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ABSTRACT 

This report summari~es work done on "Vehicle Sys- 

tems and Payload Requirements Evaluation" during 

the five years of the study. Reference is made to 

specific previous Interim Scientific Reports. Work 

done since the last Interim Scientific Report is 

reported on in more detail. This includes the 

anal] sis of Xedundant Systems. An investigation of 

potential problems with the Gravitational Red Shift 

mission, and development of the Interactive Graphic 

Orbit Selection computer program. 
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VEHICLE SYSTEMS AND PAY LOAD REQUIREMENTS EVALUATION 
(October 1970 - December 1975) 

F. G, Rea, J, L. Pittenger, R, J. Conlon, and J. D, Allen 

INTRODUCTION 

This report presents the results of the work on "Vehicle Systems 

and Payload Requirements Evaluation" (VSPRE) for NASA Marshall Space Flight 

Center (MSFC) under Contract Number NAS 8-26431 between October, 1970 and 

December, 1975. Background information and a sununary of the study results 

are presented for the entire project along with detailed technical discussion, 

recmmendations, and conclusions of the past 18 months. Details of the first 

four years have teen published earlier in Interim Reports (Reference 1, 2, and 

3*). 

Program Ob I ect ives 

The objective of this program was to develop techniques for 

identifying launch vehicle system requirements for NASA automated space 

missions, and to conduct analyses to assist NASA OSS in the management of its 

related Supporting Research and Technology (SR&T) programs. Achieven~cnt of 

this overall objective required development of various ca.pter programs. 

These include extensions of previously developed system analysis and evalua- 

tion programs for the analysis of a oroader scope of vehicle systems. In 

addition, these programs were applied to the analysis of several NASA mission 

astrionics requirements. For these missions, trade-off evaluation of com- 

petitive systems and analysis of operational requirements were performed. 

Prolect Tasks 

The efforts of this study have been conducted under specific 

tasks. The contract modification of April, 1974 redefined the task numbers 

from those in use since 1970. For convenience in referring to earlier re- 

ports, Table 1 shows the old and new task number definitions. All tasks 

discclssed in this report are under the new numbers, 

*References are listed at the end of this report. 



TABLE 1. VSPRE PROJECT TASKS 

Old Task No. New Task Yo. 
Task Descript ion (Prior t o  A p r i l ,  1974) (After Apr i l ,  1974) 

Update and Maintain 
Computer Codes 

I n v e s t i g a t e  FLEA0 
Astrionics Requirements 

Inves t igate  Astr ion ics  
for OSS Missions 

Inves t igate  Scout 
Astr ion ics  Requirements 

P e r f o m  Mission 
Requi remenrs Assessments - - 

* Thim e f f o r t  was begun i n  1973 under Old Task 3. 



S TJ MMARY 

The following paragraphs summarize the effort on each or' the 

project tasks. Detailed discuseions appear in the Technical Discussion 

Section of thir report. 

Update and Maintain Computer Codes (Task 1) 

Several computer programs have been developed under this task 

and delivered to MSFC. Most significant of these are: 

EOMP-I (Earth Orbit Mission Program - I) which performs 
linear error analysis of launch vehicle dispersions for 

both vehicle and navigation system factors, and 

IGOS (Interactive Graphic Or5it Selection) program which 

allows the user to select orbits which satisfy mission 

requirements and to evaluate the necessary injection accuracy. 

This program was written as part of the Task 4 investigation 

of mission requirements for astrionics improvements. 

The High Energy Astronomical 0bse.vatory (HFAO) mission was 

investigated undrr the original VSPRE Task 2. At that time it was proposed 

that HEAO be launched on a Titan IIID with a Lockheed Orbit Adjust Stage (OAS) 

for final orbit placement. VSPRE efforts were: 

Calculation of the Titan iIID open loop guidance system 

injection errors, 

Analysis of the probability of obtaiaing sufficient 

parking orbit life tfme to adequately track the 

vehicle, and 

Development of an optional OAS thrusting policy. 

Results of these studies (References 1, 2 and 3) indicated the Titan ZITD/OAS 

vehicle was feasible. 

Subsequently the HEAO payload weight was reduced, and the payln:~d 

was reassigned to an Atlas vehicle. 



Investinate Astrionics for OSS Missions (Task 2) 

A number of specific analyei~ studies have been directed by 

the C6i3 (Contracting Officer's Repreoentative), Astrionics requirements 

for H a 0  and LAGEOS, have been discussed in previous repolt* (Reference 1, 

2 and 3) .  The Red Shift mission requirements for Scout are diecuased 

under Task 3 i~ this report. 

Recent Task 2 activity has cmcentrated on an evaluation of the 

requirements for a high reliability computer, specifically the ARMMS 

(Automatically Reconfigurable Modular Multiprocessor Sy .em) cmputer 

under development at MSFC. The evaluation of ARMMS resulted in the writing 

of a preliminary version of a generalized computer program, ABBACUS for the 

analysis of a reconfigurable astrionics system. 

Investigate Scout Astrionice Reauirements (Task 3 1  

Several potential modi f icat ions to Scout astrionics have been 

evaluated and the results previously published in References 2 and 3. 

No conclusive recommendations regarding the need for the modifications could 

be made due to a lack of firm mission requirements for increased injection 

accuracy. 

Most recently, Task 3 effort concentrated on the application of 

Scout for the Gravitational Red Shift mission. This mission is a sub-orbital 

launch with the payload attached to the spinning, depleted, fourth stage. 

The results of the study indicate no problems are encountered due to the 

operation oi the payload while attached to the spinning fourth stage. 

Perform Mission Requirements Assinnments (Task 4 )  

When establishing mission requirements, the planners frequently 

stated, as a requirement, the known accuracy of the vehicle they assume 

would be assigned to their mission. In other cases, arbjtrarily s m ~ l l  

errovc are specified to minimize the chance of failure without regard to 

the implied increased astrionics coiits. 

This aituat ion led to the developmen; of the Tnteracti ve Graphics 

Orbit Select ion (IGOS) programs. IGOS display6 both the mission requirements 

(orbits which met the requirements) and the variou launch vehicle capabilities 



(payload weight and in jec t ion  accuracy). The program serves a s  t he  bas is  

f o r  concise dialog between mission and vehicle  or iented spec i a l i s t s .  IGOS 

is a t cn l  f o r  e i t h e r  o r b i t  se lec t ion  (mission design),  o r  f o r  the  evalua- 

t i on  of launch vehic le  accuracy requi rments .  In  addi t ion t o  t he  d e t a i l s  

presented i n  the Technical Discussion, a users  manual and a sample work 

session a r e  presented i n  Appendices A and B. 

BACKGROUND 

Related Prior  Work 

The astr ionics/avionics  evaluation techniques extended under 

the contract were or ig ina l ly  developed by B a t t e l l e  f o r  NASA/OSSA under 

contract with the NASA Electronics Research Center (ERC), Contract Number 

NASl2-550, and f o r  the  U. S. A i r  Force (USAF) Avionics Laboratory, Contract , 

Number F33615-694-1402. The ERC contract  was or ig ina l ly  i n i t i a t e d  t o  develop 

an evaluation technique f o r  i n e r t i a l  sensors t o  be included in  strapdown 

i n e r t i a l  navigation systems. To e f f ec t ive ly  evaluate sensors f o r  strapdown 

app1icatj.m , it: was determined t h a t  a more comprehensive ' sys tems l eve l  study 

including other  a s t r i on ic s  subsys tems was necessary. 

The systems evaluation techniques developed under the ERC contract 

were extended t o  cover avionics under the  USAF AvionCcs Laboratory contract.  

In analyzing integrated avionics systems, the assumption tha t  each item of 

hardware is associated with a pa r t i cu l a r  function (such a s  navigation o r  ta rge t  

acquisi t ion)  i s  too r e s t r i c t i v e .  For t h i s  reason, a more general technique 

was developed in which a t o t a l  system i s  considered a s  an assembly of sub- 

systems. The operational object ives  of the combined system a r e  then defined 

i n  terms of  functions such a s  navigation and f l i g h t  control.  Any hardware 

subsystem might be involved in  sa t f s fy ing  one or  more func t~ons .  The ERC 

and Avionics Laboratory s tudies  a r e  described in  more d e t a i l  i n  the following 

paragraphs. 



Techniaues f o r  Evaluatinn As t r ion ice  
f o r  In te rp lane ta ry  Miss ions 

Techniques f o r  eva lua t ing  a s t r i o n i c s  systems f o r  i n t e r p l a n e t a r y  

probe missions were developed under Contract  NAS 12-550 over  a 3 year  per iod.  

The ob jec t ive  of t h e  study was t o  develop a technique f o r  eva lua t ing  strapdown 

guidance systems. The technique u t i l i z e s  system parameters desc r ib ing  t h e  

r e l i a b i l i t y ,  power, weight, and performance of t h e  strapdown guidance system 

i n  determining a measure ( o r  index) of guidance system performance. This  

work i s  discussed i n  d e t a i l  i n  References 4 through 10. 

During t h e  work performed f o r  ERC i t  was assumed t h a t  t h e  a s t r i o n i c s  

being considered were an  i n t e g r a l  p a r t  of t h e  spacecra f t  a s  shown i n  Figure  1. 

In  us ing t h i s  program, i t  would not  be necessary  f o r  t h e  a s t r i o n i c s  t o  be an 

i n t e g r a l  p a r t  of the  spacecra f t  i f  only launch v e h i c l e  navigat ion and guidance 

were being considered.  In  t h i s  case ,  c e r t a i n  subsystems such a s  t h e  space- 

c r a f t  a t t i t u d e  c o n t r o l  would no t  be considered i n  t h e  analyses.  

Techniques f o r  eva lua t ing  a s t r i o n i c s  f o r  i n t e r p l a n e t a r y  missions 

requ i re  d e f i n i t i o n  of a b a s e l i n e  s e t  of i n e r t i a l  sensors ,  computers, and 

o ther  onboard hardware i tems t h a t  a r e  not  designed i n t e r n a l l y  by t h e  program. 

In  a d d i t i o n ,  parameters t h a t  desc r ibe  t h e  mission must be provided t o  generate  

the  appropr ia te  f l i g h t  t r a j e c t o r y .  

One l i m i t a t i o n  of these  evaluat ion techniques i s  t h a t  no provis ion 

i s  made f o r  cons idera t ion  of backup modes f o r  t h e  va r ious  func t ions ,  e . ~ . ,  

navigat ion.  The u s e r  must s p e c i f y  those  subsystems he wishes t o  use t o  perform 

each function.  The evaluat ion y i e l d s  measures of the  penal ty  f o r  including 

those  subsystems. Work i n i t i a t e d  under USAF c o n t r a c t  i n  1969 allows considera- 

t i o n  of backup nodes f o r  va r ious  functi.ons. This work is descr ibed i n  the  

following sec t ion .  

Techniques f o r  Evaluat ing 
In tegra ted  Avionics - 

The o b j e c t i v e  of t h i s  s tudy (performed under Contract  Number 

F33615-C-1402) was t o  develop techniques and assoc ia ted  computer programs 

f o r  evaluat ing t h e  e f f e c t i v e n e s s  of i n t e g r a t e d  av ion ics  f o r  USAF a i r c r a l t  

on appropr ia te  missions.  Fur ther  d i scuss ions  of t h i s  work a r e  contained i n  

References 11 and 12. 
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FIGURE 1. BLOCK DIAGRAM OF INTEGRATED ASTR IONICS 



Battelle's Naviuation Error 
Analysis Program (NEAP) 

The technique of performing linear sensitivity analysis used 

under the ERC contract to determine strapdown navigation errors was genera- 

lized to include all possible navigation mechanizations and extended to 

cover open-loop vehicle dispersions under a Battelle-funded study described 

in detail in Reference i3. Experience gained from this Battelle-funded 

study was used in writing the Earth Orbital Mission Program-I (EOMP-I). 

Concurrent Related Prolect s 

Concurrently with performance of Contract Number NAS 8-26491, 

Battelle personnel were involved in two related projects funded by NASA 

OSS which provide valuable data and practical experience. 

NASA Launch Vehicle Prolect (NLVP) 

This project (Contract Number NASw-2018) provides extensive launch- . . 
vehicle and trajectory data for present and future NASA expendable launch 

vehicles. Model formulations and computer programs are structured to maintain 

compatibility with NLVP data. In addition, consultations with NLVP personnel 

on the subjects of propulsion and vehicle capability provided valuable support , 

for this study. 

Delta Inertial Guidance 
System (DIGS) Proiect 

Battelle assisted the Delta Project Office (DPO, Goddard Space Flight 

Center) in the technical evaluation of the Delta inertial guidance syst.em. p 
Work under this contract (NAS 7-786) has included the development of r FOKTRA?? 

program to simulate the Delta launch vehicle, its control systems, and on-hoard 

computer software. This provided VSPRE personnel with a very detailed des-  

cription of the NASA OSS launch vehicle, onboard systems, and software. As 

discussed in Reference 3, the DIGS project has also provided an opportunity for 

an independent check of results obtained by using EOMP-I. 



TECHNICAL DISCUSSION 

' f f~e Technical Discussion sec t ion  of t h i s  report  i s  divided 

i n t o  d i s c u ~ s i ~ n s  of the four  current  project  tasks,  The recommendations 

r e su l t i ng  :ram each of the tasks a r e  presented separately i n  the 

Recolr.ser~d~:sions sect ion l a t e r  i n  t h i s  report .  

Tack ', J)evelovment and Maintenance of Techniaues and Computer Codes --- 
f o r  the Evaluation and Analysis of Astrionics Systems 

Several computer codes a r e  used i n  the ana lys is  of a s t r i on ic s  

systems. "hese programs a r e  sunnnarized i n  Table 2. The tab le  includes 

reference: t o  p r io r  repor t s  f o r  programs developed and/or used during 

e a r l i e r  report ing periods. 

The In te rac t ive  Graphics Orbit Select ion (IGOS) program has 

been w r i t t m  during t h i s  report ing period and has recent ly been delivered 

t o  MSFC f o r  operation on the UNIVAC 1108. This program operates i n t e r -  

ac t ive ly  from a remote graphics terminal such a s  a Tektronix 4010/4012. 

A complete users  manual i s  included i n  Appendix A and a sample 

work session is  included i n  Appendix B. Technical d e t a i l s  of the program 

a r e  described under Task 4 of t h i s  report .  



TABLE 2. VSPRE COMPUTER CODES 

PROGR4M NAME DESCRIPTION s TATUS* . , 

E C 3 -  I 

EOMP- 11 

MONTE CARLO 

Performance Code 

ABBACUS 

SPUN STAGE 
SIMULATION 

IGCS 

Getierates Launch Vehicle i n f e c t i o n  d i s p e r -  
s ions  (References 1, and 2)  

Compares Launch Vehicle i n j e c t i o n  d ieper -  
s i o n s  t o  miss ion requirements (Reference 2) 

Computes s t a t i s f i e d  d i s t r i b u t i o n  o f  
o r b i t a l  elements from Guassian i n j e c t i o n  
covar iance  (References 2, and 3) 

Generates op tinlal nominal t r a j e c t o r y  from 
veh ic le  weight s ta tement  (Reference 3) 

Modular Redundant Sys tern R e l i a b i l i t y  
Analys is  (Task 2 of t h i s  r e p o r t )  

S i m ~ l a t e s  a genera l i zed  spinning body wi th  
mass flow and chrds t ing.  (Reference 3 
and Task 3 of t h i s  r e p o r t )  

I n t e r a c t i v e  Graphics O r b i t  S e l e c t i o n  
(IGOS) program. Generates mission 
accuracy requirements.  (Task 4 o f  t h i s  
r e p o r t )  

Delivered t o  MSFC. . 
C o w e r t e d  t o  1108 - .  

I 

I n a c t i v e  due to  r .  i 
l ack  of adequate 1 
mission requirements. 

Delivered t o  MSFC. 
Operat ional  on 

1 lo8 

Not developed on 
VSPRE c o n t r a c t .  

Pre l iminary  ve r s ion  
only. Development 
dropped. 

Pre l i n i n a r y  program 
f o r  s p e c i f i c  app l i ca -  
t ions .  Not d e l i v s r c d .  . 

Delivered t o  MSFC . 
Operat ional  on 1108 

--- ----- - ------ -. . --.-- 

* A l l  programs a r c  o p e r a t i o n a l  on E a t t e l l e ' s  CDC 6400/Cyber computer sys  tern. 
r 



Taek 2 h v e e  t i n a t e  Ae t r i o n i c s  Requirement~ f o r  OSS Miesione 

High r e l i a b i l i t y  modular computer development has  received cone ide rab ie  

funding under t h e  NASA OSS Launch Vehic le  and Propulsion Programs SR&T program. 

