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A r e v i ew  of s p a c t c r a f t  k i c q U l S f  t Ion pol icy to

— d e t e r m in e  wh e t h e r , and to  what  degret . , v a r i a t i o n s

in acqu isition m et h o d s  can lower  t o t a l  space sy s tem

1’os t s w i t h o u t  loss of oper a  t I ona I capab f l i t  v . The

a u t h o r s  conclude that there is an alternative to

t h e  convent i on a l  a c qu i ~; i t  ion strategy ; it would

inv o lve changes bot h in the convent t on a l  procure— 4

m ent  process  and in the  c o n v e n t i o n a l  launch pro—

C ’55.  l i i  a l t  t r n a t  iv e  decr eases  sy s t e m  cos t s  w h i l e

i n c re a s i n g  opt r a t i o n a l  capab flit v , and is equa l  lv

u s e f u l  wit Ii either an e x p e n d a b l e  b o o s t e r  or a Sp ac e

T r a n s p o r t  i on  Svst em r ec eVe r . ib  1 e boos te r  used for

l a u n c h .  The concep t  w o u l d  e:l I I  f o r  hun ch e d  l a u n c h

( l au n c h i n g  t h e  total mission—requir ed sp;lcoc rat t

in as short a time as possible) and hunched pro-

curement (buying the total number of satell ite s

needed at  one t tnt ’ ) n ec e ss a t  at ing ac c omoda t  Ions

t o  i n s t  it u t  i o u t !  cent  ra tnt s and the  present l e g a l

and regu I at  I’ rv I r amework . (JDH)
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PREFACE

This report summarizes a Rand study project initiated in 1975 by

Maj . Gem . Henry B. Stelling, Jr.——then Director of Space , Hg USAF.

The study reviews spacecraft acquisition policy to determine whether ,

and to what degree, variations in acquisition methods can lower total

space system costs without loss of operational capability.

A review of spacecraft status in several major programs showed

many spacecraf t remaining unlaunched . The numbers of satellites needed

for various missions had originally been computed using standard re—

liability estimation procedures to define operating lifetimes for the

satellites. But in many cases the satellites in orbit had longer than

estimated lifetimes , and unused spacecraft were stacking up. Some of

these pipeline spacecraft may never be used or may be used only after

extensive modif icat ions .-

The authors of this report examined spacecraft acquisition strat-

egies with an eye to more efficient acquisition strategies, resulting

in lower total life cycle costs.

They first reviewed inputs to current procedures for determining

the number of satellites needed and the associated satellite production

and rnplenishment schedules (for specified missions). They then iden-

tified the estimated satellite reliability function as the input that

tends to drive the output of these procedures. If these were not the

most realistic estimates, what new ones could be provided? They next

attempted to match alternative acquisition strategies to revised h f  e—

time estimates. Finally, they determined quantitatively, to the degree

possible, the system cost e f f e c t s  of such revised acquisition strategies

and where it was possible to minimize costs.

A prime consideration at all times was to maximize the fraction of

the time in which the system carries out its specified mission at an

acceptable performance level.

This report synthesizes the generalized substudies undertaken to

ad-iress these issues and summarizes the major findings .
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This report and the contributing substudies were prepared as part

of the Project AIR FORCE research project “Spacecraft Acquisition Strat-

egies.” The report should be of interest to a broad sector of the Air

Force planning , operations , and system acquisition community concerned

with space as an operational environment.
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toge -t  t i e r  w i t h  t h e  ohse ’rv at  Ion tha t  t h e ’ d o r m a n t  l i t  c- t i m e  ot  sat —

0 111 Ii ct ’-u i pou t u t  s and suhsv  st cut s i s  gen e - tal  lv a large mul l i p i e  of t h e

a c t i v a t e d l i t - t i m e . t h o se  f i n d i n g s  suggest a bunched launch utilization

co l l i e l I t  I, 1 a un t -h I ng hi’ t o t  441 m I s s i o n —  re q i l  I r ed SP i1~~t ’C r a f t  I n CIS sh o r t

a I t~n~ S ~ C4fl .10 ~ 0SS it~ it ’ 1 an d dor man t s t o rag e ’  In o rb  I t  of s a te l l I t e s  (101

needed m i t  t a l ly  b r  t he  mission.

The hunch ed  launch concept el i m i n a t e s  t h e  need for re l iance  on any

h u t  t hi ’ most t titt d ,tme -nt al output oh comput or s i m u i a t i o t i s — — t i l e  expec ted

numbers  o t  s p a c e c r a f t  needed to support an e x p l i c i t l y  d ef ined  m i s s i o n .

u~ u i - ~ - t  ions  of s p e c i f i c  schedul ing and rep lenishment t imes  are avoided .

Bunched laun ches can be associated w i t h  bunched procurement , a l—

though th ese two ac t ions  are separable - and can provide benef i t s  m d c—

pend e’nt 1~- • Bunched procurement impl ies  that once a dec is ion  has been

mad e on t h e ’  p r o h a b  Ic numbers of sa t e’ll I t  os needed , OUC buys the to ta l

numb e r t o  t h e  same design s p e c i f i c a t i o n s  at the same t ime , thus in— L
c r e a s i n g  the  production rate , compressing production time , exploiting

l e a r n i n g  e t f e c t s , p r o d u c i n g  ‘ i d e n t i ca l ’ s a t e l l i t e ’s , and m i n i m i z i n g  the-

product ion  cos t s  of t h e  t o t a l  spa ct - c r a l t  bu y . Exhaust ive t e s t s , In-

c l u d i n g  o r b i t a l  op era t ion , on one’ s a t e l l i t e  ( ‘ t p r o t o — f l i g h t i n g ”) w i l l

t hen  va l ida t e’ i l l  the s a t e l l i t e - s . One could then launch th ese’ s a t e - l —

li l t -s on demand (to replace failed satellite ’s). For higher system

ava iiahllit ~- , however , the satellites could he launched on anticipat ed

demand (launching a rep lacement before ’ anticipated failure , wIth the

replacement a dormant sp.ire’ until needed) . We know of no high coni I—

dence way to determine when .t satellite ’ will requir e’ a replacement ,

hi ’w, - v e -r Another p o ceihil i tv is to launch a replacement , or an Initial

s a t e l l i t e  t og e t her  w i t h  ,i spare , t o  s t o c k  up spares in o r b i t .

i tunc tie d 1 an t i c  h u t -s . I F e ’ one ’ way t o  r i - a l  1? e t tie k i n d s  ol  he ,ie - I I t  s one

w, ’ uu  LI g e t  i t  I her e - were - Inde ed ,i t o o l 1) 1-001 way of prod It - I  I ng when  a i i —

u r e -e occ ur . The s i t , - l i l t  i s  ro t  needed immed la te’  lv  a t  t or ,t hunched l aunch

it , st  ore -cl d o r ma n t  in  o r b i t  .iiW L u  r n e’d on as llt~c c ’s sa Lv wtie’ii t h e  earl j et

sat ~- h 1 I t e s  t a l l .  Titis s t r a t e g y  has the p o s s i b i l i ty  of m a x i m i z i n g  t il t’

oc, - l i t  oui a 1 iv . i  I lab j i l t  V ot  t i i t ’ t 1 1  s p a ce c r a f t  s~-st  em. I t  ma~- he’

pa r t  t cu h a t  l v  ClOt I U I  i t  t h e - sat ~ 1 i i t  e~5 , I r e ’ s t ored In shut I ie’—a cces s  lb le

