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PREFACE 

The Human Error  Q u a n t i f i c a t i o n  Symposium was h e l d  a t  t h e  annual  
meeting of  t h e  Human F a c t o r s  S o c i e t y  in-rui ty  November 28-30, 
1962 The symposium d e a l t  w i t h  an h e u r i s t i c  approach t o  quanliif=iFation 

6 m a n  e r r o r .  It p re sen ted  methods o f  p r e d i c t i n g  e r r o r  r a t e s  and 
e s t i m a t i n g  man-caused degrada t ion  which could  be used i n  t h e  f i r s t  - 
s t a g e s  o f  man-machine development. The subs tance  of t h e  t a l k s  and d i s -  
cus s ion  i s  publ i shed  h e r e  t o  s a t i s f y  r e p r i n t  r e q u e s t s  made t o  sympo- 
sium p a r t i c i p a n t s  and t o  f u r t h e r  t h e  c o l l e c t i o n  of  human r e l i a b i l i t y  
d a t a  which was proposed dur ing  t h e  symposium. 

~ ~ e c i f i c a l l ~ ,  t he  e s t ab l i shmen t  of a  human r e l i a b i l i t y  d a t a  bank 
was sugges ted  and t h i s  i d e a  has  s i n c e  r ece ived  cons ide rab le  s u p p o r t .  
U n t i l  a 'formal d a t a  c o l l e c t i o n  program i s  organized  and f a c i l i t i e s  f o r  
s t o r i n g  t h e  d a t a  a r e  s e t  up, Sandia  Corpora t ion  has  o f f e r e d  t o  s e r v e  
a s  an in format ion  c l e a r i n g  house.  I n d i v i d u a l s  o r  o r g a n i z a t i o n s  i n t e r -  
e s t e d  i n  p a r t i c i p a t i n g  may send human e r r o r  d a t a  t o  

Human F a c t o r s  S t a f f ,  
Div is ion  1443, 
R e l i a b i l i t y  Department, 
Sandia Corpora t ion  
Albuquerque, New Mexico. 

C o n t r i b u t o r s  w i l l  be p laced  on a ma i l i ng  l i s t  t o  r e c e i v e  cop ie s  o f  a l l  
. such m a t e r i a l s  r e c e i v e d .  Suggest ions  f o r  implementing t h e  d a t a  bank 

program w i l l  be welcome and w i l l  be a v a i l a b l e  t o  any o r g a n i z a t i o n  o r  
i n s t i t u t i o n . i n t e r e s t e d  i n  sponsor ing  t h e  program. 

To f a c i l i t a t e  d i s t r i b u t i o n ,  c o n t r i b u t i o n s  should be typed w i t h  
b l ack  r ibbon  f o r  r ep roduc t ion .  S ince  e l e c t r o n i c  computers may be used 
i n  c a t e g o r i z i n g  e r r o r s  and v a r i a b l e s ,  c o n t r i b u t e r s  might cons ide r  t h i s  
i n  p repa r ing  d a t a  f o r  t r a n s m i t t a l .  

Among t h e  human f a c t o r s  t echniques  be ing  developed,  two p re sen ta -  
t i o n s  a t  t h e  A p r i l  1962 n a t i o n a l  symposium on aerospace  systems r e l i -  
a b i l i t y  were e s p e c i a l l y  r e l e v a n t  t o  the  p r e d i c t i o n  of  human e r r o r  rates.  



These papers were given by David, Meis ter and John Brady in the human 
factors session on personnel subsystem reliability. Copies of the 
complete proceedings are available from the 

Institute of Aerospace Sciences 
2 E. 645th Street 
New York 21, New York. 



AN APPROACH .TO. QUANTIFYING HUMAN PERFORMANCE 

James W .  ~ l tman" '  

Q u a n t i t a t i v e  e s t i m a t e s  of human performance can h e l p  t h e  systems 
engineer  ba lance  human f a c t o r s  a g a i n s t  o t h e r  a s p e c t s  of system d e s i g n .  
Although methods f o r  q u a n t i f y i n g  human f a c t o r s  e v a l u a t i o n  c e r t a i n l y  
have no t  been p e r f e c t e d ,  s t a r t s  toward such q u a n t i f i c a t i o n  have been 
made._, T h i s S ~ a p e r , d i s c u s s e s  some q u a n t i f y i n g  techniques  used a t  t h e  
American I n s t i t u t e  f o r  Research.  

O p e r a b i l i t y  Index 

The American I n s t i t u t e  f o r  ~ e s e a r c h  (A. I .R.. ) developed an index  .,- 
of e l e c ~ r o n i c  equipment o p e r a b i l i t y  f o r  t h e  Army E l e c t r o n i c  .Proving --- -: ~ r m  Th.rea o b j e c t i v e s  were s e t  f o r  t h e  o p e r a b i l i t y  index: 

1. The o p e r a b i l i t y  index  would be  t a s k - o r i e n t e d .  That i s ,  
the. e.q~.~ipment des ign  would be eva lua t ed  i n  terms of i t s  . ' 

c o m p a t i b i l i t y  w i th  s p e c i f i c  human opera t ions . .  

2 .  Scores  from t h e  o p e r a b i l i t y  index  would b e , d i r e c t l y  mean- 
i n g f u l  i n  terms of t ime and e r r o r  of performance (speed 
and r e l i a b i l i t y ) .  

3 .  Data on speed and r e l i a b i l i t y  of o p e r a t o r  performance would 
be  o b t a i n e d ,  i n s o f a r  a s  p o s s i b l e ,  from a v a i l a b l e  exper imenta l  
and f i e l d  d a t a .  

Behavior Analysis  

S ince  t a s k s ,  a s  we u s u a l l y  d e f i n e  them, a r e  t o o  complex t o  s e r v e  
a s  t h e  b a s i c  u n i t  of performance p r e d i c t i o n ,  t h e  "behavior" was s e -  
l e c t e d  a s  t h e  b a s i c  u n i t  of e v a l u a t i o n  f o r  t h e  o p e r a b i l i t y  index .  A 
behavior  h e r e  i s  a  s p e c i f i c  s t e p  o r  a c t i o n  i n  a  given t a s k .  Each be-  

. h a v i o r  was broken down i n t o  t h r e e  a s p e c t s :  ( 1 )  i n p u t s  o r  s t i m u l i  t o  
t h e  human s e n s e s ,  ( 2 )  media t ing  p r o c e s s e s ,  and (3)  o u t p u t s  o r  r e -  
sponses ( i . e . ,  motor a c t i v i t i e s  of t h e  human). 