Tn p a r t i c u l a r ,  the  Automatically Reconf dgurable Modular Mu1 t i p r o c e s s o r  Sys tems 

(ARMMS) p r o j e c t  a t  MSFC was the prime reaaon f o r  most o f  t h e  e f f o r t .  The VSPRE 

p r o j e c t  team was d i r e c t e d  by t h e  COR t o  review t h e  ARMMS p r o j e c t  and t o  e v a l u a t e  

the  concept p a r t i c u l a r l y  i n  terms of  i ts  impact on v e h i c l e  r e l i a b i l i t y .  VSPRE 

memoranda (References 14 and 15) were published a s  the  r e s u l t  of a t tendance a t  

nn ARMMS d e s i ~ n  review and a study of A R M  documents, 

Modular Rcdundunt Sys tem R e l i a b i l i t y  

The eva lua t ion  of  madular redundant systems is a more genera l  s u h j c c t  than 

t h e  ARMMS r e l i a b i l i t y  study. The i n s i g h t  gained and t h e  a n a l y t i c  t o o l s  developed f o r  

t h e  A M - r e l a t e d  i n v e s t i g a t i o n s  a r e  a p p l i c a b l e  t o  many launch v e h i c l e  systems and 

subsysteme, including redundact  a s  t r i o n i c s  hardware. Therefore ,  t h e  a n a l y s i s  was 

c a r r t e d  through t o  the  development of  a  computer code. I t s  use and i t s  i n t e e r n t i o n  

wi th  o t h e r  tcchniques nro  presented below. 

Development of an  Analytic Method 

I n  o rde r  t o  eva lua te  the  r e l i a b i l i t y  of a  modular redundant system, i t  is 

necessary t o  know the  loading on the  va r ious  p ieces  o f  hardware. A nominal miss ion 

i s  d e t e r m i n i s t i c ,  If no hardware f a i l u r e a  occur ,  then t h e  on-off h i s t o r y  of every 

component i s  known a  p r i o r i .  Thus, t h e  on and o f f  f a i l u r e  r a t e s  can be used a s  

appropr ia te  i n  a  eystem s imulat ion.  Ana ly t i ca l  problems e r i ~ e  because, i n  any r c n l  

s i t u a t i o n ,  the  on-off h i s t o r i e s  a r e  not  d e t e r m i n i s t i c ,  Genera l ly ,  t h e  e v o l u i ~ t i o n  

of r e l i a b i l i t y  must be accomplished i n  a  mult i-dimensional  space. The on-of f 

historicss a r c  c o r r e l a t e d  i n  a  very complex .aye Every cornponrnr stc&tc\ i 8  

propapatcd as  a  func t ion  o f  t h e  dynamic s t a t e s  o f  a l l  the  system modules. Thi 

kind of  problem can he handled hy means of  convalut ion i n t e g r a l s  i n  which the  

p r o b a b i l i t i e s  of  f a i l u r e  f o r  the  spa re  modules a r e  dependent upon both  the  on 

o f f  f a i l u r e  r a t e s  o f  the  modules which a r e  nominally planned f o r  usc.  An n c t l  



' 1  

module which has a very high f a i l u r e  r a t e  would tend t o  decrease the r e l i a b i l i t y  . I . 
of a back-up module near the end of the miseion, s ince  there i s  a higher probabi l i ty  . . 

t h a t  it has been used a t  t h a t  point. i t 
The predicted r e l i a b i l i t y  of m y  module i n  t h e  eystem i s  dependent upon 

the previoua h is tory  and records of f a i l u r e s  and use r a t e s  of every module in  the . , 
system. The ana lys is  necessary t o  handle t h i s  problem is exceedingly con,plex, and 

one is f i n a l l y  forced t o  use a Monte Carlo type of approach, For many applica- - .  ; 4 :  

t ione t h i s  would be too expensive and, therefore ,  some simplifying assumptions have 

t o  be made. . r .  

During the  course of the ARMM!3 study, one of the parameters of i n t e r e s t  

was the r a t i o  between the ac t ive  and dormant f a i l u r e  r a t e s  of  modules. I f ,  a s  has . . 
been indicated by a recent  study (Reference l 6 ) ,  f a i l u r e  r a t e s  f o r  ac t ive  and dormant 

modules d i f f e r  not by orders  of magnitude but  only by a f ac to r  of two o r  l e s s ,  then - 
i n  terms of numbers one normally deals  with and accuracies which a r e  required for  

r e l i a b i l i t y  computations - it i s  not necessary to  include i n  the model separate  

f a i l u r e  r a t e s  f o r  the modules i t .  t h e i r  a c t i v e  and passive s t a t e s .  The inclusion 

of an extra  module might improve r e l i a b i l i t y  by two o r  th ree  orders of magnitude; 

whereas, accounting fo r  d i f f e r e n t  on-off f a i l u r e  r a t e s  would not a f f e c t  the calcu- 

l a t i on  nearly t h i s  much. 

Another 2roblem common t o  t h i s  area of r e l i a b i l i t y  ana lys is  i s  the la rge  

number of individual component r e l i a b i l i t y  s t a t e s  which must he propagated. For a 
N system with N modules, there a r e  2 d i f f e r e n t  f a i l u r e  s t a t e s  the system may be in. 

For a system of only 20 modules, t h i s  number i s  already in  the neighborhood of n 

mill ion,  and ce r t a in ly  f a r  beyond anything t h a t  could reasonably be t reated on on 

independent s t a t e  basis .  I t  i s  necessary to  view the problem in  such 2 way t h a t  

few+? ~ t a t e s  a r e  encountered. This i s  possible  because, fo r  purposes of the 

r e e  ~ a b i l ' t y  ana lys is ,  we only need t o  know how many of a given type of module 

have f a i r - 4  - not spec i f i ca l ly  which ones. I t  is assumed tha t  the executive system 

w i l l  cor rec t ly  keep t rack of which modules a r e  operable. Let us def ine,  f o r  each 

s e t  of N modules of a given c l a s s ,  N 4- 1 s t a t e s .  We define a zero-state  i n  which 

a l l  mndh.?es of t h i s  given c l a s s  a r e  operable, a one-state i n  which one module i s  

no longer working, and so on through the N-state which ind ica tes  a l l  modules of 

t h i s  c l a s s  have fai led.  I t  i s  possible  to  ca lcu la te ,  from o r ig ina l  occupation 

numbers of each of the s t a t e s ,  what the occupation numbers fo r  each s t a t c  a t  any 

time i n  the future w i l l  be. I f  one s t a r t s  with a zero-state  conlplctely occupied - 



t h a t  is, probabi l i ty  of  being i n  zero s t a t e  i s  equal t o  one and probabi l i ty  f o r  each 

of the other  s t a t e s  up through t h e  N-state is  zero - and wai ts  long ecough, the prob- 

a b i l i t y  approaches zero f o r  a l l  the  s t a t e s  except t he  N-state, which approaches one. 

The probabi l i ty  t h a t ,  a t  time t, one w i l l  be ab l e  t o  assemble - from the N components 

of a given c l a s s  a set of M 5 N modules t o  perform a given task o r  s e t  of t asks  a t  

t h a t  time i s  simply the  probabi l i ty  t h a t  no uni t8  have f a i l e d ,  plus  the probabi l i ty  

t h a t  one un i t  has f a i l ed ,  p lus  , . . and so  on through the  probabi l i ty  of  a maximum 

number of f a i l u r e s  which s t i l l  provides the  required hardware. It is  possible  then, 

by forming t h e  sums, t o  determine t h e  probabi l i ty  of  having the necessary modules 

of a given c lass .  I f  we fu r the r  assume t h a t  the  f a i l u r e s  of modules i n  d i f f e r e n t  

c l a s se s  a r e  independent, i t  is possible  t o  w r i t e  down the probabi l i ty  t h a t  one can 

assemble a t  any poin t  i n  time, a complete set of hardware required by the  task load 

a t  t h a t  time, a s  a product of  sums. It i s  necessary only t o  propagate individual  

c l a s s  p robab i l i t i e s ,  the  number of which i s  l i nea r  with the  t o t a l  number of modules 
N 

iir the  system, ra ther  than 2 . I f  there  a r e  N modules of type k aad Mk(t) are k 
required f o r  the  task load being considered a t  t i m e  t, tiLen the  work can be performed 

only i f  %( t )  _< Nk f o r  a l l  k. The sets p i ( t ) )  and {N~} define the  requirements and 

t o t a l  ava i l ab l e  hardware. P.e probabi l i ty  that  the  necessary hardware is  ava i l ab l e  

i s  

where Pik(t) i s  the  probabi l i ty  t h a t  exact ly  i of the type k modules have f a i l e d  by 

time t. The individual  P ( t )  's may be ca lcu la ted  a s  shown i n  t he  following der ivat ion.  
i k  

Assume Nk ind is t inguishable  modules of type k with f a i l u r e  r a t e  X during k 
the  time i n t e r v a l  t1 < t t Define P a s  the  probabi l i ty  t ha t  i of the modules 

2' i k  
have f a i l ed  (and only i )  . Then 

0 s Pik(t) + 1 f o r  a l l  0 5 i s Nk f o r  given t 

and 
N 
C Pik(t) = 1 for given t . 

in0  



Suppose t h a t  a l l  Nk + 1 of  t h e  P 's a r e  known a t  time t 
i k  Any Pik is  then c a l c u l n b l e  ' - 

a t  time t2 _> t s i n c e  t h e  p r o b a b i l i t y  of being i n  t h e  given s t a t e  a t  t2 i s  simply a . 
1 . . sum of products. The sum runs over  a l l  states j which t h e  occupants of s t a t e  i a t  . . 

t2 could poss ibly  have occupied a t  t (i.e., a l l  j i). The products a r e  the prob- - a  
1 - .  

a b i l i t i e s  t h a t  t h e  j state degenerates  t o  t h e  i s t a t e  dur ing the  i n t e r v a l  tl -; t 5 t2, 

tinles the  p r o b a b i l i t y  t h a t  t h e  set of Nk modules was i n  s t a t e  j a t  time t . . 
1' 

Given t h a t  t h e  set was i n  s t a t e  j s i a t  tl, the  p r o b a b i l i t y  t h a t  

i t  i s  i n  s t a t e  i a t  t i s  
2 

. . ' ,  

where ( 2: 

N- j - N - t - 
c ~ - i  ( i  - (A): i)! , t h e  biliomial c o e f f i c i e n t .  

The p r o b a b i l i t y  t h a t  t h e  s e t  was i n  s t a t e  j a t  t i  is P t i  thus 

F i n a l l y  then 

whcre P ( t )  is the  p r o b a b i l i t y  o f  having t h e  r e q u i r e d  h r r d u a r e ,  def ined by 

IMk(t) 1 ,  a t  t i n e  t. I t  i s  assuined t h a t  t h e  complete s c t  of  1' ( t  ) I s  i s  jk 0 

known a t  some e a r l i e r  time to.  



The prob:em o f  computing t h e  r e l i a b i l i t y  of  performing a n i a s i o n  ( t h a t  is ,  

of succcss fu l ly  completing a l l  t a sks  tlecessary f o r  t h e  s u c c e s s f u l  completion o f  t h e  

mission) reduces t o  two p a r t s .  One tmrt c o n s i s t s  of  f i n d i n g  t h e  d e f i n i t i o n ,  f o r  a l l  

points  i n  t i m e ,  o f  the  minimal hardware s e t  which w i l l  accomplish t h e  t a s k  load 

required a t  t h a t  time. The second p a r t  c o n s i s t s  o f  c a l c u l a t i n g  t h e  p r o b a b i l i t y  of  

having the  necessary hardware a v a i l a b l e  when it is required.  To i l l u s t r a t e  how one 

might use some o f  these  concepts and techniques ,  i t  is  perhaps b e s t  t o  d e s c r i b e  t h e  

input and the  output  of  a computer prcgram which accomplibhes t h e  f i r s t  s t e p ,  

The inpu t  t o  t h e  program whicn c a l c u l a t e s  t h e  hardware requirements a s  a 

funct ion o f  time during the  mission c o n s i s t s  o f  t h r e e  p a r t s .  The f i r s t  p a r t  i s  a 

l i s t i n g  of  what hardware i s  a v a i l a b l e ,  how many cop ies  o f  each type,  i t s  power and 

weight, and i n i t i a l  r e l i a b i l i t y  and t h e  performance c h a r a c t e r i s t i c s  o f  t h a t  pa r t i cu l . a r  

kind o f  module. I n  o rde r  t o  b e  as genera l  a s  necessary  f o r  t h e  t rea tment  of  many 

d i f f e r e n t  kinds o f  systems, a l l  nodules a r e  c h a r a c t e r i z e d  by a s e t  of f o u r  performance 

parameters. rhese a r e :  ( l j  recei-ving r a t e ,  ( 2 )  processing r a t e ,  (3) s t o r a g e  

capac i ty ,  and (4) t r ansmi t t ing  r a t e .  For some modules, one o r  more of these  

parameters may be inapp l i cab le  and,  t h e r e f o r e ,  ignored by t h e  program. A memory, 

f o r  example, has  a r ece iv ing  r a t e ,  a  s t o r a g e  c a p a c i t y ,  and a t r a n s m i t t a l  r a t e ,  b u t  

no processing r a t e .  A d a t a  bus has  a r ece iv ing  and t r a n s m i t t i n g  r a t e  ( t h e  same, of 

course) b u t  no s to rage  c a p a c i t y  and no process ing r a t e .  The p rocessors  have r e c e i v i n g ,  

process ing,  and t r ansmi t t ing  r a t e s  but  no s t o r a g e  capac i ty .  There fo l lows,  i n  t h e  

inpu t ,  a l i s t  of tasks  which may be required a t  some po in t  i n  the  mission.  Tasks 

normally have c e r t a i n  hardware requirements which include,not  j u s t  a  l i s t  of hardware, 

but  a l s o  performance c h a r a c t e r i s t i c s  required f o r  the  hardware. For example, a  

given t a sk  might have a c e r t a i n  memory requirement,  o r  a c e r t a i n  minimum t r a n s m i t t a l  

r a t e  f o r  data .  These numbers a r e  a s s ~ c i a t e d  wi th  t h e  t a s k  toge the r  wi th  the  requ i red  

modules. The program, i n  a s s o c i a t i n g  requirements wi th  equipment a c t u a l l y  a v a i l a b l e ,  

a l l o c a t e s  resources  to  b e s t  f u l f i l l  t h e  needs of  the  mission. The t h i r d  s e c t l o n  o f  

d a t a  names the  t a sks  and when they a r e  t o  be i n i t i a t e d  and completed. The ou tpu t  

warns of  any s i t u a t i o n  which may a r i s e  i n  which the  t a s k s  c a l l e d  f o r  cannot be 

performed due to i n s u f f i c i e n t  hardware and w i l l  inform the  u s e r  o f  excess hardware 

( i f  any) which is c a r r i e d  and the  consequences i n  terms of excess weight and 

power requirements. The program reads  che t a sks  s e q u e n t i a l l y  and ass igns  hardware 

based on the requirements of  each task .  The a lgor i thm f o r  the  a l l o c a t i o n  of 

hardware is  somewhat a r b i t r a r y  and must be designed f o r  whatever execu t ive  system 

i s  being used. The a lgor i thm employed f o r  the sample c a l c u l a t i o n  adopts  the  

fo 1 lowing gu ide l ines  : 



(1) If a task requires  more than one of a given module 

type, only cur ren t ly  unassigned u n i t s  may be con- 

sidered, If a s u f f i c i e n t  number of such u n i t s  

can be found t o  acconshodate the taek requirements, 

the load i s  divided equally among such uni ts .  

Considering only una~s igned  madules minimizes the 

number of u n i t s  a 1  located to  a par t l c u l a r  task. 

(2) I f  only one of a given module type i s  required 

by a taek, then no more than one of e given type 

can be assigned t o  t h a t  task. A taek may not be 

al located,  f o r  example, ten percent of each of 

two memory modules. 

(3) All tasks a r e  a l loca ted  the necessary hardware 

i n  the order !.n which the tasks a r e  specif ied i n  

the data  deck, subjec t  always t o  the  r e s t r i c t i o n s  

given by (1) and (2) above. 

Sample C ~ l c u  l a t i on  

Figure 2 shows the s u i t e  of wodules chosen f o r  t h i s  exercise. Along 

with the module names and u n i t  designators (A, B, C ,  ... e t c , )  the act ive and 

dormant f a i l u r e  r a t e s ,  the four performance spec i f ica t ionr  previously discussed, 

and weight ana power are given. 

The hardware s r ec i f i ca t ions  given do not correspond to any r e a l ,  epecff ic  

hardware. Since the purpore of t h i s  example is merely t o  demonstrate a capabi l i ty  

ra ther  than t o  analyze a given hardware s u i t e ,  a l l  numbers a r e  reported i n  

a r b i t r a r y  un i t s  r a the r  than pounds, hours, wat ts ,  b i t s  per second, e tc .  





Figure 3 i l l u ~ t r a t e s  the demands on the hardware. For each tusk, 

there is  a list of the necessary modules and the performance require:'. I n  the  

f i r s t  task,  t i t l e d  Receive Ground Update (Recv Gnd Updt), the telemetry i r  

required t o  accept 400 un i t s  of information per u n i t  time. The On-line Memory 

mus t s t o r e  64000 uni te  of information. 

Figure 4 shows the tl~ission load ( t h a t  i s ,  the number of modulee of 

each type required a t  d i sc re t e  times i n  the mission). A t  these times, i t  a l so  
I .+ 

ehows the f a i l u r e  s t a t e  p r u b a b i l i ~ i r i ,  ilir Pjk's of Equation 5. A t  4999.00 rime 

un i t s  i n to  the mission the Control System Monitor (Control Sys.-Mon) task i s  

i n i t i a t ed .  