o rb i t s  f o r  i c -cover s -  and ri- p a i r .  However , g i v en  t ile’ r o l l  ab i l l  t v levels

- ~~~~~ -—
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W e c , ’ t i i ,  i d i r , - t  01 t n l ~ i i )  _ i t I \  o i h 1( • it i~ l i i , I  i i t c  - - V  i i , h ’ t , - i i - - i u - - - i t - i t  , .ipp ,

at  t t . i t - t  ~V t .

Th i s  htinctie’d laun ch , t ’ i i t ichied ~~t 0 C U t l l i i C ’ I i t  - - I  t a t  C g ~~ t s  ,‘u i, - po se i h ’ i l —

I 1, I e ’ I an a i t e ’i-nat  i~~- t - ~.~-ac~ - ,- t a h  t ic~; i u i e  i t  l o t i  -el  u - v .  I t  w o u l d  p r o c - I d e

.1 m i n / m , I \  — t e a c h  1, ’ - - p l ~ - i -~~ t I h  t , , ‘ t  C ’~~l l  . 4 1  i t ’t i , i l  l v i  i l a h ’ u l  i t  v . l ’hte ’

o v o l  em cOst  r e - d u u c t  i ons coo l  ti be ti~ i’,I t o  s u p p or t  - ‘t - v , - t - i  I n~ t,- o v  stem l i i i—

C a t  l y e - , in  t h e  i - i  0 - I  OOo v~- t o l l -  i t e r :  1.-vt -I , us-ic ~~- u u u l - l t - .’, -i ~- r a t i t s ;

n o t ,  - i  , - c t  tm~.; ,i,hlt i m i - -  l o l l ; in ,h a i d ed  - t o y u v i b u  I i t \  u f l t~ . l l i c , ~~i . I l t

l i t e r , a l e  t o o t  i t  t i t  i~’tia h 1m1’. -d in s u l t s  t C ’ t tn - u t u i c t i e d  l i u u i i c h  , bunched

p r o c u r e -m ont  ~-t t a t  ~-~~v : i t  u,~’ u u 1 i  tii ~;’ lv  1, 1, t u e - I  l e - , t ,  i -i do I ic  h u t s  j i l l - S O

w i t h t h e ’ Doll and cut  a i I add  i t  t o n a l  - ,- r u - u u a u -  ~ l t 01 t h e  Pot and  ( o t t- i -e s,

When ~h ,cIdin g w h o t h e ’r t~ t - x p e ’t t r o u t  w i t h  t h i s  i u t  F i t  , c \  , I he \ i  L F o t c t

w i l l  hi . ivo  t o  t ’a l an c , - t h i t ’ c, ’nv e t i  I once  ot  l~~ i u ;  i t i e s s  i -  ui: u i i l t, i t  hi t h i ~-

; - o s s i t - i I i t v  ,- !  t iow i n t l  i t t  i v , -s i n  - u p i c e .  L

-
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1. I N T R O D [ ( F i J N - - T H E  I SSUES AND F I N D I N G S  D I S ’CU S S E D  QUALITAT I~~~~~

THE SCOPE OF THIS STUDY

In Mar ch 1975 , The Rand Corporation , at the request of AF/RDS and

the Office of the Secretary of the Air Force , ini tiated an examination

of the A i r  Force ’s current spacecraft procurement strateg ies and tho se

it could use in the 1980s. This study was to emphasize classical sys-

tem acquis it ion issues:

o Develop and evaluate alternative spacecraft acquisition strat-

eg ies that minimize life—cycle costs of sytems while maiotain—

ing appropria te and desirable system operational capabilities.

The spacecraf t acquisition strategies examined need to reflect

certain objectives and constraints to be optimally useful. They should :

o Not unduly overload or exhaust the acquisition pipeline.

o Consider issues of new development versus technological ob-

solescence.

o Accommodate to new capabilities , such as the Space Transpor-

tation System (STS).

o Have i den t i f i ab l e  relations to i n s t i t u t iona l  issues that

bound acquisition strategies.

o Exhibit a realistic economic and program planning utility.

This study clearly cannot cover the entire spectrum of spacecraft

research , development , p rocurement , launch , and ope rational issues .

However , we concentrate on acquisition and acquisition—related issues

for  three reasons.

Fi rs t ,  some current sa te l l i t e  procurement s t ra teg ies apparently

are not particularly cost—effective. Military satellite programs may

acquire excessive numbers of satellites (and thus find themselves pay-

ing for unused spacecraft or retaining and operating an outmoded sys-

tem because they are constrained to use the satellites that were
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already purchased) . Excess procurement can , of course , occur with any - -

. •cept of spacecraft acquisition , including bunched procurement. Al—

ternatively, programs may acquire imsufficient spacecraft to maintain

the desi red system capab ilit ies over the projected system mission du-

ration (possibly resulting in serious outages , reductions in capabili—

ties , or expensive r eestab lisht ~ent of production l ines) . . -

Second , in the coming decade spacecraft  monies may be more re—

stricted than t hey  have been in the past. To maintain at least current

levels of c a p a b i l i t i e s , the A i r  Force must reduce system costs , partic—

ularly if additional capabilities are desired. One way to~do this is

to make procurement strateg ies more consistent with updated satellite

experiences . For example , If satellites have a longer life expectancy - -

than is usually estimated , fewer satellites need be procured and sig—

nificant savings can be realized.

A third reason for reviewing satellite acquisition strategies is

that new mission requirements are being formulated and new technologies r
are being made available to enhance the utility of space systems for

supporting both strategic and general purpose forces . There is little

reason to assume that past unsatisfactory procurement strategies will - 

-

be adequate to meet future demands for space system support.

THE ROLES OF SPACE SYSTEMS C

Space capabilities are important now for support of operating forces 
- —

and will become more important w i t h  time . The examples of four generic

space systems listed in Fig. i now have , or will have , primary capabil-

ities that provide major force support for General Purpose Forces and

St ra teg ic Forces . In addition , these capabili ties can be combined to

provide still further enhancement of the striking power of the opera-

tional forces , as the f ew examp les (from a much larger list) indicate

in Fi g. 1.

- -— ~~~~. -  -- -~~~~ -~~~~~~~



System Primary cap.bilities Combined roles

- - 2 space 3 space 4 space
Communications systems systems systems

AFSATCOM (e.g., retarge t
bombers) Optimal bomb.,

routing

Precision location,
nav igation (e.g.

NAVSTAR improve SRAM
accuracy ) Enhanced bomber

COuflterforce

Missile firing Potential
Early warning detection (e.g. ,

satellite identify empty
silos )

Weather , at mos- Enha nced miuile ,

Defense MET pheric conditions bomber counterforce
satellite ( e g ,  moni t or ~ capab ility ( termin al

reentry reg ions; correct ions);
battle management

Fig. 1 — Roles of space systems — 1980s examples

The Efficienc~ Cont ext 
~J ~~ Sv~ t ems

If one holds  t h e  n a t u r e  and qual  I t v  of t h e -  p r i m a r y  c ap a b i  l i t~ con-

st a n t  , i t  is possible  to  d e f i n e  .i t i so l ul  concep t  of i - f  I ic i e n cy  in the

product ion of force  s u p p o r t  by space sy s t e m s , in this c ase - , sy s t e m

s u r v i v a b i l i t y ,  aval i ab i l  i L v , and cont  Inn it V oh o per a t i o n  become the mea-

sures of performance that are comparable over elift erent spulCe programs.

With these measures It Is possible to  u I  l o c a t e  r e s o u r c e-s to space pro-

grams t h a t  supp or t  mi l i t  a r~ - I o rc o s  so t ti n t  no otto p 1-ogram can he im-

proved w i t h o u t  dograd ing the  p e r t  u n u a n c e  o h  ano t l i e - i .  l I t  is a 1 local  t Oi l

of resources is not o f f  ic t e n t  i f  i m p r o v i n g  one program ’ s avul i l ab  j i l t  v

or su rv ivab i l  i t  v (It-grades t i le  a v a i l a b i l i t y  or su r v i  ~-a I- ii I Lv of a n o th e - r .

Bunched _ Procurement  or Launch

In hunched p rocureme-nI ~t i 1 s t~ ’~ cc r at  not-de-d to sui t is  I v a m l  ss ion

f o r  a g iven mi s s  ion d u r a t  ion  a re  acquired i n  a compres sed  t ime schedule ,

to o p t i m i z e  th e ’ s p act -c r a t  t p ro duc  l i o n  ra t  e . I n  bun c  heel I au nch t  • a I t  ci- a

T~ _~ir—~ 
.,,, . 1 I Ii
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su i t ab l e  period of p r o t o — f l i ght test  ing  to ensure desi gn In tegrity,

the spacecraft arc launched  In  a compressed t ime schedule , w i t h  some

of the spacecraf t  be ing s tored In o rb i t  in a dormant s t a t e  and the re-

nal ude’ r be Lug us e d t o  sat 1sf y iti t ss I on needs . h unch I ng u f l eet s  the’ Cofl—

duc t  oh spac e -c - r a t  t R&D and ope-rat Ions——such Issues as technological

obsolescence , use of s k i l l e d  manpow er , and R &D pr ogra ~~nat ic cons t ra in ts .

There are strong a rguments f o r  believing that spacecraft can be

designed b r  very long l i f e t i m e s .  In this case , us s t ra tegy based on

p lacing spacecraft Into orbit very early I n  the miss ion has a t t rac t ive

opt’r.it ional fe ’a ture s  as we’ll as substantial cost savings . The space-

craft not needed in early par ts of t he mi ss ion are  stored in a dormant

state and activated when necessary to rep lace a fa i led  or degraded

sp . i ce - c r a f t .  Systems are stored in orbit and can reduce outage t ime

when an a c t i v a t e d  spacecraf t  f a i ls , the spa ce system is au tomat i ca l ly

pro itfe-ra tod and enhances survivability potential , there is no temp—

tat ion to “ imp rove” systems in orbit , which sometimes leads to new

I a i I u F e s , and so ot t  - The e’On C e’ p t  of butte bed 1 nun c l t e s  does depend on

l ow fa ilure- rate dormancy f o r  t he systems s t o r e d  I n o r b i t .  We assume

that provisions for dormancy require costs comparable to the storage

c ost s  o h  sy st e m s  in warehouses .

Bunch ed I a u n c l u i - s le - sse -n  re -i lance on the complex (and o f t e n  unreal-

i s t i c )  models p rov id ing  computer—generated schedules for launch , r e-—

p le-n l sh tneu t  , et c . We need o t t l v  t h e  simplest (and , with reasonable in-

pu t  d u s t  a • l It , ’  h i g hest c o n f i d e n c e )  o u t p u t  of computer model c a l c u l a t i o n s — —

t h e’ t o t a l  exp ee - ti - il numbers of sate’ 111 tes needed for us given mission

dti r ;t t i t u i t

PL S SSI  R L1 - l- I- l- I - :C IS  t iN TUE PROC U REMENT l ’ROCESS

WI l i i  l o n g  sp . i e -oc r a f t  l i f e t i m e ’ s ut n d bunch  I I t S,  we- have powerful ar—

~unu,- ui I for Mul t i — Y e - a t -  Ass u r a n c e ’s (s ee - Se -c  . lv) I or fund ing  of :it least
- 

I some ’ s p i t -c p r C u~~~t Iuu s . I — i  i - I  , t i e  i-c are  d l  r ee l  cost  say i l i g s  at ;  w e l l  as

- I- C- l e  i n i p i  j o l t  i t - s o ur c e - a t  Ioe ’ .it  Ion  i t t u p r ov em e ’n t s  s t e m m i n g  f rom tile

W~lV ;~~~ i t i  ft I ss Ion  C h e ’ve ’ i o p men t  and  pro dsic t i t u t i  ph a ses can be cond uc ted.

Set  ott - i • ( l i t ’  5 o  It ; . 1 iii i i i  I trium cost  way oh  e ’nsur l u g  high avail ah tilt v In

- i - ~ it - t ’ m l  ti -u I C - i t s .  I h  I rd , i t  I , ;  i ’e~~ s lb Ic t o  j u l  o c t  n i  gorleis i~rI cc corn—

l~ot it h u t  i i i  u r C t C - u u t  , - u ; u - u i t  ~ ma j e u t— s j ’ I C e - sv st  e’ms

— - -
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In bunched procurement a proto—flight phase (conducted under RDT&E

funds) would validate a design that would then become the standard

spacecraft for satisfying the space mission. Normally the winner of a

proto—flight competition would be authorized to produce the necessary

number of spacecraft required for the mission, but this need not be the

case. A new round of contractor competition could be conducted for

production of the validated spacecraft. That contract could go to

someone other than the winner of the RDT&E competition , or a shared

(multi—contractor) production contract could be let , with the shares

perhaps determined by cost and performance of the individual contractors .

In that way competition could in principle be maintained even during
production.

I-

I-
Ii 

---- -~~~~~~~~~~~~~~~~ --~~
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II. RELIABIL iTY ISSUES

TUE NATURE OE TII E ISSU E S

Space Is a gent-rall y b en i g n  e n v i r o n m e n t  [or satellites . Most DoD,

NASA , and commercial satellites function much longe r than expected.

Many have survived in space many times longer than was predicted . In-

adequacies i n  the present predictiv e- capabili ty fo r  orbi tal l i f e t imes

are apparent. Estimates derived from piece—part 1 reliability calcu-

lations using f a i l u re rates con stan t in t ime are generally very con-

servative . Replacement of the calcu la ti ons w i t h  emp i r ica l ly derived

reliabili ty estimates——by observing actual in—orbit failures——will re-

sult In fewer satellites being needed to support successful space pro-

grams .

U n f o r tuna tel y, not all space programs have been so successful. A

few have been plagued with design problems and early failures. The

poor performance of those fcw p r o g r a ms  is not predicted by e i t h e r  the

p iece—part calculat ions or the simp lest form of the empirically derived

estimates . This bimodal distribution of satellite performance is not

considered , usually , in satellite- procurement practices. Still , it is

an empirically demonstrated finding that sound des ign  (wh ich  e l i m i n a t e s

evident failure paths) and intensive testing results in long—lived

spacecraft; in  add it ion , certain activities (work—arounds) can defer or

a l l ev ia te  f a i l u re s i t u a t i o n s  once the  spacec ra f t  beg ins to experience

these in o r b i t .

Research has demonstrated the ’ i n a d e q u a cy  of current methods of

estimating satellite reliabilit y functions (specificall y, estimation

methodologic-s based on the constant t i i  lure rate assumption) . Th is

was t h e  f i n d i n g  of  a number  of i n d e p e n d e n t  s t u d i e s  conducted in Indus—

t ry , NASA, and in other government research cent e-r s.

R e l I a b i l i t y  f u n c t i o n s  and mean m i s s i o n  d u r a t i o n s  (l~Th~~s) derived

f rom convent  tona l  p i e c e — p ar t  c a l c u l a t io n s  b ased on constant  f a i l u r e

t
Resi s tors , t r a n s i s t o r s , capacitors , etc. , wh ich are b a s i c  build-

i n g  bl ocks.

_ _
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rates unde rstate sate -i l Ito re - i  i - i l u j  l i t  ~
- , . i i t t l , w lu u i u s - I  c jiu l uu t t o

computer s inn lust ions • t lie - v ov e r t -  t it  e iii is  s ion p roe u r c - i u i e - n t  r e - C l  U I  i C i t i O i t t  5

It i t-i tis ot t i l t o  see wha t  m i gh t  - o n t r i h t i t C -  t o l i 1 - C~he ’r t l u a t i  o x p e ct

ed r e ij ah i  I i t v .  At  h - ;i st  t w o  l u - t o t - s may ho t a r t  i ; u I u u  i v  i i u l - C - t t a u i t

once we have- assum e-el t i t t  t h e  b a s i c  spac e t a t  t cli s i i i  u t  s i t u u i ; I  and t h a t

p i e c e— p a r t s , c om p o n e n t s , e t c .  ;~~ V C - l u e e t t  I i t t  c _ li I u~ e i t t  i v  t ;ei  e’e’ I c -e l i t id  r i g —

o r o u slv  sc reened :

1 . The thoroug hne ss tu r i nt  c~ns it v ot  t ~-s t i nt~
2. The act ivit i c -s (‘work— usroutids ’’) - I  a t e - I  I I t t  h t ;  i c i t t - r s ,

managers , and sys t  c-rn cont  ro l i t  rs  in  e C u r r C - (- t i i i -, ;p .n- -c rat t

mal f u n c t  ions  and a n o m a l i e s  f ront  t l ie ’ Cr ou t i d  .

Thoroug~tness_ ot I e - s t i n~
One can p o s t u l a t e  severa l  l i r e — f l i gh t  a c t  i v i  t i t s  t ~ e l i  m i  ita to bad

satell itt’s. One of th est - I s e x t  e’ndeel gi - osind t e s t  i n g  0 t nuui ~~or sy s tem s

or full y m t  egra ted s ;It  ~~ 1 it e s  . So~u e - c c - l i  ( t i c  t o  rs p r o t l uc  I I I t ~ itto F e siic —

ces s ful  s a t e l l i t e-s t h a n  other c an t  rat - t or s  h a ve  i n  [ac-I  a dop t  eel ~eie’hi

intensive ti’s I Ing st r a t e g ies.  Ex am lu los o h  ( l i e -  C - o i i sC - C l u i e n c o s  a re - shown

in F ig. 2. The shiade’ d rog  i ot t  i l l  l i s t  F l  t c t ;  t I to  ge i s or a l  t t c - i i 1 h -  seen be ’—

cause the space -c r a f t  havi - d i  f I C - r i -nt  nunub e rs ol  p i t - cc - — p , i  F t  s , a l l  observed

f a i l u r e  rat c- s have been no rma l  I ze- d t o  t h ose p e r t  i f l ou t  t o  106 
p l c - c c—

pa r t s .

There appears  t o  be a s i C m i i I i c a t it  t - o r r o l a t  lo t s , i n  I t a t  (lit - t h o r —

oughness and I n t e n s i t y  o l  acce ’pt  aue ’o t c-st in g  ni - s i t i  t s i n  s a t e - i l  i i  c-s t ti nt

suffer fewer o m b  i t i l  f a i l u r e ’s. Sui t - h i  t e s t  i ng  i t ;  l i i  r i  v iuso x luc - ii t ; i y e  and

is ge nera l l y a sniall fract ion of  th e’ total cost i t t  r i b i i t u t l ’ i o  t o  re - l i —

a b i l I t y  (see- App. B) . W h e t h e r  such  t e st  in g  e x c ee d s  spC -c i t  h u t  t I on rt -—

qui  r ent -nt s or r e - f l e e t s  a s t i - i  ngc’nt v i e w  o I I - st  i ng st  r a t  e g  j e t ;  i t - i  :i

subject wor t Ii add i t i onus 1 t e e  j ew .

Because of s u c h  C -Xnor iuuon tal e l u i t  a , We ’ u t n e - t e - a t - I C - i t i b  I v  ce ’t t t  l e t e ’ i t t  t h a t

i t  is  pos s ib l e ’  t o  r o u t  j u t - I  
~
‘ m u i n u  I ic t t i r e  c’onsp lox sp i c e c  r u t  I wh ose ’ s ilt i—

mate I a  I I t i  re mode i s  de im i nat  i’d by we-ui t u t u  t phienonueiia , C~ . . , I ii e t  tile s

o 1 t lie ’ orde r 0! t e n  v t -a t  s ) ; I i i  c- t l r n e - s  o I u~ t t o  e)~) mo uth I t s  ~ t 0 5 yea  m c )

ii
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15  -
F a i lu res  c’- 10 6 p Iece— pa r t s

0

10  -

.2 - -

~~0 5  -

0
0 1 2 3

l ’usi ’st rnt ’uu I ii aCcr’pt~iIu e-t’ tt’StiuS5
I i t t u l l u o n s  C I I  e tC i l l a r s  pr -u 1C _ i t e C A t t  I - 

-

Not.: Each cad. ~~qt..nt, . rift,r nt ~~~~~~~~~ ~ ,acacr,ft pi-o~~.n. The
p10 w1. and ffii~r contracto~a _~~ dlEb r.t ~~y not k$sntlft.d Th. ~gu~ea b . d  on Aarsap.cr Corpo,.tio.u ~~t. ~~ther.d undit NASA contract,

Fig, 2—Spacecra ft retia buht ~ versus investm ent in test ing

based on random f a i l  t i r e -s appe a r c - ou u s e r v a t  I VC~ and  q u i t e - easily ach lov-

able w i t h  c a r e t  u l  d e s ign  anti  j i s t e n s  I ‘ c t c’st in g

Another exami- ie o h  the’ v i  liii - ,u t  t e s t  I ns~ i s  shown in Fi g. 3, w h i c h

is based on dat  us I emnd in an RA1 -~~ st  a c h y .  - - i n I l i t  s ca se’ us n i ce  corr t ’—

lat Ion was agus i n  fo u m i e t  h e t  We ’c’fl (hut p iee’~ - p i t t  t a i l  ore rate’ ( fo i hot ii

one r~ I z e d  and dormant ct st t -~ ;) and t l i t ’ r I gor e t i sno ss  oh t ItO I e’St i ng .

l’he t c t  i ng r i g o r  I s c-x e -m i - i  i I i  e d  be t he - p ot  loch oh burn— itt ( t h e  se th —

I e C ’t ion ot  p u e r t s  t o  - -u t r e s st u l  t u p o i ; t t  ion ;t iu;s t  he s ur v i v o c f l

Re l e  c~t ‘ W o r k — A t e - e c n d s ’’

In  t lie ’ sa t  e l i  I t o  c’eu ut t IuuIiIl  I t  e , I he t e’ m u  ‘‘w ot k— usrotintl ’’ re’ I c ’ m t-u t o  I lie

t i O e ti  ;& ‘u S (ct  ( V  i t  I L ’ S  ~~l de s ;  ~t i e t s  • ut; lu i i , e r s  , and svt u t em cont  r o l l e rs  in

c o r r e c t  l u g  m a t  I t i n c t  l o u t s  ;ui~l ai i m_s i i t ;  u s !  t ’c e t l t  i i i  e i T h  i t  that would

- Ronu e- .\ i r l)e ’vt I o pu nemi t  ( t n t - u Rt ’pcs r t  — I i o m m a m i c~- m d  Pow e i Ott— ’Of
Cvc Ii ng Ft I c o t s cmi II t e t  i o n  I c  h ’ c i ei  i piut t i t  i n t l  i t !  Re I l a b  l i l t  v ‘‘ Al t — 7 t u 8  1’ 1’) .
Au~~u i s t  i~ 

- 1 , i t  C C I  lu ’’ ~I ru  I iii ~i 1 t  i t t  t i  \~- u oi p ;ce
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10 - - Sprint , Apollo

MM H I - te l
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Dormant

10~~ Conclude Bell undersea

You catl get very large MMDS
Stotage in orbit feasible

‘ ‘10 — p I I I I
1 10 10 2 io~ io~ io~ 10 6

Hours — burn—tn

Fi g. 3 — Reliabilit y Empirical data

otherwise r e-suit  in s a t e l l i t e -  ta i iurc ’ . T h e ’ d e d i c a t i o n  and e x p e r t i s e

of personnel at SA~I Sti  , t i l e ’ ;eO ros t lac  i~ Corpora  i cii , and t h e  A i r  Force

S a t e l l i t e  Cont rol Fac’ I lit v and l o s t  ( C -n t  or and I he userospace’ common i r e

f r e q u e n t l y  enable  s a t e l l i t es  to [t ine t ion beyond t h e i r  expec ted l i f e

through such work—around s.  However , t h i s  e f f c ’c t  i s  not i nc luded  in

the usual s a t e l l i t e  r ep len i shme’nt models , wh i c h  are imsod to  suppor t

procurement r e q u i r em en t s .

C u r r e n t  re - I l l  en I shme ’nt mode’ls generate r e ’pr c’sc’nt all C’mt t ; of sat e l l i  t O

l i f e t i m e  by u s i n g  random numh e’ r s i n  co m s j  wit’ t I on w i t  It vat- I oci s i- e l i  alt ! l i t  y

f u n c t i o n s . For i n s t a nt -c , Ranel ‘ s S a t e ’ l i l t  e’ 7ev;t i i  ab l i l t  v S imu l a t  it ’ll l’ro—

gram (A pp.  A) listS twet re -I  j a h i l I t y  l i t m i c t  ions f o r  s u i t e ’ i l i t e’ l i l t -h i me’— —

one as de termined  by the ’ p i e c e — p a r t  rc’ I i  at~ I l i t  ~
- tune  I ion and ouio as

determined by wearout  p h enomena——us i ng t h e  m i n i m u m  ot  t h e  tw O s in i t i at e d

Ii f e tim e  numbers  t c t  re - I -  r C -st -m l Suit 011 it o I it c t  ime  . Aerot ;1t t~ 0 ( C t t l ’ O t i t  -

t ion ’s Cencr al  I ~ e’cl Avai  lab i i i t v  h’ m - o~~r t u uu ( CAt ’ )  I s  s ittui I at- bu t  adds us

l ike l ihood t h u s t  e t r 1~- I i i  l u res  d o m i n a t e ’ f lue ’ o t h e r I~~- t ’ numbers.
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W ork—arounds  h’ t ’r mi t us suite E l i t e ’ to  ‘‘ b a i l ’ ’  more ’ t hij it  Omi ce - and to

cont inue opt’r a t  iug unt ii a fat I,~~t-e e~cc’tsrs that cannot be worked around .

Appendix C shows t h at  wh en the ’ w o r k —  us rounds do not in f 1 ue’nce the

rd iabil i t  v fu i n c t  ion R ( t  , t h i ; - re- i i a h i  l i t  v t unet  ion R
k

( t , (with ~mn

arb it rar~- number • k • oh wc rk— ui rounds t is  c i v t t i  by t h e  t-xpress Ion

1

R
h 

t )  R ( t )  ~ j - i n R ( t )  -i2

This is  r easonable - i t  t i m e  sat oi lit e’ cont t in ; :  many pu s r t  s and r h o  work—

arounds c ompe’n sut t  0 t O F  on I v  those ’  p i r  t s t i t u s  t hi_ ic e t i i  l ed  • In t he fol  —

lowing calculations it i s  assumed t h a t  t h i s  is  t h e  c-ace . W i t h  t h i s

assumpt ion , R
h 

( t ) ca n be ens ib- approx (ma ted  i n  ox 1st ing computer  sin—

ula t ion nmoetels , simply Isv titult i p li -i n g togethe r N + 1 random numbers

w i t h  un i  form d t s t  r (b i t t  ion on t h e ’ tnt c-rva  1 [ D , 1~ and us Ing  t h e ’ re-s t i l t

to det t ’r tu m i ne ’ a s a t e l i l t o  l i l e t i m e  t h r o u g h t h C  i n v e r s e  c ’t t h e  r e l i a b i l i t y

func t ion , R( I )  . F i c~u t t - ~s s h o ws thic - te~~nt t s ot us i ng t h i s  t e c h n i que’ to

calcula t e the o ft c- c t  I V e ’ l i fe  0! s : tt o l  I i  t c’s u sed in  On e’ of t h e’ SANSO

programs , l o t  va r  i Otis numbers  ot  ass umt’d w o r k — u m r o c i n els . The e f f e c t  of

i n c o r p o r a t i n g  w o r k — a r c i u m s d s  d r an t a t  i c a  l i v  e h u a m i u - c -s t h e  e f f e c t  ly e  r e l i a b i l —

it v  of t h e  s a t e l l i t e .  For t h i s  r c - s I — w c ~r ld  example , one work— around

i n c re ases  s a t e l l i t e  m can—l i Ie - l~v ut I ac t o r  of 1.7 two we rk— ar ound s  in—

Cr eas e ’ it by ~~. 3 , as sh own in lable I.

Wlme’n w o r k — a r o u n d  of I t O  I s  ate ’ OO f ls  I Je ’rod , t he’ t ’t  t e’e’ l I v e ’ mean—miss ion

d u r a t i o n  de’pends on t h e  number et w e r k — a t o u n c i s oxp e ’et ed ~ er s a t e l l i t e .

A I so . cctnlpar i sons o I u tc h  i ove ’d ver sus  t~rccl it  t ed  s a t  e~i l l  t o  l i f t ’ t h a t  f a l l

to cons ider  t i m e  t I  f e et  of work— arounds n a y  leusd t o  spur louis c o n ch s  ions

about t h e  o f f  i cae ’v e’I te l l a b i l i t y  t~ i m l c t  lon t -u  f o r  t’re’d ( C t  in~ sat  oi l !  h e ’

1 i f  c’t imes.

lX)RM.ANt’\ .\ND BCNCIh INC

The’ f e u s s i h i  1 i t v  of d e s  i gn i n g  s u s t e ’l i i  t e 5  W i  t t t  , i s t u t i r e ’d long l i f e  jter—

m i Is cons ideruit ion e’ f s c e c  ca l  interest ing pr oe’u r e ’nu e m st opt ions. The

hu n e ’h u e ’d l t i i m i c h s  co m icc ’pt in~’o I v c t - u -~_ it ~
- t u b s  t h a t  w o u l d  be st o red  in  us

dor ma nt u t  i t  C~ on o r b i t ,  p e ’ r t u i i t  t hu g v e r y  h i g h  S v s t e ’m ivum I 1 u ~’l l  i t v .

____  - - - . ‘- -- - - - -- 
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Fig , 4 — Effective satellite lifetime distributions for various
numbers of work -arounds

T u t h u i e  I

EFFECT I VE ~ti \N SA lEI Ll FE 1 1 F E .-\S A F1 NC V I utN

OF TilE N l’~IbFR (IF )~DRK ;\RDUNi)S t

M o,iit
Number  oh Satc’ll i t t  Sa t e l  l i t  cc N e o d t d  fo r  a

Work — ar ou m i e l s Li f e ’  (mo . ) Ra t  ie~~ - i — S i t  , - l i i  t e - Svst c’mli ’

o ) 4 . u  i / i  i - i

1 s) i . 7 / l  5
2 2 . 3 / 1

101) . 2 . 0/ 1
4 118. 1 3 .- il l

~ l - ~ . I i t t / I  -,
a
Tl is table’ proc i des t h it ’ nt c’nn c ’I  t h e ’ wo t-k — u ro emm id d ( S t  F i bem

Ion ~s f t tie ’ re’ i i ali t lil y f u m t c  t ic ’fl sh own i t t  I-i ~ .
t

Ths is is  tIme rust Ic ’ ~ I me - ,mtt  s,it e l i i  I e l i f e ’ w i t  hi tu i1 l  w i t  h i o t i t
w o r k — a r o u n d s .

C
F O r te’n y ea rs of  opt - r u s t  I ott • a s s i u n u  i ng r et - ! c O t  sa t  e l l i  I t’

launch! ini t ial  I ,~at ion ~‘robu sI ’ I i i  b y  ant! i l l  ca t  c I l i  t C - - tiusv i t i c ’

the ’ same numhe ’ r of w c r k — u s r o e i n d s .

-- --- -‘ —-—~~- ---- - -  — --— —- - — -  - —
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Al though on—orbit data on dormant satellit es are l imited , cu r r e n t in-

formation suggests that the faiIur~- rate for the inactive boxes in dor-

mant satellites is very low . In f ac t , in a s p e c i f i c  expe r imen t  involv-

ing re-act i v u lt ion o t ) ~ r e d u n d a n t  b o x e s  cmi seven sa te l l i  to  p r o g r a m s , no

box f a i l u r e s  were  observed , c-vt -m i t hough t  dormancy c o n s i d e r a t i o n s  were

not a p r i m e  f a c t o r  in the o r i g i n a l  s a t e l l i te  desi gns (see Table 2 ) .  In

this e xperiment , the’ average dormancy time ranged between six and 41

m o n t h s .  In a s e n s e - , of course , ove r~- satellite ’ w i t h  redundant  elements

that are to be switched on when one of the  elements f a i l s  y i e l d s  an

experiment in dom -mu snt’v. Ttuc re-fore , if we assume that dormant satell ites

do not begin to degrade appreciable until they are turned on (the’ fail-

ure rate for the dormant satellite boxes is zero), the number of satel-

lites needed for a single hunched launch is  i d e n t i c a l  to  t ha t  calculated

by any of the usual computer simulations .

There’ is us considerable body of data on dormant failures . Some

o h  t h e - se - data dcc  sumusar ized in F i g .  3. The data shown t h e r e’ g ive

d o r m an t  p ic- c 0— p a  F t  I n i  l u r e  rat e s  direct lv , and we ut I so show I t ie ’ est  i ma t e s

of the r a t i o :  e nc ’r g i z ed ( d orm ant  piece—part failure’ rite -s. The b e t t e r

~~~ €‘ r e l i a b i l i t y  of t h e  energize’d part , t he  sma l l e r  t h a t  r a t i o  i s .  R u t

or  the c la s s  of parts used in gouch sp a c e c r a f t  , t h i s  r a t  ic shou ld  he of

the o r d e r  ot ten or more - , sug c-S t Iflg t h a t  f o r  s p a c e c r a f t  with an energ ized

Table 2

TURN-ON OF UNITS AFTER IN - ORB IT DORNANCY

Number Average Dormancy Number of Failed
Program of Units Time (days) Units at Turn—on

P1u ’,NF,ER 3 2 2 7  0

VELA 5 3 3 3  0

PSI5 3 340 0

DSP 8 ~4 .3 Q

DSCS I I  3 180 0

-i I 24 h

TACSAT 4 ~I0 0

—I ~~~~~~~~ 
- — -- — -  

______#
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life of , say, five years , failures in the dorman t s t a t e -  i t ~ a p e r i o d  01

five to ten years should have an extremel y low probability.

These data allow us to assume , whenever we discuss bunching or

the use of spares in orbit , that dormant failures in a t jve to t e n

year period are negligible.

Implications of High_Rellabi~L~~
Because long energized  and dorman t l i f e t i m e s  of s p a c e - c r a f t  have

been demonstra ted , the  next  concern is how best to use these  conc lus ions

in an acquis i t ion s t r a t egy . Although long l i f e t i m e s  re!umce the t o t a l

system buy , they also permit the concept of bunching to he e ffe ctiv e .

We next consider in more detail the bunching possibilitie s t h ’t  permi t

substantial savings in addition to those m,-~de possible by exploit i ng

the hi gher MMD5 in conventional launching and procurement s t r a t eg i e s .

L ~~
. -
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L i  I. l ;l Nu i i i -e i~ i ’ } ~;S ‘hI ~ I h i  . h h u ’III I I _ \ 1 Ni11 lSS l ’US

TIlE hA S IC (~; u\ ~

‘Flue huimichu ~- ci procure rs -l i t , I s u i m i c l u e ’ cI l u i u i m i c h i  e~’ u u c , -~- t  i , !  C m — ;  1 -  a sa t  e’l —

I l I e  p r o c u m c - n ; c m s r  au~I c it i i  i z i t  Oil  ~u I I C V  u , i t h m  t 5 I t I I t i ~’t i i g  s j u ; i r i c t ~~r t s —

I I c - u

1. S.i tc~1 h i t o  1h - c i u - u i  l i f t - ~ utd r c - i i i k s i l i t \  t i u t i c t  i o u  c I u , i t ~ ic t c - r i t i c s

ar ~ ruS t  c I 1 C -d  t o  ii i  C I I I  I cc - I c - C - H u ’ l  on I c -a I e C uc l u !  ~ 0fl In b lue ntis -

c ioti p S v l u i i O  - Ht i tt ’ Ittto- - - ’  1 1C00 ( U h e  ( c c l  j u g  is i~~ &it nt ’d J
to ~~ hi~ i ’ l l  Ot i oUg h t o  5 t i ~~- i i I very low I rc - t l tue -ti cv 01 ratidoni p i e - c c — I
p a r t  l u m i l u i r e c  i n  o m b i t .  i ’ t m i g  i r n : - I I C -- ( h a t  ; . s h , - l l i t e  l i f c ’t i m t ’s

a re - dot c-r n (t i e - el p r I Si r 1 1 -~
- b’’ l e t  t u t u  or ch’p let i u~ phi e’ncsme’num .

