
Afl’ Afl3 966 AEROSPAcE CORP EL SEGUNDO CA TRAJECTORY ANALYSTS PRO—ETC F/s 15,3COMPUTER SIMULATION FOR SPACE SURVEILLANCE NETWORK EVALUATION. (U~JUN 77 P T GRAY F014701_76_ C_0077UNCLASSIFIED TR—OO77f93~ O)..~ SAI SO—Tp—77—6a Pt

II I
_ Ft

END
DATE

F I L ~ E 0

10—77
OOC



R F P O RT  SAM SO - TR - 77 - 62

~~ Computer Simulation for Space Surveillance
Network Evaluation

TRAJECTORY ANA LYSIS P R O G R A M M I N G D E P A R T M E N T
Inform ation P rocessi n g D ivision

- En gineering Science Op era t ion s
The Aerospace Corp oration

El Segundo, Calif. 90245

15 June 1977

Final Repor t

I
APPROVED FOR PUBLIC RELEASE:

DISTRIBUTION UNLIMITED

Prepared for
SPACE AND MISSILE SYSTEMS ORGANIZATION

AIR FORCE SYSTEMS C O M M A N D
Los Angeles Air Force Station

P.O. Box 92960, Worl dway Postal Center
Los Angeles . C a l i f .  90009 Cj ~Jllp1~~~

c.. ,



This final report was submitted by The Aerospace Corporation ,

El Segundo , CA 90245 , under Contrac t No. F0470 1-76-C-0077 with the

Space and Missile Systems Organization , P. 0. Box 92960 , Woridway

Postal Cente r , Los Angeles , CA 90009. It was reviewed and approved

for The Aerospace Corporation by Robert P. Gross , D. A . Schermerhorn,

and A. R. Sims , Information Processing Division. Captain Dennis Eagan,

SAMSO /SZSE , was the project o f f ice r .

This report has been reviewed by the Information Office (01) and is

releasable to the National Technic al Information Service (NTIS). At

NTIS , it will be available to the general public , including forei gn nations.

Thi s technical report has been reviewed and is approved for pub-

lication. Publication of this report doe s not constitute Air Force approval

of the report t s findings or conclusions. it is published only for the exchange

and stimulation of ideas.

~~~n~~~~~~~~~~~
’

~~~~~~~~~~USAF SAND~~~J. PE Y~~~~~~~~~~ J~
J

~~~~Project Officer Chief , Evaluati & Analys iv
.D~ir ~

f  Adv S~p Def Capabilities

FOR THE COMMANDER

4 ‘.4

/ ‘/ JAME s !. McC~ThM~ CK
ColGneI , ~;~~v
Deputy for 3;~ o~ ~~ . 

~~~~~~~~~~~ Syst .’.aa

- ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
________________



U N C  LA S S I I ’I E I )
SECUR ITY CLA S SI9’I CA TI O N OF THIS PAGE (Whmi Dat. Ent•r•d)

BEFORE COMPLETING FORM
‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

PAGE READ INSTRUCTI ON S

_____ 12. GOVT ACCESSION P40. ~~CIPIENT S CATALOG NUMBER

~~~~~~~~~~~~~62 
_ _ _ _ _ _ _ _ _ _

(ç 

£ w~ 1~~~-~~~-J at nire~~T ~ ~~~~~~~~~~~~ ~~~~~~~~~~~~ -~~~~

______________________ 
___________ ~~~~ 

FinalCOMP~~’F E R S I M U L A T I O N  FOR ~~PACE
~~U R VET LLANCE N E T W O R K  E V A L U A T I O N  a 

I 
~ I)ec ~~~5~~~~l5 June  ~~ 77 ~

— — -----~~~~~ ~,, ~~~~~~~~~~~~~~~~~~~~ ‘
_ _ _ _ _ _ _ _ _ _ _  

I ‘ .~-r~~-~7- A I.J T HOR(a)  •e.~Tu AeT~,,fl Sfl fL uT .luM•B )

~~~ Fy47Al~~
76

~~
C

~~~~777

9. PERFORMING O R G A N I Z A T I O N  NAM E AND ADDRESS 10. PROGRAM ELEMENT . PROJECT . TA SK
A R E A  & W O RK UNIT NUMS~~RS

Th e Aerospace Corporat ion
El Segundo , Cal i forn ia  9024 5

Spa ce and M issi le Systems Organiza t ion  15 Jung k*7~~)
II . C O N T R O L L I NG O F F I C E  NAME AND ADDRESS

A i r  Force Sys tems Command ‘~~

Los Ange les , Ca l i forn ia  90009 28
¶ 4  MONITORING A GENCY NAME & AODRESS(II du fl.rwt From Controlling OllIc.) IS. SECURITY CLASS. (of thu r.port)

Unc las  sif ied
15.. DECLASSI ~~CA T ION ’ DOWNGRAO ING

SCHE DUL E

96. DISTRIB UTION STATEMENT (of thi. R.porl)

A p proved for  public release;  d is t r ibut ion  unlimited

9 7. D ISTRIBUTION STATEMENT (of th. ab.tract w,t .r.d In Block 20, II dIfi.r ..nt From R.porf)

‘e. S U P P L E M E N T A R Y  NOTES

IS. KEY WORDS (Continu. on ,.v.ra. .Id. If n.c.a.ar~’ aid ld.ntify by black numb.r)

• Computer  Simulation Sensor Network  Analysis
Space Survei l lance Control  Card Generator
Sensor Modeling Remote Console A pp lication
Orbit Es t imat ion

• ~~~~.- _ 
2~~~~~ BSTRA CT (ContIg w. on ,•v.r.. .id. If n.c...afy and Id.ntifr by block numb. ,)

The des ign  of computer sof tware  for  large scale scientific simulations often
• , i nc ludes  the use of exist ing p rograms . The software system described in

• ‘
~ - th is  report ‘-ia s designed to pe r form Monte Carlo orbit estimation analys is  foi

a stud y of large scale , hi ghl y comp lex , sensor  networks . A requirernert
imposed was that two existing computer p rograms  were to be used as in tegra l
pa rt s of the simu lation. This led to the creation of a software system

OD FORM 1413 UNC LASSIFIE DI r A  C$~M I L t ’

iiç~
,, 

