
SYSTEMS ANALYSIS PROBLEMS O F  LIMITED WAR 

H e r b e r t  K.  Weiss;:: 
Li t ton Indus t r ies .  Inc. 

1 1  _ _  l e t  us  be ca r e fu l  not t o  c r e a t e  in  a mathemat ica l  vacuum si tuat ions which a r e  based  ne i ther  on p a s t  
exper ience  of a f f a i r s ,  no r  on any  conception of the innumerable  va r i ab l e s  and f ac to r s  tha t  de t e rmine  
soc ia l  dec is ion  e i t he r  today o r  t omor row .  " 

- Sir  Solly Zuckerman '  

"The opera t iona l  cons tan ts  and  the  opera t iona l  funct ions const i tute  some  of the m o s t  p rec ious  and  
d e a r l y  bought r e s u l t s  of combat  exper ience .  " 

- D r .  W a r r e n  Weaver2 

Abs t r ac t  

In th i s  pape r ,  mode l s  of l imi ted  w a r f a r e  
s y s t e m s  a r e  d i s cus sed  f r o m  the point of view of the 
re la t ionsh ip  of s y s t e m  p a r a m e t e r s  and ,  espec ia l ly ,  
m e a s u r e s  of e f fec t iveness  to s y s t e m  opera t ions .  A 

s t r u c t u r e  f o r  the  evaluat ion of a tactical air ope ra-  
tion i s  outlined; submodels  a r e  de sc r i bed  fo r  spe- 

cif ic  phase s  including so r t i e  al locat ion,  in te rd ic t ion  
opera t ions ,  an t i a i r c r a f t  e f fec t iveness ,  and  air  - to-  
air combat .  The  in te rac t ion  with h i s t o r i c a l  combat  
data i s  shown. 

Introduct ion 

Thanks  t o  m o d e r n  computing a i d s ,  it is now 
poss ib le  to  manipulate  ma thema t i ca l  mode l s  of un- 
precedented  i n t r i c acy .  All f ie lds  of human en-  
deavor  involving t he  organiza t ion  and  p roce s s ing  
of in format ioh  have benefi ted cor respondingly ;  
complex  engineer ing  t a s k s  m a y  be  s imula ted  by 
machine  before  the equipment  i tself  i s  a s s e m b l e d ;  
exper imenta l  da ta  m a y  be  ana lyzed  i n  vo lumes  
never  before  a t ta inable  i n  a reasonable  t i m e .  

It i s  inevi table tha t  th i s  e s s en t i a l l y  unl imited 
capac i ty  f o r  s imula t ion  should be applied to  the de -  
s ign of m i l i t a ry  s y s t e m s .  But unlike nonmi l i ta ry  
e n t e r p r i s e s ,  the m e a n s  f o r  verifying the s imula t ion  
aga ins t  the  comple te  opera t iona l  envi ronment  are  
s p a r s e  and  the condit ions f o r  col lect ing verifying 
da t a ,  hos t i l e  and  forbidding.  

One is neve r  quite c e r t a i n ,  t he r e fo r e ,  tha t  
the s imula t ion  adequate ly  r e p r e s e n t s  rea l i ty ,  how- 
e v e r  plausible  i t s  appea rance  of ve r i s im i l i t ude  
may  be. And when the ana lys t ,  i n  addit ion,  a t t emp t s  
to  manipulate  sy s t em p a r a m e t e r s  to  a t t a i n  a p r e -  
f e r r e d  configurat ion,  he gauges h i s  p r o g r e s s  a c -  
cord ing  to m e a s u r e s  of e f fec t iveness  which a r e  
only imperfec t ly  r e l a t ed  to  the m i l i t a r y  object ives 
of r e a l  opera t ions .  

If t h e r e  is a single m o s t  r e t a rded  a r e a  of 
m i l i t a r y  s y s t e m s  ana ly s i s ,  it is i n  the  ver i f ica t ion  
of the por t ion  of s imula t ion  having to  do  with the 
combat  envi ronment  by r e a l  da ta .  The point h a s  
been  convincingly de ta i led  by Dr .  Theodore  W. 
Schmidt .  Cu r r en t l y  t h e r e  a p p e a r s  t o  be a grow-  
ing e f for t  to  obtain such  ver i f ica t ion .  Of the p ro-  
c e s s ,  Major  Jo seph  P. Mart ino ,  USAF, h a s  ob-  
s e r v e d  tha t  we need  the model  to te l l  u s  what da ta  

t o  co l lec t ,  and  we need  the data t o  te l l  u s  what 
model  i s  app rop r i a t e .  
e ach  i t e r a t i on  contr ibut ing i n c r e a s e d  understanding 
of the dynamics  of combat ,  and improvement  of the 
model .  

It i s  a sequential  p r o c e s s ,  

The ac t iv i ty  known a s  " opera t ions  
r e s e a r c h"  began with the ana ly s i s  of combat  da ta .  
The re levance  of such  data to  the modeling of p r o -  
t r a c t e d ,  nonnuclear  confl ict  is  pa r t i cu l a r l y  high. 
Operat ional  e x e r c i s e s  and  o ther  planned noncom- 
ba t  expe r imen t s  const i tute  addit ional  m e a n s  f o r  
verifying ana ly t ica l  methodologies.  
tha t  the p r o c e s s  of verif icat ion keep  pace with the 
development  of ana ly t ica l  too ls .  

It i s  e s s en t i a l  

In th i s  pape r ,  models  of l imi ted  wa r f a r e  
s y s t e m s  a r e  d i s cus sed  f r o m  the point of view of 
the re la t ionsh ip  of s y s t e m  p a r a m e t e r s ,  and  e spe -  
c ia l ly ,  m e a s u r e s  of e f fec t iveness ,  to  s y s t e m  ope r -  
a t ions .  Major  gaps r e m a i n  which c a n  be br idged  
only by mi l i t a ry  judgement .  It is a reasonable  ex -  

pectat ion,  however ,  tha t  a continued e f for t  to  r e -  
conci le  s y s t e m  modeling and  comba t  operat ional  
d a b  will p rog re s s ive ly  r educe ,  if neve r  e l imina te ,  
the need  f o r  subject ively der ived  c r i t e r i a  of 
evaluation. 

The Concept  of a Mil i ta ry  Sys tem 

A sys t em,  accord ing  to  Marke l ,  * has  "a 
s ing leness  of purpose  which p e r m e a t e s  and domi-  
na t e s  a l l  its p a r t s .  ' I  The choice of a p r e f e r r e d s y s -  

t e m ,  and  of a p r e f e r r e d  sy s t em configurat ion,  i s  
governed by the definition of purpose ,  and  by the 
re f lec t ion  of th i s  purpose  into the m e a s u r e s  of 
e f fec t iveness ,  f i gu re s  of m e r i t ,  and  pe r fo rmance  

ind ices  by which the  sy s t em ana ly s i s  is control led.  
Where t he r e  are many applicat ions of a sys t em,  the 
ana lys t  is chal lenged by the p rob l em of merg ing  
the s epa ra t e  u s e s  into a common and cons is ten t  
definition of purpose .  

The  aggrega ted  m i l i t a r y  fo r ce s  of a nation 
f o r m  a sys t em;  each  f o r c e  type and  e l emen t  cons t i -  
tute  p a r t s  of the s y s t e m ;  and  the e lements  and  con-  
st i tuent  sub- e lements  a r e  i n t e r r e l a t ed  by  the 
common  purpose  of national defense.  

The  p rob l em i s  t o  br idge  the gap f r o m  the 
nat ional  object ives t o  useful m e a s u r e s  of effect ive- 
n e s s  to  guide the suboptimizat ion of a i r c r a f t ,  of 

'The opinions e x p r e s s e d  i n  t h i s  p a p e r  a r e  t hose  of the au thor .  
f r o m  the  a u t h o r ' s  hobby of "be l lomet r ics .  " 

The ana ly s i s  of combat  da ta  i s  der ived  

295 



r i f l e s ,  of c o m m a n d  s y s t e m s ,  of navigat ion sub-  
s y s t e m s  and  cont ro l  conso les .  

T h e  choice of a m e a s u r e  of e f fec t iveness  i s  
far f r o m  a t r i v i a l  p r o b l e m .  H e r e  intui t ion is as  
l ike ly  to  b e  wrong  a s  r ight :  one n e e d s  t o  think 
th rough  v e r y  care fu l ly  and i n  de ta i l  the p robable  
and  poss ib le  u s e s  t o  which a s y s t e m  wil l  b e  put,  
the advantages  which wil l  d e r i v e  f r o m  its employ-  
ment ,  a n d  the  a s s o c i a t e d  c o s t s ,  and  t o  e x p r e s s  
t h e s e  i n  a quanti ta t ive f o r m  which is cons i s ten t  
with the ob jec t ives  of s y s t e m  a g g r e g a t e s  a t  "higher"  
l e v e l s ,  a n d  i n t e r p r e t a b l e  a s  m e a s u r e s  f o r  
const i tuent  s u b s y s t e m s ,  a t  " lower"  l e v e l s .  

