRAM I 10K and Regression Fit A V  in Tracker 
Coordinates 



3150-6036-R8-000 
Page D-23 

iIlp IN SECONDS FRW LIFT OFF 

Figure D-15. MISTRAM I lOOK and Regression Fit AV in Tracker 
Coordinates 
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Figure D-16. MISTRAM I1 Passive AV and Regression Fit in Tracker  
Coordinate s 
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