2 .  S i t  o h  I i  to r e - d u c t  I e ’ i i  ec i ree l  to i ‘rut u I i i  I t t  c o u i c C . t  • (ii wh i (c l i  
- -

e s m i e -  ~‘ r t w o  - u  ~
- I I t t ~ ut -I v p c - ;  p rv - Clue ’C -J mm m d I C O  I t c h  out t lie

u ’Cui uui ;I u t , - 1 auum tc t te - b  jut - - i t  t S - ‘ ‘ - i t  or  ~m u u t  Ii- ; h ~ e I u i r t  l u e r

u- I l ut e pt-c uod l o t  ~u nu - - - - t i !  Its d i u r  . u I i on • I u i  - x i n t ’  1 c l  - Th e

cal id~ t t d  - - i t  e i l i t  ‘ s i u I ’ - ; C  u~t i oi it  t udtue t ion l a t e ’ i~c then up—

i mts i ’~-d tot m in u nut u p; cost a l t c ’r t h e ’ ~u t u - I  l i t i u t  t e - t  -

3 . I’ i itic t ion -~~l t  o l  I I t  C O  t t C  I , i t i t i e j i t eh j u t  o u t s  h u u m i e h i (tsr I c-u b u u u i c l t e c )

n— e3u i ci. l v a~- I -usc  l i s l e ’ , amtd i t t  cs r ~~~i i n  ~m ce ’u t o n  ( e m i t  o i l  u t . T h u s

c~rh-s it cesul el 1st ’ t t ie ’ e ’ t C t  it t o u u . u  I ~~ h it - It ct ’ui ld a l s o  I s~ 1 ~-ti e~’k—

i ng u t h - u t , wh i c h  i s  I , s s i h s l e  I~v t h e  S~~S- . ftC s i t  c l l  i t e s  w ou l d

he sIc) re- el in t t ie c t o O k  I ttt~ 0 ci- it for a c e’rt  .u in  pc ’m I  cd , a I t  or

wh j c’tt sc— ri , - ~5 . u c C - C ’ r , m t  t t h i t  h a v e  gu t  I 0r o~I I ,i I l i i i  C S  Uhm V ho i t - - —

I r I e’ve ’tt t u t  r e - I - i t  r , ut scsttte o h  t i i i - e~l C I  k, II ~- uu t s pae’eci a l I unav

bc I’ iac -~’eh u t i  n t  imus  1 m l  si- t o t s  O t t - I t  • c t  t ii ,;c ’lt ic  a c t  i VC ’ and 01 itO m - s

c l o r a u , i m m t  . I s- -a- o r b - i t  -; tut. mv I s-  cu ’ni l -  i m i , ’el i n  sev , r , i l  la y s.

sch i e ’e lu l  m i - . c - un- t i r . u t n t  -; , O F  ve ry nt i miiutma l uflc - i ;  • uce ’ i m t ’  i t  t t ’m ~u ncttcci

E i c L n c h u  .

~e ’titlti0 I i ti e a - - u t  - I  1 I I  C ~~F s i - ut --  its t I t  i t  i - u \  nm.ic  u~-~ - I I - - ; t t  I t  i i i  c m l  —

e m t u s r v  I n s t  I t u t  l o n m i  , mmid e r - . i n i  m l  ‘i t u I o t t  ,- o t s ott i-u t hi the Rh i l \h - ,muid

opt’ rit I e~mi5 piu ,Sse s 01 S i t  C t i  sib I I i t  u

— —- —- -~~~~
—-
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-- 
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~l .iut- .- jnalvs ts s t i l l  c C C u u - ; i lt e - m  _ il ion t ll C - m iot iout ~ t i _ i t  r t u i 1 ioc ;  l u m i It u r c -c

cau t he eli ml t i l t  c - cl i n  a ~~ i t  c - I l  ~ t c- by siu f I i t  I e~mit  l v  , - x i  -si ts I. I V t  dots -pt ant- c-

t e s t in g  and t h i t  t h e  i i f o t  inC e s h  i - - a t e l  l i l t , w i t h  c u t k — u i r o u t i e t c ’ i - os—

sib 1~- , is Je t e’rmn i mmed largc- lv h-v c- s - i r e - ut l u s - t i o c i C - t m  u i m t e t  d e s - i s - I  l ou t  01  o x —