Clausewi tz5  put t h i s  v e r y  s imply:  

' I . .  . j u s t  as  i n  c o m m e r c e  the m e r -  
chan t  cannot  s e t  a p a r t  and  p lace  i n  
s e c u r i t y  ga ins  f r o m  one s ingle  t r a n s -  
ac t ion ,  s o  i n  w a r  a single  advantage 
canpot  b e  s e p a r a t e d  f r o m  the  r e s u l t  
of the whole. J u s t  as  the f o r m e r  
m u s t  a l w a y s  o p e r a t e  with the whole 
s u m  of h i s  m e a n s ,  so i n  w a r  only the  
f inal  to ta l  will  dec ide  whether  any  
p a r t i c u l a r  i t e m  i s  p r o f i t  o r  l o s s .  " 

Hitch6 h a s  r e m a r k e d :  

" The  c r i t e r i o n  f o r  'good' c r i t e r i a  i n  
o p e r a t i o n s  r e s e a r c h  is a lways  con-  
s i s t e n c y  with a 'good'  c r i t e r i o n  at  a 
higher  l eve l .  " 

C l e a r l y  the goal of ski l l ful ly  and  effect ively 
prov id ing  t h i s  m a j o r  t r a n s i t i o n  is beyond both the  
respons ib i l i ty  a n d  capabi l i ty  of t h e  s y s t e m s  a n a-  
l y s t  a lone .  He m u s t ,  however ,  b e  sens i t ive ly  
a w a r e  of the  impl ica t ion  on the  p e r f o r m a n c e  of h i s  

own s y s t e m  of s u p e r i o r ,  subord ina te ,  and  comple-  
m e n t a r y  s y s t e m s ,  and he m u s t  s e e k  t o  i n s u r e  t h a t  
he  d o e s  not,  th rough  ignorance  of t h e s e  i n t e r r e l a -  
t ionsh ips  and  suppor t ing  ac t iv i t i es ,  p r e v e n t  the 
a c h i e v e m e n t  of the  opera t iona l  f lexibi l i ty  and  
adaptab i l i ty  t h a t  is n e c e s s a r y  t o  a c c o m m o d a t e  the  
unforeseeab le  r e q u i r e m e n t s  of a f u t u r e  opera t iona l  
env i ronment  . 

A s i m p l e  solut ion is t o  be p r e f e r r e d  t o  a n  
"elegant"  solution; advanced  technology c a n  be  d i r -  
e c t e d  t o  s impl ic i ty  as  well a s  t o  complexi ty.  In the  
f inal  a s s e s s m e n t  the  c o m b a t  p e r f o r m a n c e  of a m i l -  
i t a r y  s y s t e m  wil l  be d e t e r m i n e d  by the  d e g r e e  t o  
which i t s  e l e m e n t s  con t r ibu te  t o  the a c c o m p l i s h -  
m e n t  of i t s  ob jec t ive ,  a n d  not by its technological  
sophis t i ca t ion .  

In the c o m p a r a t i v e l y  o r d e r l y  env i ronment  
of a d e s i g n  d e p a r t m e n t ,  i t  is difficult to  ful ly  ac- 
count  f o r  the degrada t ion  i n  combat  p e r f o r m a n c e  
of a s y s t e m  and of even sk i l l ed ,  mot iva ted  p e r s o n -  
ne l  which t a k e s  p lace  i n  a combat .  It  s e e m s  to b e  
diff icul t  f o r  a d e s i g n e r  t o  a c c e p t  the fac t  that  h i s  
s y s t e m  wil l  be as  often a t tacked  a s  at tacking;  t h a t  
i t s  abi l i ty  to  function while damaged  m a y  be  a s  i m -  
p o r t a n t  as  its abi l i ty  t o  o p e r a t e  in tac t ;  tha t  if i t  i s  
inf lexible  i n  scope of ut i l izat ion,  i t  c a n  be the 
wrong  s y s t e m  i n  t h e  wrong w a r  a t  the  wrong t i m e ,  
a n d  w o r s e- i t s  deve lopment  m a y  have consumed 
r e s o u r c e s  tha t  might  have  b e e n  ut i l ized f o r  the  
" right"  s y s t e m .  

F lex ib i l i ty  in  appl icat ion and  adaptabi l i ty  t o  

changing envi ronmenta l ,  tactical, and  opera t iona l  
c o n s t r a i n t s  a r e  p a r t i c u l a r l y  in ,por tan t  f o r  weapon 
s y s t e m s  f o r  p r o t r a c t e d  conflict,  w h e r e  s m a l l  
changes  i n  consumption of o n e ' s  own m i l i t a r y  r e -  
s o u r c e s  and those  of the  e n e m y ' s  m a y  cumula te  to 
dec i s ive  magni tudes .  
th i s  p a p e r  is d i r e c t e d .  

It is t o  such  s y s t e m s  t h a t  

In set t ing m e a s u r e s  of e f fec t iveness ,  one 
would p r e f e r  tha t  theory  b e a r  s o m e  c l e a r  and  well 
defined re la t ionsh ip  to the  usefu lness  of the m i l i -  
t a r y  s y s t e m  i n  i t s  opera t ing  environment:  in  b r i e f ,  
t o  its contr ibut ion to winning the  w a r .  But the con-  
cep t  of winning, which s e e m s  s o  c l e a r  when one 
s t a t e s  as  a n  object ive , "unconditional s u r r e n d e r "  , 
"the des t ruc t ion  of the e n e m y ' s  f o r c e s" ,  " the d e -  
s t ruc t ion  of the e n e m y ' s  will  t o  r e s i s t " ,  h a s  been  
difficult to  c o r r e l a t e  with the  ou tcomes  of many  of 
the " l imited w a r s "  of the p a s t  two d e c a d e s .  7 

The  p r o b l e m  w a s  well known to Clausewitz5 
who w r o t e  tha t  the  object ive of " d isa rming  of the 
enemy,  by no m e a n s  un iversa l ly  o c c u r s i n  p r a c t i c e ,  
n o r  i s  it a n e c e s s a r y  condition to  peace ,  ' I . .  . that  
" t h e r e  a r e  two things which i n  p r a c t i c e  c a n  take the 
p lace  of the  imposs ib i l i ty  of f u r t h e r  r e s i s t a n c e  a s  
mot ives  f o r  making peace .  The  f i r s t  i s  the i m p r o b-  
abi l i ty  of s u c c e s s ,  the second a n  e x c e s s i v e  p r i c e  to 
pay  f o r  i t .  " 

He added  tha t  c e n t r a l  t o  the " dec is ion  t o  
m a k e  peace  i s  the  cons idera t ion  of the expenditure 
of f o r c e  a l r e a d y  m a d e  a n d  f u r t h e r  requ i red .  As war 
is  no a c t  of blind pass ion ,  but is dominated by  the 
pol i t ical  object ,  t h e r e f o r e  the value of that  object  
d e t e r m i n e s  the  m e a s u r e  of the  s a c r i f i c e s  by which 
i t  is t o  be  purchased .  T h i s  will be  the  c a s e n o t o n l y  
a s  r e g a r d s  the extent  of these  s a c r i f i c e s  but a l s o  
t h e i r  durat ion.  A s  soon, t h e r e f o r e ,  as  the expendi- 
t u r e  of f o r c e s  b e c o m e s  s o  g r e a t  tha t  the pol i t ical  
object  i s  no longer  equal  i n  value,  th i s  object  m u s t  
be  given up, and peace  will  be the r e s u l t .  " 

The  impl ica t ions  f o r  m i l i t a r y  s y s t e m  evalu- 
a t i o n  a r e  c l e a r :  i n  a p r o t r a c t e d  conflict l imi ted  by 
c o n s t r a i n t s  on ob jec t ives ,  m e a n s  and opera t ions ,  
the  object  i s  t o  s e c u r e  and main ta in  a favorable  
t r a d e  of m i l i t a r y  r e s o u r c e s :  to  p r o g r e s s i v e l y  i m -  
prove o n e ' s  own s t r e n g t h  re la t ive  to  tha t  of the 
e n e m y  by combat  a s  well a s  by o ther  m e a n s ;  to  
r a i s e  f o r  h i m  the  p r i c e  of s u c c e s s  beyond tha t  
which he is  willing t o  pay. 

Operat ing C h a r a c t e r i s t i c s  of a Mil i ta ry  S y s t e m  i n  
P r o t r a c t e d  Conflict 

T h e  following p a r a g r a p h s  ske tch  a few of 
the cons idera t ions  in developing a m a t h e m a t i c a l  
model  of a m i l i t a r y  s y s t e m ,  re la t ing  opera t iona l  
cons idera t ions  t o  s y s t e m  p e r f o r m a n c e  p a r a m e t e r s ,  
and val idat ing the  model  aga ins t  operat ional  data .  
The  context  is that  of a t ac t ica l  a ir  opera t ion .  
spec i f ic  s y s t e m  i s  detai led,  s ince  the object  is t o  
i l lumina te  s o m e  of the  p r o b l e m s  of model  v e r i f i c a -  
tion, an: the re f lec t ion  of opera t iona l  data  into the 
ana ly t ica l  p r o c e s s .  

No 

T h e  tac t ica l  air  opera t ion  is visua l ized  a s  a 

p r o b l e m  i n  al locat ing r e s o u r c e s  a g a i n s t  c u r r e n t  
and  ant icipated r e q u i r e m e n t s  while maintaining a 
ba lance  of r e  s o u r c e  consumption a n d  rep len ishment ,  
T h i s  sugges t s  a logical  s t r u c t u r e  in  which a r e  i m -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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bedded subsystem performance  pa rame te r s ,  and 
which i s  amenable to validation against  operational 
exe rc i se s  and combat data.  

A distinction i s  made between operations 
which pay off "by the mission" (such a s  close air  
support) and operations (such a s  interdiction) 
which may have significant payoff only i f  s t r ike  ac-  
tivity i s  maintained above a threshold level  for  ex-  
tended periods of t ime.  An example of the l a t t e r  i s  
derived,  and the interrelat ionship of the objective 
with the sys tem p a r a m e t e r s  i s  discussed.  