~~~~ 

SECURITY cLAssI FICATIoN o~ THIS PAGE (W9iin D.v a Ent.,.d)

— . - I.._ .T - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



t I N (  LASSIFIEI)
SECU RITY CLASSIFICATION OF THIS PAQE(W~i.n 0.1. tnt.rod)
19 K EY WORDS (Contlnu.d)

2O~ ABSTRACT (Contlnu.d)

1
containing several independent software elements, each devoted to a
specific function, rather than a sing le composite p rogram.  A separate
executive computer program was designed to perform system execution
control  and to confi gure input for each system element . Remote console
execution of the software system was imp lemented to facil i tate throug h put
for the large numbe r of compute r runs required for ana lysis purposes.

• ~~ 1

I ~~~~~ 

‘

~~ 
- “•- I 

— 

•

~~:  

~

•
•~~ ~~~~~~~• . .-

UNC LASSIFIED
SECURITY CI. ASh FICAT ~O4I OP THIS PA~ t(SS.’u D.sa I.u.,. ~~

—— 
- — 

- : ~~~~~~~~~~ --—-— ~~~.———-— — - - - - - .~- -,— ..—  -. - _________



0
P R E F A C E

This  pape r summar i ze s  sof tware  development  accomp lished at The
• Ae rospa ce C o r p o r a t i o n , El Segundo , Cal i forn ia , under  the direction of

the USAF Space and Missile Systems Organization. A large numbe r of

A e r o s pace and A i r  Force personne l  we re involved in the project . The author

would espe ciall y like t o ack now ledge A . L. Blackford , Captain G. G. Ca r son ,
W . D. I)owns III , R . B . G ladson , J . E . Grant , R . P. Gross , P. T . Guttman,
Dr . H . Holtz , Dr . J.  L. LeMay, N . W . Rhodus , and L. Whit taker , all  of

whom ei ther  d i rec ted  or made major  cont r ibut ions  to software development .

- 1.. 

- —



p
CONTENTS

P R E F A C E   1

I N T R O I ) U ( T I O N  5

N E T W O R K  ANA LYSIS METHODO LOGY S

S O F T W A R E  SYSTEM DESIGN 

T R A C E  - Eph e m e r i s  Generat ion and Orbi t E s t i m a t i o n  13

DETECT - Sensor  Model ing  and Obse rva t ion  Genera t ion  . . .  14

MEAS - Observat ion  Cor rup t ion  and Edi t ing  , i~
ODCOV - Graphical  Disp lay and Summa ry 16