The system requires  a s ing le  I n e r t i a l  Measurement Unit (IMU). Since two 

such un i t s  a r e  onboard, there a r c  three  possible  r t a t e s :  (1)  both a r e  s t i l l  working 
' 

(probabili ty = 0.6065) ; (2)  one has f a i l ed  (probabi l i ty  0.3445) ; o r  (:: both 

have f a i l e d  (probabi l i ty  = 0.0489). The probabi l i ty  t ha t  the need f o r  ar. :MI 

can be s a t i s f i e d  a t  4999.90 time un i t s  i n t o  the n i s s h n  is 0,9510 (0.6065 + 
0.3445). 

Figure 5 provided a summary of the u t i l i z a t i o n  of ava i lab le  moduler 

i n  the  casd of no fa i lures .  I t  provides no d i r e c t  r e l i a b i l i t y  information but 

i s  useful i i i  planning. 
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Task 3 Invest inate  Scout Astr ionics  Reauirementr 

The current  Scout launch vehicle u t i l i z e s  an open loop au topi lo t  

f o r  guidance during lower s tage act ions and a spinning fourth stage. Without 

a closed loop navigation system, Scout i n j ec t ion  e r r o r s  a r e  considerably 

l a rge r  than f o r  other current launch vehicles.  

Over recent  years ,  VSPRE has invest igated a number of possible 

modifications t o  the Scout guidance (References 2 and 3). These modifications 

have ranged from an onboard closed loop i n e r t i a l  navigation system as  pa r t  

of the proposed new vehicle (ASLV) t o  r e l a t i ve ly  simple modifications such 

a s  a veloci ty  meter and veloci ty  vernier  and/or ac t ive  s teer ing  of the 

spinning fourth stage. 

The d e s i r a b i l i t y  of any of these modifications hinged on the 

mission requirements fo r  accuracy. To properly assess  the s i t ua t ion ,  

accuracy requirements must be known f o r  both cur ren t ly  planned launches, 

and even more importantly, any missions which might be reassigned t o  

Scout fron: a higher peformance vehicle. As explained i n  more d e t a i l  under 

Task 4, adequate mission requirement data  were not  ava i lab le  f o r  t h i s  l a s t  

purpose. This, coupled with cons t ra in ts  on funding f o r  launch vehicle 

modification, have l e f t  the decision regarding major improvements t o  

Scout accuracy open a t  t h i s  time. 

Spun Stage Simulation and Error Model 

I n  the course of inves t iga t ing  a l t e rna t ive  guidance approaches 

fo r  the spun fourth s tage,  a spinning s tage simulation, and a spun s tage 

l i nea r  e r r o r  model were developed. The simulation involves a separate 

FORTRAN program tha t  considers only the fourth stage. The l i n e a r  e r r o r  

model i s  compatible with EOMP and can e a s i l y  he added t o  EOMP when the 

need a r i s e s  (Reference 3 ) .  

Invest igat ion of the Dynamic Behavior of the Red S h i f t  Probe 

VSPRE was directed by the COR t o  aid MSFC i n  assessing cer ta in  

poten t ia l ly  s ign i f icant  e r ro r  scurces of the spun Scout fourth stage when 

applied t o  the Gravitational Red Sh i f t  Probe. 



The G r a v i t a t i o n a l  Red s h i f t  payload i s  scheduled t o  be launched by a 

Scout v e h i c l e  i n  1975. The payloafi w i l l  remain a t t ached  t o  t h e  burned-out f o u r t h  

s t a g e  o f  the  Scout and i s  supposed to r o t a t e  a t  about  10 rad ians  per  second whi le  

desc r ib ing  a b a l l i s t i c  t r a j e c t o r y  wi th  a c o a s t  t ime o u t  o f  t h e  atmosphere of  

approximately 10,000 seconds [Reference 191. Because o f  t h e  long c o a s t  time, 

e f f e c t s  t h a t  a r e  u s u a l l y  ignored f o r  s h o r t - l i f e  miss ions  requ i red  i n v e s t i g a t i o n ,  

BCL wae requested t o  i n v e s t i g a t e  t h e  e f f e c t s  of  s e v e r a l  p o t e n t i a l  d i s t u r b i n g  f o r c e s  

on dynamic s t a b i l i t y  and angu la r  r a t e  of t h e  Red s h i f t  payload a t t a c h e d  t o  t h e  burned- 

out  Scout four th  s t age .  The e r r o r  sources  i n v e s t i g a t e d  included 

(1) Eddy c u r r e n t s  induced by E a r t h ' s  magnetic f i e l d  

(2) Ventiag o f  ammonia from t h e  s i d e  o f  the payload 

(3) Fourth-stage t i p o f f  

(4) Fourth-s t age  t h r u s t  misalignment 

(5) Fourth-stage burn-out mass unbalance 

(6) Payload s t a t i c  and dynamic unbalance. 

The eddy c u r r e n t  problem was handled a n a l y t i c a l l y ;  t h e  remaining e r r o r  sources  were 

i n v e s t i g a t e d  by us ing a computer s imulat ion o f  t h e  Scout f o s r t h  s t a g e  wi th  t h e  Red 

s h i f t  payload a t tached.  

Eddv Cur ren t  Dom~in@; 

Because o f  t h e  long b a l l i s t i c  c o a s t  time, t h e  e f f e c t  o f  s p i n  - a t e  damping 

due t o  eddy c u r r e n t s  induced by t h e  E a r t h ' s  magnetic f i e l d  was inves t iga ted .  

Reference 18 g ives  the  fo l lowing formula f o r  the  damping torque induced i n  a c y l i n d e r  

spinning about  i t s  a x i s  o f  symmetry: 



'I 2J2 (A) W u Y T r  dyne-cm 

where; 

component perpend; c u l a r  t o  t h e  s p i n  ax1 r 
, i magnetic f i e l d  

i n  Oersteds 

f  ineness  r a t i o  ( length/diameter)  

s p i n  r a t e  i n  rad ians  pe r  second 

conduc t iv i ty  o f  v e h i c l e  s k i n  i n  abmi?oa/cm 

s k i n  th ickness  i n  cm 

r a d i u s  o f  t h e  c y l i n d e r  i n  cm. 

k 

f o r  magnetic f i e l d  i n t e n s i t y  is given i n  Reference 19 and The following formula 

desc r ibes  t h e  Ear th '  s magnetic f i e l d  w i t h i n  about 10 percent  accuracy: i 

where ; 

Jo I h o r i z o n t a l  i n t e n s i t y  a t  t h e  Equator - 0.31 Oersted 

% = rad ius  o f  t h e  Ear th  

A I d i s t a n c e  from t h e  c e n t e r  o f  t h e  Ear th  t o  t h e  p o i n t  

o f  i n t e r e s t  

8 - p o l a r  angle ,  

When Equation (7)  i s  s u b s t i t u t e d  i n t c  Equation (6), t h e  r e s u l t  is 

when 8 is assumed t o  be 90 degrees. 

The model of t h e  Red s h i f t  payload used with Equation (8) was taker from 
drawings o f  the payload and t h e  Scout four th - s tage  j nformetion from References 20 and 

21. It was assumed t h a t  t h e  combined packagc das an  aluminum c y l i n d e r  17 inches 

i n  diameter and 104 inches long, spinning a t  100 revo lu t lons  per minute, Skiu 

th ickness ,  7, was chosen conaervatLvel y a t  one-half cent imeter .  Using t h e s e  

numbers, Equation (8) reduces kr 

T - 1180  RE^ l b - f t .  



According t o  Reference 22, the coas t  starts a t  196.50 seconds a t  a 
6 geocentric radius of 22.75 X 10 f e e t  (with Earth 's  radius being 20.9 X 10 6 

-3 
fee t ) .  A t  t h i s  a l t i t u d e ,  = 0.61, and T - 6.4 X 10 lb-f t .  

Decay of the body's angular r a t e  is given by 

where H is the angular momentum of the body about the sp in  axis .  A t  t he  s t a r t  

of coast ,  H = 27.5 lb-ft-sec f o r  the modeled ReC s h i f t  payload. Figure 6 ahowe 

the geocentric radiuft (A) of the payload a s  a function of time, T t  a l s o  shows 

the r t a f r - s t ep  approximation to A used incrementally i n  Equation (9) to obtain 

an approximation to  the r o l l  r a t e  damping torque during coast.  Equation (10) nray 

be rewri t ten fo r  ~ i e c e w i s e  solut ion as :  

where 

and Hn a 2 . 6 3 ~ ~ .  

Results of applying Equation (11) to  t h t  s t a i r - s t e p  approximation 32 A a r e  given 

i n  Table 3. The decay of  the r o l l  r a t e  is plot ted in  Figure 7, I t  i s  readi ly  

seen tha t  the decay due to eddy cur ren t  damping i s  predicted t o  be l ees  than one 

percent f o r  the 10,000 seconds of the experiment. 

Spinning StLge Simulation 

Previous work fo r  VSPRE included derivat ion of equstions of motion and 

development of a 6 degree-of-freedom simulation f o r  spinning s tages (Reference 3). 

The pert inent  portions of this e f f o r t  a r e  repeated here for  convenience. 



Time (sec) 

P 

FIGURE 6.  DISTANCE OF PAYLOAD FROM CENTER OF EARTH 
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Equations of  Motion 

The genera l  equat ions  of  r o t a t i o n a l  motion, . presented i n  

Reference 23, a r e  expressed f o r  our  no ta t ion  i n  Equation 12: 

where 

T = the  app l i ed  torque vec to r ,  

J = the  moment of  i n e r t i a  about t h e  c e n t e r  of 

g r a v i t y ,  a  3 by 3 matr ix ,  

= the  v e c t o r  of  angular  r a t e s ,  

S( ) = the  skew symmetric opera to r ,  a  3 by 3 
>'c 

matr ix ,  

i = the  i t h  engine flow r a t e ,  and 
i 

r = the  l o c a t i o n  vec to r  of t h e  i t h  engine ,  
e i  

r e l a t i v e  t o  the  c .g .  

Equation 12 can be r e w r i t t e n  a s  a d i f f e r e n t i a l  equat ion f o r  t h e  angular  

r a t e s :  

The three-by- three  matr ix  D i s  used t o  r epresen t  the  l a s t  two terms 

of Equation 12: 

* S ( Y ) X  = y c r o s s  x,  the  v e c t o r  c r o s s  product.  



Equation 14 has terms f o r  the time r a t e  of change of the  moment of i n e r t i a ,  

J, and the  angular momentum loss  due t o  mass expulsion, j e t  damping. A s  

wr i t ten ,  Equation 14 assumes nozzles of zero area. Figure 8a represents  a 

s tage  with four  nozzles of zero area,  each located away from the r o l l  axis .  

I f  the nozzles a r e  not on the r o l l  ax i s ,  the j e t  damping e f f e c t  is s ign i f i can t ,  

even fo r  zero a rea  nozzles. For a more p r a c t i c a l  development, espec ia l ly  f o r  

the  case of one nozzle on the r o l l  ax i s ,  represented by Figure 8b, an i n t e g r a l  

over the e x i t  area of  the nozzle(s) is  required. Consider a nozrle o f  a rea  A,  

located with i ts centroid a t  k r e l a t i v e  t o  the vehicle  c.g. a s  shown i n  Figure 9. 

FIGURE 843. SEVERAL NOZZLES OF 
INFINITESIMAL AREA 

FIGURE 8b. ONE LARGE NOZZLE 

Vehicle c.g.  

FIGURE 9.  INTEGRATION OVER NOZZLE AREA 

. Nozzle 
Centroid 



L e t  p be t h e  mass flow p e r  u n i t  a r e a ,  and s the  vec to r  from the  nozzle  

c e n t r o i d  t o  an  element of a r e a ,  dA: 

Expanding t h e  skew squared g i v e s  

I f  the  mass flow d e n s i t y ,  p ,  i s  independent o f  the  l o c a t i o n ,  s, t h e  

f i r s t  term of  Equation 11 can b e  expressed i n  terms of  t h e  t o t a l  mass 

flow r a t e  6. Since s is  r e l a t i v e  t o  t h e  c e n t r o i d  o f  the  a r e a ,  

and t h e  two middle terms a r e  zero .  The l a s t  term i s  a  func t ion  o f  

the  p l a n a r  moment of  t h e  a rea .  Therefore ,  

2 where 4 i s  t h e  l o c a t i o n  of t h e  i t h  nozzle  and S (s  ) is a  func t ion  of  
i i 

nozzle  a r e a  and o r i e n t a t i o n .  

S i x  Degree of  Freedom Simulation 

To perform a n a l y s e s ,  and t o  provide  a  b a s i s  f o r  

e v a h a t i n g  l i n e a r  a n a l y s i s  assumptions, a  genera l  spun s t a g e  

six-degree-of-freedom (6 DOF) s imula t ion  was w r i t t e n .  The s imula t ion  

performs a  four th -o rder  Runge-Kutta-Gill i n t e g r a t i o n  of the  

p o s i t i o n ,  v e l o c i t y  and angular  r a t e  equat ions:  

f = B f/m. and 

i 
where r and v  a r e  i n e r t i a l  p o s i t i o n  and v e l o c i t y  vec to r s ,  B is  the  

t h r e e  by t h r e e  d i r e c t i o n  cos ine  t ransformat ion Prom body t o  

i n e r t i a l  space,  f  i s  the  app l i ed  f o r c e  i n  body coord ina tes ,  and m i s  

the  veh ic le  mass. The a t t i t u d e  equat ion,  



is not inte~rated. A closed form solution, developed for use i n  error arlyrlm, 

is used. This solution is valid over any time interval for periods of 

simultaneous constant angular rates. While only an approximation for 

this problem (due to time-varying rates), the error is extremly small. 

Its use insures maintenance of the orthogonality of B, and its execution 

efficiency is excellent. 

The time-varying coefficient arrays are computed from data 

describing the vehicle on a piece part basis. Each piece part is 

considered a hollow cylinder with its axis parallel to the roll axis. 

For each of these cylinders, the following data must be provided: 

1. Lcagth 

2. Inside diameter 

3. Outside diameter 

4. Initial weight 

5,6,7. Location of cylinder c.g. in body coordinates 

8, Ignition time 

9. Mass flow rate 

10. Nozzle exit area, and 

11,12,13. Thrust vector in body coordinates. 

For inert masses, items 8 through 13 are not used. Fuel 

masses are assumed to burn from the inside out. This approximates the * 
burning of many solid fuel engines. The simulation computes the 

system moment of inertia, c.g. location, damping terms, etc., by summing 

,ne appropriate data for each piece part. Analysis of a Scout fourth stage 

and its payload, using this cylindrical model, produces parameters that 

agree well with published values (Reference 24). 

Information used in simulating the Red shift payload was taken from 

References 25 - 28.  Mass property data were contained in Reference 25,  but these 

data were modified. The weight given in this reference was 144.1 lb; late 
** 

information gave the weight as 165 lb, The moments of inertia given in 
165 Reference 25 were increased by the ratio - 
144.1 ' 

"' Any assumed burning pattern can be simulated with mlnor coding changes. 
** Telephone conversation with Mr. Ernest Nathan of MSFC. 



The Scout fourth s tage  was modeled a f t e r  information taken from Referencee 20, 

21 and 29. The model of the s tage  consisted of four  pieces: 

1. Engine case 

2. Fuel 

3. Nozzle 

4. Upper D section. 

The parameters used t o  describe these pieces and the payload a r e  shown i n  Table 4. 

TABLE 4. VALUES usm IN SIMUIATION 

Length (in.) 

Inside Dia. (in.  ) 

Outside Dia. ( in . )  

I n i t i a l  W t .  (lb.) 

cg X (in.) 

cg Y (in.) 

cg 2 (in.) 

Ign i t ion  time (sec. ) 

Nozzle e x i t  a rea  ( f t L )  

Thrust X ( lb . )  

Y ( lb . )  

z (lb.)  

Pay load 

35.0 

4.0 

8.0 

165.0 

26.9 

0.0 

0.0 

Engine 

48.0 

8.4 

8.6 

30.0 

58.3 

0.0 

0.0 

Nozzle 

34.0 

8.4 

8.6 

21.2 

89.0 

0.0 

0.0 

Fue 1 - 
36.7 

3.0 

9.04 

613.9 

67.18 

0.0 

0.0 

0.0 

-21.2 

2.25 

5925.0 

0.0 

0.0 

Upper D Section 

35.2 

9.6 

10.8 

16.48 

91.33 

0.0 

0.0 



- 46. 

The simulation program i s  wr i t t en  t o  provide graphic output.  An 

I exaaple is shown i n  Figure 10. The Y-Z plane i s  defined a8 b e i w  normal t o  

the vehic le  r o l l  a x i s  a t  the s t a r t  of  t he  simulation. It then t r a n s l a t e s  with [ 
! 

the  vehic le  center-of-gravity.  The t r a c e  on the Y-Z plane, then, i s  a function 

of t he  angular motion of the veh ic l e ' s  r o l l  ax i s ,  as shown i n  Figure 11. The 1 I /  f 1 
dimensions on the  Y and Z axes correspond t o  t h e  s ines  o f  t he  angles t h a t  the  

r o l l  ax i s  makes with respect  t o  the  Y and Z d i r ec t i ons  on the  Y-Z plane. 
i l  ! 
-4 f 

i 
Discrete  events a r e  shown a s  t r i ang le s  on the  output. Each p l o t  ha8 j i  i 

- 
I 

a t r i a n g l e  a t  the  o r i g i n  corresponding t o  i g n i t i o n  of t he  fourth-s tage engine. ! !  ! ,, . , 

I n  order  t o  avoid put t ing too much da ta  on a s i n g l e  p lo t ,  a number of p l o t s  m y  

be used, each covering a d i s t i n c t  time period. The t r i a n g l e  a t  t he  o r i g i n  i s  r 

ahown f o r  reference on a l l  p lo t s ,  including those t ha t  s t a r t  a t  a t i m e  g rea te r  

than t h a t  of fourth-stage ign i t ion .  When a multiple-segment burn is used t o  

approximate t he  engine, a t r i a n g l e  i s  pr inted a t  the  s t a r t  of each segment's 

burn. . . 