An example of the use  of operational data to 
validate a n  element of the interdiction model- the 
vulnerability of a i r c ra f t  to  flak::-is given, and i t  i s  
shown how one may  work backward f rom the data to 
obtain the form of an exposure function which may 
a l so  be built up f rom weapon/ ta rget  charac ter i s t ics .  

Finally,  operational data on air to a i r  com-  
bat a r e  reviewed with the object of identifying c r i t -  
ical  p a r a m e t e r s  fo r  inclusion in a submodel of this  
phase of a i r  operations.  It i s  found-unexpectedly- 
that the performance of individual pilots i s  probably 
the most  important  of a l l  pa rame te r s ,  and that  the 
model must  explicitly account for  the variabil i ty in 
pilot skil ls .  

Resource Management, Allocation and 
Consumption 

The complete mi l i ta ry  sys tem includes the 
production facil i t ies of the "home frontl 'and the de-  
struction of r e sources  in  the combat zone. Each 
action of the operational fo rces  consumes r e sources .  
Even the simple decision to  sor t ie  a n  a i r c r a f t  on a 
t r a in ingmiss io i  resul t s  in the  consumptionof pe t ro-  
leum products,  maintenance man-hours  and sup-  
plies,  the possibility of l o s s  o r  damage to pilot and 
c rew by operational accident,  and, overall ,  the con- 
sumptionof r e sources  which might otherwise be used 
directly to reduce the enemy's  r e sources .  

The command p rocess  of each side seeks to 
s o  control  the consumption and destruction of r e -  
sources  in the engagement, the battle, the opera-  
tion, the campaign that friendly r e sources  a r e  in a 
continuously m o r e  favorable relationship to  enemy 
r e  sources .  

To a considerable extent, in peacetime, dol- 
lars m a y b e  u s e d a s  a commonmeasure  of r e sources .  
One may  compare  the r e su l t s  of investing a speci-  
fied number of dol lars  in pilot t raining o r  in air-  
craf t  production. But i n a  war which consumes pilots 

and a i r c ra f t ,  it m a y  resul t  that a i r c ra f t  can be r e -  
placed m o r e  readily than pilots, s imply because of 

the t ime required to t r a in  pilots. 

The decision to commit resources  in combat 
m u s t  be based,  therefore ,  not only on a peacetime 
dollar  cos t  bas is ,  but on a balance of " re tu rn  on 
commitment,  " and replaceability of consumed r e -  
sou rces .  The peacetime decision, although much 
m o r e  strongly based on do l l a r s ,  mus t  include con- 
s idera t ion  of war t ime consumption ra tes  and r e -  
placeability and the need to cushion war t ime con- 
sumption by peacetime inventory. 

Although one would like a " t ransfer  function" 

relating the values of the many kinds of resources  
(men,  ma te r i a l s ,  fuel, . . . ) required to develop, 
acqui re ,  and operate mi l i t a ry  sys t ems ,  such t rade-  
offs a r e  hard to come by. But shor t  of thef ina luse  
of "judgment!'  to se lec t  a p re fe r r ed  solution, tech- 
niques exis t  fo r  excluding those solutions-whichare 
less  des i rable  with regard  to a l l  of s eve ra l c r i t e r i a ,  
even though the c r i t e r i a  a r e  mutually competitive. 

A methodology for this prel iminary sc reen-  
ing has been given by Marshal1,g fo r  separating 
possible solutions into two c l a s ses ,  of which a l l  
solutions in one c lass  a r e  p re fe r r ed  to al lsolutions 
in  the second c l a s s .  

The weapon sys t em designer is happiest 
where he can  show that  his design i s  "best" within 
the "Marshal l  domain, " i. e. , it is has a higher 
"effectiveness" and a lower "cost" than all known 
competing sys t ems ,  and a grea t  dea l  of creative 
engineering has been successfully devoted to  p re -  
c ise ly  this satisfying objective. Unfortunately, not 
a l l  choices a r e  resolved at this stage.  

A famil iar  problem i s  that of choosing be- 
tween two sys tems for the s a m e  purpose,  one of 
which has  higher cost and higher effectiveness than 
the other.  Cost trade-offs a r e  beyond the scope of 
this paper;  it  suffices to observe that one does not 
make the choice without going beyond consideration 
of the specific sys tems and considering al ternate 
u s e  of the resources  comprising the i r  " cos ts .  " 

Resource consumption in extended c'onflict 
d i rec t ly  controls the planning horizon of the com-  
mander .  With the anticipated termination of the 
conflict an  indefinite t ime in  the future,  his force 
commitment mus t  include not only considerationof 
the immediate effect on the enemy, but also the 
need to maintain the strength of the force for future 
contingencies. 

F r o m  the point of view of the sys tems ana-  
lys t  and the sys tem des igner ,  this means  that the 
sys t em m u s t  be able to "live on the battlefield, " i t  
mus t  be designed with the expectation that it will 
be shot a t  and hit,  that i ts  supply of spa re  compo- 
nents will be interrupted and i t s  maintenance fa-  
ci l i t ies will be attacked. 
a te  in modes of progress ive ly  severe  degradation, 
and the p rocess  of res tor ing  a damaged sys tem to  
full operational capability mus t  not be excessively 
burdensome in manpower o r  logist ic support. 

It m u s t  continue to  oper-  

In the following model,  we build upon the 
concepts of r e source  allocation; trading consump- 
tion of one ' s  own re sources  against  destruction of 
those of the enemy; balancing immediate requi re-  
ments  against  those anticipated in the future;  a l l  
against  the backdrop of a protracted conflictwhose 
termination date i s  an  undefinable t ime in the 
future. 

Tactical  Air  Operations 

A tactical  a i r  force  s e r v e s  to ( 1 )  gain in-  
formation about the enemy, (2 )  des t roy  enemy 
forces  and supporting r e sources ,  (3 )  move friendly 
forces  and supplies by air. These functions a r e  
conventionally described a s  (1) air recon,iaissance, 
( 2 )  counterair  (including air s t r ikes  and a i r  de-  
fense),  a i r  interdiction and air support, and ( 3 )  

airl if t .  

"Also known a s  "Flugzeugabwehrkanone" 
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(COMPLETE SYSTEM 

PER FUNCTION, 

PREPARED DURING 

A-CONCEPTUAL AND 

B-PRELIMINARY DESIGN) 

(INDIVIDUAL ASSY 

OR "BLACK BOX"; 

PREPARED BY VENDORS) 

Emzzll:I,,, MECHANICAL PILOT INPUT 

-- - - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v=d- - - - - 1 HYDRAULIC ACTUATION 

V E i z - ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA:I:, 'I 
HYDRAULIC SUPPLY FUNCTION 

ELECTRO-MECH ACTUATORS, 

AUTO PILOT BLACK BOXES, 

HYDR' ACTUATOR, ECT. c 
(USE FORMAT B) 1 I 

FINAL SYSTEM FMEA 

(HARDWARE & "BLACK 

BOX" ORIENTED; PREPARED 

FOR PRODUCTION DESIGN) 

(USE FORMAT C) 

NOTES: 

1 

INTEGRATE SYST' FMEA'S 

INTO VEHICLE FMEA TREE 

1) FIRST CUT: USE ASSUMED FAILURE MODES (BASED ON EMPIRICAL & STATISTICAL DATA) 

2) SECOND CUT: UPDATE PER CHANGES FOLLOWING DESIGN REVIEWS, OR FOR 

CORRECTION OF DESIGN WEAKNESSES REVEALED DURING DVT OR QUAL' TESTS 

3) POSSIBLE UPDATE IN CONJUNCTION WITH WEIGHT REDUCTION PROGRAM, 
MODIFICATIONS REQUIRED DURING FLIGHT TEST PROGRAM, OR CUSTOMER REQUESTS 

PROCEDURAL SEQUENCE FOR PREPARATION OF FMEA FOR 
TYPICAL FLIGHT CONTROL SYSTEM FOR AIRCRAFT 

FIGURE 2 

FORMAT APPLICATION CODE (See Figure 3)  

Format A Simplified Functional FMEA. 
Format B: Individual Component/Assembly 

FMEA. 
Format C: Final Complete System FMEA. 

Col. 

1 "Item and Part Number. (Formats B and C) 

2 "Block Diagram Reference Number. ' I  (For- 
mats  A, B, and C) (Code number of item 
that appears in Logic Block Diagram denoting 
series dependency with the component o r  
system) 

scription of function item performs within the 
system; describe purpose and when needed; 
in the Format A, "System Function" column 
signifies "a complete major section, ' I  or  
function it performs as a complete subsystem 
(i. e. , "Hydraulic Supply Function, ' I  etc. ) 

4 "Assumed Failure Type. I t  (Formats A, B 
and C) (Most likely failure type, o r  mode, 
that can be assumed to occur) 

5 "Failure Cause. (Formats A, B, and C) 
(Description of possible, o r  most likely 
causes for  each "assumed failure") 

3 "Function. IT (Formats A, B, and C) (De- 

(opt) "Mission Phase. It  (Format C only) (For  
spacecraft applications; specify phase 

Col. 

of mission that failure occurs) (i. e., pre- 
launch, earth orbital, re-entry, etc. ) 

6 "Effects and Consequences. (Formats A, 
B, and C) (Effects in t e rms  of effect on 
component performance, for Format B, or  
effect on system, for Formats A and C) 

7 "Effect on Vehicle. I' (Formats A and C) 
(Describe effects of failure on vehicle, (air- 
craft or  spacecraft); state if "abort" re- 
quired, etc. ) 

"Failure Detection Methods" (Formats B and 
C) (How failure is indicated to an operator), 
(i. e. , cockpit gage, telemetry, etc. ) during 
ground tests, and/or in flight, o r  mission) 

9 "Compensating Provisions. ' I  (Formats A, 

8 

B, and C) (in component FMEA, Format B, 
state what has been done to minimize ad- 
verse effects during design and manufacture. 
In systems FMEA, Formats A and C, de- 
scribe redundant o r  alternate modes of op- 
eration that provide system with capability 
to continue the flight (or mission) 

(opt) "Probability of Failure. (Formats B and 
C) (A number denoting an estimated proba- 
bility of occurrence of the assumed failure. 
This column optional and generally useful 
in equipments where statistical failure rate 
data is readily available) 
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To simplify the discussion,  it is i n  the con- 
text  of ta rgets  to be attacked and destroyed.  