D AR P  - Cumulat ive  Sta t is t ica l  A n a l ysis  16

A D V A N T A G E S  A N D  DISADVA NTAGES OF MULTIPLE
SYSTEM ELEMENTS 20

E X E C U T I O N  CONTROL 20

REMOTE T E R M I N A L INPUT 22

S U M M A R Y  AND CONC LUSIONS 24

R E F E R E N C E S  24

-3-

2.~- -



FIGURES

1. Ne t w o r k  Ana lys is  Methodology 8

~~~. Ground-Based Sensor Visibility Volume (One or More
Pointable Right Elliptical Cones) 10

~~. Space-Based Sensor Visibility Volume (Coolie Hat with
Complex Scan Model and Spin Axis Stabilization) 11

4 . Basic Observat ion His to ry  and Estimation E r r o r s  Plot 17

5 . Basic Predict E r r o r s  and Local Maxima Envelop Plot 18

b , Sof tware  Element Confi gurat ion 19

7 . Execution Control Element 23

-4-

•q .. .. anI.. .- ~~~~~~~~~~~~~~~~~~~~ 
- 

--,---- - -.- .. _~~~~~•~~~~ - -



I N  i R O D U C TI C) N

The s o f t w a r e  s y s t em  d e s c r i b e d  b y t his  pa per  was
deve loped  for the USAF Space and Miss i le  Sys t ems Or gan i z a-
t i o f l  ( SAMSO) . Development  was accomp lished at The
A e ru s p a~~e C o rp or a t i o n  b y a n et w o r k  e v a l u a ti o n  (SSNE ~~OY’~
project team headed by Dr. J. L. LeMay. The  goal of one
major  projec t  t a sk  was the deve lopment  of the anal ysis  tools
(so f t w a r e)  for  sensor  network p e r fo r m a n c e  de te rmina t ion .
This  p e r f o r m a n c e  is measured  b y network genera tion  of suffi-
cient  and timely t r a c k i n g  data for  operational orbi t  estima-
t ion .  The so f tware  was to accommodate a la rge  number of
r u n s  well over 1000 combina t ions  of sensor  n e t w o r k s  wi th
nomina l  orbi ts ( h i sc enar io s i l )  were  ident i f ied .  Over 40
sepa ra t e  g ro u n d -  and space -based  senso r s  w e r e  scheduled  fo r
incor pora t ion  in var ious  combinat ions  in a si zab le  number  of
candida te  sensor  ne tworks .  S imi lar l y,  the I l s c e n a rio s u of
in t e re s t  encompassed all c lasses  of o r b i t in g  ob jec t s .

N E T W O R K ANALYSIS METHODOLOGY

A Monte Carlo  anal ysis  tool to a sc e r t a i n  the perfor-
mance  of sensor  ne tworks  with the c u r r en t  ope ra t iona l  orbi t
e s t imat ion  p rocedures  was fo rmula ted .  The bas i c  anal ys i s
methodology ( R e f .  1) beg ins with the gene ra t ion  of a r e f e r e n c e
eph e m e r i s  of an object of in ter es t  based on hi ghl y comp lex
and a c c u r a t e  dynamic  models .  This r e f e r e n c e  epheme r is  is
assumed to provide  the ~t ru th”  for  e r r o r  es t imat ion purposes .
Observations are generated based on the reference ephemeris
b y sensor  models s imulat ing components  of the candidate
ne twork .  These “p e r f e c t~ obse rva t ions  are  corrupted and
edi t ed by app ly ing noise r ea l i z a t i ons  obtained b y us ing statis-
t ica l  models of individua l sensor  pe r fo rmance  and outage
c h a r a c t e r i s t i c s .  A weig hted least squares batch est imate of
the  object orbi t  based on the corrupted observa t ions  is then
obta ined .  Orbit es t imat ion  is pe r fo rmed  using software that
s imula tes  methods and dynamic  models incorpora ted  in
operational sof tware.  The operational dynamic models d i f fer  -

- -

f rom the r e f e r e n c e  model and are genera l ly less complex.
Comp ar ison  of the est imated object ephe meris and the r e f e r -

‘ Space Survei l lance Ne twork  Evaluation and Optimization.
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ence or “truth” ephemeris yields a sing le error-trajectory
r e a l i z a t i o n .  The en t i r e  process  (at t imes  except ing  the
gene ra t ion  of ‘pe r f ec t ” obse rva t i ons)  is repeated with d i f fer -
ent r ea l i za t ions  of ob8erva t ion  noise and othe r random sys-
tem pa rame te r s  unti l  s a ti s f a c t o r y  s t a t i s t i ca l  confidence can
be achieved.  A measu re  of ne twork  e f f e c t i v e n e s s  is obtained
b y r epea t i ng  the complete set of r ep l ica t ions  fo r  each object
of i n t e r e s t .  In g e n e ra l , the r e q u i r e m e n t  to genera te  r e su l t s
p a r a m e t r ic a l l y (an example p a r a m e t e r  is t r a c k i n g  d u r a t i o n )
leads to p e r f o r m i n g  the en t i r e  Monte Car lo  p rocess  many
t imes .~ Finall y,  overa l l  n e t w o r k  e f f ec t i venes s  is assessed
b y comparing results determined in a like manner  for  the
othe r candidate sensor  n e t w o r k s .  A r e sume  of the bas i c  steps
f o r  a s i ng le Monte  Car lo  repet i t ion is as fo l lows:

1. Generate “ r e f e r e nce ” ep hemer ides .

2. Generate  “pe r f ec t ”  observat ions .

3. Cor rup t  and edit “perfect” observations.

4. Perform “operat ional ” orbit  es t imat ion.

5 . Determine error from “truth. “

Paramete r s  whose effect  on the est imation process  may be
studied are:

1. Ini t ial  object state unce r t a in ty

2. Dynamic  mode l e r r o r s

3. Observat ion noise and bias

4. Sensor location or orbit errors

5. Sensor outage and probabil i ty of detection

6. Solar and lunar geometry ef fec ts

7. Data t r ansmis s ion  delay

8. Sensor tasking for selective object tracking

9. T r a c k  t ime dura t ion

*ThiS can easi ly impl y a p roh ib i t ive  n u m be r  of computer runs .
In ac tua l i ty.  covar iance  ana lyses a re  used to supp lement Monte
Car lo  r e su l t s .

-6-



The o v e r a l l  ana l y s i s  flow is shown  g r a p h ica l l y in Figure  1 .

One ot the  most  i m p o r t a n t  ann  t i m e - c o n s u m i n g  f ace t s  of
the  SSNF ~~c O  p r oj e c t  was the  co l l ec t ion  of i n f o r m a t i o n  descr ib-
L og sensor and object characteristics. Data for each of the
lo l l o w i ng  ca t e g o r i e s  w e r e  ne c. e s s a r y  fo r  n u m e r o u s  e x i s t i n g
and p roposed  s e n s o r  s y s t en s.

1 . Location or orbit (space-based sensors)

2. Survey erro rs or orbit uncertaintie s

3. V i s i b i l it y cons t r a i n t s

4. O b s e r v a t i o n  t ype

~~~. Data ra te  or s can  t i m e s

6. Obse rva t i on  no i se  and bias  s t a t i s t i cs

7. Downt ime  probab i l i ty

8. P ipel ine  d e l a y  t ime

The fol lowing i n fo rma t ion  was nece s sa ry  for  the large
number  of s c e n a r i o s  of i n t e r e s t .