pendableu r c - s u u r c e - s .  Thu i s  i s  - - :  -
~~~~

- t r u c e I t l ~~’ - 5 - ~~i t  ‘ ; 5 51 ut 1 st  t c uil

u n l e n t a t  ion . ihe ’ ev id~ nce- , it not v o t  whuol  lv  c c - t i c i u s i v s  , i s  p~- r s u a s i v e

to  a g row i nc~ t u t u - u - s r  l i t  t h u  i p u c e - c r u s ! t ic j u u i s  i t  lou t  c o m r u n u m n i t v .

F ur t h u 5 - m u-i ~- r - , t b u e  c o I t c 5 - S t  01 ‘ p l u t o — I  l i t - li t ing ’’ sat ell ite s  i n  the’ STS

era  in  l t s c- c - a r t h  o r b i t  t e s r  a p e r i o d  01 t e s t  i u t g  h e - f o r e i m i l e - c t  ic -sit  i n t o

syn c h r o n o u s c -r b  i t  i n v o l v e-s t u u u t s l c-r  0 1  - a t  j ou s t  I cons id~- tat i cull s C

1. Low e _ i r t l u  k - r I -  i t  t e s t  in g  i u i v o l v e - c  dc - ’ l e u v n t s - t u t  0 !  u u u t t e -m t n a e , s o l a r

a r r ay s , e t c .  b h u i t  w o u l d  h u u i v e  t o  he r e s t o r e d  and s~ cured prior

t o  i u t ~ s d  ion i n to  cii  c c l  on orb  i t  by t I t e - I i t s -r t I i l  Uppe r St age ,

( 1 1 5 ) .

2. The I I ~S eL- s igmt l i f e  in orb  i t  ~ta he’ u n d u ly  c on s t r a i n e d .

In t h e - lon g run , n e i t l u c -  r of the’SC cond i t  I uuu u; needs to be comis  I u a i n —

i n g .

3. To ch a tc  , t here’ i t a c  h~-~-ti  si g n i l  i c an t  c mm tc t - r t u m  l i t t v  about  or

o p p o s i t i o n  to  the stora ge - in orh it ce-nc - c-p t.

4. T h e r e  is at p r e s e n t  no cos t  o f t  c o t  ive p lan fo r  develop ing a

c a p a b i l i ty  t o  recover  sa t e ll  i t e s  from u vrt clur cun o cus orb it ft-s r

re-pa i r and re’f u rh  i sb i  I ncz . Thu is f a c t o r  d r i v e s  t h e  r eq eu i r e m e n t

fo r  low o r b i t  t e s t  l u t e  I f  STS r t c e sv c r v is to he’ used . i~ f

de ~cu r ss - , at  the - re’l lush - s  i i i  t v love  I s  we- Ce ~fls i c i e r , ~fl~j C-ct ion

d i r t - c t  l v  i n l e t  t h c  m i s - t i c-n o r b i t  is  cc - r t a i m t l v  an opt ion fo r

hot  tu us pr c -  t o—f l. ight t e’st uind t hu e  ope - r u s t  I onal spac e -cruu I t

(h ence  we do not  c o n s i d e r t h e  cun ce - r t u u  i n t v  f a c t o r s  t o  ho co us —

St r a i n  i t i e .

PR_-\C1 t h A I .  Qul:s F N u N S  ON TIlE 1i[N H I N t :  i ONCI - I~ F

Ic  what  e x t  ort t woul d  t I t  I S  -c- i l u -v enh ance or de ’t  r a ot  f rom cy s t  em

r e l i a b i l i ty , a v a i l a b i l i t y , c-r  o cu t a g e  c h a r a c te r i s t i c s ?  Ca n su ch  pol ici e’s

e l i m i n a t e ’  depe ’nde ’nc e - on d e t u i  l i e d  c ompe mt  c r  mod e lc ’d sc h u e ’d eu l i ig t c - c h i n  iqu es

such as those  g i v e - mt h’~ SA Sh ’ o r  t tie A~ r cs iI l . i ’  0 ( c c p o i ’ ui t  ion CAl 

— - _ _

- .  - _ _ _ _ _ _ _ _ _
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l e ’ 15huii t C S  i c -ill Ni i t s  IS p01 i cy  less u - o st  ly  t h a n  e-u r r e n t  p r a ( -t  ice
hecausc ’ o f :  ( a )  m i u i u t t t i ;sit i o n  o h  i n f l a t i o n  e f f e c t s , (h )  s a t e l l i t e  pro-
duc t I cmi r a t  s oh ut I ni l  zuu t ion  and ic -u i ru t  i ug curve c i t e - c is , and (c)  f i n i t e
i i  f e t  I flu e S PUs w i t  it  us  cot - h at ed re-deco I l o r m  in n u a n a g e~rtic n t  overhead and pe’r—

sonne l cos ts ’!

Tel wha t  c- S i c -m it  would th i s  pol i c y  c’l i n m a t e - “ re-ar g u a r d ”  technology
d e v e l o pm e n t  ( d e v elo p men t s  tha t  prod iuce-  mnu sr g i n al  changes or improvements )
and f r e t - c ent  rac-t o r  and p r o g r a m  0 h  I ice  r e sou rce -c f o r  work on major in—
pro veuuient s  r a t h u e -r  t h a n  i n c r e m e n t a l  i m p r o v em e n t s ?  l’o what  e x t e n t  would
des i gmi I i  f~- dc- c is ions  ceun st  r a i n  sy s t e m  rmioche - m - n i  zat  ion? .~ - -

To what  e x t e n t  w om uid  t h u  j~ pol i cy enh ance- or detract from system -~~

st u r v i v u e l - , i  1 i t ~~, by v i r t u e  of i t s  in h er e n t  pro l I f e - r u s t  ion of space svst c tns?
We- s h a l l  discuss bb s -sc- q u e s t  lou ts  in  t t m r m l . Some- of t h i s  d i s c us s i o n  ‘

~~

i s n c -e - e ss;i r i  Iv qu a l  i t t u t  i ce- but  in ilsait y cu sse s we c u tms he qu i te ’  It r e c i s e .

r
SY S’Fh-P I PERI-Ot-IIIANCI-:

Fo r  pci rj u o c c -s of I h i i s  re p o r t  , ii scsI  ent ne i l  age- e ’cc tu r u - t  wh eun eve’r tIm e’
numbe r ol oh - st - ra t  I u - s i t u I cdt  c l i i  tes  Hi space f u m i  I s  be low t t u e  minimum re-
q u i r e d  fo r  s u cce s s fu l  pe- r fe r muin c e-  of t h e  n u i s s i o n  or f u n c t i o n .  T h e  major
f~~e- t o  r u t  i n  i lu i t ’nc I ng csc u t  age’ are S :  ( 1)  t h e  ~ u i t  c - i  l i l t ’  re- i i,-th i i i  t - charac-
t e r  l u-i t i c s  a u-i C I e c c ’r 1 1)0(1 by th e  sa t  t i l .  I t o  re’l l u i h  i i  i t  v I un ct  i o n ;  (2 )  t h e
rep len ishment  In emnct i  schedule ; arid (3)  t h e  launch response tine (I R ) — —
the  t Ine to replace us s a t e l l i t e  tha t  has f a i l e d , assuming th at us re-
p lenishment s a t e l l i t e  and launcher  t i r e  ava i l a b l e .

1ti~ lt eunct ieel p ro cu re -n i t- u t  I antI l aunch  po l i e  v c’oflu~) re’sses t h e  procure-
ment  timid laurie - l u  cc - h u e - Ju l  0 ic-s h i t  nt us x I n ium ti e -g r e - c - and u s e s  on—orb  i t s torage
I u i  re-p l c-n  ishi m e-nI  su i t  s - l I l t  c’s. l i i i c usi h ects  - ; v u ; t  t u t u a v a i l a b i l i ty  and
max I muir out t u g e - i n  g Ovt  ru m I w u s v  c . I - i  r s I , i re- cLue- eu-i t lie’ ou tage ’  t inc d u r —
I n~ whu I cli ( c - I l l  c’n i cl i n ic -nt  i-ni N J  l j t s -g and I u i c u u i e - h u e ’ r s  a re  not avai lab le h e—
cans e’ o t  Pr ~ c urc ’mt -n I u t c h u c e l t u  1 I mi g . Sc ’e’umnt , i t  r e ’dei ce- s I he out  age’ t i ne
t u u u u - 11 Is v t t u e  I lui l I s - r e - i j u o u i c u -  I I t imc ’  oh  l u m e i n c h u  s o i l  i t  I u s  and resources
a t  I l i e  nut I I s t i l tS  I I s  u i m s e  Ii  c C i t t  c-cs , wIt ichi  occ’u rs eve- n t h uo u g h i  reple’ni shnu e-sn t
s- i t c h  I I t  es-~ i m i u t  I . i u u u u c l u e -  i- i _ _ ui - C’ aVIS luiht l c’.

r im reF. I t  i n c - r e - u s C - u ; i~i t  e l  I I t o  tub i I it’;i Ic - sn d u r i n g  t h e  p rogram pe ’r l—
oct . i n  c - f l ,  - e l  s t i l l  I l i m p  s t i t c h  I I t t  c _ u i _ t i c  I t  v I ce-suit t he- ~-ost  — p r o g r a m  pt c i  od

_ _ _ _ _  
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(wh er e ’ I t  cen t r ( b u t t s  to t echno log i c a l  obs e l e s c c ’ n c e - )  t o  wluo ru  it us

needed .  l’tmcse of  fec  I s  a re  c l e a r l y dt ’monst rat  e’d i n  l i p .  u , wI t i c l i  p 1 mi t s

fo u r i mmip e i u - t a n t  cy c l e -ni p e r f o r m a n c e ’  n ieu lsur e-s ; i p u i i  utu ; t t h e -  i i u u m n h e - r  u i f  -t a t  c i —

l i l t ’s p rocured . The s ‘,-s te rn  d c - s i g n e r - u ,  1 c o t s  I rcunu t I m e - c s - ~~ r . u t u u e - t  s - r u ;  t 5’

evo lve  a pro gra n u that w i l l  n u t - c t  t hue ne eds of t h e  uu sc ’ r corn n tun i t  v tim id

heid get I ng u seut t t or  i t  ic ’s——e .g. , f o r  LR = 2 utiont u s  and 14Q pc r c u -ut I u -v s I c - i t t

u iva I lab l i l t  v ti c I ng a convent  lona 1 l aunch  St rus t e’gv , 17 s - u t  s - l i  i t e u ;  a rs -

nc-ed t -el . For any g i v e n  number  of c u m t  e l  l i l t -s I l-se’ h u n c h e d  1 u u u u m i - h u  a p p r o a c h

is s ign i f i c a u t t  l v  h - s e t t e r  than  t h e  convent  lona l a h p r o a c t u  w i t h u  rc - u ; i u e -c t to

umv u i j i t s h l l i i v  and maximum ou tage .  I t  i s  s l i gh t l y b e t t e r  w i t I s  re spec t  to

t h e ’  e x C ess program l i f e ’  pe r fo rmance  nm easure .  T hm c u onl y pe -r f ~~ru iu ; ims c c - in ca—

sure  In  whu i ch u t im e ’ bunched  approach is worse t h a n  t t u t -  COi i V e ’i i t  ~O m5i ]  tip—

proac is  was t ime  p r o b a b i l i t y  of  ea r ly  program terni i n a t  i o n .  h i t - c u i t u s s  I I

us e s  s a t e l lit e ’s  more - i n t e n s i v e ly d u r i n g  the pro granu  p e r i o c l , t he  b eu n c h

h - srocur c ’d s vs t or n  w i l l  a lways have a s l i g h t l y  h l g h u e - r pro bal-sil it v o l ’ e ’a r lv

t er m t u i n a t  ion f o r  a f i x e d  number of s a t e l l i t e s .  Howeve r , t h e  e l  I c - c t  of

t t u  i s t t - r m i n a t i o n  is  elramat Ical l y l e s s  th an f o r  t h e  convent  i n n a i l y  pr ~~—

c c u r t -d s y s tem ;  f u r t h e rm o r e , d u r i n g  t h e  program p e r i o d  t h e he m itc hm p r o c u r e - c!

sy s te ’ m h as h u i g h ue -r overall  av a I l ab i l it ~~. -‘

A l l  t h e ’  su m m p l e  calculat ions reflec t ed in FIg. 5 are’ mad e Ebure iu g hi

the ’ d e t a i l e d  e’omput or model s i m u l a t i o n  e l e c t -r i  bed in App.  A .  Ihu e ch o—

t a i l c’d euo mimp ei t e’r mode- i s i m u l a t i o n  Is  u s e f u l  lu - s  - ‘ - , :  n : :; vac  l o u t s  St rumt  e—

plc ’ s , even th soug is we may be skep t i ca l  of t i m e  a b s o l u te  v u s i e i e ’s ol t his ’

numbers produced .

The e ’n h manced  h -se r fo rmancu-  ava l i a b l e ’  In bunc h ed it i u mi c  Ii cy s t  eric ps r —

m i t s c j s ; i o s - m i s s  loui s  w i  t hu  fewer  sate ’l l i l t’s . An e xamp le w i l l  I i  l u s t  r ;m t e

how t h i s  i i  so dc-p c -nd i ng on t I l t ’ comb (n a t  ion of requ I re -mn e-nt s sit e c i t  i e e l

f o r  t i m e -  spa de ’ sy c t  em.

Cus t i - i c I e r  t i m e  nun ih t - r  of satc ’l l  I t e ’ s r e ’ q u u i r e ’d fe - s r  t w o  a l t  c - m u ll  IVc - s e t s

o h  req I i i  rc - u tue - m m t  s spe’c I [( c a t  i ons .  Time f i r s t  cc ’ I i ts - n o t  eel Sh ’I- ’C I , s t i l l s

f o r  q lit ’ cc - s u i t  ava l i t - s h i l l  I v , two neil t h i s  max (mcmiii o u t  :mpc ’ el t u m n u  I lo is . a mi d

0 . 1  probti t i  l i l t  v of e a r ly  program t e r m i n a l  ion . Fl  pure ’ u ~hucw ; I l in t  t h e ’

con V om it i ‘ m i i i  a p p r oa c h  t— e’q ui  rt ’s ;m 1 7 — , t u m t  c - l i l t  o ;v c t  ccii am ie l a om i t - u i i c st t t i

(or  c l i  p i t t  I s  sh u o m i  t ’r )  l aunc h  response’ t i n m c - . h e i s t - i  c i t  c i  I i t s ; ; , ‘ u a

l a u n c l m  re -spouse-  t ime g t e - : t t  ~- r t h a n  Oflc ’ m i - s m i t h  , Ss’ O ii  I d  u u ; u L , - i t  i u u t p o ; ;  lb  1 e

t o  me- t - t  I t i c - i t ’ c p m I re -m e-nt c 

- -
~ ~~~~~~~~~~~~~ — - ..-.-- _ _~~~i5~ *,~~~~~~~- .
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i t i e  be unc - t s  h i t c i c t t t t ’tj ~\ c t  c uim 5151 ~~ ,m I I— it s - I  I i t  s - t i s t  •~ it s m u t  i . I . I i v

nec— I t h mc ’se reclu I renie’nt s . TIme ’ i ’t ’r I t i t i t i u l f l c t ’ c i i  t h us  t i , s ’ u - vu ; I omits I s  chus’ wi t

In  Tab i i’  1 lu n c h e r  t h u s ’ hic ’;id l um p S I ’ t - ~( I . l ’ l mc - s - S c  e u ; ; u; - - - I c -ui I I I  o . m ; u t o c  I i t  t e l

w i t  hi t h e  co n y e -ut it i t i t i l I i ’  p m ’ s s e ’ u u i  e e l  si lt s itu I itC h i v  i -  l i t  ~c 5 1 t ie  ~‘t i~~~--

h i t u m I mit ( c c i  ciii pr ogr imni I i i  e i t  t o i l  . -\ I c ’ t h m e ’ i ssu e h t S sh I i l u i i e  ii t v  u t  c’m wosm Id

cost louts tts~ ms tht’ conv ent I ect ,s liv I u s i u i t ~~h i c - ct cyst s -tim 1-si - ; i u m u m n u s ’u n t  ‘sU ut l  I to

t I m e ’ cast ci t hoo t u ;;u t s - I  l i t , - ;  i ’ h e u ; t h u - i t  u - ; - . s , s ’ u u t  s d  h ;uumi t s Iis ’m s . T h u s ’ ; i e ’onel

sot oh r ’ q s i i u - e’n s ’us t s , SF1-i  ~
‘ , cal i s  t o t  u m i l  p s i e ’ c’nt iv ; m l l m I ’ u I It v~ sts

mont Lss unix Imnent u out age’ durat i ci ii • timid t~) . I ~ 
t- obab l i l t  s_- s i t  s - a m i ’s 1’ t ograni

I e ’r mut l  u m u m t  b u s  . e\ guu I i i  I u -omit h - i  p .  ‘ t ’i t e ’ c’u i ui c s - c I t u t U  b e i t  hi t h u s  Oot ivc ’m it  l~~n m l

appr oach (wit Ii one mite- suit  I i L m i m m i e ’h u ru ’sp c t m ic c  t i nt o) tu mid  ( l i t  h - su n s- h u t - el ;Sh ipt - e iume ’hi

requIr e - 1 1 s , s t  c - i l l  t i -s t o  mt ie ’t ’t t i me ’ uo e~u I u u ’u u u s ’ u t t  u; . F c sm S I ’ h - &  2 ( ti e ’ buu ~e’imed

pr c- s cure ’mt ic’us t  ;I I’ptO ;ie ’ti 5c ’tu l~l t I I I I  b’t’o\ I sh s - c e ’ - (  ca ’s i tip ; , s V s ~ ii t h o u gh the

suuruio tseimh c ’i- c i t t a t  c - h  l i t  c-c 1 ;  pr oc-or e - s i .  ‘l ’h ic - ‘ t c ’ p m ; m u u i  t imid 1s t i t  OtiflIStide’

e~ l u u m  t u u c ’ I c’r 1st I c ’s he- s r c ou l vu ’n  I I t iu sa l i v  asset busit’it I tst mnc h s eel ucy St onus t o nec’ I

Sh’EC 1 antI Sl’FC 2 aci’ su mimm i i u m m - I  .~s e l  i t s  lab ie I - h i t - m e ’ t i m e ’  !-s u ms t ’hu eel  ;mpp u - oa c lm

o s ’c t  c I s -u t ; lua u i c - c m mv emit u om i; m I Iv p m s ’ s u m s - sI  - c u l t emit , hi nt lie ‘_ s ’s tugs sIc ’—

lie - i tc h mi l i e u s  ( lie ’ ly a  i l t i t a i i I t  V u s m ic t  O ut  ; i p s  i I S i u  i t  I s - i t  I s i m i s .

Tab it ’ 1

u utMh’AR I SUN OF CONVh - N T I O N A I  ANI ) RI I NC I  I’ROcIIRI-Ts SYSTFHS
1-’OR Sl’l -~’ I AN P S1’l-~’ -‘

SPh ~C I Sl’l -~C 2

ll~ n c’li t ’ei (‘00 ve ’us t  I c-s h a  I Huts c h i t ’ ei I e ii i s_u t ’ mi t  I oist m 1

A’s ;i  I I  .it -s i l l  t i  .0 si 5 • si - i )  ~ O . -
‘

M,is (mum e i t u t  ;ico 1 .0 1 . ‘ 1 •~ ) -
‘ .

- :  i’rci b urh i l i t  v oh  t a i l ’ s -
ts ’m - n u i m s a t  Is ’mi O . 0 - s  0 .0 1  l1 0(i 0 . 0 1

N uu m i- si r u i t  su m t c h i t  c’s 1 1 17  I I 1 1
t . x e s s u -  I i s p i ’ , u m it h i t s ’ I I  mmm c’ , st$ ;~~ s . i t  me. 

- 
-~ nm o .
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~
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I i ;  ~s
’ i~ Id N u l l  \ \ d  l . ~ ’s :

I _ i s s m s c h i  u u u ~: _ i I  I - u t  s I  l i t  C u , i~ s j i u  Isl I ’ s u~. -~‘ u ’ u -  u h i l , - t m m  _ u - _ u t u : h e — h ’ e u u i h u

pm s uc iu m eel cv ; ;  I s ui t  c t u i  • i us c ’~ u I _ m  i i i  , s s u t s l  t I s ’ i t  , l’i m m _ i  I i s t l t ~ t - u u u u e ’ I u s ’e! I ,Isui’_ hi

- - I l  ,mt ,‘5~V i h i t  I v s  t - - t us - ‘ -i c ’ t I I t s ’ s i t ’s  - u t  l o u s , i l  ‘i  ‘ s u i t  s t l- s ’ u u t  , u I - s I ’ I  oac!u

I h u e ’ ec ’ l iVe ’ii t u e ’uu t I b’ u  s ’s ’ s u i e ’nieut ~u~~-t s s u s ’i i b’ s - i  ci ut s s ih i s s u v i i  u _ s i ,  ,.‘t ( h5 ’ i _ _ i t t _ I  —

l i t  i’s ’ o i h s u t  i i  ‘s i  l e t  ‘l i t tc s , a mi d - - u t  5 h  l i t s ’ / I , m u u u m c h i s - m  iu ~~u s - t  ; i t s  t h m t ’u m , - x

l’ e ’fl eI ’eh simm I v  i ;  u i s o s h o e l  — ‘his  l i i u u s I u t — sl  _ m p p u  ~‘ i 5 - hu 5h i s I s - - - - , !  ‘u - s _ I s u it .  I v  s i  -

‘s o s1 - - I i i u u i s l u s  t ,iti e i u — I’ _ u s s ’c - m i t I i ;; - s - I  - - , c , l u I e l i  tut u s : h t t  . lu lii uu ~I ’ ; u c i t  I . t ts i t  lie

h5. ’ e elOel . u s ’ut ut Ie t ou — I u ’ t  s - \ i m p  I , - . t h i s ’ a I t s i  t u i t  u s _ s  s s ’ t u v c - u u t  i e ’i t _ i  1 l v  1 _ ieuu ic lu c ’e!

, m m u s h  h u m m n ’ I i ~’ 5i I _ i u i u t s hi  S i b  s t u - c _ ip _ i t ’ Is e~ I r e s t  u uu c  I I t s - I \s’ s ’ u ; e ’ I t ;  et  u t ’s l uu  m s  —

nI t -h i t  S l u i t u t  c i t  cc c u s s e d  - P I l e  I d l ii i icd I i t  ~‘l I i t s ~s I s i t t h u s ’ t ’ m u m u e lu _ u m i e i

I I s ’I  (hit ’ cs ’ i i v s u i t  i o u i , i h  I v  I , i u u u i c 1 u s ’~I s \ ’ ; t  s t u t - - , - i m u s h  P h I ’ s ’ - ‘ u t ’s~u u rest  1 1 i t  —

e l  l i t s ’u; 1 m m  h ’ e ’ t h u . u j , 1 i u  e i i c h i s u.  - h I s ’ \ , s V s i . , m h t , - t ’ u ; j u n i u l _ i t  mm c ( h l u u ; s  t i , ’s ’ p i t ’

nu t ; ; , s ’t i s ~ e’s u u h e l  t s s  I h i t  s i l l  ( h i s  a s _ i t  i d e ’ u_ u i  ‘‘ I i  s ’ I - . u l - s u l i t ’ s ’  ~i t F _ it - i ’s- b u t  —

n m i u m m t ‘u ’’ s — s l u i _ m  I t ,‘ 1 . - 
, w h u  m ’ h u  t , s ’ii I s 1  m u s t  h i s ,i V s  i s s s ’ ut ~ e m s ,it i v ,  p1 ~ut ’s t t  I ti~’_

‘ u ; ;  i t ; I s ’i I t u t i m i ’ s - ‘i s ’i~ t u l I t u ;  1 , I s O  P l ’ l ~i ’ I au i s .l P l ’ I L ’ 2 , c ’u s l y  s’ I~~ h i t  I

us s ’ u u  h~ I I t u ’s ’ i ’ he s mi ‘t u s h , ’ e ’i t l i e ’ ds ’t i \ ’ s ’ u i t  t e t t i I  tush t s - t u  I 5 i m t h i s ’ h ’ u m i i e ’ h u c ’cl h u m s i m m e ’h u
i , v c t s i l t ; ;  at  p u e C d t , s u ; t  c e - s l i d  l t u ; ; l s ’u i , 1 h u u u u ; , t e u S l ’ l - ’ u ’ 2 , t h i s ’ h u m u s t u t ’sh l o u i s e -h svs—

I t’ii’s wc-s,i l el h ay s - i - xp s — t c!t - sh t b u t  s s  ~- . u t  ~‘ h  I u t C u t  .ii t sl I u u u u i s - h u s - i  S m i s ’s - st I s -~ ;u ;  l ’ s  i us ,i 

m i t c h  I t u s ’ s ’ s ’u ’s s u m t  i s ’mi.i I I ’ s  I , u u u t t e h u s sh - v t  5 -ut u u,s ’ l l h e t  h i s _ s  h i s ’ s - u i  i b ’ h e I t s

, u ’s-~~t s h  t h i s ’ c o s t  s i t  f l i t  e s  h . u u u u i s ’ h u i ’ r u ;  uui ~h t i t s  i t s ’ s ’ t , i t  5 d  u ; , m t  o h  I 1, -u ; - I I t s - -

• I C’t~ P h i - u I t h e  b u u m m c h u u ’eI I , u u u u c h  u u ; v u ; t  emit i.’e cu l e t  h i , S V c ’ o x l i o s u h e ’ sh ( t i m e ’s’

c u t  oh  I t t e u ;  ,i m i s i  I a u u t c h t t ’ t  - - u t s e ’el l e u t u ;  Iv . ‘ss’ i u s t s t -  t t ie  e’OttVs ’lt( b u m  1 i 1 s j s u  s ’ m c h t

d s O m  l e t  h t , i V c ~ ice t slosh h uuu t u s Its -t 5 ’ s s . (  i t  I s it ‘ l i m i t  utmttiu t ’eis ’e1 I a u u m i s ’ h t s ’ m -

b e ’ s - i  i u i i i n m t  c ’ t h u u ;  c h u ; i  m i t t s i  st  I — - ot I l u s  h i u u m i e l u s el I , u u u m i c b u p m  o c u m u ’ulu , ’ m i t

e’sium e s -1 ’( _ s,- , c .umi uu ~ts - m i- _ u i  i H u t  s ’ h  us - h ’ u u u s ’ l t u ’j I _ u u u u u s hu  s e ’u i s ’ c ’p f  I m i s _ c u I v lu i g

s,si h uutu u c hus - ;  - — u i  ‘ I  I t t  i ’ u ; u _ u  I I tu s ‘ m s ’ s ’ i u u  si  , u i t ~l I u i t u t s h u s l I us (is’s ’ t i e u u i , ’I i e ’ u ;

i. i t t  t h u s - ~ m ’ s ’s u t i  s i rs - m i t  m u m , !  e u - - s  s i t c i t  , ‘ I  I t t _ - i ;  i i i  t l us , s e e ’t i e l  h ’~u iis lu ceitil iii

,~e t ~t s ’ut I i t s ’ s ’ b ’ ; - e m ’ ’s s s b  j ’ s ’ t  I s ’t  ;; i u t  e s  s ’ I i t _ i t t _ h  h u t s ’ ; i t t  t h i s ’ I I t u b  h u u m m i c ’h i . Fe i m

u -sam p l e ’ , t o t  hot Ii P 1 1  F I , iOs l  Pl’l F - ‘ . t s ’m t - - u t  s ’ i i  i t s~ s,~ iu u 1  ci li t ’ h s r s i d i u l ’ e ’ci

I i i  t hu i i -  s ’ \ u uiq ’ I ’  i s , ’ m t  s ’ mi , ’t  s s ’ t t s s I uus -d is_ u  t h u  tii,ul m i t  m i m i  t u s ~ .m h u t  ,~h u PA
‘i k s - u -i’ t u i - t h i s ’ s \ p s s t  s s i  u t u ’ . u t t i u t ; t  - ‘ s - -I s ilt s ’ s u t  I c c ’ it Is ’S, h s ’Vel u ; - h i  s u u i

- - - ; b i ~’s, - t h i s  s I t u ; ,  I u c  5 I u  s ’~~
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in this ’ t I t  u ,t hus iu ie ’I s ,iuu e l ul~
u It’ ( h i t s ,  ;sit s i  1 l I e s  we iu i  i t t  h i t  s ’ e u u i ; ,  teIs i c’d I s i r

l i i i ’  tu , e cius e l bu u sc t i . l’I u s ’ u S i t  o i l  i t 5 ’s .i mi e l I u i u i u u c l u c ’ u s  i t s  I lie ’ cc ’ e c u uicl Iusi t se ’ t i

ws~ic u id h-sc ’ ~i v , i  i i  al -s 1 e’ i us uti ou l t  hi JO .

The s h u -pu - , m ~I , i t  i c i mi it t ;;\-~;t eSut b’ ei’l s i t ’ iuu j t t cc ’ s l u u ,  t si I I t s ’ s ’ l l , u u u d s  i us u v u  I 1—

.m iu i I i t  v c ib  i t _ m t  s i l l  t OS I t t  t t ic ’ ct ’~’ t i uteh h i c u m i e hu  I ;  i i e -~~l i p i t s  I s , - i ;  i i ;  shown

In ‘lu st ’ i t ’  -s I c - s r I I me’ I 1 — s i t  o i l  i t t ’ c , i ; ; s , c u  t h u  t l u r e - s ;~ ,t( c i i  i t  u~~; In I t i c ’

sc’e’ond h i u m u i c t u .

‘ t h e ’ e’X b s e ’e t c e I  c e i st  u; ot t’e t i v s’u i (  l e u u isi  I , i u ss t  t ’., .eu ’ - ’h , u u m m e ’ l u  h i i - c c ’ t u t e c !  t ; y u - u t e ’miis

.m e- c’ compared in  l’ah le’ -
‘ t c-sr s ’s-ct  emuus dc ’ci gnc sd t o  SI’l - C 1 anti Sl’l-N 2 re ’—

q ulremc’nts — h”or t h u s tab it’ i t  bs um ~; c t u u t t s - d  t h i t u t  r s - s -, am d le ’s s  s ’ t I ti e usun s —

ber of su i t e ’ll I t s -s procmur e’el , ( t i e  nt um t m l - s c’r s ’t c,i t u i  l u t e -~; i aeu n c l i c ’ei i t s  t h e

f i r s t  hunch is  t b t t mt  , i ; t c e i e  I , u t  c d  w i l t s  a - sib pc’ m c ’c ’u tt  1’ m’ e ’ki h ’  j i l t ’ s -  ot eat- i v

t e r m i n a t I ou i . For t tic ’ bun ch proc tuts ’el u;v~; I e ’n l , s-ve ’us I hu t u iu p l u I I it _ m t o l i l t  cc

were u se’c’e’cs.i r s_- t o  p r o v i d e ’ t h e ’ tic ’s i r s - el c e ’u u l  u eI , ltc ’c’ j u t  inc ’s - I  I mis ’. Sh’h ~i I and

SPEC 2 , on ! v ten u ; ui t  c’ l i l t  to; a t e -  1 um e uu i e - tic ’el , sit s I l ie ’ , i ve rape I u t t t u t c ’ h u c ’S—

pond b lu r t ’s  fe - s r on lv t h t c ’cs - tc ’is u; ;u t  c’ I l l t  c’s um i s ’ I u u c  h i d e - c t .  For t i me ’ cd-sn—

vent b on ah l v  l u t O c ’ u u r t ’ el c s _ s t  sOIl , 0mPh v u i  h u t  - u t  s i l  i t  s t  it ’ s I ; s , u m t c h s , . ’tI on the

act ’ rage’, is  s ’x I  r_ i~io i _ u t  i ou st e ’ I  F i . ‘ i s - I l  I slu ci’se I i s ’s_ s’ u ’s e m , I / ;; i b u - h i  t c c

ti re’ proc- ure’d I em S l ’h - e 1 um u ich 1 .1 1 c iu  SPId 2. F u i t ’ S1’ h - i  i , sh i c t u i e l  it t sm l u ’ s

ou st  t h u i t  t h i s ’ .m e teh i t  leuus um i c , i t u l l i  t e l ;  Ss 5 i’ e mic ’~-~l 5 ’~l , I l u t u s - s,s ’ i t i t l  I - sc ’ I u t t h i s ,’u’

c-oct  s ot  $ 2 - s  mmii I I  i o m m pu ’ r I u uuu t i c ’ h i .  N i  x i  uuue u m i u , i chc l  i t  I e iui u i  1 s -o c t 5 I or mi i us ’

h au n t -he ’s ; i t  $2 2 - s mii i I I  b u s  wou l d I-se ’ t s ’e l s u I t ech I s i t ’  t hue e situ vs uit lentil l’s

l u s h  ~
- - s
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es - m i t  1 , - u t  t , l t i u i - t ; u u r s sl .
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p su -

‘ 1~~
- - I I , , ~ u u h u t - .u ; t ;. i u i t t s s l  u _ i  - 5 -

e’ s ’;- t - e lm i-s b’ ~u ’s N - s - u s em it I s t  , , m c ’h u e le u s u I u I  i ti~ s ’l

(t i s ’ t i u u t t I ’ s - t  s s l  up’ is cs i i t t  ‘1 s ’ s~ t t t  . I 1  -

- s t u i l  I I i ,Si  b e t I ,iu umu t !u —

l u  ti i l l  t ‘i t  - - t . u I ~‘ h l u  t s~~1 ~ u _ i  1 sat  s l i t  ( s i - I

u _ I  , l ) 1  100 1’ s ’~ 
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‘ lu l l I h t s ’ t t  i ti ‘s’( s m u t  l i t  , h e h e h  I t  i , i u i , u  I s s u~ ; t  ; ; I s i t t I i i  i’ s ’

I .su uiu’ his - ut .

t iI ,’s u , s u u - ’ l ’ s t h i s  I u.s ’ I , s u u u s l u s - u i  I , u u u l  i s s l l t s ’ s ;  t his ’ t uuu u i u t ’ u ’u c i l  t t .t t t~ i h i t  ~~ ;.
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u u u  , ‘ m I ’ m  ( . t h u s  I u e s ’ I u l i s t , u e h  I l i l t  I h is ;;’ - u t  i _ I  I u t , , ;  tu ~~ s’s u u t e l  u t i  s ’u m , u s ’ woui le t

h i s ’ 1 , s  h u h , ’ I s ’ - . u s _ _ u I l ’ s  u m ~ up u a , i  .1 I t ;  .m I ; ’ s ’ i t t ,  I s - . u - - s - s I .
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dependent on system requI rement  spec I t  b ea t  i on s . I t s  t Ime  c u i s , ’t i c’xatuuine ’d ,

t sowever , t h e  bunc lsed p rocured sy s t em St I l l  c’ o st s  ie’ su ;  t t m a n  t Ime ’ t’onven—

t ionall y procured system , a usd prov belt-s h’s - I t t - c  c y st c’nm pe ’r I e - s r m a n c e .

COST_ EFFECTS—— L EARN iN G_ CU R V ES AN D PR O D U C T I O N

In bunched procurement , s p a c e c r a f t  can be p r e s c iu r e d  over s h o r t e r

periods of t ime , p o s s i b l y  r e ” e t u l t l n g  in  re - c is ucoch u u u i l t  c o s t s  f r om t h e  more

e f f i c i e n t  p roduc t ion  r a t e s .  Mor e e f t i c - b on t production rate’s cat’s result

from the creation of an optimized productic o t lint’ , more emp hasI s on

standardiz ed spacecraft , substitution of c a p i t a l  b r  labor , he t t c ’ r use

of produc t ion at-i d te ’ct  fum e i l i t  ic- c , and s - s - s t  Drum m i x  i u t g  of c o n c u m r r e n c v

and sequent ia l  p roduc t i on . T h i s  has  uso l c i om t-sc ’en deu i i on s t r a t e ’ d i n  the

unmanned spacec ra f t  area , h c ’cauts s ’ m o s t  s - s t i e s ’ h- s r s -s.ie ’c( c st rt’tc l t  p rocure’—

ment schedules to hed ge a g a i n s t  u n c e r t a i n ty  :mts d re ’dcm ce u mnu nu ;m l lu n c h i n g

requirements. The resulting low production rates permit little , il r
an y ,  learning .

To I liust m’ato t h e’ e ’f f c ’ct i - i  of  I ealn i m i ’ u  , su ’ ’oss ,is um conse’m”s’ust lye

example we take a case’ result! ng in um sinaI 1 tt u u uut l -s s ’  r ol s ; mt  c l ii  I c -s i Ii

the total buy . Consider us t e n — y e a r  p rogram t h a t  r e q u i r e s  f o u r  s u i t e l —

li tes  con t inuous ly in o rb i t  w i t h  a s u s t o l l  it e  M? ’hl) s - sf  (s tu mon ths , t h e

p r o b a b i l i ty  oh s u c c e s s f u l  launch  eq c u ah  to ‘4 - s  pe ’rc ent~ , uunc l  l I s t ’ p r o h u mbi  l i t ’ s -

of need level equal to 10 p e r c e n t .  in t h i s  case , n in e’ s a t e l l i te s  are

needed . At an assumed cost of $35 m i l l i o n  per s ; m t s ’ l l t t c , w i t h o u t  c o n—

s i d e r i n g  m o d u l a r i z a ti o n , t h e  t o t a l  s p a c e c r a f t  l - s c u v  wou ld  cost  $ 3 1 ~~ mil -

lion (the “No—Learning ” case) .

In bunched procure ’nic’nt , n in e  s a t e l l I t e’ s would h -sc ’ p rocured in about

f i v e  years . Al lowing  fo r  an a d d i t i o n a l  i n v e s t men t  c - sf $15 m i l l i o n  in

tool ing to produce s p a c e c r a f t  at t h e  h l gh sc ’r r at e ’ , the  f o l l o w I n g  n t

.‘is ~~’I ~~i J S  ove r the  No—Learn log c’u m s c ’ accrue :

NET SAVINGS WITH BUNC 1IEI) PROCUREMENT , $ M1I,I5ION

No. of Sracecraft I’roe’uure ’d 1 s ’arn I n~ Curvc ’ 51 o~-s s’

‘4’,’. ‘4 11 :

- - ~~~~i~:~
:” 

~~~~~~~~~~~~~~~~~~~~~~~ 

- 

- 
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W i t h  a l ear n i n g  s lope  c u r v e  i n  the ’ range of 90— 95 percent , the

of $78 to $43 m i l l i o n  could be 25 to 14 percent  of the base

cost ot $315 m i l l i o u s . - 
-

Cob E F F I - C ’ i S — — i N F L A T I O N

To i n ve s t i g a te  t h e  i o s sj h l t ’ advan t age’s of bunched procurement  ac— 
- 

-

c r u i n g  I r em r e du c t  ion of in f l a t  ion p e n a l t i e s  associa ted  w i t h  procure-

ment p o l i c  ic- s i nvolv hip longer I b r u t e s , ;i sp a ce c r a f t  and guided missile

p r i c e ’ index was s_ us ed in “ t y p i c a l ”  p r o d u c t i o n  s ch e d u l e s  f o r  th is  nine—

sp a c e c r a f t  cj st . we - c u m u t  th en  c h a r a c t e r i ze  t y p i c a l  “normal1’ and “bunched”

p r o cu r e -m ont  ‘, i t t e ’rns a s stuow ’n in  Table h .

l I me  i n f l a t i o n — r e l a te d  savings of thse  bunc h ed versus  normal fund ing

p a t t e r n  of $27 .0  mil l ion is about 8.5  percent of the base cost of $315

m nil li ou s . A t ypic al e’ f f e ’ct of be inchied procurenient  shows up here :  The

peak sb n g lo ve - ,u r  f u n d i n g  r a t e s  a r e  h ig h er tisan thie ’ normal procurement

eve  i t ’ l e ’~ k va h u e s .