Although r e s u l t s  obtained by the simulation appear t o  be reasonable 

during the  powered f l i g h t  port ion of the  mission, an unwelcome anomaly was found . , 

t o  occur a t  burnout. The pa t te rn  i n  Figure 12 is typ ica l  for  Scout fourth s t age  with 

t h rus t  misalignment during powered f l i g h t ;  however, the  " t a i l "  seen i n  the  lower . . 

l e f t  of the  f i gu re  i s  d e f i n i t e l y  not t o  be expected. The pa t te rn  should be a 
/ 

c i r c l e  with uiameter about .068 (or about 4 degrees) a f t e r  termination of powered . I 

f l i g h t .  This d i scont inu i ty  i s  apparently due t o  assuming a rectangular  burn 1 .  
with constant  t h r u s t  and flow r a t e  fo r  the  burn i n t e rva l .  When an eight-segment 

s t a i r c a s e  approximation t o  the burn was used, t h i s  e f f e c t  was minimized. Further 

discussion of t h i s  modification and i ts  r e s u l t s  i s  contained l a t e r  i n  t h i s  

section. 

' I 
I n  order t o  ob ta in  appropriate  t i po f f  response, i t  was necessary t o  1 

modify the fourth-s tage e x i t  a rea  t o  2.25 square f e e t  r a the r  than the 1.5 square 

f e e t  given i n  Reference 20. 1 



FIGURE 10. SAMPLE GRAPHIC OUTPUT 



ominal 
aw axis 

F I G U R E  11. D E F I N I T I O N  O F  GRAPHICAL OUTPUT 



FIGURE 12. EXAMPLE OF GRAPHIC OUTPUT ILLUSTRATING BURNOUT ANOMALY 



Error  Sources Considered 

Several e r r o r  sources were simulated i n  order  t o  determine t h e i r  

e f f e c t  on dynamic behavior of t he  Red s h i f t  payload. These sources were 

(1) Ammonia vantirig from the  payload 

(2) Scout fourth-stage t i p o f f  

(3) Fourth-stage t h rus t  misalignment 

(4) Fourth-s tage burnout unbalance 

(5) Payload s t a t i c  and dynamic unbalances. 

Ammonia Ventinn, The payload includes a supply of l i qu id  ammonia f o r  use i! , 

I .' 
i 4 

i n  cooling the  maser cavity.  Af te r  t he  ammonia changes t o  gas during the  cooling . . 
process it is  vented overboard, normal ..o the  r o l l  ax i s ,  a t  Scout S t a t i on  No. 29.97. 

; i 
r i  

Gaseous ammonia is  vented a t  a r a t e  of 0.28 pound-per-hour with a r e su l t an t  force of 

0.0034 pound (Reference 30). Figure 13 shows the  r e s u l t s  of the  ammonia venting 
, . 
r i 

f o r  t he  f i r s t  100 seconds of operation following fourth-stage ign i t ion .  It i s  

seen t h a t  t he  o r ig ina l  disturbance which r e s u l t s  i n  a half-cone a n ~ l e  of about 
. . 

0.6 x degree, decays by t h e  end of fourth-stage ehruuting t o  about 0.2 r loo3 
degree. During the  coast ,  t h i s  angle is maintained, although modulated by the  nonnal ' 

. .  
force due t o  the  ammonia venting. 

Fourth-Stage Tivof f .  Figure 14 shows the  e'fect of fourth-stage t i po f f .  

The i n i t i a l  response i s  a half-cone angle of about 5 degrees, which i s  damped t o  

about 1.1 degrees by the  time of burnout. This corresponds q u i t e  well with t he  value8 

of  5.22 degrees a t  ign i t ion ,  given i n  Reference 31, and 1.11 degrees a t  burnout, given 

i n  Reference 2 9 .  

I 

Thrust Misalignment. The e f f e c t i v e  3-0 t h rus t  misalignment f o r  the FW-4 

engine i s  given as  0.3 degree i n  Reference 2 9 .  When t h i s  value i s  included i n  t he  , C 

simulation, t he  p lo t  of Figure 15 r e s u l t s .  The i n i t i a l  half-cone angle  of about 4.6 

degrees decays t o  about 1.8 degrees a t  engine burnout. The "stem" going t o  the lover 

left-hand comer  of the  p lo t  i s  a r e s u l t  of sintulating the  engine burn a s  a s ing le ,  

rectangular  bum. A more de t a i l ed  simulation would show the  1.8 degree half-cone 

angle continuing during coast .  



I G N I T I O N  

FIGURE 13. E F F E C T  O F  AMMDNIA VENTING FOR F I R S T  106 
SECONDS AFTER FOURTH-STACE I G N I T I O N  



- *  A70 - . L34 - .689 - 4 4 5  - .000 4 4 6  .083 124 .La 
Y - I  

FIGURE 14. EFFECT OF TIPOFF (t+40 sec) 
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FIGURE 15. EFFECT OF THRUST MISALIGNMENT (t=O-30 sec) 



Bourth-Stage Burnout Unbalance, This e r r o r  source i s  a t t r i bu ted  t o  

b l i s t e r i n g  of the case insu la t ion  (Reference 29). Although a rmsll  mount  of f l i g h t  

da ta  has resul ted i n  a 3-0 dynamic unbalance value of 2400 oz-in2 f o r  t h f r  source, 

the  LTV des ig ;~  c r i t e r i o n  c a l l s  f o r  an upper l i m i t  of 8000 oz-in2. This l a t t e r  value 

was used i n  the simulation. The e f f e c t  of t h i s  e r r o r  source war found t o  be insig-  

n i f icant  and no p lo t  i s  included i n  t h i s  report .  

&load Unbalances. Reference 20 gives 12 or-in and 2W oz-in2 fo r  

maximum values of s t a t i c  and dynamic unbalances, respectively. When these t e r m  were 

added t o  the  simulation, no s ign i f i can t  e r ror  was found t o  r e su l t .  Therefore, no p lo t  

i s  included of the e f f e c t  of these e r r o r  sources. 

r i 

Thrtmt Misalignment and Tipof f. Since f ourth-etage thrus t  misalignment - ;  

and t i po f f  were the  major e r ro r  contr ibut ions,  runs were made with both of these e r r o r  - .  
sources combined i n  such a way a s  t o  produce maximum er ror .  During these runs it was - ,  

found tha t  the  i n i t i a l  half-cone angle was about 8.5 degrees a s  can be seen from - .  
a .  

Figure 16. -. 
During t h i s  s e r i e s  of runs, i t  was decided to inves t iga te  the cause of , . 

the " t a i l "  following engine cucoff. Three-segment and eight-segment models of the . . 
th rus t  and flow r a t e  f o r  the engine were incorporated i n t o  the  simulation (See Figure 17.\? 

. . 
Results f o r  one-, three-,  and eight-segment models during the  l a s t  port ion of powered - :  
f l i g h t  and the f i r s t  few seconds afterward a r e  shown in Figure 18-20, respectively. For.: 

the o r ig ina l ,  one-segment model (,Figure l 8 ) ,  a half-cone angle of 20 degrees resu l t s .  ..! 

Figure 19 shows a half-cone angle of about 9.5 degrees f o r  the  three-segnent model. 
, , When the 8-segment model i s  used (Figure 2 0 ) ,  the half-cone angle i s  about 2 degrees. . 

This is the same value tha t  w u l d  be predicted by examining the t r a c e  of Figure 16 just  . .  
. !  

before burnout. Thus, it is concluded tha t  the anmalous behavior i n  many of the p lo t s  ., 

a f t e r  burnout can be ignored. , .  



FIGURE 16. EFFECT OF WORST-CASE COMBINATION OF THRUST 
MISALIGNMENT AND TIPOFF (tOO-30 sec)  





FIGURE 18. FINAL CONING WITH SINGLE-SEGMENT FWEL MODEL 



FIGURE 19- F I N A L  CONING WITH THREE-SEGMENT rmEL MODEL 



BURNOUT 

FIGURE 20. FISAL CQSISG WITH E I G H T - S E G X S T  FLTL XODEL 



Conc luding Remarks 

From the  r e s u l t s  of the  inves t iga t ions ,  i t  appears t h a t  t he  e r r o r  

sources considered a r e  not l i k e l y  t o  cause s i g n i f i c a n t  problems i n  conducting 

the Redshift  mission. It must be rea l ized ,  however, t h a t  the simulation used 

for  most of these s tud i e s  does not  use de t a i l ed  models of the vehic le  and 

payload and, thus, s u b t l e  e f f e c t s  could remain undiscovered. 



Task 4 Perform Mission Requirements Assessments 

Studies conducted under this contract have been concerned with 

the assessment of conventional launch vehicle astrionice capabilities and 

their adequacy for projected mission requirements. Injection accuracy ha8 

been a primary concern. Navigation accuracy analysis techniques for both open 

loop (Scout, Titan IIID) , and closed loop (Delta, ~tlasl~entaur,   it an/ 

Centaur, etc.) were developed. (References 1-3) 

These techniques permit evaluation of current (or proposed 

improvements to) injection accuracy. To objectively apply these techniques, 

a concise set of allowable injection conditions must be known. Investigations 

of missions frequently indicate arbitrary or vague specification of allowable 

deviation from the desired aim point. For example, one payload was placed in 

an orbit well outside the specified "window" but was found to provide experi- 

menters with more data than would have been obtained had the nominal orbit 

been achieved. Considerations such as these led to the investigation of 

the relationship of experiment oriented parameters such as orbitlearth and 

orbitlsun precession rates to satellite injection conditions. 

Concurrently, Battelle personnel were involved to varying degrees in 

the initial planning phases of Euture missions (HEAO, SEASAT and LAGEOS). In 

each of these cases, potential experimenters needed answers to questions 

requiring analyses outside their individual technical disciplines. Thus, NASA 

launch vehicle offices and vehicle prime contractors were called upon to provide 

analytical sup?ort well in advanced of the approval of experiments and missions. 

Conducting effective tradeoff analyses of even a few alternative orbits can r 

require significant manpower and computer time if traditional detailed analytical 

techniques are used. 

To meet both the needs of the astrionic evaluation function and the 

mission planning function, the Interactive Graphics Orbit Selection (IGOS) 

program was written. 

Experience has shown the value of presenting a synopsis of system 

propulsion capabilities and limitations to potential space transportation 

system users. This was accomplished by periodic publication of, Reference 34, 

the Launch Vehicle Estimating Factor Book (EFB) by the OSS Launch Vehicles 

and Propulsion Programs Division, Code SV [now Expendable Vehicle Programs 

(Code MV) in the Office of Space Flight (OSF)]. This planning handbook (EFB) 

contains data, usually in graphical form, for: 



(1) Launch Vehicle payload capabilities versus 

characteristic velocity, Vc 

( 2 )  Earth orbit and planetary mission Vc requirements 

( 3 )  Determining Launch Vehicle payload capability versus 

Earth orbit parameters (perigee, apogee, and inclina- 

tion) for specific vehicles 

(4) Mission restrictions (orblt life time, range safety, 

etc.). 

These data are presented in a form suPtable for interpretation 

by a payload planner. While this neceseitates reasonable engineering 

approximations, the data are sufficiently accurate for trades between the 

users desires and the transportation system capabilities, Developing mission 

specifications using this handbook provided an opportunity for the payload 

planner to consider a wider range of alternatives than would be possible using 

detailed analysis techniques. Detailed analysis could be performed later in 

the planning cycle and be based on a feasible set of mission specifications. 

The availability of interactive graphics terminals and central cam- 

puter software has permitted developing various planning tools including one 

for preliminary mission planning which is far more effective than the tradi- 

tional handbook format, Several years of successful operation of the NASA 

Interactive Planning System (NIPS) by both OSS and OA had previously demon- 

stratedthe feasibility and reliability of financial analyses performed usjng 

interactive graphics terminals for decision making, report generation, and 
" .  ,~ 

data file maintenance. The interactive graphics tools have now been extended , ' 

. I  li  

to permit preliminary mission planning by this program is far more versatile 
. .  . 

and effective for Earth orbital mission planning than the traditional handbook 
, ,: 

, . I( 

format. 

A detailed users manual and sample work session are included in r' 
Appendices A and B. The following paragraphs summarize the operation of 

. .  - 

IGOS , > .  

- ,  



XGOS Program Descrip t i o n  

The IGOS program f a c i l i t a t e s  quick-response assesement of Earth- 

o r b i t  miss ion requirements and t h e i r  t r ade -of f s  wi th  launch-vehic l e  c a p a b i l i t i e s .  

By us ing a n  i n t e r a c t i v e  g raph ics  computer terminal ,  a quick-response low-cost 

a n a l y s i s  can be i n i t i a t e d  e a r l y  i n  the  mission planning cycle .  Appl ica t ion  

of  t h i s  program i n  no way e l i m i n a t e s  t h e  need f o r  t h e  t r a d i t i o n a l  d e t a i l e d  

mission ana lyses  dur ing l a t e r  phases o f  miss ion planning. It does,  however, 

reduce the  necd f n t .  major i t e r a t i o n s  i n  the  planning c y c l e  due t o  unacceptable  

o r b i t  c h a r a c t e r i s  t i c s .  

IGOS u t i l i z e s  t h e  c a p a b i l i t i e s  of i n t e r a c t i v e  g raph ics  t e rmina l s ,  s o  

experimenters and miss ion planners  can c l e a r l y  v i s u a l i z e  t h e  many p o s s i b l e  

o r b i t  a l t e r n a t i v e s  t h a t  can s a t i s f y  t h e i r  mission requirements.  The o p e r a t i n g  

environment f o r  t h e  IGOS system i s  i l l u s t r a t e d  i n  F igure  21. The u s e r  

e n t e r s  a  set o f  mission requirements a t  a remote g raph ics  terminal  and 

rece ives  appropr ia te  g r a p h i c a l  and t e x t u a l  d i s p l a y s .  The informat ion 

displayed enables  the  use r  t o  s e l e c t  accep tab le  a l t e r n a t i v e  Ear th  o r b i t s .  

Graphical  output  i s  i n  a  two-dimensional design space - a l t i t u d e  and 

i n c l i n a t i o n  f o r  the  v e r t i c a l  and h o r i z o n t a l  axes.  Thus, a p o i n t  i n  t h e  p l o t  

r e p r e s e n t s  a  c i r c u l a r  o r b i t .  Regions represen t ing  unacceptable o r b i t s  a r e  

shaded, a s  shown i n  Figure  22. The shaded a r e a s  r e s u l t  from t h e  c o n s t r a i n t s  

imposed by the  f o  1 lowing requirements and phenomena : 

( 1) Earth-observa t i o n  coverage 

(2)  Radiation environment 

(3) Sun-orbit  precess ion 

(4) O r b i t  decay 
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(5) bunch-vehic  l e  i n j e c t i o n  accuracy 

(6) Launch-vehic l e  payload capabi l i t i e s  . 
Each of theae  is descr ibed i n  t h e  following paragrapha. The 

user-aupplied da ta  a r e  l i s t e d  and a rample p l o t  i e  shown. This is followed 

by a hypothe t i ca l  e x e r c i s e  us ing a l l  of t h e  f e a t u r e s .  

Earth-Observation Coverage 

Inpu t  Data: 

0 Lat i tude  range of i n t e r e s t ,  

0 Days allowed f o r  ~ i e w i n g  a l l  longi tudes  

wi th in  the  l a t i t u d e  range, and 

0 Sensor d a t a  (maximum s l a n t  range, minimum 

e l e v a t i o n  above the  horizon,  f i e l d  of view, 

and reso lu t ion) .  

I n  t h e  r e s u l t i n g  d i s p l a y ,  the  shaded a r e a s  i n d i c a t e  a l l  o r b i t s  

which do not  view every longi tude i n  t h e  l a t i t u d e  range of i n t e r e s t  i n  t h e  

a 1 lowed time. 

Radiation Environment 

Input  Data : 

Aluminum s h i e l d i n g  denei  ty ,  

0 Allowable f luence (flux-time i n t e g r a l )  

accumulated i n s i d e  the  s h i e l d i n g ,  and 

Mission dura t ion  f o r  accumulating ;he f luence.  

Orb i t s  which exper ience excess ive  f h e n c e  a r e  ind ica ted  by 

ver t i r :a l  hatching i n  Figure  2 2 .  



Orbi t  t o  Sun Precession 

Input  Data : 

Allowable precess ion r a t e .  

The accep tab le  region is shown by dashed v e r t i c a l  l i n e s ,  as shown 

i n  Figure23.  The c e n t e r  l i n e  denotes t h e  locus  of zero  p recess ion  (sun 

synchronous o r b i t s ) ,  and t h e  o t h e r  two l i n e s  i n d i c a t e  t h e  a l lowable  l i m i t s  

f o r  an acceptable  precess ion rate. 