1. Initial epoch t ime  and state cond it ions
.4

2. Bal l i s t ic  coeff ic ient

3. Tim e and magni tude  of orbit  adjusts

4. Size and spectral  charac ter i s t ics

5. Duration of flig ht

SOFTWARE SYSTEM DESIGN

The analysis software used fo r  the Space Surveillance
Network Evaluation and Optimization (SSNE&C ) project is
required to model accura te ly exist ing and proposed sensor
type 8 and to simulate the operational orbit  estimation process
used by the Aerospace Defense Command (ADCOM). Two



C O R R U P T
AND E D I T  

• LOOP
I U N C O R R U P T E D  ON

O B S E R V A T I O N S  I OBJECTI I I OF
I + IN TEREST

ESTIMATE
O R B I T  W I T H  

_ _ _ _ _ _ _ _ _ _  
I

I OPERATIONAL I
MODEL B A S I C

MONTE CARLO I
___________________  

REPETITIONI LOO P
DETERMINE i 

I
0 E S T I M A T I O N  II ACCURACY I

I I I I
L L  _ j _ j

Fi g u r e 1. Network  Anal ys i s  Methodology

-8-

~1 — - __________ — - -



e X i S t i n g  p i~’ c t S  n I  s oit w a re  w e re  s p c( . l x I e d  t o a c c o r p l i s h  t h e
ao ,v e  !~~~i~ l i o n s .  ‘J ’ }n s ~ - I w o  p r o g r . a r r s , ~. r i e l y ,  l , l ’~ 1 1’. ( T  - i r i d
I ~~ -\ ( lh , h a v~ b.~en t h ’) r o u g t l y v a l i d a t c o  and ex ~~-n s i v e l y en . —
p lov e d  in  t h e  p a s t .  It \ k - a S  f e l t  t h a t  t h e L r  i n c u r ; , - ~ r a t i o n  wou ld
s t ’eu s f t w ar e  d cv e lo p n .  ro. a : o  c~~~~~~t~ Ce on f i ou n c e  in
a n a i y s i s  r e s u l t s .  The  s p c L i f i e e g r . un d -h a s e d  s~~r i s or  o b st ’r ’,’a-
t i o c ~e n e r at o r  ( D E T E C T )  f u l f i l l e d  th e  b a s i c  s en s o r  n odd ing
r e qu ~ r em en t  tha t  a c o m p r o m i s e  )e twee - s ta ~dar d  “~~e ome t r y ”
an~y m. c?els and  s p e ci a l i z e d  ‘ ‘ h a r d w a r e ’ or~ t t€ ~i m o d e l s  be
f o u n d . l - ’r e v i o  is l a rg e  s ca l e  n e t w o r k  a n a l y s i s  s t u d i e s  h a v e
t e n d e d  to  be ‘ 1 c o v e r ag e ° s t u d i e s  based  on s e n s o r  mode l s  w i t h
r e l a t i v e l y s o r p l i f i e d  .‘eom ~~t r i c  “~ s~ b i l t t y  v L lu m e s  o c t  ned b y
r a n ge , a z i m u t h , and  e l e v a t  ion u n i t s .  T h i s  a p p r o a c h  was too
s i m p l i f i e d  f o r  t h e  ~ SNE ~~O p r o ;e c t .  M o r e  c o r op lex s e n s o r
m o d e l in g  t e n d e d  t v .  ar d  e x t r e m e ly ae t a i l e d  h a n d l i n g  of ind r-
-; id r a l  s e n sor  c o n ce p t s .  D e t ai lea  sen s o r  m o d el in ~ w a s  too
L u r  h e r  some an d  c o i np u t a t i o n a l l y s low to s i m u l a t e  a l a r g e  set
of s e p a r a t e  s e n s o r s .  The D E T E C T  p r o g r am  m odels g r o u n d -
based  s e n s o r s  in what  can he cal led an expandeu  g e o met r i c
m o d e .  The  b a s i c  v i s i b i l i t y  v o l u m e  for  each  s e n s o r  is mode led
as one or o r e  pointable r i g ht elli ptical cones  as shown in
Fi g u r e  2 . A d d i t i o n a l  c o n s t r a i n t s  a r e  f u n c t i o n s  of s u n/ m o o n
p o s it i o n , obj e c t  s i z e , and r e l a t i v e  m o t i o n .

