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PREFACE 

This  Memorandum i s  a d i scuss ion  of t h e  monitor ing t a s k  i n  

automated checkout processes.  

man-computer c o m p a t i b i l i t y  i n  prelaunch checkout of  space v e h i c l e s ,  

performed under Contract  NASr-21(08), t h e  Apollo Checkout System 

Study, f o r  t h e  Nat ional  Aeronautics and Space Administration. 

It i s  p a r t  of a con t inu ing  s tudy of 

The material  p re sen ted  i n  t h i s  s tudy i s  p r i m a r i l y  intended f o r  

u s e  by t h e  personnel ,  both a t  NASA Headquarters and t h e  NASA c e n t e r s ,  

who are r e s p o n s i b l e  f o r  planning and implementing prelaunch o p e r a t i o n s  

and equipment f o r  Apollo. Because of i t s  general  n a t u r e ,  however, 

t h e  r e p o r t  should a l s o  be of i n t e r e s t  t o  personnel  i n  DoD and i n d u s t r y  

who are concerned w i t h  human monitoring o f  automated checkout o r  

p rocess  c o n t r o l  ope ra t ions ,  o r  who are a c t i v e  i n  t h e  information 

d i s p l a y  f i e l d .  
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SUMMARY 

Th i s  Memorandum d e a l s  w i th  the r o l e s  t h a t  a human monitor may 

need t o  assume i n  automated checkout o p e r a t i o n s ,  desc r ibes  h i s  inform- 

a t i o n  requirements f o r  performing s e l e c t e d  monitoring t a s k s ,  and 

proposes a set of computer-driven information d i s p l a y s  f o r  i n c r e a s i n g  

h i s  e f f e c t i v e n e s s .  

P a r t i c i p a t i o n  of human monitors i n  an  (even t o t a l l y )  automated 

checkout i s  e s s e n t i a l  i n  o rde r  t o  compensate f o r  t h e  l i m i t e d  c a p a b i l i t y  

of t h e  checkout programs t o  d e t e c t  i n c o r r e c t  t e s t  design, e r r o r s  i n  

checkout programs, and malfunctions i n  checkout equipment. A human 

monitor who has  maintained context  w i t h  t h e  progress  of t he  checkout 

may be a b l e  t o  d e t e c t  such in s t ances  and t a k e  c o r r e c t i v e  a c t i o n .  

I n  t h e  Memorandum t h e  information requirements of a human monitor 

f o r  e f f e c t i v e  p a r t i c i p a t i o n  a r e  ca t egor i zed  and summarized, and t h e  

fol lowing se t  of information d i s p l a y s  i s  suggested: a dynamic network 

d i s p l a y  of t e s t  s t e p s  and t h e i r  o rde r ing ,  schematic d i s p l a y s  of equip- 

ment under t e s t  w i th  o v e r l a i d  t e s t  d a t a ,  matrix d i s p l a y s  of c u r r e n t  

s t a t u s  of systems and equipment, and va r ious  t e x t  and g r a p h i c a l  d i s p l a y s .  

Questions concerning implementation of t h e  proposed d i s p l a y s  are 

considered,  and i t  i s  concluded t h a t  c u r r e n t  d i s p l a y  devices  would be 

adequate .  

d i s p l a y s  are  used t o  i n d i c a t e  t h a t  d a t a  processing support  r e q u i r e d  f o r  

ma in ta in ing  and updat ing t h e  d i s p l a y  i s  no t  excess ive .  It i s  suggested 

t h a t  providing t h e  monitor w i th  means t o  r e g u l a t e  t h e  r a t e  of perform- 

i n g  automated t e s t i n g  may g r e a t l y  i n c r e a s e  h i s  a b i l i t y  t o  perform h i s  

t a s k  and may, i n  a d d i t i o n ,  impart t o  him a f e e l i n g  of being i n  c o n t r o l  

of t h e  checkout.  

Experimental r e s u l t s  w i th  a p i l o t  program f o r  one of t h e  

A t  p r e s e n t  w e  have no experimental  d a t a  concerning t h e  e f f e c t i v e n e s s  

of t h e  va r ious  d i s p l a y s  i n  monitoring a c t u a l  automated checkout p rocesses .  

Accumulating t h i s  information for  f u r t h e r  s tudy  seems a p p r o p r i a t e .  I f  

t h e  d i s p l a y s  proved t o  be e f f e c t i v e  as communication media f o r  t h e  moni- 

t o r ,  t hey  might a l s o  be u s e f u l  i n  t es t  design,  w r i t i n g ,  debugging o r  

modifying t e s t  programs, and i n  o n - l i n e  d i a g n o s t i c  and adap t ive  count- 

down o p e r a t i o n s .  
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I. INTRODUCTION 

I n  previous p u b l i c a t i o n s  on automated prelaunch checkout of ad- 

vanced space v e h i c l e s  it has been pointed out t h a t  t h e  a b i l i t y  

t o  perform t e s t s  a u t o m a t i c a l l y  does n o t  f r e e  from f u r t h e r  p a r t i c i p a t i o n  

t h e  test  personnel whose t a s k s  have been automated. Personnel a r e  s t i l l  

needed t o  watch the  progress  of t e s t i n g  and t o  compensate both f o r  pos- 

s i b l e  incompleteness of t h e  tes t  programs and e r r o r s  i n  t h e i r  execut ion.  