O r b i t  Decay and Launch-Vehicle I n j e c t i o n  Accuracy 

These s e p a r a t e  phenomena a r e  both r e l a t e d  t o  a s p e c i f i c  nominal 

i n j e c t i o n  condi t ion,  and t h e i r  e f f e c t s  a r e  displayed together .  

Input  Data : 

I n j e c t i o n  a l t i t u d e ,  

I n j e c t i o n  i n c l i n a t i o n ,  

0 Spacecraf ' b a l l i s t i c  c o e f f i c i e n t ,  

Launch d a t e ,  and 

Mission durat ion.  

A v e r t i c a l  l i n e  is  +hen displayed a t  t h e  s p e c i f i e d  i n c l i n a t i o n ,  a s  

shown i n  Figure 24. "Tick" marks i n d i c a t e  t h e  nominal, p l u s  and minus, one- 

sigma and three-sigma a l t i t u d e s .  Ticks on t h e  l e f t  represent  t h e  d i s p e r s i o n  

of i n i t i a l  o r b i t s ;  t i c k s  on t h e  r i g h t  r epresen t  t h e  corresponding a l t i t u d e s  

a f t e r  the  s p e c i f i e d  decay t i m e .  Ticks occurr ing above t h e  t o p  of the  p l o t  

a r e  indicated by displaying t h e i r  a l t i t u d e ;  those  below the  bottom a r e  

annotated with the d a t e  they would pass the  minimum a l t i t u d e .  







Launch-Vehic l e  Pay load C a p a b i l i t i e s  

Inpu t  Data: 

0 Launch v e h i c l e  and 

Payload weights  of i n t e r e s t .  
e 

? 1 

A l l  launch-vehicle and l aunch-s i t e  d a t a  a r e  s t o r e d  wi th  t h e  program. ? r i  i t -* 

When a launch v e h i c l e  is  s e l e c t e d ,  equipayload weight contours  are p l o t t e d ,  as - .  
, 0 

- ,  
shown i n  Figure  25. The contours  a r e  the  a l t i t u d e  a t  which t h e  v e h i c l e  can i n j e c t  

t h e  payload i n t o  a c i r c u l a r  o r b i t ,  a s  a func t ion  of  i n c l i n a t i o n .  For each t 
i . - 

i n c l i n a t i o n ,  all of the  p o s s i b l e  launch s i t e s  f o r  t h e  s e l e c t e d  v e h i c l e  are 
.L 

considered,  and t h e  s i t e  y i e l d i n g  t h e  h i g h e s t  a l t i t u d e  is  chosen. Launch azimuth ' ' 

c- s t r a i n t s  and p lane  change l o s s e s  are included i n  t h e  performance c a l c u l a t i o n s .  
L I 

Although Figures  22 through 25 show s e p a r a t e l y  the  important  f e a t u r e s  : 

-. 
of IGOS,  t h e  f u l l  b e n e f i t  of the  program i s  apparent  when these  p l o t s  a r e  - ,  

superimposed and modified i n t e r a c t i v e l y .  Consider the  following problem. - .  
It is  d e s i r e d  t o  view a l l  the  E a r t h ' s  s u r f a c e  between 20' and 6 0 ' ~  . - 

l a t i t u d e  a t  l e a s t  once every 30 days f o r  a 200-day mission. Assume a sensor  . , 

with  t h e  fo l lowing c h a r a c t e r i s t i c s  : 

Maximum s l a n t  range 1200 n.mi. 

Minimm e l e v a t i o n  40 O 

1 
F i e l d  o f  view 40' . . 

Resolut ion o f  10 n.mi. on t h e  Ear th  = O.1° a t  t h e  

stlnsor. 

The o r b i t  should precess  r e l a t i v e  t o  the  sun l e s s  than 30' dur ing 

the  200-day mission. 





It is f e a s i b l e  t o  c a r r y  0.15 glcmL o f  s h i e l d i n g  t o  p r o t e c t  c r i t i c a l  

subsystems, and i t  is  d e s i r e d  t o  keep t h e  f luence  below 1.24 x lo1* 1-Mev 

e q u i v a l e n t  e l e c t r o n s  pe r  cm2 over  the  200-day period.  

A f i r s t  look a t  t h e s e  requirements r e s u l t s  i n  t h e  p l o t  shown 

Figure  26. Study of the  d i s p l a y  i n d i c a t e s  t h a t  o r b i t s  of i n t e r e s t  a r e  n e a r  

0 
90 i n c l i n a t i o n .  Figure  27 was c rea ted  t o  "zoom in" on those i n c l i n a t i o n s .  

A t r i a l  nominal o r b i t  of 185 n.mi. a l t i t u d e ,  960 i n c l i n a t i o n ,  and a  

t e n t a t i v e  launch v e h i c l e  (hypo t h e t i c a l  d a t a  a r e  shown) a r e  s e l e c t e d ,  which 

r e s u l t  i n  t h e  s o l i d  v e r t i c a l  l i n e  showing i n j e c t i o n  d i s p e r s i o n s  and o r b i t  decay 

being added t o  the  d i s p l a y  (Figure 27) .  That l i n e  shows t h a t  the  expected 
! 

- i 

i n j e c t i o n  d i s p e r s i o n s  l i e  a c r o s s  two unacceptable  regions  ( i n s u f f i c i e n t  coverage). 1 j 

Also,  the re  is n o t i c e a b l e  decay i n  200-days, e s p e c i a l l y  f o r  a -3a i n j e c t i o n .  

Using t h e  ind ica ted  decay as an e s t i m a t e  of  decay r a t e ,  an i n j e c t i o n  near  +2a 

would pass through the  narrow unacceptable region.  Likewise, i n j e c t i o n  near  

-30 would pass through t h e  l a r g e r  unacceptable region.  While t h i s  region is 

wider,  t h e  decay r a t e  a t  t h e  lower a l t i t u d e  is  f a s t e r .  More d e t a i l e d  eva lua t ion  . . 

of  t h i s  problem would be  p o s s i b l e  by p l o t t i n g  t h e  decay f o r  s h o r t e r  miss ion 

times t o  e s t a b l i s h  the  t ime spen t  i n  t h e  unacceptable  regions.  Likewise, 

o t h e r  coverage requirements could be analyzed t o  e s t a b l i s h  what coverage is  

achieved i n  t h e  unacceptable regions .  

This example demonstrates t h e  c a p a b i l i t y  of IGOS t o  s e r v e  a s  a n  

automated ske tch  pad f o r  r ap id  assessment o f  a l t e r n a t i v e  o r b i t s .  The a v a i l -  

a b i l i t y  of  such a  t o o l  o f f e r s  s e v e r a l  b e n e f i t s .  F i r s t ,  t h e  quick-response 

a n a l y s i s  w i l l  ensure  t h a t  a  wider range of a l t e r n a t i v e s  i e  considered e a r l y  

i n  t h e  planning c y c l e ,  thus  the  o r b i t  f i n a l l y  s e l e c t e d  w i l l  be more l i k e l y  

t o  be  a  b e s t  match t o  t h e  a l l  of the  o b j e c t i v e s  of  the  experimenters.  Second, 

the  improved pre l iminary  planning c y c l e  w i l l  reduce c o s t l y  i t e r a t i o n s  dur ing 

t h e  l a t e r  d e t a i l e d  a n a l y s i s  phases of  miss ion planning. 
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This program d i sp lays  a  concise  s e t  of mission requirements 

i n  terms of a l lowable  i t ~ j e c t  ion  d i spe r s ions .  Th i s  format provides  t h e  

mission s p e c i f i c a t i o n s  necessary t o  a s s e s s  t h e  s u i t a b i l i t y  of  boos te r  

guidance accuracy f o r  both c u r r e n t  systems and proposed modif ica t ions .  The 

program i s  c u r r e n t l y  opera t iona l  on t h e  Battelle-Columbus computers wi th  

terminals  i n  Columbus and a t  NASA Headquarters and is  on computers a t  t h e  

Marshall Space F l i g h t  Center. 

IGOS Mathematical Models 

IGOS uses  a s e t  of s e p a r a t c  mathematical mode?:, cach with  i t s  

own input  jrar;~mcts.rs .inti cr?ch compilting d ; ~ t a  f o r  p l o t t i n g  on a  common 

s c t  o f  s c a l  c s .  'Thi. vrc?gram i s  or ,qnniz td  ill t o  groups of subrout ines ,  eacb 

assoc ia ted  with a  s c p a r a t c  m i - s s i o n  i ~ n a l y s i s  phenomena. These groups of 

routi-ncs can h e  tnought of a s  s i ' i ~ s r a t c  a n a l y s i s  programs. Each genera tes  

d a t a  f o r  p l o t t i n g  i n  thc fo l lowing two-dimensional des ign s p a x  : 

A l t i t u d e  h ,  h h < h , and 
m i  - - max  

I n c l i n t i o n ,  I ,  T [ I .  
 mi!^ - - m x  

ThC fol! owing d i scuss ion  d c s c r i  hcs cacl-, of thc  separa te  models. 

'ihe ob jec t  of t h C  E a r t l ~  coverage modcl is t o  shade those por t ions  

of the dcs ign spacc. ( I  and h )  whicll d o  n o t  s a t i s f y  the  requirement t o  view 

a l l  p o i n t s  on thc  E a r t h ' s  s n r f a c c  between l a t i t u d e s  8 and a 2  a t  l e a s t  once 
i 

i n  any time per iod,  T . 
C 

The a n a l y s i s  considers  a s t n s o r  model which computes the  rad ius  

of the c i r c u l a r  a r e a  on the E a r t h ' s  s u r f a c e  viewed a t  any i n s t a n t  i n  time. 

This r ad ius  i s  ~>xprcsscd  i n  tt,rrns cf t h e  anglL,, ' ,  of a cone from the 

E::rthts ccv tcr  ant1 is  a funct ion  . ) f  ~ h c  o r b i t  a l t i t u d r  and the sensor 

c h a r a c ~ t c r i s t i c s  a s  d iscussed i n  t.i.e Scnsor Model s e c t i o n  l a t e r  i n  t h i s  



The ground track of the o r b i t  s h i f t s  during each o r b i t a l  pass 

due t o  the Earth 's  ro t a t iona l  r a t e  we, and the o r b i t ' s  precession r a t e ,  

w Each pass is sh i f ted  i n  longitude by an angle,  S. After  many o r b i t a l  
P* 

passes, a d i s t r i bu t ion  of ground t r ack l l a t i t ude  in te rsec t ions  resu l t s .  

The spacing between these in te rsec t ions  a r e  referred t o  a s  gaps, G. I f  

the l a rges t  gap i s  l e s s  than the longitude viewed, t o t a l  coverage i s  

achieved. T:at is, when 

G (T , h, I) 2 V [ J r  (h),  0 ,  h, 11 (20) 
M C 

i s  s a t i s f i e d ,  adequate coverage i s  achieved. 

The following sect ions discuss  the sensor model with viewing 

angle ( J r ) ,  the longitude viewed (V), the o r b i t  s h i f t  (S), and the maximum 

gap (G ) i n  t ha t  order. 
M 

Earth-Observation Sensor Model, IGOS includes a sensor model 

which i s  used t o  ca lcu la te  the instantaneous a rea  viewable a s  a function 

of s a t e l l i t e  a1 t i tude .  Among the parameters included are  the following: 

(1) = sensor f i e l d  of view l i m i t  

( 2 )  a = sensor angular reso lu t ion  
0 

(3) s = maximum sensor- to- target  s lar i t  range 
0 (may be ? i m i  ted by uplink s e n s i t i v i t y  o r  

downlink power supply) 

(4) y = minimum e leva t ion  angle (must be s e t  t o  
meet minimum l ight ing cons t ra in ts ,  to  
avoid excess re f rac t ion  of l i g h t  s igna l ,  
and to c l e a r  ground obstruct ions) .  

Items 1 and 2 are  sensor parameters. Items 3 and 4 may be e i t h e r  sensor 

parameters or  mission design fac tors .  



7 1 

Other v a r i a b l e s  and parameters used i n  t h e  mudel inc lude  t h e  

s = s l a n t  range 

h  a l t i t u d e  

viewed a r e a  ha l f -ang le  

Y = e l e v a t i o n  

R - 2 ( $ + Y )  

XC l i n e a r  r e s o l u t i o n  a t  t a r g e t  c e n t e r  

X, l i n e a r  r e s o l u t i o n  a t  t a r g e t  per imeter  

RE - e a r t h  r a d i u s  

Ls, L,,, LQ = f l a g s  which i n d i c a t e  which parameter 
l i m i t s  t he  r a d i u s  of  the  viewed a rea .  

Figure  28 d e p i c t s  some of the  r e l a t i o n s h i p s  among these  va r i ab les .  

The c o n s t r a i n t s  t o  be s a t i s f i e d  a r e :  

As def ined  h e r e ,  a  smal le r  value  f o r  r e s o l u t i o n  i n d i c a t e s  "be t t e r "  r e s o l u t i o n .  

General ly ,  each r e s t r i c t e d  parameter d e f i n e s  $ a s  a func t ion  o f  a l t i t u d e .  The 

composite graph of $ a s  a  func t ion  of  h  is  the  piecewise-smooth curve  repre -  

sen t ing ,  a t  each a l t i t u d e ,  the  most r e s t r i c t i v e  parameters. Figure  2 9  shows 

the  flow o f  t h e  c a l m l a t i o n  and i l l u s t r a t e s  the  equat ions  used. The l i m i t e r  

f l a g s  a r e  i n i t i a l i z e d  to  zero.  I f  the  a l t i t u d e  is g r e a t e r  than the  maximum 

sensor - to - t a rge t  s l a n t  range,  the  viewed-area ha l f -ang le  is  zero .  Otherwise, 

i t  i s  assumed t h a t  t h e  l i m i t i n g  parameter is the  e l e v a t i o n  r e s t r i c t i o n  and 

t h e t a  i s  ca lcu la ted .  If the  sensor  f i e l d  of view l i m i t  is exceeded, t h e t a  

i s  s e t  equal  t o  i t  and the  e l e v a t i o n  a n g l e  is  r e c a l c a l a t e d .  I n  e i t h e r  c a s e ,  

i f  the  r e s u l t i n g  s l a n t  range i s  too g r e a t  both t h e t a  and the  e l e v a t i o n  a n g l e  

a r e  r e c a l c u l a t e d  a f t e r  s e t t i n g  t h e  slant-range-to-target-perimeter equal  t o  

i t s  l i m i t i n g  value.  



To i l l u s t r a t e  the  u t i l i t y  of  the  model, a n  example is prerented.  

The sensor  is  assumed t o  have a  f i e l d  of  view . 40 degrees  and a n  angu la r  

r e s o l u t i o n  of 0 .01 degree. The d e s i r e d  l i n e a l  r e s o l u t i o n  is 1 n a u t i c a l  m i l e .  

The minimum e l e v a t i o n  ang le  i s  40 degrees  and t h e  range l i m i t  is 1200 n a u t i c a l  

miles. 

I n  Figure  30, the  s o l i d  curves show $ a s  a  func t ion  of  h  cons ide r ing  

each l i m i t  as i f  i t  were the  on ly  c o n s t r a i n t .  The cross-hatched segmented l i n e  

i a  t h e  piecewise-smooth curve  r e p r ~ s e n t i n g  $ a s  a  func t ion  o f  h. I n  t h i s  case ,  

t h e  r e s o l u t i o n  c o n s t r a i n t  i s  never a l i m i t i n g  f a c t o r  f o r  a l t i t u d e s  ranging 

up t o  1000 n a u t i c a l  mi les .  The sensor  f ield-of-view is  l i m i t i n g  f o r  the lower 

a l t i t u d e s .  At 660 n a t i c a l  mi les  t h e  e l e v a t i o n  angle  is  t h e  most r e s t r i c t i v e .  

A t  870 n a u t i c a l  mi les ,  t h e  range r e s t r i c t i o n  i s  dominant, The maximum v a l u e  

of t (approximately 12 degrees a t  870 n a u t i c a l  mi les  a l t i t u d e )  corresponds t o  

a  g r e a t  c i r c l e  d i s t a n c e  of about 720 n a u t i c a l  mi les  on t h e  viewed area .  



Area 

s = Slant ranre 
h = Altitude 
Y = Elevation 
9 = Viewed area half-angle 
0 = n - 2 ( J I + y )  

FIGURE 28. MODEL PARAMETERS 
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FIGURE 2 9 ,  F M W  DIAGRAM FOR SENSOR MCDEL 





Longitude Viewed. A s i n g l e  o r b i t  pass  covers  t h e  s u r f a c e  

o f  t h e  Ear th  wi th  a swath as shown i n  F igure  31. The band of  long i tudes  

vif*wed, V ,  i s  shown f o r  a p a r t i c u l a r  l a t i t u d e ,  0 .  Note t h a t  f o r  a 
l a r g e r  i n c l i n a t i o n  t h e  long i tude  viewed would be two smel le r  bands, whi le  

f o r  a  smal le r  i n c l i n a t i o n  no long i tude  would be viewed. 