A n e w  s p ace - b ase d  s e n s o r  mode l  w a s  added to DEl  i~ ( T
f o r  t h e  SSNE ~~O stud y. T h i s  mode l  was d e si g ne d  to  be f l e xib l e
efl )u~~h t o  r e p r e se n t  a l l  l i ke l y s p a c e - b a s e d  s e n s o r  c o n c e p t s .
-i n e  basic v i s~ b i i i t y  v o l u m e  is a s o - c a l l e d  “ coo l i e  ha t  about
t n e  s e n s o r  s a t e l l i t e  s p i n  v e c t o r .  Th i s  sp in v e c t o r  may be . on -

• t in u o u s l y a l i g n e d  a l o n g  t h e  s e n s o r  s a t e l l i t e  r a d i u s  or may  ne
i n e r t i a l l y s t a b i l i z e d .  The ‘‘ coo l i e  h at ’ m a y  ne  m n a i n t a i n e u  at a
c o n s t a n t  a n g le w i t h  r e s p e ct  to the  h or i , o n .  The  m-o~~ei  is pro-
v i d e d  w it h  a c o mp lex ac a n  t i m e  s p ec i f i .  a t i o n .  G r o u n d  and  !or

• space readout c o n s t r a i n t s m a y  a l s o  be s pe c i f i e d .  The most
i m p o r t a n t  a s p e c t s  of t he  model , h o w e v e r , a r e  e x p r e s s io n s  f o r
t he  c o m p u t a t i o n  of s i g n a l - t o - n o i s e  ( S / N )  r a t i o  f o r  both  L W I R
( L o ng  Wave  I n f r a r e d)  and  v i s i b l e  li g ht s e n s o r s .  Th ese expres-
s ions  a r e  r e l a t i v e ly comp lex f u n c t i o n s  of o r b i t  g e o m e t ry ,
object  s p e c t r a l  c h a r ac t e r i s t i c s , and back g ro u n d  r a d i a t i o n .
Ohje ~ t t r a c k i n g  is p o s s i b l e  when  a l l  g eom e t r ic  c o n s t r a i n t s a r e
s a t i s f i e d  and  an S/ N  v a l u e  ab o v e  a sp e c i f i e d  t h r e s h o l d  o c c u r s
f o r  n of m c o n s e c u t i v e  t i m e s  of o bs e r v a t i o n  o p p o r t u n i ty .
F ig ure 3 represents the basic space-based sensor v i s i b i l i t y
v o lu n c e .

• -~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ —- --.———--- . 
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• Fi gure  2. Ground-Based Sensor Vis ib i l i ty  Volume
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The specified epheme ris generation and orbit estimation
so f tware  ( T R A C E )  has demonst ra ted  the accuracy  and flexi-
b i l i ty  required to genera te  r e f e r e n c e  ephemer ides  and to
s imula te  opera t ional  es t imat ion  t echn i ques. The T R A C E  com-
puter p rogram has been used for  many years  to pe r fo rm hig hl y
complex and accurate  orbi t  est imation studies with both real
and simulated observational  data. T R A C E  is a large scale
sof tware  system composed of approximately 40 separa te  over-
lays of fe r ing  a wide selection of orbit  est imation methods ,
dynamic modeling,  and in tegra t ion  schemes.  T R A C E  was
modified , wher e  necessa ry ,  to simulate operat ional  sof tware .
An extensive and detailed validation of this  simulation and the
ability to generate accurate reference ephemerides was
pe r fo rmed .

Program core size, input incompatibilities , and project
completion dates made the physical  merging of DETECT and
T R A C E  i ’ripractical . Since separate execution of these two
programs  is necessary  in any case , it was decided to create
a s t ruc ture  of individual software elements to perform
specific simulation functions rather  than design a sing le piece
of software or add to one of the specified programs.  The
SSNE&O software system is the re fore  composed of five
separate analysis p rograms .  A typ ical analysis run requires
the execut ion of several  of these system elements .  The
fol lowing is a list of the separate analysis  p rograms  and their
purpose:

TRACE — Ephemer i s  Genera t ion  and Orbit Estimation

DETECT — Sensor Modeling and Observation Generation

-

• 

M EAS — Observat ion Corrupt ion  and Edit ing

ODCOV — Graphical  Disp lay and Summary

D A R P  — Cumulative Statistical Ana lysis

H Summaries  of the ch a r a c t e r i s t i c s  of the two major
anal ysis p rog rams  and the other  anal ys i s  element s compr i s ing
the SSNE&O sof tware  system are  presented below. 
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I R A . F :  — Eph e m e r i s  G e n e r a t i on  a rid Orbi t  E s t i m a t i o n

l ’he T R A C E  ( R e f .  2)  co m p u t e r  p r og r a m , su i t ab ly mod i-
t i e d , i s  used to g e n e r a t e  r e l e r e m i L e  ep h e r i e r i d e s  f o r  t r a c k e d
ob j e c t s  and sp a c e - b a s e d  s en s o r  v e h i c l e s  and f or  s imulat ion of
the  ope ra t iona l  o r b i t  e st ima t ion  p roces s .  TR A C E  capabil i t ies
used in the  SSNE&O stud y inc lud e the fo l lowing :

1 . A c c u r at e  n u m e r i c a l  i n t e g r a t i o n

a. Cowel l  f o r m u la t i o n  of equa t ions  of motion

b. P r e d i c t or - c o r r e ct o r  ei gh t h - o r d e r  Gauss-
J a c k s o n  d i f f e re n c i n g  t e c h n ique

c. F o u rt h - o r d e r  R u n g e - K u t t a  method for  s t a rt i ng
and h a l v i ng  p r o c e d u r es