"'~ames Altman i s  d i r e c t o r  of t h e  eng inee r ing  psychology program 
a t  t h e  American I n s t i t u t e  f o r  Research P i t t s b u r g h ,  ~ e n n s y l v a n i a .  \', 



We i d e n t i f i e d  t h o s e  t ypes  of equipment components, behavior  com- 
p o n e n t s ,  and equipment-behavior components l i k e l y  t o  a f f e c t  each 
a s p e c t  of behav io r .  The components, l i s t e d  i n  ,Table I ,  r e p r e s e n t  a  
compromise between what a r e  d e s i r a b l e  a s  p sycho log ica l ly  meaningful  
c a t e g o r i e s  and c a t e g o r i e s  f o r  which d a t a  a r e  a v a i l a b l e .  Note, f o r  
example, t h e  p a u c i t y  of c a t e g o r i e s  under " ~ e d i a t i n g  P roces s .  I '  There 
i s  l i t t l e  u s a b l e  in format ion  about t h e  q u a n t i t a t i v e  e f f e c t s  of media- 
t i n g  p roces s  v a r i a b l e s  on performance.  To go t o ' a n  e l a b o r a t e  scheme 
f o r  c a t e g o r i z i n g  media t ing  p roces ses  a t  t h i s  t i m e  would b e  l i k e  r ak ing  
s t r a w  w i t h  a  f i n e  t o o t h  comb. 

TABLE I 

L i s t  of I n p u t ,  Mediating P roces s ,  and Ou tp~ i t  Components 

A f t e r  b reak ing  down b e h a v i o r a l  a s p e c t s  i n t o  components, we broke  
down each component i n t o  pa rame te r s .  Sample parameters  f o r  t h e  i n p u t  
component " l i g h t s "  a r e  l i s t e d  i n  Table  11. 

I n p u t s  

C i r c u l a r  s c a l e s  
Counters  
Labe l ing  
L i g h t s  
L inea r  s c a l e s  
Nonspeech 
Scopes 
Semic i r cu l a r  s c a l e s  
Speech 

TABLE I1 

Parameters  A f f e c t i n g  Performance on L i g h t s  

Mediat ing Process  Outputs 

~dentification/~ecognition 
Manipulat ion 

Cable connec t ions  
Cranks 
Disconnect ing 
J o y s t i c k s  
Knobs 
Levers 
Object  p o s i t i o n i n g  
Pushbuttons 
Rotary s e l e c t o r s  
Speech 
Toggle swi tches  
Wri t ing  

Component 

L igh t s  

Parameters  

S i z e  I' 
Br igh tnes s  ,/' 
~ ~ ~ e / ~ u n c t i o r i  
Number 
P r e s e n t a t i o n  



F i n a l l y ,  we broke each parameter  i n t o  dimensions which a r e  e i t h e r  
d i s c r e t e  c a t e g o r i e s  o r  i n t e r v a l s  on a  continuum, Table  III shows 
sample dimensions .. 

TABLE 111 

Sample Dimensions 

Component: C i r c u l a r  S c a l e s  
. . 

Parameter: S c a l e  Diameter Parameter:  S c a l e  S t y l e  

( , I n t e r v a l  Dimensions) ( i n .  ) ( D i s c r e t e  Dimensions) 

. 1 t o  1 . 5  
1 . 6  t o  1 . 8  Moving p o i n t e r  
1 . 9  t o  2 . 8  Moving s c a l e  

Le t  u s  h e r e  review t h e  b e h a v i o r a l  l e v e l s  r e l e v a n t  t o  t h e  "Oper- 
a b i l i t y  Index ."  Each l e v e l  i s  i d e n t i f i e d  and exempl i f ied  below. 

Behaviora l  Levels  

Mission: o p e r a t e  f u s e  jammer 

Phase: p r e p a r e .  f o r  ope ra t ion  

Task: a c t i v a t e  a m p l i f i e r  

Behavior ( o r  s t e p ) :  throw S11 t o  ON p o s i t i o n  

Aspects of ~ e h a v . i o r :  ( i n p u t s ,  media t ing  p r o c e s s e s ,  
o u t p u t s )  

Components: ( s p e c i f i c  c a t e g o r i e s  of an a s p e c t )  
t o g g l e  swi t ch  a s  a  component of o u t p u t  

Parameters:  ( r e l e v a n t  c h a r a c t e r i s t i c s  of com- 
. . ponents )  

a n g l e  of throw from p o s i t i o n ,  a s  
a  parameter  of t h e  component t o g g l e  
s w i t c h .  

Dimensions: ( s p e c i f i c  v a l u e s  o r  c h a r a c t e r -  
i s t i c s  of parameters )  40" - 



Human Performance Data 

W e  searched  s e v e r a l  thousand r e s e a r c h  r e p o r t s  f o r  d a t a  w e  could 
u s e  t o  e s t i m a t e  t h e  e f f e c t  of des ign  dimensions on performance.  We 
found u s a b l e  d a t a  i n  164 r e p o r t s .  Experimental  l i t e r a t u r e  was n o t  
c o n s i s t e n t  w i t h  r e s p e c t  t o  i d e n t i f i c a t i o n ,  d e s c r i p t i o n ,  o r  t r ea tmen t  
of independent ,  c o n t r o l ,  o r  dependent v . a r i a b l e s .  Although human 
e n g i n e e r i n g  s t u d i e s  y i e l d e d  t h e  most r e l e v a n t  i n fo rma t ion ,  i t  was 
d i f f i c u l t  t o  e s t a b l i s h  performance s t anda rds  from t h e s e  s t u d i e s  s i n c e  
they  were aimed a t  answering s p e c i f i c  q u e s t i o n s  and were n o t  r e l a t e d  
t o  any t h e o r e t i c a l  framework. 

W e  summarized exper imenta l  r e s u l t s  r e l e v a n t  t o  each component' i n  
t a b l e s  s o  w e  could i d e n t i f y  d i s c r e p a n c i e s  and a r e a s  of miss ing  d a t a .  
Most d i s c r e p a n c i e s  between t h e  r e s u l t s  of d i f f e r e n t  experiments vary ing  
the same component came i rom g r o s s  d i f f e r e n c e s  1 n . t h e  media t ing  proc-  
esses r e q u i r e d  of t h e  s u b j e c t s .  By ana lyz ing  t h e  n a t u r e  of t h e s e  
d i f f e r e n c e s ,  i t  was p o s s i b l e  t o  r e c o n c i l e  t h e  d i s c r e p a n c i e s  and a r r i v e  
a t  comparable e r r o r  r a t e s  f o r  t h e  component i n  q u e s t i o n .  To f i n d  t h e  
mi s s ing  d a t a ,  w e  searched t h e  l i t e r a t u r e ;  where t h i s  s e a r c h  was f r u i t -  
l e s s ,  w e  i n t e r p o l a t e d  o r  e x t r a p o l a t e d  from r e l a t e d  s t u d i e s .  F i n a l l y ,  
where no exper imenta l  d a t a  could  b e  ob ta ined ,  judgment was used t o  
e s t a b l f s h  e s t ima ted  effects- -somet imes supplemented by "quick-and- 
d i r t y "  e m p i r i c a l  s t u d i e s  u s i n g  a  few members of t h e  A . I . R .  s t a f f .  