To compute the  por t ion  of any l a t i t u d e  viewed i n  a  s i n g l e  

s a t e l l i t e  pass ,  i t  w i l l  be convenient  t o  develop t h e  orthogonal t r ans -  

formation from a  s e t  of o r b i t  r e l a t e d  coord ina tes ,  rO, t o  Earth coord ina tes ,  

r . This  t ransformat ion is e  

where 

+ and s = t h e  cosine and s i n e  of t h e  precess ion of the  + 
o r b i t  r e l a t i v e  t o  tlw e a r t h ,  i . e . :  

( =  (up - W ) r  
e  1 

c I  3rd s I  = t h e  cos ine  and s i n e  of the  i n c l i n e t i o r . ,  and 

t h e  coord ina tes  a r e :  

= i q  the  e q u a t o r i a l  planc., normal t o  x e' 

the  po la r  a x i s  
" 

and 

Fo = the l i n c  of .lodes, 1 
= i n  t h e  o r b i t a l  planc normal t o  xo, 

= normal t o  the o rh i  t n l  planc 





Since a l l  p o s i t i o n s  of i n t e r e s t  a r e  on the  E a r t h ' s  s u r f a c e ,  which i s  

assumed t o  be  s p h r i c a l ,  a l l  p o s i t i n n  vec to r s  a r e  t r e a t e d  as un i t  

r e c t o r s .  

The upper and lower edges of the  swath a r e  expressed i n  

o r b i t a l  coord ina tes  a s  

where i s  the  sensor  ang le ,  and so and c a r e  the  s i n e  and cos ine  of 
0 

the  o r b i t  anomaly angle ,  w t .  
@ 

The edges, i n  Ear th  coordinates ,  a r e  found 5y applying the 

t ransformat ion of Equation 21 t o  Equation 22: 

The c r o s s i n g  of t h e  l a t i t u d e  of i n t e r e s t  i s  found by s e t t t n g  z equ iva len t  e 

t o  the  s i n e  of the l a t i t u d e ,  thcn so lv ing  f o r  the o r b i t  angle  

I n  the i n t e r v a l  o < u t \ 2rr, Equation 24 has  four ,  two, o r  no 
0 

s o l u t i o n s  depending on the  s p e c i f i c  ang les :  

111 <:. (@ - 6 )  No s o l u t l o n  

(9 - I b )  < 1 1 1  < (0 + 4 )  Two s o l u t i o n s ,  and 

(9 + i )  i ( 1 1  Four s o l u t i o n s .  

These cases  correspond t o  no, one, or  two bands of longi tudes  view& 

a t  a s p e c i f i c  l a t i t u d e .  











The Earth's rare  i s  e constant,  we = 7.292 x loo5 radlsec,  while ur 
P 

and w a re  functions of the o r b i t a l  a l t i t u d e  and inc l ina t ion :  
0 

and from Reference 32 

w = K ( r e l r )  
P P 

712 cos I 

where 

r = o r b i t a l  radius (h + re ) ,  

r = Earth 's  equatorial  radius (20902313 f t ) ,  
e  

p = Earth 's  g rav i ta t iona l  constant (1.407528 x 1016 tt 31s2), and 

K = -9.97 deglday o r  -2.0149 x radls .  
P 

Subs t i tu t ing  Equations 30 and 31 i n t o  Equation 29 gives 

7 I2 
W e cos I - - r 3 / 2 1  , 

112 

I t  should be noted tha t ,  f o r  constant a l t i t u d e ,  S i s  l i n e a r  on the cosine 

of inc l ina t ion ,  

S = c ( r )  + cb ( r )  cos I a  (33) 

where 

c = 2nWer 3 /2 , and 
a  

112 



Thus, f o r  a  known a l t i t u d e ,  i t  i s  a  simple matter  t o  cocvarrt between 

inclinaticni end or  it sh i f  t ,  The re la t ionship  between s h i f  t and 

inc l ina t ion  is shown i n  Figure 35, h e  curvature of the l a c i i  of 

constant s r e s u l t  from the dependence on the cosine of inc l ina t ion .  

Distr ibut ion of Gaps. Figure 36 shows the subdivision of longitude e 
1 !' 
I ,i 

by many o r b i t a l  papses. Note t ha t ,  f o r  the f i r s t  few passes, the gaps are:  

(1) 1 gap of (2n- NS), and 

(2) N gaps of S. 

However, a f t e r  a  spec i f i c  number of passes, the original. gaps a r e  subdivtded 

i n t o  even smaller in te rva ls .  In general, a f t e r  any number of passes, three 

gap s i ze s  e x i s t  such tha t :  

G N + G N + G3N3 = 277, and 
1 1  2 2  

N1 + N q  + N 3  = N + 1. 

Now consider a  fixed nuinber of passes, N . For the IGOS coverage model 
P 

a  constant f o r  each a l t i t u d e  of i n t e re s t .  The coverage fuuction requires  

7 .  calculat ion of the maximum gap width a s  a  function of S e GM(S)I. t i  j 
: !  ,\ ' ij 

I f  many cases a r e  evaluated, each with the same N and d i f f e r ing  
P 

value of S, a  plot  such as  Figure 37 w i l l  r e su l t .  Note tha t ,  while there 

a r e  generally three gap s i z e s ,  a t  spec i f i c  values of S the smaller gap 
. ' ' 5  - .  

width goes t o  zero and the two l a rge r  s i z e s  become equal. A t  any of 
5 '  %. 

these d i s c r e t e  values, Si, there i s  only one gap s i z e ,  , TLese cases Gi . * 









a r e  the  values of s which a r e  an exact  proper f r a c t i o n  of 2n, 

where the  denominator M must be l e s s  than or  equal t o  the  number of 
i 

passes.  

The gap ~ r d t h  i s  then 

t h a t  i s ,  with a l l  gaps equal ,  the  product of width and nunber must 

be 2n. These values of S a r e  o f ten  c a l l e d  resonant o r b i t s .  

With t h e  d i s c r e t e  values  known, the  maximum gap v a r i e s  

l i n e a r l y  between success ive  po in t s ,  '3 and G a s  shown by the  t i' 

upper l i n e  of Figure  37. The f a c t  t h a t  the  maxiin~n and a l l  o the r  gaps 

vary l i n e a r l y  wi th  S can be shown by consider ing any p a i r  r~f longi tudes .  

A f t e r  i passes ,  the longi tude i~ 

where K i s  the  l a r g e s t  i n t e g e r  5 ~ S / ~ T T .  K is  needed t o  a d j u s q  to be  i n  
i i i 

the  i n t e r v a l  0,2n. Thus, any longi tude is  piecewise l i n e a r  on S and tkte 

gaps, which a r e  merely d i f f e r e n c e s  6 - 0 a r e  a l s o  piecewise l i n e a r  .>n 
i 1 



To cmpute the d i sc re t e  values, we must f ind  a l l  values of S 

which a re  exact proper i r ac t ions  if 2n with denominators l e s s  than o r  

equal t o  N . An example of a s e t  of such points  i s  shown i n  Figure 38, 
P 

The points which represent proper f rac t ions  a r e  shown so l id .  The improper 

f rac t ions  a r e  shown a s  c i r c l e s .  The hyperbolae f o r  constant M have been 

added t o  a i a  .nterprerg ..ion. J 

Fo a case with 10 passes, the maximum gap function is  p lo t ted  

in  Figure 39. With 11 passes, the 910t shown with a dashed l i n e  r e su l t s .  

Note thdc one addi t ional  pass great ly  changes the shape of the function, 

When typical  coverage times a r e  considered, N can be q u i t e  
P' 

large. For example, with near Earth o r b i t s  having periods on the order 

of 120 min (12 passes per day) and coverage times, Tc' 
of up t o  30 days, 

N of up t o  360 can be obtained. Plots  such a s  Figure 38 and Figure 39 
P 

would have on the order of N ' points,  a very large number. However, the 
P' 

function G (S) i s  needed only t o  es tab l i sh  when the gap width exceeds 
M 

a known value G . To compute the S f o r  which G (S) > Go, only the  point 
0 m 

pa i r s  with a t  l e a s t  one point grea te r  than G a r e  needed. Thus, an 
0 

algorithm f o r  finding G (S) can be developed which does not require  
m 

inspection of a l l  possible points .  The points  w i l l  exceed Go when 

N. < N = G 127 
1 0 0 

(36 

Thus, i t  is necessary t o  f ind each point ( integer  f r ac t ion ) ,  

S . ,  Si , with a denominator l e s s  than Go/2n. Then, the nearest  adjacent 
1 

m + 
f rac t ions  (s; and S ) with numerators l e s s  than N must be found. Using 

i P 

these points G (S) w i l l  r e s u l t  as  shown i n  Figures 40 and 41. While the 
m 

function i s  unknown f o r  regions between points w i t h  G l e s s  than G , i t  i 0 

i s  accurate fo r  a l l  segments above or crossing G . Thus, i t  i s  adequate 
0 

f o r  locat ing the values of S a t  any value G equal t o  or grea te r  than G . 
0 



FIGURE 38. RESONANT POINTS VERSUS ORBIT SHIFT 



FIGURE 39. MAXIMUM GAP VERSUS ORBIT SHIFT 
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A fu r the r  reduction i n  the number of points  t o  be calculated 

is  possible  because, f o r  any one a l t i t u d e ,  a  limitied range of inc l ina t ions  

and, thus, a l imited range of S is of i n t e r e s t .  

With the function Gm(S) known, and S determined from the  a l t i t u d e  

and inc l ina t ion ,  G a s  a  function of a l t i t u d e  and inc l ina t ion  a r e  known. 
m 

A sketch of t h i s  function is shown i n  Figure 42. The sketch has been 

simplified t o  ease in te rpre ta t ion .  In general,  the function is a  s e r i e s  

of ridges and valleys which a r e  d i s t r i bu ted  along the locus of equal o r b i t  

s h i f t  a s  shown e a r l i e r  i n  Figure 35 .  

Combined Coverage Model. The IGOS coverage model operates by 

combining the longitude viewed model (Figure 3 3 )  and the maximum bap d i s t r i -  

bution model (Figure 42) a s  shown i n  Figure 4 3 .  Adequate coverage is assured 

when V is grea te r  than G giving a  display such a s  t h a t  shown i n  Figure 44. 

The plot  i s  generated by solving f o r  the gap d i s t r i b u t i o n  (Figure 

3 7 )  f o r  each of 51 d i s c r e t e  a l t i t u d e s .  The approximation of Figures 40 and 

41 a r e  used t o  reduce execution time and core storage. The minimum gap con- 

sidered, Go, is $/COS 0 which i s  l e s s  than the smallest  value of V versus 

incl inat ion.  When two l a t i t u d e s  (0 and e2) a re  specif ied,  the longitude 
1 

viewed function V uses the minimum of t ha t  f o r  the two extremes of l a t i t u d e .  

When the inc l ina t ion  is  such t h a t  two bands of longitude w i l l  be 

viewed, the second l a rges t  gap d i s t r i bu t ion  i s  used (shown by a  dotted l i n e  

i n  Figure 3 7 ) .  This accounts f o r  subdivision of the l a r g e s t  gap by the 

second "view" of the desired l a t i t ude .  









When a la rge  range of a l t i t u d e s  i s  considered, there is  a r i s k  

tha t  none of the 51 d i sc re t e  a l t i t u d e s  considered w i l l  f a l l  i n  a forbidden 

(inadequate coverage) region, The forbidden coverage (values of S) may f a l l  

between two d i sc re t e  a l t i t udes .  This would r e s u l t  i n  a "clear" area on 

the screen with no warning t o  the user. I f  the space b :ween the d i s c r e t e  

a l t i t u d e s  is  la rge  enough f o r  t h i s  t o  occur, evaluations a r e  made f o r  

addi t ional  d i sc re t e  a l t i t u d e s  between those 51 usually used. Any "forbidden" 

conditions encountered i n  the sub in t e rva l  a r e  plot ted a s  i f  they occurred 

a t  the nearest  usual d i sc re t e  a l t i t u d e .  

This coverage model has been exercised on a la rge  number of cases 

and has proven t o  be an excel lent  means of indicat ing which o r b i t s  have the 

desired Earth coverage pat terns .  

R a d i ~  t ion  Environment, 

The IGOS radiat ion model involves a straight-forward use of 

data  published in  Reference 33. These data  a r e  log-log p lo t s  of equiv- 

a len t  1 Mev electron fluence per day Jersus a l t i t u d e  f o r  several  sh ie ld ing  

dens i t i e s  a t  inc l ina t ions  of 0, 30, 60, and 70 degrees. IGOS computes 

the maximum a l t i t u d e  versus inclination display by l i nea r  in te rpola t ion  

of the log-log data. 

Orbi t-to-Sun Precession 

The orbit-to-Sun precession l i n e s  a r e  plot ted by solving Equation 

31 f o r  the inc l ina t ion  a s  a function of a l t i t u d e  and the allowable precession 

r a t e  



'6. 

! 
where the allowable precession r a t e  i s  computed from the allowable orbit/Sun 

i 

precesrlon angle, @ and time, T (both user entered da ta) ,  and the angular J /  i so' so' ;, 
r a t e  of the  Earth 's  motion about the sun, U . I 

e s *  
7 '  t a i 

Plot t ing  Equations 37 and 38 r e s u l t s  i n  two l i n e s  of a l t i t u d e  versus 

inc l ina t ion ,  between which the o rb i t  w i l l  process r e l a t i v e  t o  the sun 

l e s s  than gl i n  time, T 
80 SO' 

Orbi t  Cecay 

The IGOS decay model operates by numerical (4th-order Runge- 

Kutta) in tegra t ion  of 

(39) 

Reference where d 4 d h  is 

34. Using the 

the der iva t ive  of o r b j t  l i f e t ime  as computed i n  

technique of Reference 34, fo r  c i r c u l a r  o rb i t s ,  

where 

B = the spzcecraf t  b a l l i s t i c  coef f ic ien t ,  
C 

f s  ( t ,h )  = the  so l a r  a c t i v i t y  f ac to r ,  

fl!h) = the normalized l i fe t ime,  and 

f I ( I )  = the i nc l ina t ion  fac tor .  



1 ~ 0 s  contains the da ta  f o r  f l  and f I ,  a s  shown i n  Figurea 45 

and 46, which were taken d i r e c t l y  from Reference 3 4 .  

The so lar  a c t i v i t y  f ac to r s  requires  e s t i m t i c m  of fu ture  so l a r  

ac t iv i ty .  P r e d i c t i ~ n s  t o  1988 were obtained from MSFC and supersede the 

values given i n  Reference 34. The so l a r  a c t i v i t y  f ac to r  is computed from 

where the exponent X is 

with h expressed i n  km. The time f ac to r  f t  ( t )  i s  plot ted i n  Figure 47. 

IGOS implements the functions shown i n  Figures 45, 46, and 47, 

by performing l i n e a r  in te rpola t ion  and the appropriate un i t  conversions. 

The d i f f e r e n t i a l  equations, Equations 39 and 40, require  the 

der iva t ive  of f l (h) .  This i s  computed numerically from 

df (h) f l (h  + dh) - f l (h  - dh) - 
dh 2 dh 

with dh set  t o  0.5 n. m i .  In tegra t ion  s teps  a r e  computed by 

With dtmax = 0.2 years and dh - 0.1 n. m i .  Thus, no in tegra t ion  
max 

s tep  wceeds  e i t h e r  0.2 years or 0.1 n. m i .  I n i t i a l  conditions a r e  entered 

by the user and in tegra t ion  is stopped when time equals the specif ied mission 

durat ion,  or  a l t i t u d e  decays t o  the value represented by the b o t t w ~  of the 

IGOS plot .  
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FIGURE 45. f l  (h),  THE NORMALIZED L I F E  TINE 
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FIGURE 46. f I  ( I ) ,  THE INCLINATION FACTOR 
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FIGURe 47. SOLAR ACTIVITY TIME FACTOR f t ( t )  



Launch Vehicle I n  i e c  t i o n  Error  Model - 
IGOS r e q u i r e s  d a t a  f o r  the  d i s p e r s i o n s  i n  i n j e c t i o r  a l t i t u d e  

(semi-major a x i s )  a s  a  f u ~ c t i o n  of o r b i t  a l t i t u d e  and i n c l i n n t i o n ,  For a l l  

c u r r e n t  conventional launch veh ic les ,  t h e  i n c l i n a t i o n  d i spers ions  a r e  

n e g l i g i b l e  f o r  ordinary purposes and a r e  n o t  considered by IGOS. 

I n  its c u r r e n t  vers ion,  IGOS con ta ins  only a  Scout e r r o r  model. 

The o ther  veh ic les  u t i l i z e  closed loop guidance and t h e  r e s u l t i n g  e r r o r s  

a r e  small enough a s  t o  be,  i n  general ,  n e g l i g i b l e .  I f  the  i n j e c t i o n  e r r o r s  

of these  veh ic les  a r e  of i n t e r e s t  for  s p e c i f i c  s e n s i t i v e  a p p l i c a t i o n s ,  they 

could be included by c r e a t i n g  i n j e c t i o n  e r r o r  t a b l e s  s i m i l a r  t o  those in -  

cluded f o r  t h e  Scout. The d a t a  can be obtained from t h e  launch veh ic le  

p r o j e c t  o f f i c e s .  