2. Sop h i s t i ca t ed  f o r ce  model  capabi l i t y

a. Grav i t a t iona l  po ten t ia l  sp h e r i c a l  h a r m o n ic s
of up to 350 t e r ms

b. Segmented  or pol ynomia l  r ep r e s e n t a t i o n  of
ba l l i s t i c  c o e f fi c i e n t

c. Large  se lec t ion  of s t a n d a r d  atm osphe r i c
density models

d. Di sc re te  orbi t  ad jus ts

e. Solar radiation pressure effects

f. Gravitationa l perturbations due to other bodies

j 3. Anal ytic pa r t i a l  d e r iv a t i v e s  via var i a t iona l
equations

• 4. Orbit es t imat ion  technique s

• a. Batch d i f fe rent ia l  cor rec t ion  b y wei ghted
• least squares

t.

— 1 3 —
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p
b . Sequential batch d i f f e r en t i a l  co r rec t ion  b y

wei ghted least  squa res

c. Batch wei ghted lea st squares  covar i ance
analysis

DETECT — Sensor Modeling and Observat ion Generat ion

The DETECT ( R e f .  3) computer pr o g r a m , extensively
modified , is used to generate uncorrupted (°perfect”) observa-
t ions of object vehicles for  the orbit  est imation process .  The
DETECT program was ori ginally developed at The Aerospace
Corporation and later revised at the Directorate  of Aerospace
Studies , Kirtland Air Force Base. DETECT was then exten-

• sively al tered and extended at The Aerospace Corporation for
the SSNE&O project . The current  capabilitie s of the DETECT
program are summarized as follows:

- 1. Ephemeris  capabili ty

a. Uses highl y accurate ephemerides supplied
by TRACE

b. Can generate two-body ephemerides

2. Ground-based sensor model

a. Radar sensors

( 1) Pointable elliptical conic visibility volume

(2) Additional azimuth , elevation, and range
rate constraints

(3) Range constraint  a function of object
magnitude

b. Visible light sensors

( 1)  Pointable elliptical conic visibility volume

(2)  Additional azimuth , elevation , range ,
and range rate constraints

A descri ption of modifications to the DETECT compu ter program
subsequent to the publication of Ref.  3 are available internall y to
The Aerospace Corporation in ATM -77 (2 4 0 6 - O l ) - l O .

-14-
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(3) S o l a r/ l u n a r e c l i p s i n g  and l ig ht ing
c o n s t r a i n ts

3. Space -baseu  senso r  model

a. V i s ib l e  li g ht and LWIR sensor  capabi l i ty

• b. Mult ip le se n s o r s  pe r s e n s o r veh i c le

c. Flexible v is ib i l i ty  volume and scan time
spec i f i ca t ion  inc luding  ine r t ia l st ab i l i zat ion

d. Complex S/N express ions  are func t ions  of
object c h a r a c t e r i s t i c s , zodiaca l ba ck ground ,
and solar , lunar , and ear t h ra d ia t io n

e. n out of m consecut ive  hit logic

1. Automatic  change f ro m  search to t r a ck  mode
af ter  acquis i t ion log ic is sat isf ied

g. Ground an d/ o r  space readout capability

• M EAS — Observat ion  Cor rup t i on  and Edit ing

The MEAS computer  p r ogram was wr i t t en  spec i f ical l y
- - to app ly noise and bias and to edit the uncorrupted  observa-

t ions  supp lied by DETECT.  Capabi l i t ies  of the MEAS
program are:

1. App lies Gaussian white random noise , with
specified standard deviation for  each sensor , to
observa t ions .

2. App lies Gaussian d is t r ibuted  random b iases , with
sensor dependent standard deviations , on a pass-
by-pass  or total f l ig ht basis.

3. Edits ground-based visible li ght sensor observa-
tion passes based on sensor site dependent monthly
cloud d is t r ibu t ion  data and a random draw.

J A comp let e descr ip t ion  of the MEAS computer  p ro gram is available
i n t e r n a l l y at The Aerospace  Corpora t i on  in ATM .7 7 ( 24 0 6 .O2 ) - 2 .



4. Edits sensor observation passes based on a random
outage model with specif ied me an and standard
deviat ions for  each sensor .

The MEAS p r o g r a m  is desi gned so that any combinat ion
of the above capabil i t ies can be executed selectively.

ODCOV — Grap hi cal Disp lay and Sum m a r y’

The ODCOV program was wr i t ten  specifically for the
SSNE&O software system to display the result s of a sing le
Monte Carlo least squares orbit  estimation or a covariance
anal ysis execution. Two plots are  commonly generated for
each system execution. The f i r s t  plot is a composite. The
root sum square ( r s s )  of position d i f ferences  between the
re fe rence  and estimated t rajec tory  over the entire orbit deter-
minat ion and predict t ime intervals are superimposed upon a
plot of the observation passes obtained by the sensor network
dur ing  the orbit determination interval .  Figure 4 is an
example of this plot. The second standard plot contains the
r ss  of position d i f ferences  over the predict interval and an
envelope curve of the local maxima as a function of predict
t ime.  Figure 5 is an example of this type of plot . In addition
to graphical output , the ODCOV program generates a summary
print  of the estimation process  and a summary entry  in a data
file for furthe r processing.  In general , all output except this
summary print and the standard plots is deleted f r o m  a
standard system execution.