To g e t  s t anda rd  t ime e s t i m a t e s ,  w e  i d e n t i f i e d  minimum t ime ( i n  
seconds)  r e q u i r e d  f o r  an o p e r a t i o n  when a l l  dimensions w i th in  a g iven 
component a r e  optimum. This  w e  c a l l  b a s e  t i m e .  Then we e s t a b l i s h e d  
ave rage  t ime i n c r e a s e s  f o r  t h e  ope ra t ion  of a  component wi th  o t h e r  
(nonoptimum) dimensions .  Thus t o  g e t  t h e  t o t a l  t i m e  f o r  an o p e r a t i o n ,  
we add t h e  t ime  i n c r e a s e  t o  t h e  b a s e  t ime .  

Time measures t aken  d i r e c t l y  from exper imenta l  s t u d i e s  seemed t o  
g i v e  r e a s o n a b l e  e s t i m a t e s  of performance t ime under a c t u a l  o p e r a t i o n a l  
c o n d i t i o n s .  E r r o r  r a t e s  i n  exper imenta l  s t u d i e s ,  however, seemed t o  
b e  g r o s s l y  h i g h  f o r  a  d i r e c t  e s t i m a t e  of o p e r a t i o n a l  e r r o r  r a t e s .  
Apparent ly  t h e s e  exper iments  had been designed t o  g e t  h igh  e r r o r  r a t e s  
t o  o b t a i n  more con f idence ,  i n  s t a t i s t i c a l  comparisons,  wi thout  r e q u i r -  
i n g  an e x c e s s i v e  number of t r i a l s .  

Although no f i e l d  s t u d i e s  had been conducted which r e l a t e d  e r r o r s  
t o  t a s k s ,  behaviors . ,  a s p e c t s ,  components, pa rame te r s ,  o r  dimensions,  
e a r l i e r  f i e l d  s t u d i e s  sugges ted  t h a t  average p r o b a b i l i t y  .of  one o r  
more human e r r o r s  i n  a  man-machine m i l i t a r y  miss ion was about 0 .13 .  

' 

Miss ions  most r e l e v a n t  t o  t h e  o p e r a b i l i t y  index  averaged 50 .behav io r s  
p e r  o p e r a t o r .  The re fo re ,  t h e  average p r o b a b i l i t y  of o p e r a t o r  e r r o r  
on a  behav io r  was about  0.0026 a s  c o n t r a s t e d  w i t h  an average p r o b a b i l -  
i t y  of e r r o r  on a  l a b o r a t o r y  behavior  of about  0.31935.  Thus, a  s c a l e  
f a c t o r  of  0.008145 (0.0026 d iv ided  by 0.31935) was used f o r  each 
l a b o r a t o r y  e s t i m a t e  of e r r o r  t o  o b t a i n  an e s t i m a t e  of o p e r a t i o n a l  
e r r o r .  R e l i a b i l i t y  ( t h e  p r o b a b i l i t y  of c o r r e c t  performance of a  
behav io r )  was taken a s  u n i t y  minus t h e  p r o b a b i l i t y  of an e r r o r .  



Experimental  s t u d i e s  d i d  n o t  a t t r i b u t e  o p e r a t i n g  t i m e  on e r r o r s  
t o  i n d i v i d u a l  a s p e c t s  of behavior  a s  we have de f ined  them, b u t  f o r  a  
t o t a l  behav io r .  However, s i n c e  exper imenters  u s u a l l y  va ry  only  one 
a s p e c t  a t  a t ime i n  t h e s e  s t u d i e s ,  we assumed we could a t t r i b u t e  t o  
t h e  a s p e c t  be ing  v a r i e d  t h e  exper imenta l  t i m e  i n c r e a s e s  and e r r o r .  
r a t e s  f o r  t h e  e n t i r e  behav io r .  , , 

We reviewed our  t ime and r e l i a b l l i t y  e s t i m a t e s  f o r  cons i s t ency  
and reasonableness  and then p u t  t h e  f i g u r e  f o r  each component i n  a  
c e n t r a l  d a t a  s t o r e .  A sample d a t a  s t o r e  ca rd  f o r  t h e  component joy- 
s t i c k  i s  shown i n  F i g u r e  1'. 

Joys t ' ick 

(May move i n  many p l a n e s )  

BASE TIME = 1 . 9 3  Seconds I 

Time Added 
(Seconds) R e l i a b i l i t y  1. . S t i c k  l e n g t h  

1 .50  .9963 a .  6-9 i nch  
0  ,9967 b .  12-18 inch  

1 . 5 0  .9963 c .  21-27 inch  
2 .  Exten t  of st i 'ck movement 

(Exten t  of movement from one 
extreme t o  t h e  o t h e r  i n  a 
s i n g l e  p l a n e )  

0. a !  5-20" 
.20 b .  30-40" 
.50  c .  40-.60° 

3 .  , C o n t r o l  r e s i s t a n c e  
0  a .  5-10 l b  

.50 b .  10-30 l b  
4 .  Support  of o p e r a t i n g  member 

0  a .  P re sen t  
1 ; O O  b .  Absent 

5 .  Time d e l a y  ( t ime  l a p  between 
movement of c o n t r o l  and.move- 
ment of d i s p l a y )  

0  .9967 a .  0 . 3  s e c  
.50  .9963 b .  0 .6 -1 .5  s e c  

3 .00  .9957 c .  3 .0  s ec  

F i g u r e  1. Sample d a t a  s t o r e  c a r d .  



Method of Eva lua t ion  

The e v a l u a t i o n  p r o c e s s  i s  d i a g r a m e d  i n  F i g u r e  2 .  The major 
s t e p s  i n  e v a l u a t i o n  a r e  t o  

1. o rgan ize  t a s k  d e s c r i p t i o n  and equipment des ign  in format ion  
f o r  e a s e  of c r o s s  comparison,  

2 .  b r eak  each o p e r a t i o n  down t o  i t s  dimensions,  

3 .  o b t a i n  e s t i m a t e s  of speed and r e l i a b i l i t y  f o r  each 
dimension from t h e  d a t a  s t o r e ,  and 

4 ,  u s e  t h e s e  e s t i m a t e s  t o  d e r i v e  s c o r e s  f o r  u n i t s  of 
behavior  such a s  s t e p s ,  t a s k s ,  phases  and e n t i r e  
mi s s ions .  