Scout Error  Model 

The Scout Pro jec t  Off ice  and LTV suggested Reference 35 a s  

the  b e s t  source of Scout accuracy da ta .  This r e p o r t  includes  a l t i t u d e ,  

ve loc i ty  magnitude, and f l i g h t  path angle  d i spers ions .  These d a t a  were 

combined t o  ohta in  the  equivalent  c i r c u l a r  o r b i t  semimajor a x i s  d i spers ions  

shown i n  Figure  48. IGOS performs l i n e a r  i n t e r p o l a t i o n  on t h e  d a t a  t o  

ob ta in  the  one sigma a l t i t u d e  d i spers ions  a s  a  funct ion of nominal o r b i t  

a l t i t u d e .  

Launch Vehicle Performance Node1 

The IGOS launch veh ic le  performance model accesses  a  mass 

s to rage  d a t a  f i l e  wi th  a  s e p a r a t e  f i l e  record f o r  each vehic le .  To add 

a  vehic le  t o  the  IGOS da ta  f i l e ,  the  io l lowing da ta  a r e  required:  . d 

(1) VRij ,  the  hor izon ta l  i n e r t i a l  v e l o c i t y  c a p a b i l i t y  of the  

booster  veh:cle f o r  an eas t - launch from ETR with a  given 

pay'oad (P ) t o  a  given a1 t i t u d e  (A ). Up t o  20 payloads i 
and 5 a l t i t u d e s  may be used. 

j 

(2) V4i, the d e l t a - v e l o c i t y  of the  f o u r t h  s t a g e  

(Scout veh ic les  only) ca r ry ing  payload, Pi, and 

(3 )  ILSK, the  i n d i c e s  of the  s i t e s  from which the  v e h i c l e  may 

be launched. 
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FIGURE 4 8 ,  ONE SIGMA SCOUT ALTITUDE DISPERSIONS 



These d a t a  may be obtained from published launch veh ic le  performance 

documents, o r  created using the  NLVP-Performance program descr ibed i n  

Reference 2 (or o the r  s i m i l a r  programs). 
* b 

-.  ' f  . 

When the  IGOS user  s p e c i f i e s  a p a r t i c u l a r  launch veh ic le ,  a 
.A 

set of veh ic le  performance t a b l e s  a r e  c rea ted  from t h e  pe r fowsnce  d a t a  
' i  

i :  

f i l e .  A t  t h i s  time, t h e  range of a l t i t u d e  and i n c l i n a t i o n  of i n t e r e s t  
t . 

..a , 

have been def ined,  These t a b l e s  c o n s i s t  of :  

(1) PLij, the  payload c a p a b i l i t y  f o r  a c i r c u l a r  o r b i t  a t  

d l t i t u d e s  H and i n c l i n a t i o n ,  I 
i j ' 

(2) LSij, the  launch s i t e  used i n  computing PL and 
i j '  

(3)  AZij, the  launch azimuth used i n  computing PL 
i j '  

The program computes 41 i n c l i n a t i o n s  and 9 a l t i t u d e s .  The 9 

a l t i t u d e s  a r e  d i s t r i b u t e d  evenly a c r o s s  the  range of t h e  IGOS plo t .  For 

the  i n c l i n a t i o n s ,  a s e t  of 25 predetermined i n c l i n a t i o n s ,  shown i n  Table 5, 

a r e  examined and those t h a t  l i e  i n  t h e  range of the  I X S  p l o t  a r e  se lec ted .  

The s e t  of 41 i n c l i n a t i o n s  is then f i l l e d  by i n t e r l e a v i n g  a d d i t i o n a l  i n c l i -  

n a t i o n s  chosen evenly ac ross  the  range of the  IGOS p lo t .  This technique i s  

used t o  i n s u r e  s u f f i c i e n t  d e t a i l  i n  the  p l o t s  near  the  regions  of p l o t  

d i s c o n t i n u i t i e s .  Thus, the  i n c l i n a t i o n s  have been chosen near  the  launch 

s i t e  l a t i t u d e s  and near  the  i n c l i n a t i o n s  f o r  which the  p re fe r red  launch s i t e  

changes with i n c l i n a t i o n .  

A s e t  of launch s i t e  d a t a  is  a l s o  s to red .  These d a t a  c o n s i s t  . . 
of launch s i t e  l a t i t u d e  and the  launch azimuth c o n s t r a i n t s  f o r  each s i t e .  

P- 
The payload t a b l e ,  PLiJ, i computed by computing the  payload 

c a p a b i l i t y  from each launch s i t e  permiss ible  f o r  the  vehic le .  I f  more 

than one s i t e  i s  permiss ible ,  the s i t e  g iv ing  the  g r e a t e s t  payload is - 
used. The d i r e c t  a s c e n t  launch azimuth i s  computed. If t h i s  azimuth 

exceeds the  launch azimuth c o n s t r a i n t  f o r  t h a t  s i t e ,  the  c o n s t r a i n t  value 

i s  used and a plane change penal ty  is  computed. 

With the  payload t a b l e  PL computed, the use r  then e n t e r s  a 
i j  

s p e c i f i c  payload value (PD) of i n t e r e s t .  An a l c i t u d e  versus  i n c l i n a t i o n  

contour i s  then p l o t t e d  by l i n e a r  i n t e r p o l a t i o n  a t  each i n c l i n a t i o n  t o  

compute the  a1  t i  tude corresponding t o  PD. 



TABLE 5 .  PRESTORED INCLINATIONS FOR IGOS PERFORMANCE TABLES 



CONCLUS IONS AND RECOMMENDATIO-VS 

The fol lowing summarizes B a t t e l l e ' s  recommendations f o r  f u r t h e r  

r e sea rch  based on t h e  c u r r e n t  s t a t u s  of t h e  work f o r  each t a s k  and t h e  

c u r r e n t  t . e n d s  of NASA advanced s t u d i e s  a c t i v i t i e s .  

Task 1 - 
The computer codes, descr ibed i n  Table 2 ,  have genera l ly  proven 

t o  be u s e f u l  i n  t h e  conduct of  VSPRE s t u d i e s .  Severa l ,  however, have been 

widely u ~ ? d  beyond t h e  scope of  VSPRE. Others could a l s o ,  wi th  f u r t h e r  

developtr~c! i t ,  have s i m i l a r  con t inu ing  u t i l i t y  , 

In  a d d i t i o n  t o  EOMP use on VSPRE a t  B a t t e l l e ,  and by NASA at 

MSFC, i t  has  f requen t ly  been used by B a t t e l l e  on both t h e  DIGS (Del ta  I n e r t i a l  - .  
Guidan::e System) p r o j e c t  and NLVP (NASA Launch Vehicle P r o j e c t ) .  Same of  

t h e s e  \ [ s e t s  a l s o  made s e v e r a l  u s e f u l  modi f i ca t ions  t o  i t :  - .  
(1) Impact po in t  d i s p e r s i o n s  (MFC) 

( 2 )  Metric output  (MSFC) -.  
( 3 )  Orbi ta l  launches f o r  S h u t t l e  upper s t a g e s  (BcL/NT.VP). 

a 
It is  recarmended t o a t  EOMP-I be maintained and modified a s  necessary  t o  

mainta in  i t s  a p p l i c a b i l i t y  i n  s a t i s f y i n g  NASA boos te r  d i s p e r s i o n  a n a l y s i s  

needs. i 

IGOS - 
This program bas been given wide v i s i b i l i t y  wi th in  NASA and 

has  genera ted c o n s j ~ l ~ r a b l e  i n t e r e s t .  

The co:..cpt of IGOS, a l l w i n g  qu ick  response assessment of 

cand ida te  o r b ~ r s  i n  dof in ing  mission requirements,  i s  of i n t e r e s t  t o  mission 

planners  a we l l  a s  launch v e h i c l e  and a s t r i o n i c s  s p e c i a l i s t s .  The d i sp lay  

of  domi  s of accep tab le  o r b i t s  a c t u a l l y  i d e n t i f i e s  candidate  o r b i t s  which 

mini,. Lze t h e  impact of I n j e c t  ion  d i spe r s ions .  For de f in ing  a s t r i o n i c s  re-  

quirements i n  a mi l s ion  planning ( o r b i t  s e l e c t i o n ) ,  the  c u r r e n t  ICOS is  only 

a  pre l iminar?  s p e r a t i o n a l  program. Severa l  a d d i t i o n a l  f e a t u r e s  have a l ready 

been i d e n t ' f i e d  f o r  inc lus ion  i n  ICOS. These are  discussed i n  t h e  following 

pa cagraphs . 



mcific Site Coverage*, The ICOS Earth observation model presumes 

that the experimenter seeks frequent coverage of all longitudes in a given 

latitude band. For some missions, particular geographic locations are of 

interest; or, even with full longitude coverage, specific communication sites 

must be contacted for data down-links. An alternative coverage model could 

indicate orbits which view a specific set of sites. 

Side Looking and Multiple Sensors. Many sensors view a porLion 

of the Earth along a path displaced from the sub-satellite ground track. 

Also, many missions carry multiple sensors, each with a different set of 

viewing requirements. SEASAT, for example, carries multiple sensors, some 

of hich ore side Looking. Straight-forward coding modifications to IGOS 

could enable it to handle :~uch satellite missions. 

Elliptical Orbits*. The present version of IGOS considers only 

circulhr orbits. While extensionof the philosophy of the ICOS design volume 

to a three-dimensional space (apogee, perigee, and inclination) is straight 

forward, graphic presentation or three-dimensional spaces is difficult. Most 

likely, the best approach would be to continue to display a two-dimensional 

plot with the third-dimensional spaces is difficult. Two examples would be: 

apogee and perigee at a specified inclination, or eccentricity and inclination 

at a specified semi-major axis. I f  extensive application of TGOS i~ contem- 

plated, such modifications should be c,-nsidered. 

Shuttle Performance Calculations*. With the exception of the 

launch vehicle performance model, all KGOS features are applicable to the 

Shuttle as well as conventional launch vehicles. If it were assumed that 

the users mission would determine the orbital parameters for an entire 

Shuttle flight, the Shuttle (and its upper stages, if m y )  could be added 

to the vehicle data file. However, most: missions will use only a portion of 

the Shuttle capability. Within this framework n number of types of contours 

could be drawn by 1130s to aid thc user in selecting an orbit. For example: 

*These efforts have becn included in a new study, at Battelle funded by MSFC. 



0 The S h u t t l e  u s e r  charges t o  any o r b i t ,  

LC" ' 

The e x t r a  delta-V requ i red  t o  reach any o r b i t  from 

t h e  lowest c o s t  o r  "nearest" c u r r e n t l y  scheduled 

S h u t t l e  o r b i t  placement, 

Regions of common a c c e p t a b i l i t y  f o r  experiment 

p a l l e t  sha r ing  wi th  o t h e r  payloads. , , 

i 
A l l  of these  r e q u i r e  access  by ICOS t o  d a t a  f i l e s  which conta in  c u r r e n t  &. 

S h u t t l e  schedules  and o t h e r  S h u t t l e  payload d a t a .  Many groups whi th in  NASA . . 
i 

are cons ide r ing  p a r t i c u l a r  a s p e c t s  of t h e  S h u t t l e  schedul ing and planning . 1  

problem. Some of  t h e s e  a r e  tending toward automated d a t a  management which 

u!l l  r e s u l t  i n  d a t a  f i l e s  similar t o  those  t h a t  would be  needed f o r  fCOS. -. t 

It  i s  recrtmmended t h a t  t h e  concept of XGOS rece ive  continued 

funding. This  w i l l  i n s u r e  t h a t  the  c a p a b i l i t y  w i l l  e x i s t  t o  provide  a 
quick esponse u s e r  o r i e n t e d  t o o l  f o r  o r b i t  s e l e c t i o n .  With t h i s  t o o l ,  

c m m m i c a t i o n s  between t h e  needs of t h e  experimenter community and those  - .  

respons ib le  f o r  NASA's t r a n s p o r t a t i o n  system c a p a b i l i t y  could be conducted 

i n  a manner compatible with t h e  needs a s s o c i a t e d  wi th  achieving t h e  moat - ,  

e f f i c i e n t  miss ion des igns .  

Other C o m u t e r  Codes 

- .  
The fol lowing computer programs have been w r i t t e n  t o  support  va r ious  

VSPRE i n v e s t i g a t i o n s ,  The source  deck cards  remain i n  the  B a t t e l l e  and/or 
.. . 

MSFC f i l e s .  They r e q u i r e  minor modi f i ca t ions  due t o  r ecen t  computer c e n t e r  

opera t ing  systems changes i f  they a r e  t o  be used i n  t h e  fu tu re .  

EOMP-11. ThSs program was developed i n  1972 t o  the  po in t  t h a t ,  i f  

adequate  miss ion requirements a r e  s p e c i f i e d ,  i t  would be extremely u s e f u l  

on an o p e r a t i o n a l  b a s i s .  S ince  t h a t  time, e f f o r t  has centered on t h e  spec i -  
P 

f i c a t i o n  of  mission requirements,  r e s u l t i n g  i n  t h e  development of ICOS. During 

t h i s  time, NASA's a t t e n t i o n  has  concentra ted  on t i s t r i o n i c s  requirements f o r  

the  S h u t t l e  e r a .  Appl ica t ion t o  S h u t t l e  upper s t a g e  a s t r i o n i c s  would r e q u i r e  

n major r e v i s i o n  of EOMP-11, For t h i s  reason,  i t  i s reccmended  t h a t  no 

f u r t h e r  suppor t  be given EOMP-TI u n t i l  i n t e r e s t  j u s t i f i e s  r e v i s i o n s  t o  i t .  

Conte Carlo. This progroni h a s  served a s  a use fu l  s t a t i s t i c a l  

a n a l y s i s  t o o l  on a number of s t u d i e s  a t  BCL and MSFC. I t  is  simple t o  uae 



and r e q u i r e s  no s i g n i f i c a n t  maintenance. It is  recommended t h a t  t h e  Monte 

Carlo code be maintained i n  i t s  p resen t  form. This  would r e q u i r e  minimal 

e f f o r t .  

ABBACUS. ABBACUS was developed t o  a i d  i n  t h e  eva lua t ion  of com- 

p u t e r  technology s t u d i e s  a t  MSFC. The funding f o r  these  technology s t u d i e s  

is  being revised.  Continuation of t h e  development and w i n t e n a n c e  of 

ABBACUS should be  commensurate wi th  NASA's o v e r a l l  high r e l i a b i l i t y  computer 

technology e f f o r t s .  

Spun Stane Simulation.  This  i s  a small program u s e f u l  i n  t h e  

study of a number of problems r e l a t e d  t o  spinning s tages .  I n  a d d i t i o n  t o  

Scout, f o r  which i t  was developed, spun s t a g e s  a r e  used on Delta and Atlas/ 

Centaur and a r e  now under cons idera t ion  f o r  a number of S h u t t l e  e r a  v e h i c l e  

conf igurat ions .  It i s  recommended t h a t  t h e  spun s t a g e  program be maintained.  

This would requ i re  minimal funding. 

Task 2 

A number of a s t r i o n i c s  requirements s t u d i e s  has been performed 

under Task 2. Most r ecen t ly ,  these  s t u d i e s  have been d i r e c t e d  a t  t h e  requ i re -  

ments f o r  high r e l i a b i l i t y  computers. A s  mentioned i n  t h e  d i scuss ion  on 

ABBACUS recommendations, t h i s  p a r t i c u l a r  s tudy has  been given low p r i o r i t y  

during t h e  r e s t r u c t u r i n g  of NAsA's combined high r e l i a b i l i t y  computer funding. 

More genera l ly ,  t h e  evolut ion of the  S h u t t l e  upper s t a g e  program 

w i l l  c r e a t e  the  need f o r  as t r ion ics -miss ion  s t u d i e s  similar t o  those  per-  

! xmed on VSPRE. It i s  recommended t h a t  t h e  c a p a b i l i t y  t o  perform t h e s e  

o tud i  ?.- be maintained. 

Task 3 

Task 3 was c rea ted  when t h e r e  was a h igh i n t e r e s t  i n  t h e  Advanced 

Small Launch Vehicle (ASLV), a major, evo lu t ionary ,  upgrading of Scout. Since 

then i n t e r e s t  i n  ASLV has diminished. Concurrently,  a number of l e s s  expensive 

modif icat ions  t o  Scout guidance have been proposed, analyzed by VSPRi and LTV, 

and implemented. It i s  a n t i c i p a t e d  t h a t  f u t u r e  improvement t o  t h e  Scout may 

be considered. However, these  w i l l  be of l imi ted  scope and could be analyzed 

under an e f f o r t  s i m i l a r  t o  the  cur ren t  VSPRE Task 2 .  It i s  recommended t h a t  

Task 3 ,  be el iminated.  



Task 4 

With the creation of IGOS, a tool now exists t o  eetablish the 

accuracy requirements for expendable launches. It is recommended that 

an exercise be conducted to use IGOS to evaluate a set of baseline miseime 

which will utilize NASA vehicles (conventional and Shuttle with upper 

stages). The evaluation should begin by considering the fundamental mission 

ob jcct ives such as coverage requirements or orbit lifetime. Using IGOS 

the domains of acceptable orbits can be established. The size of the domain 

may then be used for comparison to a set of launch system accuracies to 

establish which systems would be likely candidates and which would benefit 

from modification. These modifications could involve either accuracy 

improvement or cost reductions through using less accurate systems. If 

any system seems likely to benefit from modification, a cost study should be 

conducted to establish the costlbenefit when the system modification costs 

are included with per launch system hardware cost changes. 
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APPENDIX A 

EGOS PROGRAM ACCESS 

To use the I n t e r a c t i v e  Graphics Orb j t  S e l e c t i o n  program, i t  i s  f i r s t  

necessary  t o  e s t a b l i s h  communications wi th  t h e  h o s t  computer. For t h e  

B a t t e l l e  Computer System, comnunications can be obta ined by d i a l i n g  t h e  

B a t t e l l e  d a t a  l i n e s  as follows: 

I n  the  event d i f f i c u l t y  i s  encountered,  the  s t a t u s  ,f the  B a t t e l l e  Computers 

may be checked by c a l l i n g  ( 514 )  291-9766 f o r  a recorded message. 