L e t  

V . = the "value" of the jth ta rget  

Va = the "value'j of a friendly 

tJ 

a i r c r a f t  

$ l j  = the probability that the a i r c ra f t  
will survive to at tack the jth 
ta rget  

G Z j  = the probability that the a i r c ra f t  

pkj = the probability that the a i r c ra f t  

will successfully r e tu rn  to base 

will acquire and kill the jth 
ta rget  

The cu r ren t  "values" of both ta rget  and 
airplane a r e  dependent on the tact ical  situation, 
and in actual  combat may be more  closely related 
to stocks,  replacement  r a t e ,  and ability to do 
damage than to  dollar  cost .  

In t e r m s  of the above notation, a f i r s t  ap-  
proximation to the "military" worth of an at tack 
on target  j may be writ ten a s  

where  

w. = destruction of enemy re sources  
' 

compared with reduction of own 
re sources ,  weighted by r e -  
source  value. 

Improving Eq.  ( 1 )  one may recognize that  
m o r e  than one airplane may be involved in the 
at tack,  with w '  nonlinear in the number of a i r -  

J .  
c ra f t  as shown In Figure 3 ;  the survival  probabil-  
i t ies  may be strongly dependent on an associated 
f lak-suppression mission,  the probability of lo-  
cating the ta rget  may be dependent upon a pr ior  
reconnaissance mission,  etc. Finally, other r e -  
sou rces  a r e  involved, in addition to the a i r c ra f t .  
A i rc ra f t  damaged but not destroyed must  be r e -  
paired,  the a i r c rew may be wounded, etc.  Even 
in the absence of enemy action, the decision to 
sor t ie  involves an  expectation of at tr i t ion to non- 
combat accidents.  And the value of some m i s -  
sions (such a s  interdict ion),  may depend c r i t i -  
cally upon sustained at tack,  day after  day. 

How can one get  a t  the "values" of ta rget  
and r e sources  consumed? Here  one re l ies  heav- 
ily on mi l i ta ry  judgment. But perhaps one may 

gain some insight by examining actual  allocations 
made in combat, in operational exe rc i se s ,  and in 
war  games .  Service doctrine,  in par t icular ,  i s  a 
distillation of mi l i ta ry  experience and judgment, 
and i s  often applicable to the est imation of ta rget  
pr ior i t ies .  A heur is t ic  value of Vt may, for ex-  
ample ,  be obtained for a pas t  situation as P - a ,  
where P i s  the ranking of the ta rget  type on a t a r -  
get  pr ior i ty  l i s t  and possibly 0 < a d 1. 0. Finally, 
a s  w i l l  be indicated, it i s  often possible to obtain 
useful, i f  r e s t r i c t ed ,  m e a s u r e s  without the ne- 
cess i ty  fo r  assigning specific values to V . 

t 

Figure 3. Effect of Defense on Required Strike Size 

Given judgments o r  es t imates  of value, 
one may then consider the allocation process  in 
two par ts :  the allocation of preplanned sor t ies ,  
and the withholding of so r t i e s  for "immediate" 
missions.  In the former  case  this involves, con- 
ceptually, allocating so r t i e s  to obtain maximum 
total mil i tary worth, w * 

P 

where S = total preplanned so r t i e s ,  and since the 
assignments of highest w' w i l l  be f i r s t  made,  w "' 
is concave downward w i d  increasing S 

P 
P 

P' 

However, an additional r e s t r a in t  in pro-  
t rac ted  conflict i s  

( 3 )  

and L i s  an "acceptable" loss  ra te  for the day, and 
may be established for each a i r c ra f t  type. 

L i s  related to the commander 's  need to 
maintain continued operations.  

If 

T = expected t ime to expend his force 

L = expected at tr i t ion r a t e  per sor t ie  

S = so r t i e s  per  day 

F = force size 

R = replacement r a t e  

Then 

T = F/ (SL-R)  (4) 

and the;e is  some value of T below which opera-  
tional activity will be reduced and/or  tact ics 
changed. 

In World War 11, the 8th Ai r  Force  accepted 
a sustained loss r a t e  of bombers  of 5- 7  percent 
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p e r  s o r t i e  f o r  month  a f t e r  month  with a resupply  
l o s s  r a t i o  1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 ; 9  Luftwaffe a t t a c k  on England  w a s  
hal ted by a l o s s  r a t e  under  5 p e r c e n t  with 
r e s u p p l y / l o s s  r a t e  l e s s  than 1. 0, l o  and a s h o r t  
t e r m  l o s s  r a t e  of 2 .6 p e r c e n t  of the B-26  in K o r e a  
with negl igible  resupply  p r o s p e c t s  c a u s e d  th i s  type 
t o  be taken  off opera t ions .  l1  T h i s  c o n s t r a i n t  i s  
ske tched  in F i g u r e  4. A f u r t h e r  l imi ta t ion  on high 
sus ta ined  l o s s  r a t e s  in  sp i te  of high r e s u p p l y  i s ,  
however ,  the a s s o c i a t e d  reduc t ion  in c r e w  m o r a l e  
and eff ic iency.  l 2  

Subjec t  t o  c o n s t r a i n t  ( F i g u r e  4), and hav-  
ing m a d e  a n  a l loca t ion  of s o r t i e s  within and a c r o s s  
potent ial  p rep lanned  m i s s i o n s ,  one m a y  expec t  
tha t  w':: plot ted a g a i n s t  Sp, with S 
r e p r e s e n t a b l e  by a c u r v e  concave downward,  i. e .  
with d imin ish ing  i n c r e m e n t a l  r e t u r n  p e r  addi t ional  
s o r t i e .  
m i l i t a r y  w o r t h  r e s u l t i n g  f r o m  s o r t i e s  withheld f o r  
u s e  a g a i n s t  an t ic ipa ted  " immedia te"  t a r g e t s  y ie lds  
a s i m i l a r  re la t ionsh ip ,  then depending on the func- 
t ional  f o r m s ,  t h e r e  m a y  be, a s  shown in F i g u r e  5, 
a n  op t imum f r a c t i o n  of s o r t i e s  t o  be  withheld for 
" immedia te"  m i s s  ions .  

vary ing ,  i s  
P 

A c o m p a r a b l e  e s t i m a t i o n  of expec ted  

KEV: @ 

piiiiJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
I 

PERFCXWNCE /. 
DEGRADATION , 

0 
0.05 0.10 

I U I l A l N I O  AVERAGE LOIS RATE ER SORTIE 

Figure 4 .  Loss Rates in P a s t  Air  Operations 

In fact ,  th i s  dec i s ion  i s  not n e c e s s a r i l y  
i r r e v o c a b l e .  Depending on the c o m m a n d e r ' s  
knowledge of the posi t ion of h i s  a i r c r a f t  i n  flight,  
and  h i s  abi l i ty  to  communica te  with them,  he may  
a s s i g n  a newly identified t a r g e t  a s  a n  add-on  to 
a n  in-flight p rep lanned  s o r t i e ,  o r  he m a y  d i v e r t  a 
prep lanned  s o r t i e  f r o m  a t a r g e t  of lower  value.  
He m a y  a l s o ,  if t a r g e t s  fo r  h i s  " immediate"  s o r -  
t i e s  d o  not m a t e r i a l i z e  in the expected n u m b e r s ,  
u s e  these  s o r t i e s  to  c lean  up unass igned  t a r g e t s  
f r o m  the "preplanned"  l i s t .  However ,  the e f f i -  
ciency with which this  rea l loca t ion  c a n  be done i s  
a function of the  dec i s ion  making,  posi t ion d e t e r -  
minat ion,  s t a t u s  main tenance  and communica t ion  
e l e m e n t s  of the c o m m a n d  and c o n t r o l  s y s t e m ;  it  
is, in  fact ,  a m e a s u r e  of e f fec t iveness  of these  
s y s t e m  e l e m e n t s .  

A poss ib le  fo rmula t ion  of a n  al locat ion 
a l g o r i t h m  for  the  p r o c e s s  of commit t ing  
" immedia te"  s o r t i e s  i s  the following: 

L e t  

X(t) d t  = the a p r i o r i  probabi l i ty  that  a 
r e q u e s t  fo r  a n  i m m e d i a t e  s o r -  
t i e  wil l  a p p e a r  in  d t  

S = s o r t i e s  ava i lab le  a t  the b e -  
ginning of the per iod  

s = s o r t i e s  r e m a i n i n g  a t  t 

w = m i l i t a r y  w o r t h  of a t a r g e t  

p(w,  t) = dens i ty  function of t a r g e t  
va lues  a t  t 

E(s ,  t )  = expec ted  m i l i t a r y  w o r t h  of s 
s o r t i e s  a t  t i m e  t.  