I n  g e n e r a l ,  t ime s c o r e s  a r e  t h e  sum of i n d i v i d u a l  t ime e s t i m a t e s .  
K e l i a b i l i t y  s c o r e s  a r e  t h e  produc t  of i n d i v i d u a l  r e l i a b i l f r p  esei- 
mates .  R e l i a b i l f r y  scores a r e  thus estimates of t h e  p r o b a b i l i t y  that 
s e r i o u s  o p e r a t o r  e r r o r  w i l l  n o t  occur  w i th in  t h e  span of performance.  
encompassed by t h e  s c o r e .  

Note t h a t  t h e  i ndex  can i n d i c a t e  problem a r e a s  because i t  pro-  
v i d e s  s c o r e s  f o r  a lmost  any s e t  of des ign  f a c t o r s  o r  t a s k s .  Also,  
s c o r e s  can b e  ob ta ined  f o r  suggested r edes ign  c o n f i g u r a t i o n s  a s  w e l l  
a s  f o r  t h e  a c t u a l  des ign  a t  any g iven  t ime .  

Tryout  

Three e v a l u a t o r s  a p p l i e d  t h e  o p e r a b i l i t y  index  t o  t h e  ope ra t ion  
and maintenance of s e v e r a l  i t e m s  of  e l e c t r o n i c  equipment. Percen t  
agreement i n  s e l e c t i n g  b e h a v i o r a l  dimensions f o r  each of t h e s e  i tems 
was determined by d i v i d i n g  t h e  t o t a l  number of dimensions used by a l l  
t h r e e  e v a l u a t o r s  i n t o  t h e  t o t a l  number of t imes  each one chose t h e  
same dimension.  R e s u l t s  a r e  summarized i n  Table  I V .  

TABLE I V  

Agreement Among Three Eva lua to r s  i n  Choosing t h e  Same 
Dimensions When Applying t h e  Index 

Equipm.ent 

AN/APS-94 
M-33 
AN/MLQ-8 
A l l  

T o t a l  E n t r i e s  

427 
1023 
425 

1875 

T o t a l  Number 
of Agreements 

379 
894 
271 

1544 

Percentage 
Agreement (%) 

89 
87 
64 
82 



F i g u r e  2 .  S teps  i n  t h e  b a s i c  eva lua t ion  p roces s .  
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Output 
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Although t h e  agreement of t h e s e  t h r e e  e v a l u a t o r s  (human f a c t o r s  
s p e c i a l i s t s  and eng inee r s )  i n d i c a t e s  t h a t  t h e  index  does d e s c r i b e  

. b e h a v i o r a l  dimensions w i t h  r ea sonab le  accuracy ,  w e h a v e  n o t  checked 
ou r  t i m e  and r e l i a b i l i t y  e s t i m a t e s  i n  t h e  f i e l d .  In  a p re l imina ry  
check of i ndex  v a l i d i t y ,  w e  asked t h r e e  men exper ienced i n  u s ing  t h i s  
e l e c t r o n i c  equipment t o  rank  o r d e r  f o u r  i t ems  accord ing  t o  t h e  com- 
p l e x i t y  of  o p e r a t o r  t a s k s .  Then w e  asked them t o  apply t h e  oper-  
a b i l i t y  index  t o  t h e s e  f o u r  i t ems  t o  g e t ,  f i r s t ,  a t o t a l  o p e r a t o r  
performance t'ime and ,  second,  a t o t a l  o p e r a t o r  performance r e l i -  
a b i l i t y , s c o r e  f o r  each i t e m .  The r e s u l t s  (Table  V )  show agreement 
between t h e i r  judgments of o p e r a t i o n  complexi ty  and t h e  t ime and 
r e l i a b i l i t y  e s t i m a t e s  de r ived  from our  o p e r a b i l i t y  index .  

TABLE V 

Agreement Between Index Score  
and Operator-Judged Complexity 

Conclusion 

Equipment - -Ranked i n  
Order .of Judged Com- 
p l e x i t y  of Operator  
Tasks 

AN/GRC-50 
(Judged most complex) 

M-33 
ANIMLQ-8 

AN/APS-94 

The O p e r a b i l i t y  Index has  s u c c e s s f u l l y  e s t ima ted  human.time and 
accuracy i n  t h e  o p e r a t i o n  of e l e c t r o n i c  equipment. Although t h e  
p r a c t i c a l i t y  of t h e  i ndex  f o r  p r e d i c t i n g  o p e r a t i o n a l  behavior  s t i l l  
h a s  t o  b e  t e s t e d ,  t h e  techniques  used r e p r e s e n t  what we hope i s  a 
long  s t e p  toward q u a n t i f i c a t i o n  of human performance.  

Mean Index Scores  
Operator  

Performance Time 
(Seconds) 

1098.51 

288.48 

181.04 

104.14 

R e l i a b i l i t y  
of Operator  
Performance 

.46 

. 8 1  

.96 

.96 
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A METHOD FOR EVALUATING THE HUMAN ERROR 

CONTRIBUTION" TO SYSTEM -I- DEGRADATION .I* 

L .  W .  Rook, Jr. 4. 4. 

G e t t i n g  adequate  and r e l i a b l e  raw d a t a  i s  a  major problem i n  eva l -  
u a t i n g  human e r r o r  q u a n t i t a t i v e l y .  Many' r e p o r t s  of equipment f a i l u r e  
and u n s a t i s f a c t o r y  o p e r a t i o n  a r e  suspec t  because human e r r o r  tends  t o  
be e i t h e r  a t t r i b u t e d  t o  o t h e r  causes  o r  t o  be l e t  go. unrepor ted .  In-  
d u s t r i a l  p roduct ion  e r r o r  d a t a  i s  h a r d . t o  g e t  because i t  i n e v i t a b l y  
a f f e c t s  product ion c o s t  and schedu le s .  

Eva lua t ing  human e r r o r  i n  t h e  f i e l d  of  n u c l e a r  weapons. design and 
product ion  i s  less troublesome than i n  m o s t , i n d u s t r i a l  s i t u a t i o n s  be- 
cause  i n  t h i s  f i e l d  r e l i a b i l i t y  i s  emphasized whi le  f i e l d  t e s t i n g  i s  . 
deemphasized o r  n o t  done a t  a l l .  Qua l i t y  i s  impor tan t ,  bu t  i t  has  t o  
be determined by unusual  methods. 