Successful  connection w i l l  be i n d i c a t e d  by o u t p u t  o f  ,.,he d a t e  and t i m e  and 

a r e q u e s t  tc, "Login". In  response t o  t h e  login  reques t  type: 

The ~ e r m i n a l  w i l l  i n d i c a t e  s u c c e s s f u l  log in  by the  r e q u e s t  "COMMAND-". The 

following under l ined comnands should then be  en te red :  

COMMAND - ATTACH.PRG.COVER.ID"VSPRE 

COMMAND - EFL.50000 

COMMAND - ETL.lOO 

COMMAND - 
These comnands connect  the program f i l e ,  exrend the  c e n t r a l  memory f i e l d  length  

t o  500008, extend the  time l i m ! t  t o  100 ~ e c o n d s ,  and begin execut ion o f  the  8 
program, 

Program execut ion begins k i t h  the  d i s p l a y  o f  a heading and a n  inqu i ry  t o  

determine i f  a  g raph ics  terminal  is being used. 

The a n a l y s t  is  then a b l e  t o  e x e r c i s e  the  program a t  h i s  d i s c r e t i o n  using the  

comaand r e p e r t o i r e  descr ibed l a t e r  i n  t h i s  Appendix. 



When execut ion of IGOS is  completed ( e i t h e r  by t h e  IGOS 

cornmaad END, o r  by encountering a f a t a l  execut ion e r r o r )  t h e  response  

%OMMAW-"  w i l l  be  d isplayed on t h e  bcreen. Reenter ing "PRG" w i l l  restart 

execution.  I f  d e s i r e d ,  a record of a l l  u s e r  commands can be s e n t  t o  t h e  

p r i n t e r  a t  B a t t e l i e  (Building 13) by e n t e r i n g  

DISWSE,TAPP99,PR=LAH. 

I f  t h e  s e s s i o n  is  complete e n t e r  W U T  t o  t e r m i ~ a t e  t h e  sess ion .  

ENT X I N G  - PROGRAM C0EPYWI)S 

A summary of a l l  IGOS program command opt ions  a r e  l i s t e d  
- .  

i n  Table A-1. The commands a r e  grouped i n t o  t h e  fo l lowing f u n c t i o n a l  

areas : 

a 

a 

a 

a 

a 

a 

a 

a 

a 

AX1 S GENERATION 

COVERAGE DISPLAYS 

VEHICLE PERFORMANCE 

RADIATION DISPLAY 

D i U - Y  AND ORB1 TAL ACCURACY DISPIAY 

SUN-SYNCHRONOUS DISPIAY 

GRAPHICAL PLOT LABELING 

TABUIAR DISPIAYS 

EXITTING PROCRAM 

MISCBLIANEOUS 

( 1 Whenever use r  inpu t  i s  requ i red ,  t h e  program i s s u e s  a r e q u e s t  by r i n g i n g  t h e  
- .  

te rminal  b e l l  and d i sp lay ing  two dashes  ( i . e . ,  " - - " > 
Associa ted  k i t h  s e v e r a l  commands a r e  d a t a  v a r i a b l e s  t h a t  d e f i n e  

t h e  opera t ion  i n i t i a t e d  by t h e  comand. 1he v a r i a b l e  mnemonics and i n i t i a l i z e d  

va lues  a r e  given i n  columns 2 and 3 of  Table A - 1 ,  r e s p e c t i v e l y .  Whenever a 

comcnnd r e q u e s t  is executed,  t h e  c u r r e n t  va lues  of  def ined parameters a r e  

us2d t o  perform t h e  opera t ion.  The parameter va lues  can be changed i n  e i t h e r  

o f  t h e  following two ways 

(1) individually - The parameter mnemonic is en te red  followed 

by the d e s i r e d  ~ a l u e .  For example, the  maximum i n c l i n a t i o n  

f o r  opera t ion  code "A" would be changed by e n t e r i n g  - 



MAXINCm125.0. This modi f i ca t ion  c a p a b i l i t y  can be used 

f o r  the  v a r i a b l e s  i n  Table A-l marked wi th  an "*". 
(2) L i s t  - The parameters a r e  included wi th  t h e  command 

e n t r y  as a list. Parameter va lues  are separa ted  by 

commas and the  r e l a t i v e  p o s i t i o n  i n  t h e  comnand s t r i n g  

determine which d a t a  va lues  a r e  modified. For example, 

t h e  maximum i n c l i n a t i o n  v a r i a b l e  f o r  o p e r a t i o n  code "A" 

is t h e  f o u r t h  (4 th )  parameter i n  t h e  list. Therefore,  

t h e  maximum i n c l i n a t i o n  v a l u e  would be changed by 

e n t e r i n g  - A,, , ,125 .O. 

Whenever a d a t a  parameter i s  s p e c i f i e d ,  the  parameter 's  va lue  remains 

equal  t o  t h a t  va lue  u n t i l  aga in  modified. A l l  va lues  can be r e s e t  t o  

t h e i r  i n i  ti n l i zed  va lue  by e n t e r i n g  t h e  RESET connnand. 

With a p l o t  d isplayed on the  sc reen ,  a l l  connnands a r e  en te red  i n  

a small r e c t a n g u l a r  box on the  lower l e f t  o f  t h e  screen.  A f t e r  t h e  f i r s t  

command has  bee2 en te red ,  i t  becomes d i f f i c u l t  o r  impossible t o  read what 

has  been typed. Therefore,  the  u s e r  must be  a t t e n t i v e  t o  h i s  typing a b i l i t y .  

If a:1 e r r o r  occurs  and is de tec ted  i n  d a t a  e n t r y ,  t h e  u s e r  is informed by a 

m u l t i p l e  r i n g  o f  t h e  terminal  b e l l .  The command should then be reen te red .  

No inpu t  en te red  by the  u s e r  should  cause  abnormal program terminat ion.  

However, i f  t h e  e r r o r  i s  no t  de tec ted  (i.e., a wrong numerical  va lue  en te red  

f o r  some parameter) which r e s u l t s  i n  a n  i n c o r r e c t  p l o t ,  t h e r e  is no c a p a b i l i t y  

t o  e r a s e  the  r e s u l t s .  The terminal ,  t h a t  the  IGOS program uses i s  a "non- 

r e f r e s h "  sc reen  type. Whatever appears  on t h e  sc reen  is  permanent u n t i l  t h e  

e n t i r e  s c r e e n  i s  erased.  (See Page A-7, Terminal Hardware.) I f  an  e r r o r  does 

occur,  t h e  use r  should reques t  a new a x i s  and a l l  o t h e r  d a t a  ( i .e . ,  coverage,  

r a d i a t i o n ,  launch v e h i c l e  payload curves ,  e t c .  ) t o  make t h e  p l o t  complete. 

The use r  on ly  need e n t e r  t h e  b a s i s  commands s i n c e  a l l  d a t a  parameter5 (except  

where t h e  c r r o r  occurred) a r e  set from t h e  previous p lo t .  

The use  o f  the  above f e a t u r e s  a r e  b e s t  i l l u s t r a t e d  i n  the  example 

a n a l y s i s  s e s s i o n  provided l a t e r  i n  Appendix B,  Sample Graphics Terminal 

Session. 
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TEACH FEATURE 

The I n t e r a c t i v e  Graphics Orb i t  Se lec t ion  program has  a f e a t u r e  

r e f e r r e d  t o  a s  "TEACH" t o  h e l p  t h e  p a r t i c i p a t i n g  a n a l y s t  use  t h e  i n t e r a c t i v e  

program. A t  any time i n  an  e x e r c i s e ,  a l l  comand op t ions  a v a i l a b l e  a t  t h a t  

c u r r e n t  point  a r e  d isplayed merely by e n t e r i n g  the  "1" aymbol, If  ques t ions  

then a r i s e  concerning the  use of any s p e c i f i c  command, i n s t r u c t i o n s  f o r  t h a t  

command can be c a l l e d  f o r  by e n t e r i n g  the  command followed by t h e  "1" symbol 

(i.e., COVER?). If a g r a p h i c a l  d i s p l a y  is  c u r r e n t l y  on the  sc reen ,  a page 

r e q u e s t  t o  e r a s e  the  sc reen  w i l l  be i ssued.  Permission is given by e n t e r i n g  

any c h a r a c t e r  and s t r i k i n g  t h e  r e t u r n  key. 

'The teach f e a t u r e  i s  i l l u s t r a t e d  i n  Figures  A - 1  through A-3 which 

was taken d i r e c t l y  from t h e  t e rmina l  screen.  

COMPUTER HARDWARE 

The IGOS program was developed t o  use a Tektronix 4010/4012 s e r i e s  

i n t e r a c t i v e  g raph ics  terminal .  The d i s p l a y  sc reen  is  a "non-refresh" type 

s t o r a g e  tube.  The d i s p l a y  a r e a  i s  8.50 inches by 6.25 inches  and c o n s i s t s  

of 1024 addressab le  p o i n t s  on t h e  h o r i z o n t a l  (X) a x i s  and 781 p o i n t s  on the  

v e r t i c a l  (Y) a x i s .  The terminal  may o p t r a t e  i n  a n  alphanumeric ( p r i n t i n g )  

mode o r  a g raph ic  ( p l o t t i n g )  mode. .. . 
The keyboard i~ a s tandard  ASCII keyboard w i t h  s e v e r a l  a d d i t i o n s .  

There a r e  e x t r a  keys f o r  e r a s i n g  t h e  screen and f o r  causing hard copy . . 
generat ion.  There a r e  a l s o  twc thumbwheels f o r  p o s i t i o n i n g  t h e  c r o s s - h a i r s  

on the screen.  Once pos i t ioned ,  s t r i k i n g  any key on t h e  keyboard w i l l  . , 
t r ansmi t  the  p o s i t i o n  of t h e  i n t e r s e c t i o n  of  t h e  c r o s s - h a i r s  t o  t h e  computer. 

The c r o s s - h a i r s  a r e  turned on and o f f  by the  u s e r ' s  program. ( i  . e  . , L COMMAND). t 

. t 
'Ihe hard  copy u n i t  i s  used t o  genera te  a permanent (paper)  copy o f  

what i s  displayed on the  d i s p l a y  screen.  Approximately 5 seconds a r e  required 

t o  genera te  a hard copy. The process  does no t  a f f e c t  what is  displayed on 

the  screen.  However, whi le  the  screen i s  sweeped dur ing the  copy process ,  no - * 

information can be displayed.  If  any informat ion comes from the  computer dur ing . . 

the  sweep, i t  i s  l o s t .  . . 
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Although the IGOS program u t i l i z e s  the TektronSx terminal,  

i t  i s  possible t o  modify the program t o  operate on other terminals with 

s imi la r  fea tures  with a minimum of e f f o r t .  This has been done t o  give 

demonstrations on Computek 400115 tetminals located a t  NASA Headquarters, 

The Ba t t e l l e  and NASA Ycadquartars terminals a r e  cur ren t ly  

driven by a Control Data CDC6400 computer system. A program version t o  

use a Univac 1108 computer system has been developed and delivered t o  

MSFC. The program i s  wr i t ten  in  standard FORTRAN and should be adaptable 

t o  other computer systems with a minimum of conversion e f f o r t  required. 
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APPENDIX B 

SAMPLE GRAPHICS TERMINAL SESSION 

The use of the In te rac t ive  Graphics Orbit  Selection program i e  

bes t  i l l u s t r a t e d  by the following sample terminal session. A l l  commands 

avai lable  to the ana lys t  a r e  used in  t h i s  sample etrlsion. The displays 

;hewn were taken d i r e c t l y  from the terminal screen. Table B-1 explains 

what each page i l l u s t r a t e s  and serves a s  an index t o  the work session. 



8- 2 

TABLE B-1. ORBITAL DESICN WORK SESSION G U I X  

PAGE DESCRIPTION 

B-4 C e r t a i n  e n t r i e s  must be made t o  e n t e r  t h e  program. Colamand EFL extends 
t h e  f i e l d  length ,  ETL extends t h e  time l i m i t ,  ;IIEW d e f i n e s  t h e  aumber 
o f  c h a r a c t e r s  pe r  l i n e ,  and ATTACH connects t h e  computer program, The 
PRG c o m n d  i n i t i a t e s  execution.  

The program is i n q u i r i n g  about t h e  terminal  being used. A "Y" respotirre 
a l lows g r a p h i c a l  output .  

An a x i s  r eques t  i s  made wi th  a l t i t u d e s  ranging from 150 t o  300 n m i  
and i n c l i n a t i o n s  ranging from 10.0 t o  120.0 degrees.  

The r e s u l t i n g  a x i s  from t h e  comand reques t  on page B-6. 

A coverage model us ing t h e  s t ~ n d a r d  d e f a u l t s  is requested.  

The coverage model i s  hatched.  

Vehicle number 1 ( i .  e. , SCOUT) is requested.  

Payload curves  f o r  225.0, 300.0,  and 350.0 pounds a r e  requested and 
labeled using t h e  "L" command. 

,The coverage model i r o n  pa::c B-Y i s  included with tile payload curves  
shown on pag* B-11. 

A sun synchronous l i n e  i s  requested. 

The sun synchronous l i n e  i s  superimposed on the  d i s p l a y  c r e a t e d  
on page B-12 .  

The revuits of a r a d i a t i o n  nrudel reques t  wi th  .25 cm of aluminum 
s h i e l d i n g  and a 2000 day e q o s u r e .  

The r e s u l t s  of  the  r a d i a t i o n  model a r e  cross-hatched.  

The r e s u l t s  o f  the  r a d i a t i o n  model, coverage model and payload curves  
a r e  superimposed on a s i n g l e  a x i s  d i sp lay .  

A "ZOOM" is  done f o r  a l t i t u d e s  165.0 t o  200 n a u t i c a l  mi les  and 50.0 
t o  75.0 degrees  i n c l i n a t i o n .  Then payload curves  f o r  225.0, 300.0 
and 350.0 pounds a r e  superimposed. This region appears  t o  r epresen t  
a p o t e n t i a l  o r b i t a l  a r e a  t o  view 35.0 degree l a t i t u d e s  a t  l e a s t  once 
every 30 days.  



TABLE B-1. ORBITAL DESIGN WORK SESSION GUIDE 
(Cont : x e d )  

PAGE DESCRIPTION 

The r e s u l t 8  of t h e  decay model f o r  a 240 n  m i  a l t i t u d e ,  50 degree  
i n c l i n a t i o n ,  a  b a l l i s t i c  c o e f f i c i e n t  o f  220, a 1977 launch d a t a ,  and 
a mission d u r a t i o n  of 3 years .  

The r e s u l t s  of t h e  decay model f o r  a 240 n  m i  a l t i t u d e ,  65 degree  
i n c l i n a t i o n ,  a  b a l l i s t i c  c o e f f i c i e n t  ~t 220, a 1977 launch d a t e ,  and 
a mission dura t ion  of I year. 

The r e s u l t s  of the  coverage model from page 8-8 and the  decay model 
on page B-20 superimposed. Some i n t e r e s t i n g  conclus ions  can be  
drawn from t h i s  f i g u r e .  F i r s t  no te  t h a t  the  i n i t i a l  a l t i t u d e  d i s t r i -  
bu t ion  ( t i c k s  t o  t h e  l e f t )  i n d i c a t e  the p o s s i b i l i t y  of inadequate  
coverage near  + and -20 . Noting the  decay of +3a and +1U it can be 
seen t h a t  an  i n j e c t i o n  i n t o  the  forbidden band would n o t  decay ou t  
of the band f o r  the  e n t i r e  mission.  The lower forbidden band i s  
much narrower and the  decay r a t e  much f a s t e r .  Therefore ,  an  i n j e c t i o n  
i n  o r  above t h i s  band would r e s u l t  i n  a  b r i e f  period of i n s u f f i c i e n t  
coverage. At ten t ion  should be paid t o  t h e  f a c t  t h a t  a  -30 i n j e c t i o n  
decays :o 100 n.mi by May, 1977. These c h a r a c t e r i s t i c s  might warrent  
cons ide ra t ion  of a  s l i g h t l y  h igher  nominal a l t i t u d e  and lower 
i n c l i n a t i o n ,  f o r  example 260 n.mi a t  33O. 

Example of  the  payload vs .  a l t i t u d e  and i n c l i n a t i o n  d a t a  t a b l e .  

Example of the  launch s i t e  vs. a l t i t u d e  and i n c l i n a t i o n  d a t a  t a b l e .  

Example of  the  launch azimuth vs. a l t i t u d e  and i n c l i n a t i o n  d a t a  t a b l e .  

Example o f  the  a l t i t u d e  vs. payload and i ~ l c l i n a t i o n  d a t a  t a b l e .  

Sensor t a b l e  i l l u s t r a t i o n .  

Vehicle l ibra-y  index. 
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