Such p a r t i c i p a t i o n  of personnel i s  commonly r e f e r r e d  t o  as "monitoring." 

To d a t e  w e  have no t  found i n  the checkout l i t e r a t u r e  any d e t a i l e d  

o r  comprehensive d i scuss ions  on the  manned monitor ing t a s k  and t h e  as- 

s o c i a t e d  man-computer communication requirements .  

w e  a t t empt  t o  f i l l  t h a t  gap by i n v e s t i g a t i n g  monitoring wi th  r e s p e c t  t o  

automated confidence t e s t i n g  i n  the prelaunch checkout of Apollo space 

v e h i c l e s .  I n  p a r t i c u l a r ,  w e  wish to  d e f i n e  t h e  monitoring t a s k ,  t o  

i d e n t i f y  reasons f o r  and o b j e c t i v e s  t o  be obtained through monitoring, 

t o  e s t a b l i s h  t h e  monitor 's  information requirements,  and t o  d i scuss  

s e v e r a l  b a s i c  information d i s p l a y s .  

I n  t h i s  Memorandum 

For our d i scuss ion ,  w e  have attempted t o  i d e n t i f y  a l l  p l a u s i b l e  pro- 

blems i n  automated confidence t e s t i n g  t h a t  may r e q u i r e  monitoring. Not 

a l l  o f  t hese ,  however, a r e  e q u a l l y  l i k e l y  o r  e q u a l l y  s e r i o u s  i n  a given 

t e s t  s i t u a t i o n .  S i m i l a r l y ,  t he  p a r t i c u l a r  a p p l i c a t i o n  w i l l  determine i f  

t h e  monitoring t a s k  t o  be performed w i l l  be manual o r  automatic (whenever 

both are f e a s i b l e ) .  

t a s k s  w e  i d e n t i f y  are performed r o u t i n e l y  i n  c u r r e n t  automated checkout 

systems. We b e l i e v e ,  however, t h a t  our a n a l y s i s  of t h e  monitoring t a s k  

c o n t r i b u t e s  t o  t h e  understanding of i t s  n a t u r e  and t h a t  t h e  suggested 

F i n a l l y ,  w e  a re  aware t h a t  many of t h e  monitoring 

appi-oaches to Z - K Z - . - - - + <  L l ' L W L L L L C L L I V L l  n- A i  ULUyL-J on1 1 x 7  cnril ----- cl 1 end rn more e f f e c t i v e  monitor- 

i n g  . 
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11. MONITORING OBJECTIVES I N  AUTOMATED CHECKOUT 

It  is  u s e f u l  t o  d i scuss  t h e  monitoring t a s k  i n  t e r m s  of a general  

feedback c o n t r o l  system. The b a s i c  elements of t h i s  system are  a 

dynamic process" and a " c o n t r o l l e r "  whose t a s k  i s  t o  ma in ta in  t h e  1 1  

process  w i t h i n  s p e c i f i e d  boundaries .  F igu re  1 d e p i c t s  such a system. 

I n  c e r t a i n  c o n t r o l  systems a secondary c o n t r o l l e r  may be p r e s e n t .  

When the  t a s k  of t h e  secondary c o n t r o l l e r  i s  t o  observe t h e  cour se  of 

t h e  process and the.performance of t h e  primary c o n t r o l l e r ,  w i th  t h e  

a b i l i t y  t o  ove r r ide  t h e  primary c o n t r o l l e r  and t a k e  d i r e c t  c o n t r o l ,  w e  

r e f e r  t o  t h e  secondary c o n t r o l l e r  as a ' h o n i t o r . "  

monitor is dep ic t ed  i n  F i g .  2 .  

A system wi th  a 

I n  monitoring automated confidence t e s t i n g  of space v e h i c l e s ,  t h e  

c o n t r o l l e r  i s  a computer program, with i t s  a s s o c i a t e d  ground support  

equipment (GSE), and t h e  monitor i s  a human ope ra to r  ( e . g . ,  t e s t  eng i -  

n e e r ) .  The dynamic t e s t i n g  process  c o n s i s t s  of a series of t e s t  s t e p s  

each of which involves  gene ra t ion  and a p p l i c a t i o n  of s t i m u l i ,  measure- 

ment of responses,  and e v a l u a t i o n  of t h e  responses  on t h e  b a s i s  of t e s t  

c r i t e r i a .  I n  e a r l y  checkout systems t h e  performance of a l l  t h e s e  t a s k s  