We set up acceptance s p e c i f i c a t i o n s  which r e q u i r e  t h a t  h i g h l y  
d e t a i l e d  d e f e c t  d a t a  be recorded .  Step-by-s tep r eco rds  a r e  kept  a s  
components progress  through manufactur ing,  assembly, and in spec t ion  
s t a g e s .  A l l  r eco rds  a r e  keyed t o  s p e c i f i c  u n i t s  so  t h a t  each p a r t  may 
be t r a c e d  through ' a l l  work and rework s t a g e s .  F i n a l l y ,  because s p e c i -  
f i c a t i o n s  c a l l  o u t  assembly ope ra t ions  i n  gr ,ea t  d e t a i l ,  i t  i s  p o s s i b l e  
t o  s t a r t  from t h e  d e s c r i p t i o n  of  a  d e f e c t  i n  one s t a g e  of  component 
assembly and r e c o n s t r u c t  any human e r r o r  which produced t h e  d e f e c t .  

I have spoken o f  human e r r o r  i n  t h e  product ion and n o t  i n  t h e  use  
of  n u c l e a r  weapons f o r  two r easons .  F i r s t ,  a  l a r g e ,  i f  n o t  major p a r t  
o f  t h e  human c o n t r i b u t i o n  t o  n u c l e a r  weapon f a i l u r e  p r o b a b i l i t y  i s  made 

Jc 
A more d e t a i l e d  d e s c r i p t i o n  of  t h i s  method can be found i n  

Reduction of  Human Er ro r  I n  I n d u s t r i a l  Product ion,  L .  W .  Rook, J r . ,  
Sandia  Corpora t ion  SCTM 93-62(14),  Albuquerque, New Mexico. 

7':i'c 

L.  W .  Rook, an a s s i s t a n t  p ro fes so r  o f  psychology a t  t h e  Univer- 
s i t y  of  New Mexico, i s  a  p sycho log i s t  i n  t h e  Advanced Systems Study 
o r g a n i z a t i o n  a t  Sandia Corpora t ion .  



i n  t h e  produ,ction process .  The n o - f i e l d - t e s t  o r  wooden-bomb design 
philosophy o p e r a t e s  h e r e .  And then t h e  d e t a i l  w i t h  which d e f e c t  d a t a  
a r e  recorded i n  t h e  product ion of  n u c l e a r  weapons makes t h i s  p rocess  
e a s i e r  t o  d e a l  w i t h . t h a n  f i e l d  use of weapons. However, we hope t h a t  
t h e  system of  t r e a t i n g  human e r r o r  which we a r e  dev i s ing  w i l l  be a p p l i -  
c a b l e  bo th  t o  product ion and f i e l d  e r r o r s .  

W e  c o l l e c t e d  d e s c r i p t i o n s  of 18,000 human-caused product d e f e c t s ,  
l a r g e l y  from e l e c t r i c a l  and f i n a l  assembly processes .  Because we 
wanted t o  know both  what caused t h e  e r r o r s  and how f r e q u e n t l y  they  
occur red ,  we analyzed t h e  d a t a  q u a l i t a t i v e l y  and q u a n t a t i v e l y .  Our 
e f f o r t s ,  of  cou r se ,  were based on the  assumption t h a t  human behavior  
i s  n o t  so  v a r i a b l e  t h a t  i t  cannot be p r e d i c t e d .  P r e d i c t a b i l i t y  of  any 
phenomena i s  a  ma t t e r  of degree;  i f  p r e d i c t i o n s  can be made which a r e  
s u f f i c i e n t l y  a c c u r a t e  t o  be u s e f u l  i n  p r a c t i c e ,  t h e s e  phenomena we ho ld  
t o  be p r e d i c t a b l e .  

For t h e s e  human-caused d e f e c t s  we t r i e d  t o  e s t a b l i s h  c a t e g o r i e s  of 
e r r o r  which would have both  psychologica l  r e l evance  and o p e r a t i o n a l  
u t i l i t y .  F i r s t  we used t h e  c l a s s i f i c a t i o n s  -I- desc r ibed  by Altman, t h a t  
i s ,  i n p u t ,  mediat ing,  and ou tpu t  behaviors . "  But when t h e  d a t a  were 
c l a s s i f i e d  according t o  t h i s  system, c l a s s e s  proved too  g e n e r a 1 ; ' t h e  
a c t  o f  c l a s s i f y i n g  d i d  n o t  t e l l  one enough about t h e  behavior  c l a s s i -  
f i e d .  So we superimposed a  second system of  t h r e e  c a t e g o r i e s  which 
c u t  ac ros s  t h e  c l a s s i f i c a t i o n s  of t h e  f i r s t  system. The second system 
de f ined  t h e  i n t e n t  o f  t h e  human who made t h e  e r r o r .  I f  t h e  a c t  i n  
which t h e  e r r o r  occur red  was performed i n t e n t i o n a l l y ,  t h e  e r r o r  was 
Type A; i f  t h e  a c t  was u n i n t e n t i o n a l ,  t h e  e r r o r  was Type B; and Type 
C covered e r r o r s  which occur red  because o f  omi t ted  a c t s .  Although 
Type C i s  l o g i c a l l y  a  subc la s s  of B ,  i t  seemed t o  d e r i v e  from d i f f e r -  
e n t  causes  and t h e r e f o r e  was given a  s e p a r a t e  d e s i g n a t i o n .  

The system of  n i n e  e r r o r  c a t e g o r i e s  (our t h r e e  types  f o r  each of  
Al tmanls  t h r e e  c l a s s i f i c a t i o n s )  proved a  b i g  h e l p  i n  diagnosing e r r o r s ;  
by i n s p e c t i n g  t h e  phys i ca l  r e s u l t s  o f  a  human e r r o r  we could,  u s u a l l y ,  
p l ace  t h e  e r r o r  i n  one o r  perhaps two of  t h e  c a t e g o r i e s .  Then, i f  we 
r e fe r r e .d  t o  t h e  d e f i n i n g  c h a r a c t e r i s t i c s  of t h e  ca t egory ,  most o f t e n  
i t  was obvious what ought t o  be done t o  reduce t h e  p r o b a b i l i t y  of  mak- 
i n g  t h a t  e r r o r .  ' .  Also, t h i s  c l a s s i f i c a t i o n  system po in ted  o u t  which 
k inds  o f  e r r o r  might y i e l d  t o  convent iona l  methods of improving "work- 
manship", such a s  t r a i n i n g  and mot iva t ing  workers.  I n  many c a s e s  t h e s e  
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methods seemed l i k e l y  t o  produce l i t t l e  i f  any r educ t ion  i n  e r r o r  r a t e s  
because t h e  f a c t o r s  known t o  modify human behavior w i th in  some of t h e  
c a t e g o r i e s  u s u a l l y  a r e  n o t  i n f luenced  by t r a i n i n g  and mot iva t ion .  