In the i n t e r v a l  d t ,  a t a r g e t  m a y  a p p e a r .  If 
i t  a p p e a r s  i t s  a s s o c i a t e d  m i l i t a r y  wor th  w i s  noted. 
An a i r p l a n e  is s o r t i e d  a g a i n s t  i t  i f  

E(s-1,  t) - E(s, t)  2 W 

I 

T 
N = A(t) d t  - 

0 

and E( s ,  t) is given by solut ions of 

w h e r e  

Now defining, w h e r e  T i s  the dura t ion  of the p e r -  
iod f o r  which planning i s  being done,  

T m  

- w = 1 / T  s s w p(w. t)dw d t  
0 0  

T h e  solut ion i s  of the f o r m  shown in F i g u r e  6 .  

( 9 )  

Figure 5. Choice of Prefe r red  Allocation 

300 



SORTIE 

I 
TARGET 
m i m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4- LIMITED 

Io- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
1.0 

EXPECTED NUMBER OF TARGETS/AVAILABLE SORTIES 

Figure 6.  Effect of Decision Process  on 
Value Destroyed 

A flow d iag ram of the complete allocation 
and reallocation p rocess  i s  shown in Figure 7. 
Mapped onto a sys t em configuration, with link 
and node capccit ies,  delays and other sys t em 
pa rame te r s  introduced, it i s  a further s tep  in de -  
riving m e a s u r e s  of the s t r ike  sys t em effective- 
nes s  a s  shown in Figure  8. 

The day 's  planning mus t  consider,  how- 
eve r ,  not only those reques ts  which may a r i s e  
during the day, but a l so  those of subsequent days,  
and those operations which r equ i r e  sustained 
effort  ( such a s  interdiction) day af ter  day, and 

perhaps,  week after  week. The daily allocation 
i s  therefore accomplished with consideration of 
long t e r m  a s  well a s  daily requi rements ,  and ( 2 )  
may be generalized to 

W" = Max z Z f [wj(t)] 

t s ( t )  

The model, a s  sketched he re ,  represents  
a considerable abstraction of reality. 
however, a la rge  number of experiments which 
may be performed to form the bas is  for an i m -  
proved, and possibly quite different model. F r o m  

it,  one may derive a l i s t  of operational pa ram-  
e t e r s  to be determined from exe rc i se s  and com- 
bat. 
elements which may be used a s  the bas is  for 
suboptimizations . 

It suggests ,  

It a l so  suggests  relationships among system 

PREPLANNED 
PLUS 

IMMEDIATES 
P I  LIS ... 

ADD-OP 

REPLANNED r 

OPTIONS 

Figure 8.  Effectiveness versus Allocation Options 

A L L O O I I  
S O l T l E S  K 0"lCOMES 

O U I C M S  

Figure 7 .  Sortie Allocation/Reallocation Process  
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Consider Eq. (1)  a s  applied to a single 
mission.  
t e r m s  of sys t em performance pa rame te r s  a6 
follows: 

Each  of the t e r m s  may be expressed  in 

@ flight path 
ECM 
flak suppressing f i re  
e s c o r t  
vehicle vulnerability 
stand - off weapons 
reconnaissance to locate enemy 

defenses 

pk target  location by reconnaissance 
CEP of navigation 
weapon effectiveness 
probability of finding target  
response  time: ta rget  location to 

s t r ike  

Va a i r c ra f t  cost ,  maintenance, operating 
cos ts  

recovery  of downed crews 

Even in the absence of a specific allocation 
of ta rget  value, sys t em 'as ses smen t  may be p e r -  
formed a s  descr ibed in the following section. The 
r e su l t  is that in the p rocess  one explicitly consid- 
e r s  interaction with enemy weapons, extended 
operations,  and r e source  consumption. 

It will be recognized that what has been 
presented  is only a hypothesized model a t  this 
stage. What i s  requi red  i s  testing against ,  and 
comparison with, combat data and exe rc i se s  to 
de termine  how it should be changed to adequately 
r ep resen t  rsal i ty.  

On Mili tary Worth and Target  Value 

Recognizing that mi l i t a ry  judgement i s  the 
final a rb i t e r  of relat ive ta rget  value, and the ac -  
ceptable p r i ce  to  pay f o r  ta rget  destruction,  i t  is 
s t i l l  relevant to a s k  to  what extent sys tems anal-  
ysis  i s  constrained by the prec ise  values to in se r t  
in Eq. ( l ) ,  and i t s  m o r e  genera l  forms.  

Within a given miss ion  c l a s s  the problem 
i s  minimal.  We recognize two ex t r emes  

(1) The t a rge t  value far exceeds the value 
of the a i rcraf t :  Then one designs the sys tem,  and 
the tact ics to maximize  alpk. 

( 2 )  The target  is  sufficiently important  to 
at tack,  but reattack is  acceptable,  o r  the ta rget  
type exists  in sufficient quantities that  one wishes 
to maximize the number of ta rgets  destroyed pe r  
a i r c ra f t  lost. Then one seeks  to maximize  

d lPk / ( '  a102). 

An example of (1)  is a Kamikazi attack on 
an a i r c ra f t  c a r r i e r .  As a n  example of (2) :  I n  July 
of 1952, Fifth Ai r  Fo rce  f ighter  bombers in Korea  
had been losing a i r c r a f t  to enemyact ionfas ter  than 
they were  being replaced,  with m o s t  l o s ses  to 
ground f i r e  a t  altitudes below 2500 feet. 
m u m  altitude of 3000 feet  for  fighter bomber at- 
tacks was therefore  established,  reducing pk, but 
increasing @ 

battle damage).  

A mini-  

a@ a2 (and a l so  reducingnon-lethal  

In  both c a s e s ,  one has a measu re  of sys tem 
effectiveness for a single miss ion  c lass  which i s  
independent of ta rget  value. 

It is 'also possible,  subject  to additional 
modeling assumptions which must  be verif ied by 
experience and experiment,  to obtain combined 
m e a s u r e s  of effectiveness against m o r e  than one 
target  type; an  example follows. 

Consider f ighter-bombers which may  be 
used in s t r ikes  against enemy a i r  o r  ground troops.  
Two s ides ,  "Odd" and "Even" have x l ,  xz menand  
x3,  q a i r c ra f t ,  with respective fractions f3, f4 of 
air so r t i e s  allocated against enemy a i r .  The mean 
ra te  a t  which (1 )  a i r  destroys a i r  i s  f ka, ( 2 )  air 
kil ls  ground troops is  (1 - f )  kg, and (3) ground 
troops kill enemy ground troops is Men and 
a i r c r a f t  a r e  replaced a s  they a r e  los t ,  s o  that the 
force  s i zes  remain  constant, r represents  r e -  
placement ra te ;  noncombat at tr i t ion r a t e  i s  h .  
The combat equations a r e ,  with some generality, 

km. 

r4 = f k (x  x ) t k4x4 
3 a3  3' 4 

and the model is  outlined in  Figure 9. 

The object of a i r  i n  this ca se  i s  assumed 
to be to support  the ground action; the common 
m e a s u r e  of effectiveness i s  t roop casualt ies.  Now 
a n  a i r c ra f t  may fly a thousand so r t i e s  before it i s  
lost  to noncombat causes ;  in Korea,  close air s o r -  
t i e s  yielded on the average about 2 t roop casual-  
t ies  pe r  s o r t i e , l l  hence, an  unopposed enemy a i r -  
craf t  m a y  produce 2000 t roop casualt ies during its 
ope rat ional  life. 

This expectation can  be reduced bycounter -  
air operations. Let  

M1 = Even troop casualt ies produced by 
both a i r  and ground of Odd during 
combat life of an Odd a i rcraf t .  

M2 = comparable rat io for  Even. 

Consider the ra t io  M1/M2 and a s sume  that  Odd 
wishes to maximize this and Even to minimize it. 
It i s  readily determined that  a saddlepoint exists ,  
s o  that  t he re  i s  a n  optimum counterair  allocation. 
It i s  

f 4 * = (;ji1 + (e) -($)I (12) 

and the relationship i s  plotted in Figure  IO. 

Note that  the m o r e  effective ground is  i n  
producing enemy casualt ies,  the l a r g e r  the f r ac -  
t ion of a i r  that  is devoted to attacks on enemy air. 
Conversely,  the higher the self-at tr i t ion of enemy 
air to noncombat causes ,  the higher the allocation 
of fr iendly a i r  to close air support. 

f4': and f3" substituted back into M1/M2 
yield a m e a s u r e  of effectiveness which includes 
both k and kg-a i rcraf t  effectiveness per  sor t ie  
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i n  the countera i r  and close air support  roles- with 
the interrelat ionship of both to the ground force  
effectiveness k in  addition. 

m 

Figure 9. Counterair/ Close Support Options 
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Figure 10. Allocation of Sorties Between 
Counterair and Close Support 

This approach i b  subject  to verif icat ion of 
the assumpt ions ,  the model ,  and the m e a s u r e  of 
effectiveness.  Eq. (11) i s ,  o r  cour se ,  much too 
s imple ;  the l i s t  of omissions includes reconnais-  
sance ,  flak and surface- to-air  m i s s i l e s ,  a i r - to -  
air combat,  the possibil i ty of secur ing  complete 
a i r  sup remacy ,  e tc .  The "k ' s"  will v a r y  with 
t ime not only because of possible changes in fo rce  
s i ze ,  but a l so  because of change i n  the ground 
situation. What one needs to do i s  to examine the 
decisions actually made in  operational  exe rc i se s  
and combat,  the information on which the deci-  
sions w e r e  based,  
appropriately.  

and to modify the model  

As the model  becomes m o r e  complex, the 

derivation of decision algori thms such a s  (12),  by 
optimizations performed within the assumptions of 
the model and its s t ruc tu re  becomes m o r e  com- 
plex.15 D r e s h e r ' s  publications13 a r e  par t icular ly  
illuminating in this r ega rd ,  and the monumental  
work of 1 ~ a a c s . l ~  has provided.an approach and 
methodology which may  be a s  productive in con- 
flict analysis  a s  that  of Pontr iagen and Liapounoff 
have been i n  control  theory.  