Table  6

COMPARISON OF INFLATION EFFECTS FOR BUNCHED
AND NORMAL FUNDING PATTERN S

Yea r

i sse - — — N i ti c - S j t ti 1j t e ’~
Itunctued Procur e’ms’nt —1 ’ — 5  —4 — 3  -2 —1 0 1 2 3 4 5
I ) , - lbv s -rv  Sche du le ’  - 4 3 2
Anuis s , u I Fssnel I u is ~ s_ I-. ~ 1 ~l ~ 91 49 14

Nc ’ rns ,s I ” i r s ’ s’ ssr s ’msint
Deliv ery ScI se5 hsu lc ’ 4 1 1 1 1 1
Annual Fsum s si s i u st s_ - s 14 41’ 1s7 42 11 14 28 35 32 21 7

Inf1ti tic ’u~ I’ re-m t ssm Total 27.0

‘5 1’s’n, t,srut I~) 7uu dol 1;srs.
h-s - - -Aitsss mt -s t’ - i-s i~e-rc ent  u n f l a t  u - s n  l i s t s i r .

5

-
’ --’- 5’- — -~ 

_—~ — —.~-‘-—— ---- --— - -_---, 
5— —— ..

~
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s\eIeI i t  b c u us a  1 ~t _ i’, iu ip ,t iu. u t s ’c 1,11 c s h  c, m l  l u t h u s ’ u’ , s h L i t I i s ’ u t  u mu t\ - - I  s -i~u t ’ rc i I t t  I

O t t  i c - c - u~Sh ’ s_~~ muu _ mum p~ics’e’r c , i t i  u s s u t h t  h u out t h u s - i u i u m i e h us sl Pt s e i u u ’ e -ltl s -us t ‘si t i s ’ s .

i t  t h u s ’ b r u m u c i u s ’ ch 1,i c u u s s ’ h u  s c ’ l l s ’ t ’ ’t  i’ s - u - l u  I t  ut I lu  ,i  u t h i s ’l  I s I  ‘ t s ’s h u u s ’ t t o u t  ‘ u  s ’s~~l i t t ’ ,

ths e’n t h u o s c - SPtt I~(’I- sc it sumc ’ I W hi c i  t 5Oi t t u . i  I I v ‘s, c ’t ’k s its t ht.i t u m s p o e t  s i t t hu e ’ P~
- °—

‘- r ain c5 i 11 be ’ ts~-~-~l~-d t o t  ,c slit ’ t~t e t  Pt -u  ic i el c ’ I I i lu , ’ . 01 h~’ i t t , iv i i ts

re ’su l t  h - s e c , m u u - t c’ lowe’! IieO h ,I , - c,-I 1 1 l ’s s ’ s ’tic ’s ’t tm c ’ch c , u  l i t  t h I s - ‘l’ c ’chsie ’t i tli l i r o Ve ’—

mc’t st I, 1i s i ut t - ; s t s i s h r u c  t i tin ) ‘hu,scc s~ l .i sat c - I  l i t t ’ l ’ u o g l  i t tu  . whu t e ll c,’ci cul c~ 15si (

us cuum l i v  c-cc uu  t euu seI ~’ r t l i e ’ ( s I ugh-) h u t u u i c ’ l u e s h  ‘1 s’s r u  t’ c ’ulu c ’ti t ‘c i t  I s ’ s  . A t ‘s’~~~t c.i I

5h’O t t , i s  100 t o  1 .‘‘ pc ’o p l c ’ . i t  S IiO ,O I I I I  p c - u’ pc ’t  ss ’u u t  s ’I  ui s h i  t ’ s s t  ,m u isl i t s

d i  re’c’t e’o st s)  . A 20 t o  II ) pt’rc’s’ust pt’u c sums u ’se I t , c l i i s t I s ill as h u j t ’~’ c ’ cl t cc-sri - ‘

th m ese’ ef t e’c’t r~ t c ’ u t u u l  I s  iu i  ,u c m ’, i t sgs  s 1  F c i t u g h u i \  $1’ t u b  I I t s - s t l .

I , t b  1, ’ — s5il ti liki I I ,~t S  I h~- e’Ol I lh ’ l u i ~’~1 ‘I  s i u t , t ’c 1 u V~’ es ’s I , - , t v  I t 5h ~S I t o u r

I hi~’st’ t Is roe cc- s t  e’ I t c-c’ t c. F -

Tl -~C1h N 1 t I , c i- CY u~ ROW’i’H .\N li - c 15S 01 h - 5 s _ I-Nc h- ’ h - I- b - h -C b S
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h sroug hm block ch s ;iu sg c ’s ( t h i s ’ ~ to- ’ uus I I c i ii i- ii i ’s h u t  cl i ’,’ i sIt ’d lust c -s hi I c-ehc s i t s
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-
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technology advancement and incorporation of that technology into space-

craf t design is possible rather than mereJ y incremental technology ad-

vancement) in th e’ mission payload , th e bunched approach eliminates the

tendencies to Is_ urn ge-sod satellite ’s off pre ’nuatuir L’ly but still ensures

the best attainable s-s,-stem availabilit y and outage characteristics. 
5

A penalty is associated w it h elimination of increu ruental improve-

ments. Some of tI-ic- s;’a’s- c’crtc ft max- h ’- in dormant storage in orbit for

as much as eigh t or f l U e  y e a r s  h c - f o r c -  be ’in g activ ely used. The tech-

nology level of the-c spacecraft is that of the time- of mission start.

Block changes and re trofit act lvi tv to maintain the state of the

art in satellite technology can be costly and limited in usefulness.

However , where national priorities dictate , this flexibility can easily

be justified. In ot lue -r cases , t i l e  b unch ed procurement , b unch ed launch —

policy should he cs-sn-iidered as an effectiv e alternative .

To corr ect f or technolog ica l  obs o~ e-scence in the bunched proc ure— : -

men t , bunched launchs approach , we would incorporate the ‘- :- -
~,
‘cr techno-

logical improvements in an ent i rely new and upgraded satellite genera—

tion at the end of a given discrete- mission duration. From a multi—year

perspect ive , the growth of the technology level in the bunched and con-

ventional approaches would be similar , but the technology growth pattern

in the bunched case- would usually exhibit a more pronounced “sawtooth”

pattern . This is true of almost all other militar y equipment in cases

where we want to field and operate stable- , thoroug h l y  eng ineered desi gns.

SURVIVABILITY /VULNERABILITY EFFEC’rS

Under current practice , satellite spares are stored in environ—

mentally controlled warehouses subject to possible sabotage action by

clandestine agents of hostile countries and terrorist organizations ,

in addition to the normal risk of damage from natural disaster and in—

dustrial accident . Although it would he possible to use geographic

dispersal and cover and deception strategems to protect satellite spares

in storage or in transit to and from production/test/launch facilities ,

such precaut ions are rare .

The bunched procur emen t, bunch ed launch pol icy in effect substitu—

tes storage in orbit for tu e ground storage of current practice. All

L. — - - --‘----~~ —--- -~~ —~~ - ‘ — —- -—~~~~~~~~~~~~~~~~~ - 
-
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IV. BUNCHED LAUNCH, BUNCHED PROCUREMENT——ROLE OF FUNDING PRACTICES

THE PROBLEM

Bunching appears to have a number of attractive operational lea—

lures and implementation possibilities. These have a considerable in—

trinsic worth (e.g., reduction of outages) or a substantial convenience - -

element ( e . g . ,  no longer having to schedule the space system operation -t-

in deta il by complex computer programs , because we need only to cal—

culate the probable number of mission necessary spacecraft , which we

can do b y simple rules) . Large cost savings are also generall y asso—

ciated with the bunching concept.

Overall , then , bunching appears to have interesting and signif i—

cant payof f s . But in bunching we would purchas e a l i f e t i m e  ( m u l t i —

year) quantity of satellites (and launch vehicles or launch services),

so the usual practice of appropriating f unds in annual increments poses

questions affecting any effective implementation of a bunching policy.

Our problem is to see to what extent a bunching pol icy could be accom —

modated , perhaps within an existing legal and regulatory framework and

wi th in  i n s t i t u t i o n a l  c o n s t r a i n t s  preva len t  in a c q u i s i t i o n  issues .

MULTI ’YEA R ASSURANCES

The multi-year action to be considered here is distinct from the

concept usually associated with such terms as multi-year funding and

no-year f undinp- . As most often used , those te rms refer to the duration

of ava i l ab i l i t y  ( f o r  o b l i g a t i o n)  of a p p r o p r i a t e d  funds .  No-year funds

remain available until spent , and rr iu l~ -i- ’y ca ” fund s  remain available

for obligation for a certain number of years , after which time they

revert to the U.S. Treasury . The multi—year action (or multi-year

ase!4r570 r-o) considered here refers to the practice of buy ing (or con—

trad ing to buy) multi—year quantities. When involving RDT&E funds ,

the practice is known as ]Ci’lsvi?’~~ f’?~!1Ofl ( ’ l ! ! t7  and is allowed onl y in spe-

cial ci rcuu r- s - s, tances . Th ere are three basic variations of this process:
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One Department of Defense Directive3 explicitly allows procurement

of some items before the fiscal year in which they are actually to be

used . Known as advance procurement , this is restricted to the procure-

ment of long lead time items . It is of limited relevance to Variation

2. Nevertheless , there is no statutory or regulatory guidance on the

general question of procurs-’ment (cf. RDT&E) of multi—year quantities

with total funding at the outset. The failure to do so appears to stem

from practice rather than prohibition . The crucial stumbling block is

the availabilit y of funds from the Congress.

THE CONTRACTOR ROLE

How can a prime contractor relieve a subcontractor ’ s or a supplier ’ s

uncertainty by making a multi-year conimitment , and what risks are in-

curred in doing so? The DAR “Multi—Year Subcontract” section encour—

ages prime contractors to emp loy multi—year subcontracting selectively

and only when

1. The subcontract item is of stable design and specification;

2. The quantity required is known and f i rm ;

3. Effective competition is assured; and

4. Multi—year subcontrac ts can reasonably be expected to reduce

prices.

It states that “the prime contractor is adequately protected against

cancellation since appropriate cancellation charges for such multi—

year subcontracts are included within the cancellation charge of the

multi—year prime contract.” The risk of cancellation of such a sub-

contract (liability for unrecovered nonrecurring costs is apparently

shouldered by the government instead of the prime contractor only when

(1) the prime contract is canceled (and not , for example , when design

changes in the system obviate the need for the item), and (2) the sub-

contract adheres to the four requirements listed above.

3
DODD 7200.4, Section 111(B), implemented by the Air Force in AFR

172—14.
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In most s i t u a t i o n s, p r iussc - cont rac tors  cisc-c-se not to enter into

mul t i—year  contracts w i t h  their subcontractors or suppliers , even should

quantity price breaks be available (mull i—year subcontracts are clearly

the excep t ion  r a t h e r  than  t h e  r u l e ’) .  T i m i s  occurs  when t h e  uncovered

risks outwei gh the possible g a i n s .

SOME POSSIBLE POLICY IMPL I CATI O N S RE MULTI —YEA R ASSURANCES

The legal and regulatory framework for making multi—year assurances

seems insufficientl y responsive to some of the problems and reforms

called for in a shift away from annual , incremental funding. Possible

policy responses aimed at. enhancing i t s  r esponsiveness are :

o Variation 2 (outset funding) :

New uses for advance procurement (other than for long lead

t ime i tems) could be p e r m i t t e d .

The pol icy on j~~’s ’e:c i’ ”:s u : t  of multi— rear quantities could

he’ clarified .

o Multi—year commitments I-sr prime contractors :

Protection for prime contractors entering into multi—year

suhcon tr ac ts could be ex tend ed hr (1) providing coverage

of subcontractor cancellation charges despite noncaumcella—

tion of thsc’ prime contract and (2) allowing multi—year

subcontrimcts to he emsc’d to retain us participating subcon-

tractor in a program .

The absence of am express authorization or prohibition conditions use

of each funding arrangement on this ’ provision of funds by the Congress.

An immediate response by the Air Force could he to discuss wit h the

Congress its uit’ c’ds and the benefit s of’ mul ti—year assurances . The

Congress would req uire’ persiuasiout that such actions need not involve

their forfeiture of oversi ght and control.

In these condltbc -sns, a bunching policy could be carried out . A

number of variants of a re’ I .ut b cius bet wee -sn hunch  i ng anti f u n d i n g  p r ac t i c e s

are possible . For examp le’ , In tlue ’ prc-sto — fl i ght concept , normal coin—

pet it lvi’ RDT&E could be lu st - si . The’ wi tuner c- I th. mt RDT&E competition

1_~ — - -
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the antic i l-sa ted net savings from t h e  hu n c h l  ing concept. Con—

pet it ion would be enhanced b’s this c-pt ion .

Even though s-c’ c s_ s n make ,i pi ’r s t u a s  I ‘ s c ’ e 5u - t e thus _ it • for operat bonal

and cost sa-,’ingc reasons , the not ion c- I bcuusched is_munch and bunched pro-

curement merits serious consideration as an attractive alternative ac-

quisition s t r a t t ’gv opt ion , we would be remiss in not recogniz ing  that

a number of problems can ari se bus carrying out such an option. These

problems are ma inly institutional , s_is are most of time problems surround-

ing :sepubs ition diffieulti c -s.

The notion of multi— year couuiuiuitments through annual incremental

L 

funding is a case in point. There’ is no statutory or regulatory bar to

implement ing outse’t funding appropriated at  thue im ti t ls _ mti o n of thue pro-

duc tion program for ni cu ltiple vt -s_ s r production . Rut it would be difficult

to persuade the Congress th at th is process did not vitiate its respon-

sib ilities for nuonitoring ;mnd validating expenditures , and for review-

ing the balance bs.’ I c - t en program net-dc- and ,u ’s’ss I lush I s ’ funds. Nor would

it be easy to convince decicionniakers th at t h e  combination of proto—

flight P~llT&E, phased -acqu isi ti on , and outset funding f o r  product ion is

the most e f f e c t  ive and prod iuc t  iV c ’  way f o r  a c q u ts i t  ion st r a t e ’g io s  to

develop,  f t -s r  t h e  k buds  c - i  space p r o g r a m s  we h ave emplsas I zed .

Many contractors would s_ mi c e - s find bunch uing concepts and the associ-

ated a c q u i s i t i o n  s t r a t e g i c -s t o he differ ent from and perhaps less con-

gen ial t l i ; s u i  t h m e i  r a c ciu st omed  s-s ly  of dc- i ut p bu~ iuse s s  . The s h o r t e r  t i m e

involvement  of  a c o n t r a c t o r  in the ’ p ro gr s_ Im and this. ’  e l i m i n a t i o n  of the

c o n t i n u a l  m o d i f i c a t i o n s  and change ’s d iv e r  t h e  s-bc -ic program would remove

one of tim e ways -ions.’ contractors spread s_inch adjcust their work load. Cc-n—

t rae t o  us u m s e ’ t Im  i s-s ciush ion to  iuia iust s_ sb n prop ram c - c -mi l l flu it v and ( c - s  p rov ide

some fund iusg I low dur tug this.’ ent I ri’ p rc -sp r s_ mn i duration.

An oh j c-ct ion i c - s  t h e  hiunc is lug usot l out la,; a Iso h-seen raised because

c - s t  t hue ‘‘ sac--I s - s - s i t  hi ’’ p at  I s -r ut s i t ’  work a g b ‘ s i l l  c’s-s uit l i s t c-i- i n  a g i ~‘oui pro-

gram wc-u Id iss_ uvo s-his-us I h u c ’ comprc’ss;e’th i-scsn ehued i~roccuns.’meust phase was ic -i—

ic-wed I-s r .1 butse’h ut’ci laun e  Is. Tue tsrgiimis c-snt i s  I Ic-it I_ is i s; ‘ss’s ’di I s 1  sc-ri c-c-sir

perturb s_ s coOt ract c-sr ’s mann i utp I b ox i h i  l i t  v s_ mu ch It is ; e ,upa h-s i l l  t ‘s- to make

a t ran s  it . ic-n b c - t s - s ’s ’ii l - m ’d -sgr am s . it is cliff I c - u i I t o  c ’s-a i c u a l i ’ the merit s 

~
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c-i such concerns.  Adopt  ion c-s I’ ic -inc -lu i t i p  c-’el ci i d , j ut p r  i u i s .~ i l-s i i ’ , ps ’ nil i t

more sp s_ u eo  p rog rams  to be cons it i e t  c d  • t I c - u - - i - u si  up t hu - nu u u u hi e r c-s f  c - p I ’s’r—

t u nit  isis f e - s r  i cont  r s u c t c l r  I _ c -s hi e ’( ’ cilul e ’ c u u s - ,u c - s - ,t I l l  ‘s c - i s ’ s c l i ’s’ s 1 c-p lts c’nt s

Ms_soy cont r,ie’tors else tl u s ’b t’ ISi s- s t ck i h i - s - - sb . u u u , h  s - u ; ’ - il ’Is - ‘ 5 1 - 5 ’ 1111 , - I  nu s_ l i i i i v

in proposal e lf e)r( s s_und jut thus - d ’,h r l v  R l l  I s’s 1 ‘ I i , i t s - , .  c I I’ m ‘grcu uuls  all’s-c--a’,- ,

leaving prodeuct ic-n sitiel t- i - s.-e eu i. titli s’ t h s s ~ h - c - b k  c - I  I bc I ’ u s ’ p  r ui n t ci at her

personne l teams . ui imuschie- ei I- s roe’ luu - s - s - s -iu u li - i s _ t i  u i  S c - s ’ l i c - i ’ s_us e xpl i cit

accommoda tio n t o prac t ic - c ’ .

There is little ’ doubt t Iuat Is ’ c- .m rrv c-sit h - suuu s c’hu iusg cousc ’ e’pt s e t f e c —

t lye iv will p lace demanding usuid in  some’ c a s t s ’ s; mtc -vc ’i l i l au n  b og  rc’qui re—

ments on both SI’Os and c-oust ract arc. ks h e ’l l c-Vt’ scu ch p l a u m  l u g  require-

ments are ful i v  s-i thin t h e c a p ab i l i t  I i ’s cii h4h’ flc - and cc-nt r,ietors t o

meet and that such requi re’rne-sn t s can be l lut ’(  I t~ t lue ’  p r c - s I - s s’s ’ l y e ’ bc-us c- fits

of bunching adequate’l not i vate h- src sgr s_ sni sponsors and assoc iat e’d con-
t ract or s . There hav e been success fu l  prc igr ami i s that used s_ mt least some

of the aspects cit bunch s i msg discussed here .
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V. CONCLUDINC REMARKS M~~ RECOM MEN I)AT I ON S

l i i  gh spas’ c ’ s.’ r a f t  ri’ I i  al-s l i l t  s- t hur  i ns  orb  i t s _ m i e-speral ic -ut • and hence’

long i’fftDs , ca n si g n i f i c a n t ly  reduce t h t e  t o t a l  buy of spacecraft required

to support a given mission for a given t ime . Thsis conclusion app l ies

to s_soy acquisition strategy .

Vc-rv isi gh rel iabilit y of spacecraft is possible during a dormant

or partiall y energ ized , level of operation , suggesting a hunched is_ iun chs .

at least for an important class of sps_mc e programs . In s_ s hunc h ed launch

system , all mission—required spacecraft are put into orbit as pronsptlv

as possible. Those spacecraft not needed in the’ earlier portions of

the mission are stored in a dormant s ts _ u tt ’ in orbit s_mud are turne’d on

for operational use s-lien predecessor spacecraft fail , thus avoiding

outage t imes associated with replenishment from ground launch.

The buncised launch concept permits very h i gh average svstenu avail—

abilit y (unity) wb t hsot u t this ’ costs c-f a ctuhsts _m u st i:s I uscmnsh e’r of c’xtrs _ m

spacec rum! t that wou lch i-sc ’ r e qu i  red 10 r l i i  ght cys t c-ni avails _ sb iii t v ti ’s- con—

t inuous rep len i shiment from ground launchmes. This is true c-vt- ut when time

l a t t e r  st r a t  egv c - a n t i  ns m s_ s I iv stores s_ins.! rc-plc’n i chic’s s till b c - i  e’i st  spares  in

o r b i t  fo r  s_ s c o m p a r a b ly  hi ghs svs teuis  s_lvai i,-mh il i tv .

For space mi s s  ions  wlser e h i gh a v a il a h i l i t ’ s -  is  a r e q u i r em e n t , the

bunched launch appro umc hu prc-sv i dc’s a ci gut if i cant lv ls’ss cost lv  war  to

ensure high system avuu b l abilit than s_ sI te -r u ss_ mt i ’s ’s’ strategies nortumalir

consid ered . Tise hunch ed Is_ic-nc -Is s _ s i - s p r o s _ m c’h imp l b s s  s_ s eompu’esst ’d , or hunch ed •

procurement period ttmat make ’s p o s s lh t l e  s t i l l  f e u r t h s e ’r cc - s t  s , sv i n p s

(other  than those result  ing  from I_ lie lower numb s’ m - i-s t  s~’s_scec raft requi red

in the b u n c h e d  l a u n ch  t o  s _ m ht ie ’Ve l i i  gh s c ’s-ct  i’m s_ s ’s’a i i  s_ t i -s i lit v) . l’lse’sc- fu u ’ —

ther cost saving s result  f rom sc - ic - h f s_ sc t o r s  as s_ s h i gher  learn i ng r a t e

in i n t e n s i v e  • s table  p roduct ion over this. ’ r s _ s t e  c -I  usc -st , ;p sie ’e e r s _ s f t  ad ’ ”

qu i sit ban j - s r c - s g r s _ l l su s  and s_ m comhiresscd h-srclsrs_ ini uisumns_igente’nt I mus e . l’hsere

m,s’s- be other hemse l i e  ial e I tc - ct~ sud s as opportun i t i s ’s ( c - sr  more’ effl ient

ci sc of anti I- si ’ t I c i  sclseclti i i ng c - st skill ccl RD1’&E mum m ipe iwe s smutd cit hues ’ c - ri I ic ’s_ m i

r c’s c - l I l~s ’ d’s; -

_ _ _  _ _  e~; 
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The cost implications of those effects we have considered are

sensitive to scenario and assumption to some degree. We therefore

present an example, noting that both more and less dramatic cases can

occur .