This  system f o r  c l a s s i f y i n g  human e r r o r  al lowed numerous i n d i -  
v i d u a l  e r r o r s  t o  be t r e a t e d  i n  t h e  same way; f i x e s  could be devised  
f o r  c l a . s se s  of e r r o r  r a t h e r  than f o r  p a r t i c u l a r  i n s t a n c e s  of  e r r o r .  
But a f t e r  t h e  system of  c l a s s i f y i n g  e r r o r s  was s e t  up, we had t o  devise  
some q u a n t i t a t i v e  measure of  t h e  e f f e c t s  of e r r o r  and of t h e  improve- 
ment which might be expected from proposed f i x e s .  

I n  dev l s ing  a  mathematical  model f o r  measuring e r r o r  e f f e c t s  
we fol lowed methods used i n  r e l i a b i l i t y  a n a l y s i s .  

P r o b a b i l i s t i c  models us ing  measured e r r o r  r a t e s  p r e d i c t e d  t h e  proba- 
b i l i t y  of f a i l u r e  from s p e c i f i c  e r r o r s .  

The form which had t h e  wides t  a p p l i c a b i l i t y  was 

where P i  i s  t h e  p r o b a b i l i t y  t h a t  an ope ra t ion  w2l l  be performed so a s  
t o  produce e r r o r  i ,  F i  i s  t h e  p r o b a b i l i t y  t h a t  f a i l u r e  w i l l  r e s u l t  
i f  e r r o r  i o c c u r s ,  n i  i s  t h e  number of s i m i l a r  o p e r a t i o n s  i n  which 
e r r o r  i can occur ,  and Q i  i s  t h e  . p r o b a b i l i t y  of  f a i l u r e  a s  a  r e s u l t  
o f  e r r o r  i. 

I f  two e r r o r s  must combine t o  produce f a i l u r e  

where PI and P2 a r e  t h e  p r o b a b i l i t i e s  of t h e  two e r r o r s , r e s p e c t i v e l y .  

I n  apply ing  t h i s  model one may choose n o t  t o  use  t h e  e r r o r  c a t e -  
g o r i e s  d i scussed .  W e  found t h a t  wh i l e  t h e  c a t e g o r i e s  were s u f f i c i e n t l y  
s p e c i f i c  f o r  sugges t ing  c o r r e c t i v e  a c t i o n ,  they  were too  gene ra l  f o r  



i nco rpora t ion  i n t o  a  mathemati'cal model. The k inds  of  e r r o r  desc r ip -  
t i o n  most u s e f u l  i n  q u a n t i t a t i v e  t rea tment  a r e  t h e  same k inds  which 
a r e  u s u a l l y  desc r ibed  i n  r e p o r t s  o f  product  i n s p e c t i o n  such a s  
"omitted s o l d e r  j o i n t  , I 1  "wrong va lued  component" o r  "connector not  
t i gh tened . "  E r r o r s  r e c u r  f r e q u e n t l y ;  t h e  v a r i e t y  of  e r r o r s  i n  any 

1 process ,  however, i s  u s u a l l y  smal l .  I n  t h e  assembly of a  complex 

r a d a r  fuz ing  u n i t ,  f o r  example, fewer than t h i r t y  k inds  of  human e r r o r  
showed up, and on ly  e i g h t  o f  t h e s e  c o n t r i b u t e d  m a t e r i a l l y  t o  f a i l u r e .  

With t h i s  model i f  t h e  v a l u e s  of  Qi f o r  each k i n d  o f  e r r o r  a r e  
rank-ordered from l a r g e s t  t o  s m a l l e s t ,  t h e  l i s t  of e r r o r s  ob ta ined  
o r d e r s  t h e  e r r o r s  i n  terms o f  t h e i r  c o n t r i b u t i o n  t o  f a i l u r e  proba- 
b i l i t y .  

The t o t a l  p r o b a b i l i t y  of f a i l u r e  i s  given by 

where Q i s  t h e  p r o b a b i l i t y  t h a t  one o r  more f a i l u r e  c o n d i t i o n s  w i l l  
r e s u l t  rom one o r  more human e r r o r s  i n  a t  l e a s t  one of n  c l a s s e s  o r  
e r r o r s ,  

T 

To apply t h i s  model one needs e s t i m a t e s  of  P i  f o r  v a r i o u s  k inds  , , 

of  e r r o r  and F i  f o r  v a r i o u s  k inds  of hardware. The de te rmina t ion  of  , .,,, . . I  

P i  f o r  t h e  most f r e q u e n t l y  observed e r r o r s  i n  t h e  assembly of r a d a r -  
l i k e  e l e c t r o n i c  equipment i s  a  s t a r t  i n  t h i s  d i r e c t i o n .  We w e  a l s o  
ana lyz ing  t h e  v a r i a b l e s  which i n f l u e n c e  e r r o r - r a t e s  and t h e  e f f e c t s  o f  
e r r o r s  on product  (system) performance. F i n a l l y ,  we hope t o  be a b l e  
t o  a c c u r a t e l y  e s t i m a t e  P i  and F i  f o r  most o f  t h e  e r r o r s  i n  n u c l e a r  
weapons product ion .  

To d a t e  w e  have determined r a t e s  f o r  about 30 o f  t h e  most ' f r e -  
quent product ion e r r o r s  i n  e l e c t r i c a l  assembly. Over two m i l l i o n  
o p p o r t u n i t i e s  f o r  e r r o r  were cons idered .  Using t h i s  d a t a  we have both  
confirmed and p r e d i c t e d  e r r o r s  s u c c e s s f u l l y .  

C e r t a i n  k inds  o f  e r r o r s  tend  t o  r e c u r  i n  many u n r e l a t e d  t a s k s .  
For example, i n  a l l  r e p e t i t i v e  t a s k s  examined, from s o l d e r i n g  p r i n t e d  
c i r c u i t  boards t o  cementing components t oge the r  i n  f i n a l  assembl ies ,  
r o u t i n e  o p e r a t i o n s  were omi t ted  about f i v e  t imes ou t  o f  100,000, r e -  
g a r d l e s s  o f  environment. ~ u t  t h e r e  was a l s o  wide v a r i a b i l i t y  be tween ,  
o p e r a t o r s .  