An Interdict ion Model 

The d iscuss ion  of so r t i e  allocation thus f a r  
has emphasized the sho r t  t e r m  allocation/payoff 
relationship. As  a basis  for  discussing some  of 

the considerations involved in an  extended opera-  
tion, the single miss ion  of interdict ion against a 
transportat ion sys t em in  Korea  will be reviewed. 

Between August 1951 and May 1952, FEAF 
flew about 90, 000 interdiction sor t ies  in Korea 
with the object of preventing the Communists f r o m  
stockpilin 
offensive.?l Essential ly,  the object was to cur ta i l  
the enemy commander ' s  planning horizon T ,  

sufficient supplies to mount a ma jo r  

stocks 
(consumption - resupply) 

T =  

by making resupply ra tes  essential ly zero .  

This required not only stopping r a i l  traffic, 
but keeping the r a t e  a t  ze ro  for an  extendedperiod,  
and considering the possibilities of trucking and 
porting around r a i l  cuts ,  it was considered in 
re t rospect  that  2 0  cuts maintained for  a yearwould 
have been required."  

Experience in WW II had been that  8 to 9 
f ighter-bomber so r t i e s  were  required p e r  cut, 
with about 5 hours required by the enemy to r e -  
pa i r  the cut. In Korea 4 to 14 so r t i e s  were  r e -  
quired e r  cut, with 2 to  6 hours required to r e -  
pa i r  it.p1 To maintain a ca t  thus, would require 
about 50 so r t i e s  p e r  day, o r  about 1500 so r t i e s  p e r  
month. 
9000 so r t i e s  p e r  month, hence,  could and did main-  
ta in  6 cuts in the 6 0 0  miles  of t rack .  
132 heavy ant ia i rcraf t  guns and 708 automatic 
weapons to  protect  the t r ack  and bridges,  the 
Communists were  able to inflict at tr i t ion which, 
resulted i n  loss to the Fifth Ai r  F o r c s  of 243 
fighter-bombers and ma jo r  damage to 290 other 
tac t ica l  a i r c ra f t ,  over the August - May period,  
i n  compensation for  which only 131 replacement 

a i r c r a f t  had been received.  l 1  For  every a i r c ra f t  
destroyed about 8 were  damaged by flak. The 4 
mi-les per  gun defense was thus able to produce an 
average  lo s s  plus ser ious  damage r a t e  of 0. 006 
per  sor t ie ,  which together with the deficient r e -  
placement r a t e  l imited the 300 a i r c ra f t  FEAF in- 
terdict ion force to a life expectancy of only 5 to  6 
months, with progress ive ly  decreas ing  capability. 

The required force size andcost  in a i r c ra f t  

The UN forces  had a capacity of about 

By placing 

alone of such a campaign may thus be writ ten 

Replacement A/C = 'I(cuts/day)(sortie s/cut)(los s/sortie) 

( 13a) 
Required Force  = (cuts  /day)( sor t ies /cut )  

( so r t i e s  /day/A / C) 

where T i s  the duration of the operation. 

When ant ia i rcraf t  defenses were  light, i t  
was possible through pr ior  reconnaissance to lo-  
cate and then at tack undefended s t re tches  of track: 
this was no longer possible when the t r ack  was 
uniformly defended. 

Examing Eq.  (13) above, one obtains a 
d i r ec t  relat ionship to sys tem performance:  

Sor t ies /cut  depends on payload, weapon 
effect ,  accuracy of navigation, abor t  ra te .  

L o s s / s o r t i e  depends on reconnaissance of 
enemy defenses,  flak suppression,  e sco r t  
effectiveness, a i r c ra f t  vulnerability. 
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Sor t i e s /day /A/C  depends on A / C  maintain-  
ability and rel iabil i ty (availability), and a 
bas is  exis ts  for relat ing effect, r e source  
consumption, and sys t em performance 
pa rame te r s .  

The principal  c-use of l o s s  of a i r c ra f t  in 
this campaign was ant ia i rcraf t .  In further detai l-  
ing of the model, a flak submodel is required.  The 
following paragraph discusses '  some of the u s e s  of 
combat data a s  an input to such a model. 

An Ant ia i rcraf t  Model 

Weapons employed against  a i r c ra f t  accom-  
plish damage in a var ie ty  of ways. 
and machine guns f i re  ball,  a r m o r  piercing,  and 
incendiary projecti les which m u s t  s t r ike  the a i r -  
plane to  damage it.  Intermediate caliber auto-  
mat ic  weapons f i re ,  in addition, high explosive 
rounds which bu r s t  on impact  with the a i r c ra f t .  
La rge  caliber guns f i re  projecti les which a r e  
fuzed to burs t  i n  the vicinity of the ta rget ,  sp ray-  
ing it with f ragments ,  a s  do some  mis s i l e s .  

Small  a r m s  

F o r  brevity,  only fragmenting projecti les 
wil l  be considered he re .  

The "clas sicall '  method of building a n  anti- 
a i r c ra f t  model  i s  to construct  it f ragment  by f rag -  
ment ,  she l l  by shel l ,  gun by gun, ta rget  path by 
t a rge t  path, etc.  Here  we choose the relat ively 
unexploited approach of working back f rom com-  
bat  data,  but guided by the genera l  fo rm of the 
c l a s s i ca l  method. 

The problem may  be considered i n  two 
(1) the probability _P that  the airplane i s  par ts :  

exposed to flak at all ;  ( 2 )  the probability that spec -  
ified t a rge t  elements a r e  disabled,  given that  they 
a r e  exposed to the fragment spray .  

We recognize two categories of components: 
(1) components such that i f  one is hit,  the a i r c ra f t  
i s  lost ,  ( 2 )  components which, i f  hit, may  cause 
performance  degradation,  but not loss of the a i r -  
craf t .  Components of the f i r s t  category a r e  not 
usually available for  inspection on returned and 
damaged a i rcraf t .  
ponents may  cause  the loss  of the a i r c ra f t  i f m o r e  
than one i s  disabled,  but not if only one i s  d i s -  
abled; f o r  these abbreviated notes we do not r ec-  
ognize the c a s e  explicitly- the analysis  of combat 
data then provides a n  equivalent "singly vulner-  
able '  ' component. 

It i s  possible that some com- 

Each  component has  a projected a r e a  pe r -  
pendicular  to  the direction of approach of a n  im- 
pacting fragment.  
component, the product of a r e a  by probability that 
a hit disables the component i s  designated a s  t e 
"vulnerable a rea"  o r  "~erletzlichkeitskugel"lgof 
the component. 

Not all hi ts  will disable the 

If a component i s  caught within the f r ag-  
ment  s p r a y  of a shell ,  the probability that it r e -  
ceives exactly j disabling hits is taken a s  

H .  = Ecj / j !  e -Ec  
J 

where  Ec depends on fragmentation density, 
bu r s t  distance,  and component vulnerable a rea .  

If the component i s  exposed to "n" flak bu r s t s ,  
each with different Eck,  the brobability of ex- 
actly j disabling hits  i s  identical to (14) butwith 
Ec  replaced by 

(15) E =  Z E  
n ck 

Consider a l a rge  number of sor t ies  in which 
a i r c r a f t a r e  exposed toflak.  E will vary  f rom s o r -  
tie to sor t ie  and may  be considered as  drawn f r o m  
a distribution whose density function is  p(E)  dE. 
The case  we consider is  generally that of heavy 
weapon f i r e  against  high altitude (10-20,000 feet)  
level  flying a i rcraf t .  This case ,  of course ,  de- 
scriptive of only a portion of the flak spectrum. 

Published data on combat damage to B-17 
a i r c ra f t  in World War I1 f rom German 88- mm flak 
provide the following information:17 (1) loss ra te  
of a i r c ra f t  per  so r t i e  (about 1 percent  of which 0.6 
was t o  f lak),  ( 2 )  number of a i r c ra f t  returning with 
exactly 1 ,  2 , 3 . .  . crew casualt ies (out of 9 total 
c rew) .  

We therefore recognize two c l a s ses  of com- 
ponents, of total vulnerable a r e a  A, of which a hit 
on one c l a s s ,  ( a  fraction fv  of the total) causes lo s s  
of the a i rcraf t ,  while hi ts  on the second c l a s s  ( f rac-  
tion f c  of total a r e a )  produce crew casualt ies.  
E i s  the expected density of fragmentation to which 
A i s  exposed on a given so r t i e ,  we have, ignoring 
multiple hits on eachman,  a s  a f i r s t  approximation, 

If 

m .  
- E  

-J  H. = f c  j / j ! J  EJ e p (E)  dE 
0 

as  the probability that a returning a i rcraf t  bears  
exactly j crew casualt ies.  