In Sec. I, 13 spacecraft were required to achieve a system avail-

ability of unity for a bunched launch and 20 for a conventional launch

with two continually replenished spares in orbit. In Fig. 6 we have

shown derived program and launch schedules and fund ing  p r o f i l e s  for

these cases.

For the bunched case the production rate is three or four space-

craft per year , for the normal procurement one or two per year; in

addition, the spacecraft in the bunched case are assumed identical to

the proto—f light article . We have therefore used a learning curve

slope in the bunched case, af ter correcting for  in f l a t ion , such that

the 13 spacecraft cost $325 million. The 13 launchers for this case

are assumed to cost 13 x 25, or $325 million , so that the total program I
.
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cost is $650 million. For the normal procurement we assume a less e f —

fective learning curve slope (but still less than 100 p e r c e n t)  to pro-

duce a cos t for the 20 spacecraft of $525 million. With the seven

additional launcher s costing $175 million , the basic program costs for

the normal procuremen t would be $1025 million. Counting the additional

out—year inflation costs and additiona l program manag ement costs could

add another $125 million , to make the norma l procurement strategy cost

$1150 million , $500 million (or “~ 80 percen t) more than t u e  bunched

case. Some parts of these estimates mi gh t be regarded as soft e- r th an

others , so we can es tablish a hard , cer tain compon ent of the est imates

by s imp ly ignoring the procurement—related effects of differential

learning curves , infla tion effects , and program managemen t cos t s and

jus t consider the basic cost of seven addit ional spacecraft and launchers

implied for the same system availability itu t h e  normal procurement case.

This gives 7(35 + 25) or $420 million as the added cost of the norma l ~- -

procuremen t.

By ei ther me thod of es t ima t ion , the bunching concept achieves sub-

stantial net savings in this illustrative example. However , Fi g. 6

shows an effec t that may be less welcome . The hi gh est sing le y ear

funding peaks for the bunched case are about $115 million and for the

normal procurement case about $75 million . This difference in maximum

single year funding may make the bunched concep t more “vis ib le” and

subject to critical analysis , despite th e great total program savings

achievable b y bunching .

We cap sulize the considerations of this report on alt c- rnativ e space-

craf t acqui s i t ion st ra teg ies in Table 9.

We do no t claim that there is a dominant , sing le “bes t ” strateg y

for all programs , although we may be able to make a re ’,ssonahlc - s_ srgument

that bunching concepts are well suited for at least the class of space

p rograms we have emphasized throughout this report. Wh tatev c -r tIm e ac-

quisition strategy selected for a given space progr am , i t  should  he

compa tible w i ths overall DoD plans for acquisition te chniques, as these

evolve and devi’iop . But certainl y the main message of this report is

t ha t  t h e  t r adeot  f s  im p l i e d  by the f o l l o w i n g  m a t r i x  sh ould ‘r-’c’ laced and

evaluatt-d .

4

_ _  

_ _—

~~~



— 

.
‘
~~~~

—‘ ‘ ‘

~~~ 

-

— 4 1~

L’ s _ i h le ’ ~t

( V I I -\l -\RI ~I M I - :N rS M~’c F R  IX

St rs_mt e ’gv h i - c - ( _
~-n

‘Bunched l owe-st c - c - s t  s ( t o t  s _ u i) I u ss t  i t  s i t  i c-us .u I c’h s s _ m u m g e s
(s ing le buy , Opt inua l av,i i is_ sb i i i  Iv Peak (c-uis.l i un - ,
all storc’d Naj c-sr Ic -etc - ic - I c-gv s_ iclvs _ m us e c’s h)s ’mausd I n~ p1 : uu imi  i
in orbit ) u ami sf e - r to u u s - s s

Out set  fu n d s  c - s _ i s s ’ h - c’s_ s r  c - I  i s _ u i Ic-ri’One hunch - - ,, -spares  al  I c - c s _ i t  ion ~ c ’ c - j ’ c - f l s -  I Vc ’ii c’SsTwo hunchm - ‘ - - -Ma lus t  8 in ec-smpe’ t u t i c-ui u i - s 11 a I nsaui s_ m g e ’n ue ’n I
M in  ins _ m i s c - h u e- J u l  ing  (SI. S tw c-—bi sv~chs )

H I gpc -s I s _ i \ ’ c i I is :
1 argc - ec-sist e 1  i s_ i t  ions ,

-s r c -~~rs_ ini

St retched lime reuuent s _ i l I cc-h a ul  c-u~v I ushi i i i  I I  u i s . ’w svs  I c-isis
buy ,  and/or advances  l i i  ghse ’ u c c - s t  1, 1 o ta  1)

s t re tched Adapt lv i - i- s is _ uni t  iut g I uthi  i h i t  c-pc r a t  ic in s_ s l
launch I n s t  I tnt janal famts j I is _ i ri t v t rasts I c r
(spares Low peak I tum id i utg Nc- c-ass.- Ic - r out Sc’t

possible ’ ) l. c ’t sgt  liv R&D pc ’s’ i c - cl te un d c
C o u u i i t  c- r p r c - s d i i e t  ivs.’ R&l)

_______________ - Sch cdci l hig 
______

A POSSIBLE NEXT STEP

The Air  Force sh c-u ld cc lc’c’ t c -ne ’ c- s Se ’Vc- u’s_ m i prc -sri’c- t I vc ’ l~~SOs space

programs and review i n  d c p l l m  t h e ’ p ros and s.- c - u t s  c- s_mdc -p t i ng I h u t ’ k i uids

of acqu isit Ion s t r a t e gy  e l e m e n t s  ci cs.’ c i s s _ ce d in thi is i c ’ p c - i t  . U hic ’ r s.-~- jew

should cons ider  t tie s.h e’ve ’ l c -pmc’u st  c-f s_s r guuu c’ui t  s fcc- -s c - m s c i icI i u sg I lie Cc -u t s~rcss

to allow the A i r  F or c e ’ gre ’s_i t er rs ’c’chc -ms iii I t un d  iusg i ~ p c - r t  .1111 svs t  enus

a c q u i s i t i c - u t s , u s i n g  th s e  s e l e c’ t e c h  s
~
s ,i’- - - ~ 1 gr ssss s; s_ is  s.’X pi  b c - i t  i’s _ m S c ’S .

.
,
~

-~



__________________ ‘~~

—4 3—

Append ix A

COMPUTER S IMULATION MODELS FOR SPACE MISSION PLANNING

CAUTIONARY NOTE

This repor t  takes a r a t h e r  c au t i ous  v iew of the  a p p l i c a b i l i t y  of

computer models for detailed space mission planning. Much of this

caution is due to the ways reliability has been modeled in such simu—

lations, particularly in the use of the associated FINDs.

Low M1’iDs have some times been j u s t i f i e d  as ‘conservat ism” in space-

craft procurement , presumably reflecting our uncertainty in achieving p

long spacecraft lifetimes. But certain contractor teams , working in

concer t wi th cer ta in SPOs , have used des ign , development , tes t ing , and ç

command/control practices that result in long spacecraft lifetimes.

The extent to which this can be universally achieved is a subject

wor thy  of f u r the r s t u d y .  It is also a sub jec t  of considerable  in s t i—

tutional s e n s i t i v i t y .

Second , computer simulation programs modeling satellite replenish-

ment schedules , the total number of s a t e l l i t e s  needed for  a given mis—

sion , etc. appear , on occasion , to have been used by p resc r ib ing  the

outputs  and a sce r t a in ing  the i n p u t s  needed to ob ta in  them.  A more

demanding and complex problem is to design computer models to prescribe

and opt imize  general  a c q u i s i t i o n  s t r a t e g ies in the  presence of f i sca l

and operational constraints. In our judgmen t , there is no en t i re ly

adequate model of this sort , but i t  is not impossible to formulate one.

Our conclusion is that simulation programs should be primarily

used in cornparini~ alternative strategies and in a lesser role in gen-

erating absolute numbers for any given strategy . Possibly the latter

cautions can be alleviated by simula ti on s tha t deal more adeq uately

with the reliability behavior we should expect. In the meantime , Rand

has developed a convenient Satellite Availability Simulation Program

(SASP) to provide the  comparat ive  insi gh t s  we need to wei gh a l t e r n a t i v e

acquisi t ion stra tegies.

-- ~~~ -~~~~~~ — ~~~~ — ‘—-—---— .‘—‘— - —“—- ~~~~
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WIIAT SASP DOES
SASP simulates satellite system opera t ion over long periods of

time using the Monte Carlo techni que of repeated trials. For each

t r i a l , random numbers  and the user  spec if i e d  r el i ab i l ity function de-

termi ne satellit e lifetimes , system f a i l u r e s , and replacement  sa te l l i t e

needs. After repeated trials , statistical results are computed and

p r i n t e d :  e . g . , p r o b a b i l i t y  of need for cad s satellite , average system

availability, and system point availability. There are several other

computer programs for such analyses (Aerospace GAP , etc.); the present

program was prepared to enable prompt , easy comparisons for Rand s t a f f .

SASP outputs - s a n be used to invest igate  e f f e c t s  of the following
p

factors on satellite/launcher need times and availability :

1. Variat ions in the satellite reliability fun ction .
2. Variat ions in launcher reliability and probability of suc-

cessful satellite initialization in orbit.

3. Va r i a t ions i n launch schedule .

4 .  Prc - vious history of launcher success and failure .

5. Block change or major changes in satellite reliability

charac ter ist ics .

6. Nonrandom spac ecraft failure rates (e.g., failures produced

by wearotut phenomena) .

In connection with item 6, there is a growing body of evidence

that spacecraft failures do not all occur randomly and , for sufficiently

tested space systems , may occur infrequen tly. As a first step , for

estimating effects of nonrandom failure rates , SASP is capable of in—

vestigating a range of assumptions of assumptions about the relative

importance of random piece—part failure phenomena vs. wearout phenomena .

SASP OVERVIEW

The simp lest way to demonstrate the structure and scope of SASP

is to list major program inputs and outputs.

Inputs for SASP are as follows :

‘-.

- ~~~~~~~~~~~~~~~~~~~~~~~ —
-“-  

-



- -

r

4_ i -

1NCJ~SES ‘I ’h uc ’ u u u u u i i b t ’ m - c - s t  e’ , e c -s Ic - hit ’ I ii , I c - d u ct It 1 I u s g l c

VUIS .

MCI Nuiuiube u’ c- t M ou it  i ’ ( s _ i  r i o  i t  c-rat I c-nc (M.c: . I .

iS ‘flit ’ c-i ,i I um cuuiuh - sc ’ m - c- I s _ i l , ’ I h I t  c ’S.

N ‘li st’ t c - I  - i I usciuss i-se’ s c i t  I - i t  I c u mi n  I In’ us summit - si ’ 1’ ii t —

c-pt’ rat I u mg flu Ins b u m  c s _ i t  c l i  I t t ’s t o  lie’ umu lu lists _ u t uss ’d - I
in o i l - s  I t  t o t  I h u t’ h i t s ’ c- I I h ue  c s_ ut c - h i l t s ’ prc-s c - c - I

hi c - t’s umc -t but ’ 1 ti de’ c-is— c-s rh-s It spare ’ s _

M l o t  i l  pm ’i u j c ’c ’t  I I t t’ t m e ’ i i i  umu ou s t  t i c - .

I 1)1) l , s _ u i u u s c ’ h i  rc ’s p o u i s u ’ I i umui ’ . Ft l i i i uii u uusi I I uuit ’ Ii ’ rt ’j ’  I s _ i c c ’ I -  -

s _ i  I ,i I ic- cl c - s _ ut i ’ll I t c’ .

IGEN Nuuuuih e i cO c u t  t i  I i t  ~
- geuier s_ ut louis (c-ui lv 1 c-sr 2 

‘ .4
s_ u i Ic-wed )

i , s_ ic -sit’lss ’i c-u hc-cs;t c ’s s- e li z u b I  I It \‘ —p rc sl - ss_m bi I It v of

sin’ c’ t ’ ss I i i !  I s_ iuuuue t ut ’ I opt’ m , u t i c- sum .

S1NIT Ss_ s t c-I l i l t ’ Iii lt i , i I I ;.t t  I c - m u  u t - h  m.uI ’ l i l t  v — — p r o b i u b  l i l t  v

I his _ it I li t ’ - a t  - I 1 I t t  - c- h I h i ’ - - i u c c ’~ _ ’ s _ I  i i i  lv p Is_ i c’ e’ ci

h i t  o cc - ru i t t  c - ui - s I t s_ t i c - h h i t  0 s _ i P i cu h c - ’ r cu p s ’ r a t  I onsu 1

cc-suit I gui rs _ ut ic-us .

AlP!. IIETAI. Re! j u l- s i l i t  v t uuus c ’t Ic -us u s_ c- fl i t ers ti - s m - t I rd ge - ui—

t ’r a t  Ic -ui s _ i t  t ’l I I t c ’s ,
ALh’WO , RETAWO We’si i’ciiut I iusse’ t 1cm ps_ i i’liu tie’ I t ’ r s I c-sr I IrcI gene’ r a t  I c-us

cs _ ut c - l i l t  c-s •

PX h’ erc - e’ui t  of t I flue ’ We’s_ I  f c c - i t  I tuu m~’ I Ic-u i Jesu s hums _ ut C’s

p tc - c - e ’— ps _ t r t  re it al-s h i l t  ~‘ (c-sic-i (on , (I’X 0 uiu sI c ’sI ;

suscu’ w s_ u mmts I c  I t ’d s _ u l t c - m ’u s s _ u t  l v i ’ i m v i ’ c - I  I i t ’c-t ’c s _ i l -s i t

I l ie ’ vs_ u I t ch l i v  cu t p it ’c’t ’—p s_urt i c  I I , u I - s i l l  I ~‘ lune’t bou~

i i i  whi l e - li ~ , i i s _ t ’ t) ‘— l’N ‘, I ) .

AI,h’2 , BETA2 Re I I s _ u h l i l t  v I c-ic- i I t - s u m  ‘ u nit -I crc li - sr sec-emi l gt’us -

ic - s _ui l i-sn s _ s _ i t  u - I I I ti ’c- .

A I,i’W I , RETAW I Wi ’s_ i ro u t I tuu ic ’ I I ciii  ps_ i l iSt ’ I i ’ i - -s _ li ii sec-ic-set geuses- s_ st ion

i s _ i t  t ’ I I I I ,’s,

No te: It I G EN — I—— I . .‘ • , c-us ! v c - s uit ’ gt’ule  m .u I I on c - s t  si It ’ll I t c’s Is
i nvoived——A1,P2 , i (I-It \ 2, Ah ,I’I , Hi - l AW I , s_ m u d  F l ( d N i i i ’ umot lu i p uu t

— ~~~~~~~~ _ ‘ ;;; ~;;~;;~-



—

Mo is t Ii I i i  e li  i c - l i  I ii.’ si ’ c’ou i cl gt ’isc I u t  I c - u s  c - I  c - u t  C l —

I l I e ’s li e - i cc-is ’s l v i i  I s _ u h ’ I c’ .

IIS (,I) M o u s t h i  I i i  e h u i c ’I i  , l t h i  ~s _ , i t c ’ h !  t i c ’ s t , i t  i c - u I s  s~’hi~’duled

c- 1’, c - p c  I . u t  I c c is,ul

IAV ( I S )  Flc-imt hi in  wh i  i c - l i  l i s t ’ I St  Ii s _ i t  c, ’ i I  i t  e~f i s_ uuunchse r is

,i v , u i t , m h ’ l t ’ t i m  I s_ si mms c ’ h i .

NI )E ’l ’h- R I’hu t ’ u i i uu i i l - s t ’r c t  I s _ uuimi c’Iit ’s I i c ’ s _ i t  c’ cl cls ’t c’i’flu l iii sI I c ’ s _ u I I v

i s _ mt  l ie i I h i s _ u u i  i- .u uu ~l~- s ii i lv i i i  I l i e  m uuu s  .

1l)E’ i ’ 1-R(NIs ~ I i t  Nh i t i m de ’t c ri uuiui i~ s _ t Ic  I , i i u u i c ’h i  5’ s _ I c -  s_ u s t u e ’c’ c’ss ,

(1 h i  a I i l l  tu Ft ’

NI ’ ‘I ’ l uc - i s t um h e ’ m c ’ h  I I Xc ’cl ‘ ic - I - s I t - s I I  i t  v c- I nc ’c ’d s ’s _ u I c i t ’S

I c-s l i St ’ Iii c ’~s_ t I i n s _ ut  1 u i ’~ i s _ _ i t t - I  I i t  i’ll s _ u iuu ic ,’h i c -  m s _ m v , u  I I  —

,uh l i l t  v cc ’h iec icu l c- .

SE’I ’(N i’~ ‘h ’lse ’ v . u  l’cu c ’is_ u t  p r c-h - s s_ il - s 1 1 i t v  c -I u t c ’t’ ch l c - r vhs i c - l i

c s _ m t  c - I  l i t  e /  l a i u u i e ’h u e u ’ s _ i v s _ u  I l s _ m h i  l i t ~’ c-- h ii hn’ h- si- l is t eel

cc - ut

To c ; ’ i s _  c - ss_ u t  e ’l  I i t  c’/ I s _ m i i u t c ’ Iu t ’ i ’ i s -c p u I r t ’uu i c ’u i ~ s I c - s r  s _ u g i ~‘ c ’fl cp s_ m c’t - i - s i c-i —

oct , c-lit’ cs_m is b u s i - s e u t  it i s l e - s r i  - s i  I W u t , u  cc-i I s _ i u u i m c ’ l i c ’r s _ u i - s - s c- is _ se ’s c-sr t , i i  h u e s

-

~ I 
for launchmes s_ it t t’iiipt t ’eI Iii I l i e ’ i s _ i c - i  s_ u i mc l  c ’ xc ’i u i p l  t h I t s c ’ spec’ i I i i ’ Is_ mtuiic h e’s

from t I m e  pr o t - ss _ m b I I I d  b e ’ I i t ’ s _ i t  in c ’ i i I  ‘ u  c ’V I I c J  i i i  t h e ’ ‘ i c -sp i u n i  - ‘l ’h i t ’ v u  u i  —

able -s N DE TER and ItE’i ’h-~R( N l t~ ‘i c-v I ~Ic ’ t l i i  i s _ c - , u p , i I - s  i h i t ~ ’ im i I l it ’ SASh’ pm - c - gram

We ’lbeuhl  i l l  s _ I  r hh ’ t mt I c i t  I i i usc ’t i~- s i i s  i i -  ci t - st  I c -s i ’ e ’p i c ’~s _ c ’ us t  ~s_ _ l t  c - I  t i l e ’

re I I s_ i l - s I i i t \‘ c l i i i . tc ’ t ~- u I  s _ I  Ic ’s • l i - s i  I - s t - st Ii t , c ’ .i i ’ll t - s h u t ’ i m cc - u ie ’us s _ u  s _ m u d  i’s_ uu i c lc - ui i

p I s ’ e’ e — p s _ i r t  I s _ i l I t u i ’e’ i~h ut ’i tch i i i t ’ i t ,u  . lit ’ s _ c l  c - s t  Ic-u i c-f I lit ’ W,’ I liii! I is ,u ms_ it —

I c - i  t t  l ’ c - i m V s’m i i eic- ’ -s ’ I l i t ’ u u s e ’i’ un iv  i c - - s _ i ’ l l  , u c l i  I I c - r e m i t  I t ’i’ iuu c - I  I lie m c- h i  —

s_ sh i l l  tv I t ine ’t j e s u s I I  l i t ’ e i  cl i i ’s .