*D A R P  — Cumulative Statistical Analysis

The computation of cumulative results  f rom a sequence
of Monte Carlo repetitions of the e stimation process  is accom-
p u shed by the DARP program.  The input to DARP is the
summary file generated by ODCOV. Several types of data
representat ion are  possible . Basically, cumulative statistics
f r o m  a set of Monte Carlo repeti t ions can be represented in
several  coordinate systems and geometric units.

Figure 6 is a schematic of the software execution order .
A comparison of Fi gures 1 and 6 shows the correspondence
between individual system elements and the basic analysis
method .

A comp lete descr ipt ion is available in te rna l l y at The Aerospace
Corporation in ATM -77 (24 0 6 -O l ) - 9 .

-~ -. A comp lete descri ption is available in terna l l y at The Aerospace
Cornoration in ATM-77 (~4flc-fl2’~-l .
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Figure 4. Basic  Observat ion His to ry  and Est~m a t i u u  E r r o rs Plot
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Figure 5 . Basic Predict Er r o r s  and Local Maxima Envelop Plot

-18-

• - 
..- • — .  _ 7__ —.- --- —~~~-- • - - •• .- .—-— • - —



T R A C E  DETECT

__________ 

G E N E R A T E
REFERENCE UNCORRUPTED

EPHE \’ \ L RI DES OBS E RVATIONS

MEAS I
I 

C O R R U P T  
____

& EDIT
I O B S E R V A T I O N S

I T R A C E  I
____ O R B I T  I

ESTIMATION & I
I ERROR ESTI VA lE

I B A S I C
I ODCOV MONTE CARLO

I G R A P H I C A L  R E P E T I T I O N

I R E P R E S E N T A T I O N  LOOP
O F ERROR E S T I M A T E  I

L 

DARP
R E P R E S E N T A T I O N
OF C U M U L A T I V E

RESULTS

i - i ~~t i re (I . Sof tware  Element  Confi gu ra t ion

— 1 9—

— - --,.-- • .—



A D V A N T A G E S  AND DISAD V AN T AGES OF MU LTIPLE
SYSTEM E L E M E N T S

There  a r e  severa l  advantages  to hav ing  e s sen t i a l ly
sepa ra te  p ieces of soft ware  f or eac h maj or ana lys i s  step.
Obviousl y ,  the s t ruc t  ire  of the ind iv idua l e l emen t  can be more
eas i ly opt imized for  a s ing le t ask .  Addi t iona l ly ,  a s ing le
p r o g r a m m e r / a n a lyst can genera l ly be made respons ib le  for
the total development  of the individual p ro g ram , thus reducing
the pe r sonne l  in te r faces  and coordination n e c e s s a r y  in a com-
bine d p rogramming  e f for t .  Finally,  init ial  p rog ram validation
and any later improvements or modificat ions can proceed
separa te ly with minor impact on the ent i re  sys tem.

There  are also disadvantages associated with a software
system composed of multiple elements .  The execution of and
in te rcommunica t ion  between individua l e lements  is cumber-
some when compared to a sing le p rogram . In addit ion, a
multipl ic i ty  of input type s can be c o n f u b i n g  to a u s e r .  Finall y,
a pe nalty must be paid in execut ion t ime.  The problems of
execution , in tercommunicat ion, and multiplicity of input were
alleviated by desi gning a separate control executive which is
described below. Increased execution time was not found to be
a s igni f icant  constraint .

EXECUTION CONTROL

The major problems of the in ter face  and selective
• execution of individual system analys is  e lements  were  s~~lved

by the creat ion of a separate execution cont r ol pr ogram.  The
control element is executed once for  each desired analysis
element in the desired execution order .  This ser ies  is pre-
ceded by an in i t ia l iza t ion  en t ry  and is terminated by a cleanup
ent ry .  A file of ordered direct ives to the mainf rame corn-
put~~r is  gene r ated by the sequence of control element execu-
t ions.  Control is then t r ans f e r r ed  to this direct ive file to
complete system execution.

The init ial ization entry  causes the control p rog ram to
obtain all necessa ry  mass storage files including binary ver-
sions of individual anal ysis  elements and sun /moon ephemeris
f i les .  A data entry for  an automated accounting system is
also generated.