Recognizing that  p(E) contains a delta func- 
tion at E = 0 (the a i r c ra f t  has a finite probabilityof 
no exposure),  write 

p(E) = Q ; E = 0 

p(E)  = P g(E)  ; E > 0 ; P t Q = 1. 0 

Define 

m 
- s E  

x(s) = 0 e g(E) dE ; X(0)  = 1. 0 

then 

Ho = Q t P X ( l )  - 

and 

m 

since X(?) = 1. 0 

a, 

x ( f c ) - J  gj = 1 . 0  

j =o 

and since the +j  a r e  given by the combat data,  f c  
m a y  be computed. 
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It was observed that  the H. fo r  j > 0 could 
be fitted by -J 

~ . = z a x J  
k k  -J k 

two t e r m s  being adequate. 
puted, and taking the inverse  Laplace Transform,  
p(E)  i s  obtained. 
shown in Figure  11. 

Then X(s)  i s  easily com- 

The result ing density function i s  
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Figure 11. Distribution of Exposure to Fragmentation 

The computations indicate a value of 
f c  = 0.8;  a m a n  has an average  projected a r e a  of 
about 4 f t2,  hence the corresponding es t imate  of 
the equivalent singly vulnerable a r e a  of a B- 17 to 
88- mm flak i s  10 f t 2 .  The derived es t imate  of a i r  
c raf t  exposure is 0. 34 this is consistent  with the 

separa te ly  given combat resul t  that  about 0 .  23 of 
a l l  B-17 so r t i e s  re turned with flak damage (all 
par ts  of the a i r c ra f t  considered).  9 

bilities that various components contributing to air- 
craf t  effectiveness a r e  incapacitated, and the effect 
on miss ion  performance and r epa i r  requirements.  
One may  a lso  determine the effect of duplicating 
components. An example of the la t te r  i s  given in 
Figure  12. Two schematic a i r c ra f t  a r e  shown. One 
has a vi tal  component ( loss  of a i rcraf t  i f  hit) and a 
non-vital component of equal a r e a .  The curve 
shows the number of hits on the non-vital a r e a  
(which must  be repai red)  ve r sus  the probability 
that  the airplane i s  lost .  Next, the vital  compo- 
nent i s  duplicated (both mus t  be hit to cause a i r -  
craf t  loss) .  F o r  a given flak density m o r e  of the 
second c lass  of a i r c ra f t  survive ,  & m o r e  r e tu rn  
with damage to be repaired.  If both types a r e  em-  
ployed to the same  loss ra te ,  the amount ofdamage 
to be repai red  on returning,  less  vulnerable a i r -  
craf t  i s  increased by a factor of a s  much as  five. 
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A buildup of X ( s )  f r o m  shel l /gun/ target  
charac ter i s t ics  yields X ( s )  in t e r m s  of number of 
rounds f i red ,  and standard deviations of the burs t  
pattern.  

Comparing such a n  X ( s )  with that  derived 
f rom the data it i s  possible both to infer  additional 
charac ter i s t ics  of the ant ia i rcraf t  sys t em,  and to 

compute the effect of changes in number of guns 
f ir ing,  accuracy,  etc.  The wr i t e r  was tempted,  
a p r io r i ,  to approximate p(E)  by a log-normal d i s -  
tribution. F igure  11 indicates howunrealist ic  such 
an  assumption would have been. 

An interest ing charac ter i s t ic  of the B-17 
data i s  that  the number of a i r c ra f t  with multiple 
casualt ies cannot be computed rel iably f r o m  the 
average  number of casualt ies pe r  a i r c ra f t ,  by a 
simple Po i s son  relationship. Aircraf t  that  a r e  hit 
tend to get " more  than the i r  sha re ,  " i n p a r t  because 
of the inve r se - squa re  relat ionship of f ragment  den- 
s i ty ,  in par t  because of the wel1known"aimwander" 
effect of predicted gunfire. 
tribution includes this effect simply. 

The data-derived dis 

Applications 

Having typical  distributions of f ragment  
density one may  proceed to de termine  the proba- 

Figure 1 2 .  Expected Data on Surviving Aircraft 

I t  is fhus possible,  unless advance prepara-  
tions a r e  made,  that a reduction in vulnerability of 
a i r c ra f t  to battle damage,  s o  that m o r e  airplanes 
survive ,  m a y  be la rgely  negated in combat 
effectiveness i f  r epa i r  facil i t ies cannot promptly 
handle the returning,  heavily damaged a i rcraf t .  

Air- to-Air  Combat 

Aircraf t  a r e  los t  to enemy a i r c ra f t  as  well 
a s  to flak. Data on pas t  a i r  combat was therefore  
examined to de termine  a basis  for  a model of this 
phase of a i r  operations.  In  attempting to develop 
a n  analytical  model to represent  the Battle of 
Britain,  the author found that there  was a s t rong 
indication that each side los t  a i r c ra f t  in proportion 
to the number committed to the a i r  battle, re la-  
tively independently of the number of enemy a i r -  
c ra f t  present .  
in a l l p a s t  war s  involving extensive a i r- to- a i r  com- 
bat, a sma l l  number of pilots - the aces-  were  r e -  
sponsible for  m o s t  of the kil ls .  
hypothesized that f ighter  force  capability depended 
on the performance  of a few top pilots ra ther  than 
numbers of pilots and attention was shifted to mea-  
su res  of pilot performance.  The following routine 

was employed to obtain a m e a s u r e  of pilot 
effectiveness: 

At the same  t ime it was noted that 

I t  was therefore 

A "decisive combat" is  defined as  one in 
which a pilot is  e i ther  killed o r  adds one to his 
s co re .  
dent on consistency of the scoring sys t em and the 
resul t s  depend on the mix of enemy a i r c ra f t  types.) 

(It i s  recognized that the method is  depen- 
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Then the flow diagram of Figure 13 t r aces  the pro-  
g r e s s  of a pilot f rom his f i r s t  combat through his 
las t .  
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Figure 13. Fighter Pilot Activity Flow 

Let  

T.  = 
J 

K .  = 
J 

R .  = 
J 

c. = 
J 

Pj = 

s .  = 
J 

total  number of pilots, living and 
dead with sco re  "j" 

number of pilots KIA by enemy 
a i r c r a f t  with s c o r e  I ' j"  

number of pilots leaving combat, 
other than KIA in a i r  combat, 
with s c o r e  "j"  

number of pilots entering the i r  
j th  decisive combat 

probability that a pilot will be 
killed in  his j th decisive combat 

C Ts = total  number of pilots 
s>j  living o r  dead w i t h g  (24)  

l ea s t  s c o r e  j 

and 
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Figure 14. Fighter Pilot Lo88 Rate versus Score 

The question immediately a r i s e s  whether 
the initial decline in  p withscore  represents  learn-  

ing, o r  the elimination of the leas t  skilled pilots. 
An improvement factor of twehty in five " t r ia ls  by 
combat ' '  s eems  less  likely to the wr i t e r  than the 
hypothesis that Figur,e 14 represents  the survival  
of the f i t test .  

Since a pilot 's  "score"  includes reconnais- 
sance a i r c ra f t  and bombers a s  well a s  fighters, the 
records  were  examined to see whether the high 
sco res  were  based largely  on "sitting ducks. ' I  

This was found not t o  be the case ;  a fair est imate 
appears  to be that on the average  a pilot 's s co re  
contains both f ighters and other a i r c ra f t  in fa i r ly  
equivalent numbers.  If non-fighter a i r c ra f t  a r e  
eas i e r  t a rge t s ,  therefore,  the descent of the "p" 
curve in a pure fighter environment would be even 
s t eepe r ,  by a factor of perhaps 2.  0. 

The following analysis was therefore p e r -  
formed. It was assumed that the capability of a 
pilot entering combat could be represented by a 
value " s , "  the probability that he wobld survive a 
decisive combat, and that " 6 "  charac ter ized  his 
sk i l l  and changed insignificantlyin su t ces s ive  com- 
bats.  (A modified model might of course allow fo r  
some learning.)  The fractionof pilots of capability 
" s "  i s  described by the probability density function 

p. = K.  / ( S .  t K .  1 )  
J J - l  J J -  

f ( s ) .  
that a l l  pilots r ega rd le s s  of skill,  had a n  equal 
probability of leaving combat. Define 

Between decisive combats it was assumed 
(25 )  

Although a modera te  amount of information 1 .  

vj = sJ f (s )  d s  (26)  i s  available on Aces ,  
only th ree  organizations which permi t ted  compu- 
tation of pj for  pilots with sco res  of 1 to 4. These 
were  Richthofen's Jagdgeschwader N r .  1 , z o  and 
American pilots serv ing with the F rench  (including 
the Lafayette Escadril1e)Zl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 22  in World W a r  I, 
and Jagdgeschwader JG  26 i n  World W a r  I123 for  
these three  organizations,  p i s  plotted against  

19 data was located on 
0 

i. e .  this  is the expected fraction of the ini t ialforce 
surviving "j" decisive combats. SubjeCt to the addi-  
tional assumption O f  equal probabilities of with- 
drawal between combats,  

(27)  sco re  in Figure  14. J p. = 1 - ( v . / v  ) 
J J - 1  J 

The initial a lmost  ver t ica l  drop in proba- 
bility of being killed between decisive comlSats one hence 

and five was completely unexpected. j 
v. = n (1- (28)  

J 1 
The v,alue of about 0. 0 2  in the range 10-30  

is  consistent  with s imi l a r ly  computed values for 
American Aces in World W a r  I1 and Korea ,  which 
fe l l  in the range 0 .  01 to 0. 03. 

and V j  can be computed f r o d  the data. 
vj a r e  the momefits of the dfdttibution f(s), f ( I )  
may be computed f rom them and this ha8 beenuone. 