‘l Im e bs’t ’ l lc - uhh i t ’ !I , iIi i I t v  I i c - t i ’ I  l i d s  I c  p i v , i i l i v  t h e ’ i ’ x l ’ m c ’ c - s i c s m i :

hut ~ c ’\~~’

11(1 )  I c  I h i , ’ p i c - h ’ , u t i l i t  ~‘ c - s t  s~c - - ; t  i i i  c~~ c ’ i  I I  i c - u i  I c  I i u i i c  I • ,uus d a c- sd

I’ 1 i c ’ ‘ -~ 
i ,ulls ’ t , ’ i s  I c ’  c c  c ’’ I i s _ i t  c d

u i l - s  I t ’~ ; i i i  t i c - ’  SASh’  t i u i l  I - s u i t  i i , ’:



— _—~~~ - 
~~~~~~~~~~~~~~~~~~~~~~~~

I i~ i ’ i ’c t  c d  I c i c - t h i  , i  s _ s _ v ’s _ I  i i s _  c u i l  , u c ’ c ’~ s,’ i u i ’ u . ’  s_ I c c - - i  i - sm

c c - l u i c c  Oc ’ c u l  i - o u r  I I c - c  l iii ’ ui c iiiil ’c ’i ‘I c pi’ i at lu g

c s_ i t  c i  I i t ,  -
~ i - _ 1 , - - - - t l u a u  I t i c ’  u s uumnl - s, — m ‘I  c - I  i l  c - u i ’ - • N .

AVNI ~M l ’ \ I ’ c ’ c t  5 1 1  c-i c c - I c - i  c I  c c i t i s ’ , -  -s c -s - -s ci i I i i s ~ c l i m i  f i l e ’  I t i c ’

‘i , ‘j i ’i ’l I i i s _ ’ I  i t s _ i c ’ . ‘I -

1’OT )tlT Fs 1’, ’ 1- l  i ’ d I c ’I  s _ il c ’St  I s _ i ’ I I ‘c c cv c i  I I c c  l i t  c-I c ii i ,-  c- I

t lii ’ h u c - s h c ’c I

I” xpc’ c ’t c c l  l s _ s _ l \ I i u utiuu i ‘ c i t  _~~~‘ c -

1-sSH t~Rl’ 1- -s ‘ ‘ c l c d  ‘i  -s c l ’ , i I ’  l i l t  c- t h i s _ u t  t h u  i ’ ’ - \ ’ . I  c-fl W I  1) I - s c ’

c -pu ’ r:m t I c c - i s _ i  I Ii l ice i ’i s~1 c- I ( l i i ’ ‘ u  c -s I s ’c ’ I  I I I i ’ ,

l i s t  a~~,i I 1 tiP i i  I t c  -s ’ t I Ii - t i ’u ~ .

RIII 51(N) I~i ‘ - I  i I h- s uit I cc - i  c - s t  I I t ’ s _ c  I t  cli b c ~ l i  I t i c ’ let  ii - - s _ u t  c I  l i t , -

I - ‘ usi - c ’ du ’ cl -

h’(moiit li ) )‘i t- sI - s al- s I I I I  c ‘ I  m u c - s i  I c - i  - - ,c- I ;  ‘ - - i t  ‘ I I  j ‘ -

IPN ( IS.l’N) ~‘;i tt ’I 1 I t c  ‘ I s _ l c u u i e f s _ ,  i , i ’, . i  l I P ’  I i  I ‘, ic ’ d u i l , ’ , u ’ , ’’c ’c ’ t a t  i ’d
i,’I t h u ‘ i  P h ’  l i l t  c c - I  tic ’~~d h~ ’c t - I I ’\  -

lii  ,s_ me ici I t  ut - sri • , u  u s m u u i c l - s ,  - u , ‘ I 1 - m i - c I c c c - , ‘, s _ t  I - s l i t  ‘s_ c lii P, I c - i  i s _ i c c  l i t  i ’d

A SAMi’l ,L ’7 OF SASl’  l e i S I ’ !  I’S

The’ t’esmb i c- i t t  c - i - I s_ I I u ii iiiil c, ’ I ‘ I  c i ’ , , ’ ’ , c.’l I Ii i_ S I c i t  ‘ c c c ’ c - c - i c  h _ i I I I i c- - I u s _ I t t ’

SASP Is c hsv I ic-cs Ic i ’use ii’n mt ’uus _, • ‘ s _ c ’ l i c i ‘ S - pu c - c u l t  c ‘‘ c ’ v I cd , i i ’ - ‘ i i  l t  ~ c ’ —

hibit-Ing 51-sec -il It’ Pc -bi t t S .  h l u c  l ’ i  ‘ ‘ ‘ - ‘P i i i ~ ‘ - t  i c ’m i ’ - t u i t  i i  u s c ’I l i i i ~‘.\SI’

calculat Ions . le’ u ’ i s _ i ’,’.’ u I - c ’ , i i  ‘ s _ c ’ c u ’ - ’- c - ,l ‘S i t  i c . u t i ,~ c s _ ,  i i i  c h i c - t i  t h e  i i c ’ c ’ c l

for some’ of t h i s ’  me - sr i - d c l  s _ i l h c ’ ,t ‘- c - l i ,  - i c c  I i uis ~ c-ic- ‘ itt  I u , ’ s _ ’- s_~~~s _ t ’  , u  ‘‘I ht ,’i

couliputer i- s m — i -st~u auucc~ c iii P c ’ c ’ I - s v  c i t  c - c l ,

TIme i-samp le -s c l : i t  s_S lui p ui t s_i i c - c l  I I i i i ’ s _ I  u u t c c ’ u ~‘‘c-i hI s _ -  - l i d ’ ~s _ l ucn,’1m lii F I

A. 1 , A . . ’ , s _ i c - c l  A .  1~

I- I g c c u c ’’s_ .\ _ I s_ ic - cl  .\ , - ‘ ‘ - I i , ’’,, I i - s  l i i  i-~c ’ c ’ t I c - c - I  ( h i , ’ ‘Ic ’ s _ u - s  F l u  - s _  i t  h u l l

l)ii I s _ u t  I t ill ( ~I~l h ~ l i i ’ . ‘i i  s _ s _
~’~i c - c - ,- u ,u I I , i c - , - ,l s _ ’  I i c ’,lii I , ’ - - - Flu , ’ 

~
‘ hi - s t - s _

s _ l i ,’ c - i - s i i - sc ’i ’i i t  l o t u s _ i  I Ic - i i i i  -s - u  I ’ m  c t  c _ cl . I i i  I~ ~‘_ , \ . 1 * l i t — i  u f t  s_ i  10

i c c - I  c ’ h i ; i , m c ’ c ’ I ,~ — 1 . l l i ~ I I is _ m t I I i , ’ 1I 1I Ii - - I l  ~‘h l i i i ’ c,’i 1! Ii

nt’c-chi ’iI I - sc - uii , ’ u u t h  , 7 , a ‘c i I - s ’ , - , - c i t c h i c - ,  ‘ ~l’ — 0 ,  - sc ’\ I I u ~~t i t

wI l l h -si - c- t ’ &’ c t i ’ c I  I-sc m,- s iu t hi - c S . ,~~u cl  .u  ‘1p 1 c m  c c - c i t  , l i s _ t u i c ’c 1, 1 P s _ i t  i i

-- 

- - ,. -sic-



_ _ __ __ __ 

4

‘45 -

- / i / ,i ~~~~~~~ / i i,4’
~/

1 :: 1  / 7
/ / ///  /

//
/7:

I 

_
_ _ _ _

Time (months )

Number of stations 4 Ncimber of satellites =‘ 25
Station start ing trme — 0, 2, 4 , 6 mths Satellite weamout - 60 months
Booster reliability = 0,87 Me a ru mission durat ion 30 months
Launch response time 2 months Weib uht feinct ion , R Exp - (t /37 ,91 1 .39

SIC initialization 0,94 Iterations 1000
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Fi g. A .3—Pert urbat ion , 65 mon th MMD

virtual cert s _ mi ui t \’ ) t h a t i t w i l l  he ’ nc -e~~l c ’d hv mon th  65. In
F i g .  A.  2 t h e r e ’ is  s_ s 10 pc’rc -ui t c h c s _ u u i c’c ’ t h i s _ i t th e  10th satel—

li te  w i l l  he needed by mont h  80 , s_ md it s  ch ance of being

needed by t h i i ’  end of t h e  m i s c  i c - sn  i s  lu s t  under 21) p ercent .

2 .  F I g .  A . 3  shows [l ie  sch e d u l i n g  i f  I c - c t  cO s_ u s pace cra f t  having

a t~’ t- ,-mr out l i t  et in u e (84  m i s c-mit h i s )  ii pc - i t ic ’s _ ui - st Ic -  less than re-

quired miss ion  d u r a tIo n  ( 121 ) m o u t h s )  , s_ cc-sd s_sn lIMP of b~i

mont h is ,  The s t eep  r i c c ’ i i i  1’
N fe - sr  ms_ic-v c- I t i ne  ss_ ct e’ll I u-s t’e —

f l e ct s  the ’  ro le  of t l s i ’ c,’i ’s _ irc - s i ct p’ r io~l i i i  I e ’ nii i i i s _ t t t ui~’ an

in s) l v i  d ual  s a t e - l i l t  i ’ s_s_ c-s i - s e ’ r aP i l i t  c’

In Figs. c\ . I , . 2 , anei ,\ • I , n c-s c’ enmst u ’ s _ u i  mi t his _ is Pes’mi c onsidered that

r e f l e c t s  ,‘mssum iut  I c-c-s cc-i - s -  s _ c  ‘ , ‘P - ‘, -~ 1, :, ‘ S c ’ t ic - dc - I I fli~ . Sic- hi c ’ ou i s t  rat nt s

can be hand led h-sc -  S.- \ S l  , t u c - h  u s s _ i l  c i t - ~c l  I ps- s rI uirh (tic ’ u ls _ i t c ir e ’ c - I  [h u e  c e i r v c ’s_-

siiowi’i , a l l  o t h e r  ‘ s _ I u , i n i c - t  ,‘ i l s _  ‘c ’ i i i , ’ (‘t~U , i  I
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From t h is ve rv b r i e t  sample - of SA Sh’ results , it Is cit -s_ s r that

s a t e l l i t e  sched ul ing and e’st [ mat ton of ’ t ime tot s_ i l number 01 c s _ m t s ’ l l i t e s

needed to sat 1s f  v a si-sec I ( I c  m i s s i o n  s_i re-  po we r l c i i  I v  s _ m f f e c t e ’ d  icy t he
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Appc’usdlx B

SPACECRAFT CO,S T — — R E I IAB I 1 I V Y  I SS11I~S

DATA BASE AND METH OIX)Lo ( :I cAL IS SUES

Cost and r e l i a b i l i t y  information were collecte d ccii 2 3 s p a c e c r a f t

programs . The cost informat i on consists of t ot s_ c l scuhsvstem cost , f o r

the number of spac e c ra f t  ~‘rod uced , plus A C E , si~ s u’ e~~, identi fied re- l i —

a b i l i t y  costs , operat i ons costs , at -sd sc ’ s t e ’ncc e ’i sg i ne e ’r ing  or p rogram

management costs  for  t i - se spacecra f t  s_~s s_ i whmo li ,’. The’ ret i . u h - s i i  i t  v in—

format ion consists  01 desi gn 11 f e t  Inc s_ mm) a d m i t  ved l i f e t i m e , h - s c - t i c  mea —

sured in y e s _ m r s .  Table B . )  sh u c-w ’-i some c-f the data c e - s h e-sd ed .

The spacec ra f t  p ro jec ts  included NASA—fund e d  cc l e n t i l  i t ’ sj- s~uc e ’c r s _ s f t ,

both earth o r b i t s _ s i s_mci ln t s ’ rp la n et a rv . s_ i t - sd A i m  Force ’ c s _ i t s - s i l l  t c-s. Time

cost data are act cia I c o s t s  in th en—vt ’s_ s r t i c - l i a r s  I or cc-nil-sh e- s t  c-sd programs,

except for two programs .

ht , ’c ’ s_ i cus e ’ re corded c ’ c ’ct s for spacec i ’s_ S I t i - s u c -~s _ u  , u l c i c s _  i i i  I l ie ’ th s _ u t  s_u b ase
I

cont at ned ous t c’ st s_mn ds _ ird re Ii s_tb i l l  tn cc - c - I it c-sin us I, re’ I i s_ i l - s i 1 it ‘c’ , eiu s_ s1 f tc’

control , qual lt c’ s_ u scitu ran ce , and cs _ i t u ’t c- )  , ws’ ns’e’eteei to account b r  sonic

of the h i d d en  ret is _ i l - s i l l  t v c’c- c-i t i t  ems t i e - s t  chic-’--n i t s  ( lie ’ t c - I - s i  c s _ u i c’c-st r e’—

por t  f o r m a t  . i t t -ms  c_’st m is _ i t  ed iu i c  luded I e ’st I uic s _ pc _ - r  tc -r nc ec l  I c - u’ re -s h i  s_ mb ii ity

reasons——as cont ras ted  to the  ts ’st Ing  b r  pe r f e - srm at - sc e  s_ t ic -i  dc -si gn vc ’r —

i ficat lon—-—and increase - in exp nc_ h it tire’s fe-s r cc-ms- s li i ,h re-l i s_ uh j i l t  v

parts purchased to improve subsystem reliabil ity. c\ c-t imber  c t  other

r e l i a b i l i t y — r e l a t e d  fu n c t ions  s_ i rs -s performed this _ - st cs _ tnt - sot  , sund er  t i m e

current means c - s b  cost r e p o r t i ng , ewe ’ u’ he ice  l a t e c h  and I de’nt I t ic-cl s_ cs

r el iabi  1 it s’ ce-sc tin , [c-cl c-c_i I ng t h e ’  i c - s t  s for re’c lsuu i - s hs _ u c - c’v , suuh - s c c’u n t  rs _ cct  or

t est  , and s_ -c i i - s 1~c- t i t  r ac t or i n s  i c - e’ t Ion .  T h e  d s _ s t  s_ i ‘ic - i - s he - s inus we s’nc’ c-ssi nt e-s r ed

are stum ms _ mrtzed In  F I g .  8 .1 .

To gc ’ t around sti ch u d , u t ,m i-s rob Ic-sic f i t - ,, ‘i ic c ’ me ’ s _ s cs i  re ’ , s_m uuuc _’t t i c - d c - i  i i ~i’

was derived based on ,i spe’c i i i  c sp acee rs _ m f t  pr o grs _ u m , sic I u -s g ps _ i t’d’s’ u’ s_ s f t

in tnt Is _sr to t ho sc- s _ p s _ i c c - i’m ,n I t In  (h it ’ c i s _ i t  s_s l - s s _ m su’ , hut  I c-i t.’hi i cli v u ’r v t Ie ’ —

tailed c-sc-st us u mild be’ c-h u t .iI c-eel . These c-os s we’re ,u t s_ i m euch lowe’ m’ l evel

of aggr t ’gat ion t hi s _ i t t  t he  i’c-c--c t us I c - i  I l i i ’ rest  of tIm e c s _ F’ s _ sc’,’c u i  I t  in  t h i s -s

k. . —~~--~~~~~~
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DATA PROBLEMS

It
Most Financial Reporting Systems Do Not Show All Reliabilit y Costs

Three Types of Reliability Costs in Each Space Program

A. Stated Reliability Costs
Reliability
Hi—rel parts
QA
QC
Safety

B. Hidden Reliability Costs
Reliability testing
SRTE
Test documentation

C. Undeterminable Reliability Costs
Redundancy
Derated parts
Subcontractor reliability costs

Fig. B .l——data problems

data base. A series of ratios were constructed for each spacecraft

subsystem , for both recurring and nonrecurring cost categories , to

estimate the percentage of hidden reliability Cost for the recurring

or nonrecurring total subsystem cost. These percentages are applied

to the subsystem costs for all the spacecraft , added to the stated re-

liability costs, and then summed to determine reliabil it-s,’ cost factors.

GENERAL FINDINGS

To determine the reliability—cost relationship for spacecraft ,

the data gathered on 23 spacecraft programs were adjusted to ac-s’ount

for certain costs——mainl y for reliability testing——that are not nor-

mally reported as reliabilit y costs. The resulting costs were then

normalized to the total program costs to find the percentage of total

program cost attributable to reliabilit~-s . When these relative costs

were regressed , throug h a great many regression analyses , against other

variables such as the desi gned or achieved lifet imes , the results were

quite surprising: They indicate a very weak ri ’1~it1onship (or none)
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l’ ’ t W t ’ t ’fl t lit ’ t’ c, ’ S c ’ii i’ c ’ c ’S c ’c s _ s _ is _ l I t t c c l  N - s  l i i ’ c l  j , t t - s  j 1 i t  V s _ m d  t i i i ’ i’ t ’ 1 i i i ’  I I i t  V

~ 1’c’\ j ~‘ -ss_ • ti ti - l i t  i t  s_iu i ~~ - c t  h~ s~ ’ t  i ts_ S - h~’ ‘i -s~~c ’ I I I c _ i l l s _ i t t’ It ~ 1 i ,il i I ~t V

c,’c ’st  S WOi ’ t’ ,I I S c ’ .1 very c5-~- ,ik I i i t i i ’t  j ,, ml c t  t h1’ c_ ’csis _~ ’ I ox i t  v or s i _ -s’ ol ’ t lie

515 ,ic i ’c _ t ’ , t t t — WIis _ it s _ S  c_ lof t ’ i-s.’j t l i  In the s’c p i ’ c-s t I i i i ’ ri- s i i ,il ’ i i  i t  v pm ’ cct ~m’ s _ iuuu

is i - s I c_ ’ t iUt ’St ’ iiui l’ Oi’ t s _ l i l t  S i c ’ t t i ~~ i’ i ’ u s _ s _ , i i ’ I s S Oil i ii i i ’ s_~r s _ i t  i’d c- s i ’ ,i c_ ’ c’ t ’~~ t ,i m lc ’ t ’

t e s t  tug in ~~~~~~ - 11.

cs_ in this p lis ’nt ’muui ’mle n i-se OX ~’l ,i I n~-j’  s_) fl c_ ’ reason is  t lic -i t t hi-re

• . IU c _ l p1 - e l - s _ i t -s l v  a IL’ ,i\’ s_ I’,’ ii 1-se . ~- s t ’ol’ leuuis wit ii t he c_ Is _ it s_ i hec _’s_ i ust’ t here

,i re t ti m o e  c i  .t-s ;si ’s_; c - s t  ri ’ I i  al- s i l i t  v t~c_~ I s _ i t  -s ,l c_ ’~’s t s : t lios~-s is_ I s_ it  ec_ l t- sx p l i c_ ’ it lv

t i c - C ’ s _ c’ t t i i t c_ ’aI i  1”i ’ i i i t , ’ u  i c c l t t ’~’ s _ u u t ’x_ iiu ip i t ’s ot di ss_lggrega t i’d cI . i t  ,m l_ t tie

h i  ddt’n re ii at-s i l i t  v cc_ i s t - • and lic, ’15e ’ t u s_ it t’,mfl tII . ’It ice dot ei,nu i ned s_ i t ,i 1

tsec ’atise t he y ,i i c ’ I 1100 risi’ I’s _ i t  (c c_I l i t  ot t ie  i’ i’d ’S s - ‘l’h ue i-s redc_’iiu i nc_ tn t i- s xinup it ’

c t  t It 15 1,ts t  t V~~O i s  t l i  i ’edund. inc ’v i i  t’o r t  I nd uc_ Ic_~d undi-sr design ,ind

c_’ng’cne(’ring .

A Si ’COfl c_ l ‘Xp I . i i i , i  t i Oil  t 0!’ t i t t -s 1 , i c _ ’ k ‘ I s _ i  St  rong ri-s i s_ i t i ~iis li i p l’s,’ t w e en t 
-

ro Ii , t t - s  i l i t ~ ’ c_ ’c_ -s s_ : t .111c_l s_Ic ’S i its_ n ed i~t~ s _ tc _’ i u i evec_ l i’i’ l i _ m I s  i l i t  v i s  t h a t  i n s t  i t  u —

t I ens _ i l pi ’c -sc’c’dtit’es ,is: ch’ t I no d l’s’ t I i , ’ ~t I I  ~l l (s_u I I it ,it’ \- 
~r~’ 0 1 I i ’ s_ I t  s_ O t i S

c’r ti e  i r N ASA Oc~UI 
\ ‘ ,I I c_ ’ f l t s )  d u d  ( l i i ’ V ,ui O t i S t e ’~~ t ~‘u ’ccg r ,mn u s Spec i t  I ed by

the 001St l’ . i c_ ’t  iii’ S ,lI i c - l US imig s_ igeiIc2 I i t : , i i i  s _ s _ c’ c_’Oiuup!’eIii’ns lvi ’ t l u _ i t  uuu . luu v  r °—
tent i_ il SOUI c_ ’&’S ot tu ult ’ i’ I i s _ i l ’  i I i t  v ,m u ’e ol i t s _ i  m i s _ i t ,,‘c_ l b c ’t  ore t tue  I i 151 l s _ tunc _’li

c t  ,i 5ps_tcet’t’ ,it t

Ou r  di scuss i ei i s  is’ i  t l i  cs_ ’ O i lt  i’ , i c ’t  c ’i’S tni’~’ I t  c _ tb  I\ ’  i cC ’s_ u i t t c _ I  s _ t i  OU t ’  a s k i n g

he qut’s t i on • ‘‘W hat wou Id ~‘ot i  di’ d i l l  0 u’i’ii t 1~ - I c _ si ’ s_ i f I ve—\’ i ’s _ u r  s a te !  lit ‘

than you w o n i d  tot ’ a i ’ne— v e, ir  o , i t e l  l i t  t ’ ’
~~
” The s _ m nss _ - s’ i ’ t  w,it: : -s \ls_ ic_i st

not h ug. exc t - s i - s t  I c _ - s i ’  t he use c _ - s t  nuom’e Iii t~li i~~-s i i  s_ i d l i t  v ps _ il’t S ,mnc_l s_ idtl~ c_i

t’e’clti mid _ Iticv lie t c ’S I pi’egrs _muui , N il , SPI- ’-ss_ , , i i icl  pOt ’ t c ’t’ITI.miic_’e ~‘t’r it i c_’,m t ion

WOu lii j ’ i c sl ’ , I t - s  1~’ 1cc n iu c_ ’li  t lie - s _ is _ t u e •‘

Sc - s li t , ’ - - i t s _ i ’1 ’ los  c - s t  I I i i ’ s _ i ’ ex t  i t s _ S i V i c - c ’S I  invest i o , I t  t ou t s  , i t ’e  S h i c _ ’Wii i i i

F t  c~~; - II . _ ’ d U d  Ii . . I” u i c m ’ t ’ I i - ,~ ~‘ I ot ii t t i e  i - e l  i .it’ I i t  \‘ c’cC ’s_ t , m S  ,i i~~~~’~’’~~ t —

, i i~c i ’t  I Iii ’ t c t  .ii ‘ t O , ~ F it) c ’OS  I , i t ~ ,i i n s _ I  .ic _ ’l u i i - v t -sd 1 i t o  in i’.ir ,s_ , ‘l’hit ’

c_ ’li,ti’ t l i l t ’ I l l _ I c - ’ ‘i c ’c ’, i i s_ i s -  i i i  wit it ’ll t lie ‘:I’ , i c ’ i ’ c ’ I i t  1 i i  c ’ ‘c - i ’ I V c ’Oiii ,’ l o x .  i~e—

s~’ i t  c ’ t lii • I l i t ’ I 1 , 1 0 1  i 011,11 i i ’ I I ii ’ j i l t  v c ’ cC’: t i u s_ o l  t Ii~’ c c u c l i ’u  c_ St  I ‘

I/-c 01 1 hi t ’ t o t  i l  p t  c ’c~~i m i t t  c O S t  • c ’ V c ’fl t c u  V i i i  l , - s u u ’ , , i c _ ’ l i l c ’V c ’J I i  l e t  s_ I s_ i c ’ S .

th e r e  i S  ,i i l  c ’\ t  I ‘ m c l v  i, c ’ ,ii-c c ’VOi’ ,i i i  t i ’pen ih t ’iic ’i’ ot  ic - ’ I i s _  .‘‘,‘ c ’d I m t t t  h u e  en

,,‘t ’st  s .it I u I ’ s _ s _ I  . ils It ’ I c ’  i’ t ’,i I i i t  ion O t  t l i , i l  I i I i t  s_ I s _ s _ c ’ . I 1 ilt ’ ‘c ’s_ I t , i l - s i c -s
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Fig. B.2—Reliability cost as a percent of
tota l program cost versus achieved life
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exp lanat ion is that s_i compt’ t eut  c_ ’out r .lc_ ’ Ic _s r - I-s~-s h i s  own in  it Is_ i t I vo and

as guided by tes t  tu g  rt ’qu i r emiut -n t s • Ltict ’nt iv& ’s • NIL SPEC requ l r& -s n ie nts ,

c_ ’ t c .  • w i l l  gener ally take enough pains to miss_ike sure th e’ sate l l i te [unc—

t ions p roper  lv  when I t  I s  c_ t ru st - sc_I on In o i l - s  i t  so t i ts _ i t  ito ‘‘s_ m tm t oms_i t I c_ ’ , i l  lv ’’

buys long orbital  l i f e t i m e ’s in t lit’ process , ii the turn—on is successful

at a l l .
The evidence seems persuas iv e that It will not he necessar y t o

pay much , it .mnv , more t i - s r re l iabilit y assura nce -’ for a s a t e l l i t e  w i t h

~~~s of 60 to perhaps 90 months , and possib ly even greater ~U4Ds , con-

trasted to satellites with ?‘~‘U)s of 20 to 30 months. In s_u h istorical

sense , i t has seemed to cost no more to  buy satellite li f t -s t imes ~ f

four to nine years than lif et ime s of one to three years.