I w i l l  specu la te  t h a t  we a r e  dea l ing  wi th  two c l a s s e s  of  phenomena. 
I n  one c a s e  behavior-producing s t imul i '  a r e  i n t e r n a l l y  generated;  i n  t h e  
o t h e r  case  environmental s t i m u l i  a r e  dominant. I suspect  t h a t  e r r o r  
r a t e s  i n  the  former a r e  p r imar i ly  funct ions  of  i n t e r n a l  v a r i a b l e s  while 
those  i n  t h e  l a t t e r  a r e  funct ions  of  both i n t e r n a l  and environmental 
v a r i a b l e s .  How t o  manipulate t h e  appropr ia t e  v a r i a b l e s  has ye t  t o  be 

*, 

thoroughly i n v e s t i g a t e d ,  although Altman and h i s  col leagues have made 
a good s t a r t  a t  understanding the  e x t e r n a l  ones. 

You can see  t h a t  we have been using the  production p l a n t  a s  a 
l abora to ry  t o  develop and sharpen our t o o l s  and those developed by 
A T R .  We a l so  have begun t o  apply t h e  methodology t o  f i e l d  problems. 
Swain w i l l  say a few words about t h i s .  

SUMMARY 
A. D. Swain* 

The methods discussed by Altman and Rook a r e  empir ica l  methods. 
However, a l though they  involve a l a r g e  c o l l e c t i o n  of  hurnan-error r a t e s ,  
the  psycho log i s t ' s  thumb i s  s t i l l  r equ i red  on the  s c a l e s  i n  order  t o  
proper ly  weigh the  behaviora l  elements involved. No doubt p u r i s t s  
among us w i l l  be appal led .  We who quant i fy  human e r r o r  p red ic t ions  do 
g e n e r a l i z e  from the  b a s i c  empir ica l  da ta .  And i n  some a p p l i c a t i o n s ,  
especial ly  those involving behavior under h igh ly  s t r e s s f u l  cond i t ions ,  
t h i s  g e n e r a l i z a t i o n  i s  s t r e t c h e d  a long way. 

But what i s  the  a l t e r n a t i v e ?  Should we answer the  demands f o r  
human r e l i a b i l i t y  e s t ima tes  by saying t h a t  f u r t h e r  r e sea rch  i s  needed? 
We p r e f e r  t o  break down t h e  human aspec t s  of a man-machine system i n t o  
i t s  behavio.ra1 elements, a s s ign  the  b e s t  r e l i a b i l i t y  e s t ima tes  we can 
t o  these  elements,  and then combine these  es t imates  i n t o  an es t ima te  
of  system degradat ion due t o  the  human element. To do t h i s  we use 
v a r i a t i o n s  of methods used f o r  component and systems r e l i a b i l i t y  e s t i -  
mation and opera t ions  r e sea rch .  Where poss ib le  our es t imates  of human 
r e l i a b i l i t y  and man-caused system degradat ion should be checked aga ins t  
e r r o r  r a t e  d a t a  from man-machine system opera t ion .  The o r i g i n a l  e r r o r  
r a t e  e s t ima tes  o r  t h e  method o r  both should be co r rec ted  a s  necessary .  
Thus, t h e  p r e d i c t i o n  method i s  i t e r a t i v e .  

;'c 
A .  D. Swain i s  a human f a c t o r s  s p e c i a l i s t  i n  t h e  Sandia Corpora- 

t i o n  R e l i a b i l i t y  Department. 



A t  Sandia Corpora t ion ,  w e  have given t h i s  approach t h e  acronym 
THERP, o r  Technique f o r  Human E r r o r  Ra te  P r e d i c t i o n .  (As human f a c t o r s  
s p e c i a l i s t s  you w i l l  r ecognize  t h a t ,  t o  succeed,  a  s c i e n t i f i c  endeavor 
must have a  pronounceable s h o r t  t i t l e . )  

I n  two r e c e n t  system s t u d i e s  a t  Sandia Corpora t ion ,  we showed 
q u a n t i t a t i v e l y  t h a t  proposed des igns  and procedures  would 'permit  an 
unacceptab le  human e r r o r  r a t e  and i n  bo th  c a s e s  t h e  des ign  eng inee r s  
r e a c t e d  f avo rab ly  t o  t h e  u s e  of human r e l i a b i l i t y  f i g u r e s .  R e l a t i v e l y  
ambiguous v e r b a l  judgements such a s  "h igh ly  e r r o r - l i k e l y  , " "moderately 
e r r o r - l i k e l y , "  " s o r t  of e r r o r - l i k e l y , "  and s o  on,  a r e  no t  n e a r l y  s o  
l i k e l y  t o  i n f l u e n c e  an e n g i n e e r ' s  des ign  a s  a r e  q u a n t i t a t i v e  s t a t e -  
ments. Yet i t  i s  n o t  neces sa ry  ( o r  d e s i r a b l e )  t o  assume more p r e c i s e -  
n e s s  i n  human r e l i a b i l i t y  e s t i m a t e s  than  t h e  da t a  war ran t .  Sandia 
eng inee r s  accep t  t h e  f a c t  t h a t  ou r  p r e d i c t i o n s  of human e r r o r  r a t e s  
a r e  n o t  p e r f e c t  j u s t  a s  they  recognize .  t h a t  r e l i a b i l i t y .  e s t i m a t e s  
made f o r  hardware a r e  no t  p e r f e c t .  Ac tua l ly  t h e  sources  of e r r o r  i n  
our  e s t i m a t e s  of human r e l i a b i l i t y  o f t e n  seem no g r e a t e r  than th.e 
sou rces  of e r r o r  i n  e s t i m a t e s  of hardware r e l i a b i l i t y .  

The a t t empt  t o  be  q u a n t i t a t i v e  f o r c e s  one t o  avoid vagueness and 
t o  be  c o n c r e t e  i n  t h i n k i n g  about human performance.  A f t e r  we have 
analyzed man-machine system r e l i a b i l i t y ,  o f t e n  we have been fo rced  
t o  dec ide ,  t o  our  s u r p r i s e ,  t h a t  a l though  c e r t a i n  des ign  f e a t u r e s  
d e v i a t e  from accepted human engineer ing  p r a c t i c e s ,  t h e i r  e f f e c t  upon 
system r e l i a b i l i t y  would n o t  be  impor t an t .  Thus, our  q u a n t i t a t i v e  
approach h a s  fo rced  u s  t o  pay more than mere l i p  s e r v i c e  t o  systems 
c o n s i d e r a t i o n s .  I t h i n k  a l l  of u s  i n  t h e  human f a c t o r s  f i e l d  can 
b e n e f i t  from t h i s  k ind  of q u a n t i t a t i v e  approach.  