Since the 
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F i g u r e  15 shows f (s )  plotted aga in s t  p roba-  
bility of being ki l led,  (1  - s ) .  The U- shaped d i s t r i bu-  
t ion i s  su rp r i s i ng- the re  seem to be few " average"  
f igh te r  p i lo t s .  Again, a n  in i t i a l  conjec ture  tha t  the 
d i s t r ibu t ion  might  be no rma l ,  tu rned  out  to  be 
unsupportable.  
probabil i ty  dens i ty  function shows tha t  for  th i s  d a b ,  
a t  b e s t  fewer  than  15 pe r cen t  of the  pi lots  had a 

be t t e r  than  even  chance  of surviving t h e i r  first 
combat .  

F i g u r e  16 which cumula t e s  the 

UNITED STATES 

m 
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MI 
2 94 

ENGLAND 562 314 

GERMANY 497 2568 

Figure  17 .  Total Scores  of Top Ten Aces  
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Figure  15. Probabili ty Density Function of 
Pilot  Pe r fo rmance  

PROBABILITY (P) OF BEING KILLED IN "DECISIVE COMBAT" 

Figure  16. Cumulative Distribution Function of 
Pi lo t  Pe r fo rmance  

Next examining the s c o r e s  of the  top t en  
f igh te r  pi lots  of s e v e r a l  coun t r i e s  i n  both wor ld  
w a r s ,  F i g u r e  17 shows the t r emendous  contr ibut ion 
of a s m a l l  numbe r  of men.  The  high r e p o r t e d s c o r e  
of the G e r m a n  Pi lo t s24  (which will undoubtedly be  
the subjec t  of a r g u m e n t  a d  inf ini tum) becomes  plau- 
s ib le  when one c o m p a r e s  t h e i r  va lues  of "p" and  
t h e i r  loss  rate, i n  F i g u r e  18. 
0 .02  ( typical  of a l l  A c e s  of all coun t r i e s )  and  no 
rotat ion,  the expec ted  number  of k i l l s  p e r  Ace  
be fo r e  he is shot  down i s  50 to  100, and  individuals  
with s c o r e s  of s e v e r a l  hundred  are  not unexpected. 

With "p" of 0 . 01  to 
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@ P  
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UNITED STATES - AF/EW(OPE 10-28 0.015 

UNITED KINGDOM - RAF 20-38 0.024 

GERMANY - JG-26 10-30 0.018 
31-197 0.009 
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Figure  18. Comparison of Single Combat 

Loss Kate and Cumulative 

A s chema t i c  model  of air- to-air  combat  now 
sugges ts  itself. At the s a m e  t ime,  i t  i s  in te res t ing  
to  cons ide r  the effects  of a policy which u s e s  com-  
ba t  outcome as a b a s i s  f o r  upgrading ave rage  pi lot  
skill .  F o r  th i s  pape r  it is a s s u m e d  t ha tbo th fo r ce s  
opera te  f r o m  sanc tuary  b a s e s ,  tha t  only f igh te rs  a r e  
involved, a n d  tha t  one s ide a t t emp t s  to  r e s c u e  its 
pi lots  who surv ive  the l o s s  of t h e i r  aircraft. The 

model  is  d i ag ramed  i n  F igu re  19. 

OWN F a c t  C O M Y l  

Figure  19.  Air- Ai r  Combat Activity Flow 

It is fur ther  a s sumed  tha t  t he r e  a r e  only two 
c l a s s e s  of p i lo t s ,  "Hawks" and "Doves, ' I  that  Hawks 
r e p r e s e n t  10 pe rcen t  o f r ep l acemen t  pi lots  and can -  
not be ident if iedbefore combat .  Combat  takes  place 
between two aircraft at a t i m e ;  the probabil i ty  tha t  
e ach  comba t  involves Hawks, Doves, o r  one of 
each ,  is propor t iona l  to  t he i r  represen ta t ion  in  the 
individual forces .  Hawks a lways  shoot down Doves, 
and  a Hawk h a s  a n  even chance aga in s t  a n  enemy 
Hawk. Combat  between Doves r e s u l t s  i n  no loss .  
F o r c e s  on both s i de s  a r e  equa l ,  and  aircraft and  
pi lots  a r e  r e p l a c e d a s  they a r e  los t .  P i l o t s  may  s u r -  
vive the l o s s  of t he i r  a i r c r a f t  with specif ied proba-  
b i l i t i es .  (Some G e r m a n A c e s  o f w o r l d  W a r  H a r e  r e -  
por ted  to have been shot  down s ix  t imes  o r  m o r e  
and survived.  ) 
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Rescuing pilots recovers  the investment in  
training, but does not improve force effectiveness 
drastically,  unless coupled with a selection pro-  
cess .  It is therefore further assumed that each 
rescued pilot with a score  of one o r  more  re turns  
to combat; but that rescued pilots shot down with- 
out score a r e  t ransferred to noncombat flying 
duties. 

The resul t  of this selection process  is a 
substantial increase  in  the effectiveness of the 
force employing it, with Figure 20 showing the 
results .  If 80 percent of pilots survive the loss of 
thei r  a i r c ra f t  and a l l  a r e  rescued, with those hav- 
ing pr ior  scores  returning to the combat, the force 
effectiveness is tr ipled in a sustained combat. 

PROBABILITY OF SUCCESSFUL RESCUE OF SURVIVING PILOTS 

Figure 20. Effect of Rescue Plus Selection 
Doctrine on Force Effectiveness 
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PROBABILITY OF RESCUING SURVIVING PILOTS 

Figure 21. Effect of Rescue Plus Selection 
Doctrine on Pilot Replacement, Rate 

Figure 21  shows the required pilot replacement 
ra te .  Figure 21 may be mislkading: the new pilots 
required per  downed enemy ai rcraf t  depends only 
on the rescue ra te ,  to a f i r s t  approximation. 

On the other hand, i f  the precombat t ra in-  
ing and screening process delivers only "Hawks" 
to one side, that side may have a 1O:l sustained 
exchange ratio, a t  all t imes.  

Discussion of Air- to-Air Combat 

The foregoing analysis and model has said 
nothing about equipment characterist ics.  
c l ea r  that both equipment and men a r e  vital. 
longed major  wars in  the past have tended to wit- 
ness the development of a i rcraf t  of compatible per-  
formance on both sides.  In all wars  these differ- 
ences have been f a r  overshadowed by the perfor- 
mance of Aces, as  individuals. 

I t  is 

P r o -  

Before Korea it was believed thata i r- to-ai r  
combat between fighter a i rcraf t  was obsolescent, 
o r  would be combat between machines, gun sights, 
and computers. Events turned out otherwise. The 
wri ter  suggests that the increasing complexity of 
equipment, and the incredibly demanding environ- 
men t  of air combat will only reduce to even smaller 
numbers, those individuals who can mas te r  their  
equipment and the combat environment, and whose 
presence as  dozens, within a force of hundreds, o r  
thousands, will be decisive. 

It seems c lear ,  in addition, that any real-  
is t ic  a s sessment  of the capabilities of projected 
equipment must properly account for  the variability 
of individual performance, and allow the selection 
and maximum exploitation of the r a r e  capabilities 
of the best operators,  while raising to a maximum 
the performance of the l e s s  skilled. Conversely an 
attempt t o  a s s e s s  the performance of equipment 
must  co r rec t  for the variability of the humans who 
operate it. 

Conclusion 

This paper has proceeded from abroadd i s -  
cussion of the objectives of systemanalysis through 
the outlining of the structure of a large and complex 
operation to the development of specific submodels 
and their interrelationships to combat data, and to 
system performance parameters .  

In W a r  and Peace TolstoyhadPrinceAndrew 
remark: 

"What theory and science is possible 
about a mat ter  the conditions and 
circumstances of which a r e  unknown 
and cannot be defined, especially 
when the strength of the acting forces 
cannot be ascer ta ined?.  . . What 
s'cience can there be in a matter in 
which, a s  in a l l  practical  mat ters ,  
nothing can be defined and everything 
depends on innumerable conditions, 
the significance of which i s  deter-  
mined a t  a particular moment which 
a r r i v e s  no one knows when?" 
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But the  ex p e r i e n c e  of the p a s t  half cen tury  The methodology now ex i s t s  f o r  producing 

is that m o r e  c a n  be known about  the  " ca lcu lus  of ana ly t ica l  tools  of convincing ver i s imi l i tude- but  
conflict" than  was  envisioned by the  P r in ce .  both the ana lys t  and  the mi l i t a r y  u s e r  m u s t  continue 
ana lys t  i s  a l way s  subjec t  to  the  over r id ing  judgment  to  r e m a i n  a w a r e  of the fact tha t  th i s  appea r ance  of 
of m i l i t a ry  exper ience ,  but  i n c r ea s in g ly th a t  expe r i -  t r u th  m a y  be f a l s e ,  tha t  the validity of a n  ana ly s i s  
ence  and  judgment  are suscept ib le  t o  e x p r e s s ion  i n  is subjec t  to  proof in  t he  " momen t  of t ruth"  on the 
quanti tat ive terms. batt lef ield,  that  ver i f ica t ion  is of such impor tance  

tha t  all poss ib le  avenues  of t e s t  f r o m  field exer- 

c i s e s  t o  combat  r e c o r d s  m u s t  be  ut i l ized.  
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