Figur e 8.3 shows one good correlation found through the regression

analyses—— the nonrecurring cost for satellit e s is about 2.5 t imes the

rec urring cost per satellite. That is , th e R&D c c _ is t  to develop a space— I ’

craft is about 2.5 t imes th t -s unit cost of c-i developed sa tell i t t ’ . We

use this ri -Is _ i t Ion t i ,s est  i n s _ s t e  the R&D cost  as s_ s o c_’ i s _ u t e c h  wi t h t he space—
c r a f t  used in some ~ t our examples.

Our majo r conclus i on on the c o s t — r e l f a b l l i t v  is is _ ti es is that (some-

w hat cant rary to initial expec tat i ofls ’t the cos t  s for buY Ing added l ift-s

se-sc m not to he large compared w i t h  a “b a s i c ” re l iab il i ty  cos t that must

always be incurred and sc_ -s ons to he a roughly constant fraction c_ i t’ the

total program cost . It is t h i s - s  conclusion we use in va lidat ing the”

p a y o f f s  due to high ~ff ~0)s In spa cecraft. The cost minimi zat lois broug ht

about by virtu e of reduction In the total buy required as ~NDs increase

Is scarcel y perturbed liv an~’ req uml r em c_ -snt t o  cons ider cost inc r i ’s_ i se’s jitcr

spacecraf t c_ is the” ~ 4D is increased.

It i s conceivable’ that tc _ ’ r spa ci - s c _’raf t w i thi n the i- i- s O c _ iv ory and rc_ -s—

pair envelope of the STS a c it’ s igu ph i Ii’so1-sh~’ aimed at i c_ - s w cost and .mc~
ceprance of whatever rd iahll I tv results mar produce ether cost minima .

This Is qul t i -s uusce rta in n~~ , however , because bo t h the magn i t uc_l e ot the

cos t sc--wing s dv .ims explicit low cost c_ It’s 1gm philoseph s_ u Sc_h the -s assoc I’

.11 eel S I’S recove’rv c_h id subsequent reps_i t r s_md tel s_sunc h c Ost  s c ,mnnot hit -s —

est ima t ed today with ,unv confidenc - e- -
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The it - s_ e’n i ’s _ s _ s _  a c t  l v i i  s_ cs o t  s a t c _ ’l I i t c _ ’ Jet - , s_ Ou i i ’ r s _ —  , ns _ ,lut,i ~~c _ r s  , and

- ‘~~ Out F c c  lic _ ’ rs jim cot c _ c ~ t i tug 5,11 ci l i t  e ma if unc t ions and s_ m oms_ mi Ii’s

~t s _ s _ i- ’ rw i - c ’ r e s u l t  in - s _ a t  c ’l lit ~‘ fa i lu re’ art ’ not represente d

rc ‘it e’i l  it c re- p lent shrn ent  mode Is. In a lure 1 i t s _ t  m ary w ay we

t c~~ - ’ exp lored t i - c c_ _ I  I - s - c~ t of th is  omiss ion on various me asures of s vs —

•‘m per t o  S Sl it ,, ’ s_ iisd h ave  c_ iovc _ - I c ip i d a na lv t  i c _ -s_i l methods for i ni-orporat  ing

w-ork- a rc _ c s _ iu i c - t s  in current replenishment m c d el s .  D o i n g  so si gn-i t’ icant ly

improves - ;vs te m per formance’ and lowers procurement requirements . A

more ,~~ in it lye St s_ i d is now b c _ i  iig c_ ’ tsnds _ ic t i _ cl t ~ p r - s ” ide program managers

with ‘-s c_, dat s t lier net-sd to i n c l u d e  t h e ’  e f f ec t of work—arounds in t h e i r

replenish ’-’ at stuNt ’s. 1’
Incorporating the eft’c_ L ‘ w o r k — a r o s _ s _ n - s I s s _  l iS t  0 t h e ’ l i f e time  number

generator in curr ent sa te l l i t e ’ rc- ‘1 c ’ t s _ i  sis _ i s _ o ’ ii t s _ s _ - s I c ’ Is is quit c eas . Each

time such a number is reqi,mi red  I0 t i c  ‘s_ i mrm~ , s _ t  i on , a t w o — s t e p  procedure

is followed:

Step 1. Simulate the number 01 c_ - sot s_ rounds , N , the sat eli i t c

wi ll experience - .

Step 2. Genera te N + 1 rs_ m ndc _ i rts _ iiuflit-si-r -s s _ - - s _  ,t u n i f o r m  (0 , 1
dis t r ih ut ion , form the p rod tmc t . - s_ - usc 1 ie ’ rc _ ’s c s _ i t  t o

genera te the lifetime number of t Ilt - 1 1 - j t e .

This approach requires that a pro hs _ s h ili tv d i s t  ri bs _ it i - s~~ F , , ) 
,

the number , n , of work— aro unds lie input int o the - rc_ - p lc _ ’nishm e -sn t mode - s i.

Given P(n) , this procedure is t at -s_ V to incorporali - into existing satel-

lite rep leni shment models.

A Poisson distribution could he assumed for modeling Step I above ;

the probabilit y of s_ mv given n umber , n , of work ’—around s fo r  any satel-

li te is given dv:

- 

~~~~~~~~~~~~~~~~~
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P ( n )  = , n 0, 1 , . . .  ,‘ (1)

where \ is th e ’ av e rs_ upc ’ number ol’ c_, ’c irk”arounds pc_ - r s;it c _ - s il l te - This is

a simp l i fy ing  assumption requiring only the estimation of the parameter

\ , rat her than the est imat ion of P(n) for every value’ of n in the ab—

sc_ ’nce’ of such an assumption . One would c’ x p c _ ’ c t  to  find some deviation

from the Poisson because of  t h e  upper limit on the nc_ umber of work—

aro unds per sa te l l i t e, w h i c h  would inf late the value of P(O) and reduce

t he value’ of P( n ) to zero for values of n grc ’s _ m t e r than this upper limit.

For values o l ’ \ derived later , this deviation is insignificant.

A high confidence est imate of the work—around distribution, P(n) ,

n = 0, 1, ... N , should be derived from a comprehensive review ofmax
U.S. satellite experience. Lacking this , we can obtain a preliminary

estimate of X for the Poisson d is t r ibu t ion  jus t assumed. This estimate

is derived fr om a small samp le data base-s consis ting of ten program s ,

including 2 5 s s _ i t c _- s llit es for a t o ta l  of 50. 9 o r b i t  ‘ears , as shown in

Table C.l . Of the 35 major anoma l i -s,’s shown , 18 meet ou r cr it e r i a  fo r

work—aro unds . For this samp le t h e re ’ are 18 work—arounds for 35 satel-

lite orbit years , or for 25 satell ites. The Poisson parameter for this

small sample is therefore estimated to he: —

X = 18/(611/ 12)  = 0.35 work—arounds per orbit ye ar , or

= 18/25 = 0,72 work—arou mi ds per satellite.

Using this estimate for \ in the subsequ ent discussion shows that

i mprovem e’nts in 0 ”’’’ “ : ‘ - 
~‘ff’1I) of  the order of 50 percent can occur

(see Table C.l).

What precisel y is a work—around? Obviousl y it refers to activities

and pr ocedures the c _ f f c -s c ts ot’ which are not c ,ih i tur e d by the reliability

func tion . We intend that th c_ -s f ollowing definition of work—around be

us ed

The ingenious a c t i v i t i e s  of s a t e l l i t c .-s de - s s i g n e - s r s, system managers ,

mc - ,  s _ v -  I -itt c_’ c -s t i t roll e’rt ; in compt ’nsat i uu~ for ,iuiv i- i t  c_ - s I 1 i t t -s mal f unc t jc_in ,

~~~~~~~~~~“- 

j
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,ius om s_ u h y , c- sr part Is _ m i I imr i ’ t h u s _ m t wt- su i l  ii m’ e s i m l t in i s _ i  I i m i’ i ’ c -s r s _ s _ i ’v i i i ’ de ’gr a— ’

ds_ it ion o f miss Ion ~m c ’ c_ ’onip i i slime - itt

o Excludes amuv t l m lug t l m s _ m t c_ - s _ m is h -s e- eon - c- c - u  c - s i  bc _ ’ ow i i ‘ lu— over  t o

redundant mmii i t t - i  c -s i ’ h- s aes _ k c _ u p us _ m c _ - s dc _’~ c ’i c_ - sp i-i’ s _ m t  iom t Ca pt c _ ii ’ e’d in t he’

sa tel i  i t t ’  ri- i is_mi - s I l i t  v tune ’ l ion .

em Exc l udes any t h u i uig s_usso&’ i s _ i t  e’d w i t  Ii ‘‘ I m it ,mii t mes_ r (a I it It ’s ’’ — —

satell i t e ’ I s _ m i l u re -s ds _ ir imig the’ I il- st S IX  nc _s_ i t t  Its c _ m t  ope ’ r s_ m t ~c_ -s ui

t Inc jude’s pr c _ - sc_’ e -du rs_ m I s_ m u d o -s - s t  t w s _ u rc c_ ’ hu.m ulge ’s not c_ ’ s _ mp t  i i  r e’d in the’

sate li i i e i’ s_ -I i s _ mb l i l L y  lime t Ion.

0 Inc Iude- ss ms_ i I t c _ s _ n e t  b u s , s_ umuot ns_ m I I c _ ’s , and Imhu’ t s I s _ m i !  nrc ’s t hat h ave

minor c _ t  f e et  s omu iii i us Ic - sii s_ me ’c_ ’ nm çm I I slime -m i t ism t may 5 I gis i t  I c ’ s _ mut t  ly

affec t t he-s we ;m roc _mt c_ -h ms _ m r s _ uc _’te’rist i c ’s , i  t h e  syste’m .

Weirk—around s s_ Ire not wit bc_m i I c_’ost s - Re’c_ ’ s _ mmm se’ t i s _ c -s i’ i mu v s_ i 1 ye 5c_) f ware

s _ m d  procedural c_ ’hs_ m ng es , t hmc _ ’ v ,m t I c _ S t  scmppoi’ t ri’qu ire-m e- nt s P I s _ i c ’ c~c_i by t he

SP() on the Satellit e ’ Coimi ri-si F,s_mi’ i i i  Lv , l’hie c ’s_ ups _ m i’ i t v ot  t lii’ Sate’1 H t o

Cont reu l Fat’ Il l t v t o  si ’i’ V i c _ ’ c_ ’ tim e ’ w o rk —s _ t r ims _ t i c_ h i’c_ ’qti i rou te -u t 5 oi  .m greiw tug

o.mt c_ ’ Ii i t t - s  popeilat ic_i ts in time ’ nc_’xt c_ Ie-s cs _ mc _ it- s _ s _ s _ s _ mv i- si’ovide’ time’ n i t ins_ itt’ limit

c~~i the work—aroumid c _ l i st r l bs _ i t  b i t , P (u ) -

A good est ins_ itt ’ cs _ i t lie c_ ’i t iS’ I oh work— s_u rc -sm m usd s on sv t - s _ (  out p roc_ ’emre ’men t

s_ mmi d sys tem performs _moe o i’ e-s q c _ m i ri ’s I lie’ c _ s _ s e’ c _ - s t  c_ ’ c_ - sm pt m t es i’ep lc- s n i slime-m i t  nc_ ide is.

Rs_inel s Satellite Avs _m i i  s_ id i i  i t  v S imu i s _ mt i c - s m i  Mcmli - I hums beemu mi s_ il I i  be d t o

iise’i-srporate the mse ’c ’ c _ s _ -, s _ s _ , s _ u - v c ’h us _ mm ugm ’s t h s _ c _’ c~ i iec _ ’t ot  in c _ - oi’pom ’s_ mt bog tc’oi’k -~
s_mr ounds of course - d e p m o i u i h t - s _  ois t lie ’ s_ m ss m uuui i ’ti c _ a  Is _ me c t  (iii ’ h-s c_i i sson p s _ m i’s_ ime ’ t c-s r

Fi gure’ C. I ii lust rat  c ’ s _ i  t i s _ c ’ i t t e ’ c_ ’ t c - s t  w i - s u ’ k — - s_ mi ’ o i i i ic h s ,- s u t yam’ Ic ’ s _ i s mes _ m—

s _ s _ m s _ i’ i -s c - s t  s c _ s t  enu pe r t  o russ _ ms _ ic ’ e w i  ii \ s _ s _ i  a i- s ,mi- ms_ lu ’ t i’ m ’ , m i t - s _ i u u g  Fe ’ I j , s _ bi 1 it y

i -st i n c _ m t c_ _ s  re-s I evs _m uu ( t i m  i’ s _ ’ cs_ r,- mnu A - A s _ s _ c - \ i - s i ’c ’ c c i , s _ - V s _ s _ i i ’s_ it pi ’ i t  ~- sr ms _ n’ic _ ’ t ’ in

i ’ve r v c u t  egory is improve - c_i whi t -mi  t he e’ t  u - c _ I  c - s t  w cs _ r  k—’ a t’ c - s m m n d  is I no I uded

T u e  improvem ent i i ,  est ini ,m t i c 1  s_ ;v s t~ ’rn lii’s I c - s m m , m u i c ’ I ’ 15 c b s _ s _ c  t o  d i i  I i ’m ’en c c_ — s I m i  —

s _ s _ i  i i i  c _ - s i l t  age’ t l i i i , ’ t u s _ m t  s _ c ’s _ s _ I  It I i c - s it - I s _ - s c ’  u i ~— , m I c ’ s _ s _ s _ s _ c l  s _ c ’ I i c_’ i i  v i t s  c u t S  I moi s t

t o  those r e s u l t i n g  f ron, gu ’ i- s m m u d  I a i m s _ t e l i  c - s t  ~m u’ e’p I . ic ’es _ i s_ i ’ s _ u t  tIi t i i  I it t ’ in

m c i i i  i t  i c u i m  t o  t he’ , m c t i h i ’i, h I I t ’ -  - s t  t i i i ’ t-- , m t  .1 I s _ u  , - m , m c _ I i - , - s c - s~~ t s _ i l - s b  1-sc _ ’ w o r k —

;m r m - s m mm md s . l i i i -  i ’ x j - s c ’c i c _ c_ i i m i s h - s m’ i- sv eme u t t  i c - s i  ,m ms u msi s _ s _ i , i l  I I s _ s _ i t  ‘I I it i ’ s _ , c _~~ t i ’iii

s _ ’ ; s _ s _ m mmm .u r i _ s - c l I mu ‘I’s_ ui , t , ’ ~
‘ 
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Launch response time = 2 months R ( t )  = exp (-  1/62,4 ) 6.0
SIC initializ at ion 0,94 Number of iteration s — 400

Fig. C . l—— The e f fec t of the average nu mber of work —aro un d s ( 5 1
on s y stem performam uc e , for a 60—month ~- src _ - s g rs _im

~~~~~~ C. - — - —‘ 
_ ,~~~~~ . 

__________________________



- ‘ ‘ -  - ‘ - - ‘  

7

— 62—

‘rable C . ?

SYST)~1I PERFORMANCE FOR A fl-SATELLITE SYST~~45

Av erage Number of
Work—Arounds

A —
Performance Parameter 0 .5 1.0 1.5

Ave ’rage - s _ m v s _ m i l a h i l i t v  (~- )  68.5 80.5 85.0 88.5
Expe’c’ t e’ei ms_ lx Inc_in outage (no ) 11.7 6.0 4 .6  3.5
Pro bs_ m b l1 t t c _ ’  c _ - s i  e -s s _ mr ly terminat ion (~~) 9.5 4.0 1.2 .7
Kxc _ ’ c_ ’ss program l i f e  (mo ) - 10 . 0  — 2 . 0  5.0 14.0

‘t Four s a t e l l i t e  system for s _ m f i ve—year  program.

w c_ - s r k—s _ i r oe m nd s.  Al  r Force ’ requ irements based on CAP analyses that fal l

to imuc l c _ i c _ h-  t he’ e f f e c t  c _ - sf work— arounds may seriously understate expected

system pe’rfmurma nce.

The-s method of derivation of the reliability function with work-

s_ s “c_ min ds Is tienons t rs _ m ted suf f Ic i o n  t I v for the case m f  two work—arounds.

First , choose a random number u
1 

u n i f o r m l y  dis tributed on the range

(0 , 1).  The p r o b a b i l i ty de ns i t y of u
1 

is just du
1
.

Second , c_ ’hoose s_ u second random number u
2 

uniformly distribu ted on

t h e ’ range’ (0, ti
1
). The p r o b a b i l i ty dens i t y of u

2 
is du

2 /u 1, because
i t must he normalized to unity over the range (0, u

1
).

TIuc_ ’n i-shc _uose •m random number u
3 

uniforml y di stributed over the range

(0 , m m ,), whc _us c probability density will he du
3

/u 2 . The simulated life-

t ime 01 t h e  sy stem will be t(u
3
), where t (R) is the inverse function

of R(t ) - ‘fl ue e’xpe’c_ ’te’d val ue of the ’ l i f e t i m e , T2 denot Ing two work—

s_ u rc _ nm mid s , is found dv s_ uv e r. mg ing  ov e r the permissible ’ values of the three

ramsd e-s m mue mm bc ’ r s

‘I ’ , 
•c_

~~ 
tin

1 f1
~ 

~~~~-sJ l2 
“

~~ t(u3
) .

_ _ _  _ _ _ _ _  __  -—~~~~~~~~ -~~~~- - -‘--‘--“ - -  ‘ - -“- -‘  _ _ _
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In tegrate by p a r t s  on u
1
:

1U U 1 U

1
2 

— (in u
1
) 

_,

~~~ du
2 f

2 
du

3 
t (u

3
) — 

1 
tin

1 j
~ 

c _ hi m I ( s _ i  3 )

u
1 0

The in tegrated term vanishes at U
1 — 1 because in 1 — 0, and s_ ut s_i

1 
= 0

because the Integral vanishes faster than in u
1 

inc reases . Aga in 1n t~~—
grate by parts :

I
U — l

j  

T2 - - (in u
1)

2 ,/ du
3 t (u3

) 

- 

+ 
~~

- J’
~ 

du 1 (~~
u s_ im i

) 2 
I - - i )  .

U
1 0

As befor e , the integra ted term vanish es. The same proc ess may he-s
applied if the re are k w ork—arou nds:

Tk -~-t-~- J du~ (c-n u
1
)
k t (u 1

)

Because t (u
1) is the inverse function to R(t), the time may l-’e -s int ro-

duced as the independent variab le in the integral. The limits (0 . 1)
for u

1 become 
(oi, 0) for t :

Tk 
— - 

~~, f dt t (—in R(t))k dR/dt

We also have , from the definition of the reliabilit y function

CE’

— — 
J 

dt t

- —~~~~~~__~A - - —- — —. ‘— -‘ ‘— -—-‘-_ - ~~ - - - ~~~~~~—‘ -‘ ,c:., ~~~~~~~~~~~~~~~~~~~~
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because the probability time system with k work—arounds survives to t

and then f a i l s is — dRk / dt.  Equating the two expressions yi elds:

Rk ( t )  = 1 + f dt k! 
dR(t )

S t i ll another integrat ion by parts y ields :

a

k 
t t

R
k

( t ) = 1 + k! 
R ( t ) ( Qn R( t

_
) ) k

t~~ = 0

= 

f dt
’ R (L )  • k 

(in R( t ) )~~~ d R( t )

t
— 1 + R(t) (- in_R( t) ) k 

. (- Zn R(t
.) ) k 1 

d R(t )
— k h  + dt ( k— l ) !  dt ~

= Rk l
( t )  + R ( t )  (— in R ( t ) ) ~~/lr ! -

Thi s recursion relat ion may be summed , starting with R
0
(t) — R ( t )  ,

to y i e ld tile resimi t

Rk
( t )  = R ( t )  V 1~ m~~~

t)
~

— — - c_ - - - - — - - -~~~~~~ ~~ -~~~~~— - -  -~ 
_ _ u _ -__~~_ - — -_______