But though we w i l l  p rov ide  human r e l i a b i l i t y  e s t i m a t e s  now, w e  
i n s i s t  t h a t  f u r t h e r  r e s e a r c h  i s  needed. W e  need a l a r g e r  and more 
a c c u r a t e  d a t a  s t o r e  of  human = l i a b i l i t y  f i g u r e s  f o r  human b e h a v i o r a l  
e lements ,  e s p e c i a l l y  from, f i e l d  c o n d i t i o n s .  Rook c o l l e c t e d  and 
analyzed assembly,  i n s p e c t i o n ,  and t e s t i n g ,  d a t a  f o r  human e r r o r  a t  
one l a r g e  i n d u s t r i a l  p l a n t .  H e  found a c t u a l  e r r o r  r a t e s  i n  c e r t a i n  
assembly t a s k s  t o  be  w i th in  a  f a c t o r  of 2 ,  3 ,  o r  4 of t h e  e r r o r  r a t e s  
es t imated  from t h e  AIR  da t a  s t o r e  desc r ibed  by Altman. When one i s  
d e a l i n g  wi th  e r r o r  r a t e s  vary ing  from 10-3 t o  10-5,  t h i s  degree  of 
p r e c i s i o n  i s  o r d i n a r i l y  q u i t e  adequa te .  

A similar  d a t a  c o l l e c t i o n  and a n a l y s i s  e f f o r t  i s  needed f o r  
. m i l i t a r y  systems.  Although a cons ide rab le  amount of  human behavior  

d a t a  i s  r o u t i n e l y  c o l l e c t e d  by v a r i o u s  m i l i t a r y  agenc ie s ,  e s p e c i a l l y  
i n  conduct ing s y s t e m . p r o f i c i e n c y  t e s t s ,  most of  t h i s  d a t a  i s  i n  t h e  
form of e r r o r  f r e q u e n c i e s  o n l y .  That  i s ,  t h e  a d d i t i o n a l  in format ion  
neces sa ry  t o  determine e r r o r  r a t e s  i s  n o t  o f t e n  c o l l e c t e d .  P a r t  of t h e  
problem has  been a g r o s s  ove r - e s t ima t ion  by human f a c t o r s  s p e c i a l i s t s ,  



a s  w e l l  a s  o t h e r s ,  of t h e  p r e c i s e n e s s  of human r e l i a b i l i t y  p r e d i c t i o n s  , 
which i s  r e q u i r e d  t o  b e  of p r a c t i c a l  u s e .  Often a l l  t h a t  i s  needed 
a r e  e s t i m a t e s  which a r e  c o r r e c t  t o  w i th in  an o r d e r  of magnitude. But 
even t h i s  degree  of p r e c i s i o n  r e q u i r e s  t h a t  t h e  e r r o r  d a t a  be ing  c o l -  
l e c t e d  i n c l u d e  t h e  f requency of oppor tun i ty  f o r  each e r r o r ,  t h a t  i s ,  
t h e  denominator necessary  f o r  c a l c u l a t i o n  of an e r r o r  r a t e .  

I n  1957 t h e  Advisory Pane l  on Psychology and t h e  S o c i a l  Sc iences  
of  t h e  O f f i c e  o f , t h e  D i r e c t o r  of Defense Research and Engineering 
began some human behavior  r e s e a r c h .  Subsequent ly ,  t h i s  s tudy  was 
taken  over  under  c o n t r a c t  by t h e  Smithsonian I n s t i t u t e .  Report ing 
on t h i s  s tudy  i n  a  r e c e n t  i s s u e  of t h e  American  psychologist,^^ Char les  
W .  Bray of  t h e  Smithsonian proposed t h a t  t h e  Department o t  Defense s e t  
up an i n t . e l . l e c r u a l  s k l l l s  l a l u ~ d ~ o r j r  to e s t a b l i s h  a tandardo of human 
performance by measuring t h e  v a r i a b l e s  i n  m i l i t a r y  t a s k s .  

W e  hope t h a t  t h e  Department of Defense w i l l  make t h i s  long-range 
rogram p o s s i b l e .  But i t  t a k e s  a  l o t  t o  g e t  such an e f f o r t  r o l l i n g .  . 

yo h e l p ,  t h e  Human Factors SocieLy cuuld sponsor a group t o  des ign  a 
system t o  c o l l e c t ,  ana lyze ,  a ~ i d  c a t e g o r i z e  human e r r o r  r a t e  d a t a ,  If 
such a  group e x i s t e d ,  a l l  of  u s  who c o l l e c t  e r r o r  r a t e  d a t a  could con- 
t r i b u t e  t o  a  d a t a  s t o r e  and,  u l t i m a t e l y ,  t o  a  sys t ema t i c  taxonomy of 
human: t a s k s .  With t h e  nuc leus  of a  workable da t a  s t o r e  system e s t a b -  
l i s h e d ,  we ,should  f i n d  it e a s i e r  t o  convince t h e  DOD ( o r  some o t h e r  
well-funded o r g a n i z a t i o n )  t o  t a k e  i t  over  and make i t  grow. 

Without a  massive e f f o r t  i n  t h i s  a r e a ,  q u a n t i f i c a t i o n  of human 
e r r o r  p r e d i c t i o n s  w i l l  con t inue  t o  be  piecemeal and y e a r s  behind hard-  
ware system r e l i a b i l i t y  a n a l y s i s .  S t u d i e s  l i k e  t h e  S tanford  Research 
I n s t i t u t e  surveyiV9: f o r  t h e  A i r  Force  Systems Command w i l l  con t inue  t o  
r e d i s c o v e r ,  t o  t h e  s u r p r i s e  of system p l a n n e r s ,  t h a t  from 20 t o  50 
p e r c e n t  of  system mal func t ions  a r e  due t o  t h e  human element .  And 
system p l a n n e r s  and d e s i g n e r s  w i l l  con t inue  t o  a t t empt  t o  des ign  man 
o u t ,  o f t e n  a t  a  s e r i o u s  c o s t  t o  system r e l i a b i l i t y  and e f f e c t i v e n e s s ,  
because they  f e e l  w e  cannot  de te rmine  man-machine r e l i a b i l i t y  a s  
a c c u r a t e l y  a s  they  can de te rmine  hardware r e l i a b i l i t y .  
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