A comp lete des c ri pt ion is av ~ ilab 1e i n t e r n a l ly at The Aerospace Corpora-
tion in A T M .- 7 7 (2 4 0 6 - O l ) - 7 .
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‘I he c o n t r o l  e l emen t  e n t r y  ( u r r e s p o n d i n g  t~i each  d e s i r e d
a n a l y s is  p ro g ram is d i r e c t ed b y a set ut  i npu t  f l ags  passed in
th e ar g ument l i s t  of the c o n t ro l  e l e m e n t  ex e c u t i o n  command.
A set of six f l ags  is input . One f l ag  se l e c t s  the  a p p ro p r i a t e
an alys i s  e l emen t , two d e t e r m i n e  input  mass  s t o r a g e  f ile  selec-
t i o n , two de t e rmine  output f i le  se lec t ion , and one re gula t es
p r in t ed  output . Based on these  f l ags  and knowled ge of e lement
c h a r a c t e r i s t i c s , the con t ro l  p ro g ram set s u p al l neces sar y
input/output  (I / O)  l inkage and execut ion d i r ec t i ve s  fo r  the
des i g na t ed anal ysis  element . In addition , a list of input con-
fi gu ra t ion  command s is read and p roces sed .  These  commands
are  used to select a n d / o r  modif y in pu t deck s r es iden t on a
common data base file . The data base file is basical l y a
t rans la t ion  of the informat ion  gathered b y the data base acqui-
si t ion p rocess  desc r ibed  ab ove in t o f or mat s suitable f o r
ass imi la t ion  by the var ious  sof tware  e l emen t s .  Other infor-
mation def in ing the “ r e f e r e n c e ” and “ opera t iona l”  dy namic

~node l s alon g with p rogram control  options is also included.

In addition to p er f o r m i n g  cleanup, the f i n a l  execut ion ot
the control  element reads an additional r eco rd  that may
contain nonstandard mainframe direct ives.  Examples would
be file manipulations , core dumps , or e r r o r  procedure
control .

Advantages to the control  element  f o r m  of execution are:

1. Essent ia l ly all e r r o r s  in execut ion  con t ro l  and data
file interface are removed.

2. Input to only one software element (the control
program)  is required.

3. The ph ysical  size of input decks is grea tl y
reduced.

4. Selection of input s t reams f rom a common data
base greatly reduces input error.

5. All types and formats  of input can be combined in
the data base.

6. Continuity of the data base is easily maintained
for reconst ruct ion of previous analysis .

-zl-
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Figure  7 present s the log ical flow of the cont rol  element .

REMOT E T E R M I N A L INPUT

The ex t r emel y l a rge  number  of so f tware  execut ions
necessa ry  to complete the network evaluation stud y led to one
f u r t h e r  operational technique . All run submit ta ls  to the main-
f r ame  computer are made via a remote t e rmina l .  All input
decks  actually reside on disk files accessible  to the remote
t e rmina l  system. These basic input decks , which conta in  the
requi red  input configurat ion commands to the control  e lement ,
can be modified by typed ins t ruc t ions f r om th e te r m ina l con-
sole. To submit an anal ysis run f r o m  the t e rmina l , it is onl y
neces sa ry  to attach the proper input deck f rom disk , make at
most minor changes by use of t e rmina l  editing ins t ruc t ions ,
and batch the revised input deck to the mainf rame.  Several
advantages accrue  f rom this technique of run submittal:

1 . No card input is required , which increases  reli-
abili ty and decreases  logist ical  problems.

2. Run submittal is ext remely fast , which reduces
manhours si gni f icantl y.

3. Simultaneous subm ittal of s imilar runs creates
no logist ics problems (as with card d e ck s ) .

4. Creation and s torage  on disk of new input decks
is fast  and s imply accomplished.

5. Continuous moni tor ing of ma in f r ame  I/ O  queue s
is possible.

6. D i r e & t  communicat ion with computer operators
is available.

7. Input e r r o r s  are  great l y reduced because of deck
standardiz  ion.

The large number of separate ne twork  anal ys is  cases required
could never have been realized within the t ime specified with-
out use of a remote  submittal  techni que or expansion of the
available manpower.
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S U M M A R Y A ND CON CLUSIONS

The Space S u r v e i l l a n ce  N e t w o r k  Eva lua t ion  ~ Optiniiza-
t i on  (SSNE &O) s o f t w a r e  r e p r e s e n t s  a p r a c t i c a l  sy s t e m  fo r  a
la rge  scale s c i en t i f i c  s imula t ion .  Sy st em desi g n was subj ec t
to severa l  impor t an t  cons t ra in t s that a r e  not unusual  in la rge
scale p ro j ec t s  oi th is  na tu re .  In th is  case , a com posi t e of
individual sof tware  element s f lexible  enoug h to accomp lish all
s imula t ion  r equ i r emen ts ins tead  of a s i n g le p iece of so f tware
was developed. The resu l t ing  sys tem has been  used to
process  over 1000 separa te  ne twork  evaluat ion cases including
a number  of 30 Monte  Car lo  r e p e t i t i o n  se t s .  The  resu l t s of a
ser ies  of separate  cases  fo r  var ious  objects  of i n t e r e s t  a re
used to def ine  the p e r f o r m a n c e  of a sing le s enso r  ne twork .  A
total of app rox ima te ly 15 senso r  ne tw o r k s  h as been  eva luat ed
to date. Each candidate  s e n s o r  ne twork  conta ins  up to 30 out
of a total of 40 g round-  and space-based  senso r s  of va r ious
type s and geographic d i s t r ibu t ion .  It is l ike l y that  the
SSNE&O so f twa re  sys tem , w hich appea r s  to possess  a uni que
anal ysis capab i l i ty ,  wi ll be u sed f o r  f u t u r e  s t u d i e s  of s enso r
ne tw o r k  p e r f o r m a n c e .
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