was c o n t r o l l e d  by human o p e r a t o r s .  When t h e  checkout p rocess ,  i n  par-  

t i c u l a r  confidence t e s t i n g ,  was automated, many of t h e s e  c o n t r o l  t a s k s  

were programmed. However, t h e  r e s p o n s i b i l i t y  f o r  t h e  c o r r e c t  and s a f e  

performance o f  t he  checkout s t i l l  rests w i t h  t h e  human o p e r a t o r .  Th i s  

f a c t ,  coupled wi th  t h e  r a t h e r  l i m i t e d  c a p a b i l i t y  of a computer program 

t o  handle u n a n t i c i p a t e d  responses and t h e  need of t h e  human o p e r a t o r  

t o  be aware of t he  progress  of t h e  checkout and t h e  s t a t e  of t h e  system, 

l eads  d i r e c t l y  t o  t h e  human o p e r a t o r ' s  assumption of a monitor ing pos i -  

t i o n ,  i . e . ,  he now observes t h e  automatic  execu t ion  of h i s  previous j o b .  

W i t h  v e r i f i c a t i o n  of c o r r e c t  f u n c t i o n i n g  of t h e  p r i m e  equipment 

and completion of t e s t i n g  be fo re  a s p e c i f i e d  d e a d l i n e  as t e s t i n g  goa l s ,  

t he  following s p e c i f i c  o b j e c t i v e s  of monitor ing can  be i d e n t i f i e d :  

maintaining con tex t ,  compensating f o r  c o n t r o l l e r  l i m i t a t i o n s ,  d e t e c t i n g  

c o n t r o l l e r  e r r o r s ,  and d e t e c t i n g  hazardous c o n d i t i o n s .  
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Fig .2 - Control system wi th  monitor 
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MAINTAINING CONTEXT 

Even i f  we assume t h a t  t h e  c o n t r o l l e r  (computer program) i s  capable  

of d e t e c t i n g  a l l  prime equipment malfunctions and t h a t  t h e r e  are  no 

chances for c o n t r o l l e r  e r r o r s  o r  undetected hazards ,  a requirement f o r  

monitoring s t i l l  e x i s t s .  

maintain context ,  t o  be aware of t h e  p rogres s  of t h e  t e s t i n g  s o  t h a t  

h e  can  plan ahead, l e a r n  about t h e  behavior of t h e  equipment and t h e  

c o n t r o l l e r ,  thus enhancing h i s  a b i l i t y  t o  improve t e s t  procedures ,  and 

ma in ta in  h i s  confidence i n  t h e  e f f e c t i v e n e s s  of automated t e s t i n g .  

It i s  necessa ry  f o r  t h e  human o p e r a t o r  t o  

Planning Ahead 

The monitor needs t o  p l a n  ahead i n  o rde r  t o  be prepared t o  t a k e  

c o n t r o l  of t h e  checkout process  a t  e i t h e r  a scheduled o r  an un- 

scheduled p o i n t .  

A scheduled assumption of c o n t r o l  i s  a s s o c i a t e d  wi th  performing 

manual t e s t s  and var ious manual coord ina t ing  a c t i v i t i e s  ( e . g . ,  i n i t i a t i n g  

and terminat ing t e s t s ) .  I n  such c a s e s  t h e  t i m e ,  c o n d i t i o n s ,  procedures 

f o r  t ak ing  c o n t r o l ,  and subsequent c o n t r o l  a c t i o n s  are a l l  s p e c i f i e d  i n  

t h e  t e s t  program. 

monitor : 

The fol lowing information should be u s e f u l  t o  t h e  

An i n d i c a t i o n  and i d e n t i f i c a t i o n  of t h e  forthcoming 
manual a c t i v i t y  t o  a le r t  t h e  monitor 

An e s t i m a t i o n  of t h e  t i m e  u n t i l  and d u r a t i o n  of t h e  
r equ i r ed  a c t i o n  

A d e s c r i p t i o n  upon r eques t  ( t o  r e f r e s h  t h e  mon- 
i t o r ' s  memory) of t h e  procedures f o r  both t ak -  
ing c o n t r o l  and performing t h e  r equ i r ed  a c t i o n s .  

An unscheduled assumption of c o n t r o l  a r i s e s  when a malfunct ion i s  * 
d e t e c t e d  and the  d i a g n o s t i c  procedure must be performed by t h e  monitor.  

I n  t h i s  case t h e  c o n t r o l l e r  h a l t s  t h e  t e s t i n g  process  and informs t h e  

monitor, and t h e  l a t t e r  i n i t i a t e s  a d i a g n o s t i c  procedure.  I n  gene ra l ,  

JC 
An unscheduled assumption of c o n t r o l  a l s o  occurs when t h e  monitor 

decides  t o  ove r r ide  the  computer t o  compensate f o r  computer e r r o r s  or  
l i m i t a t i o n s .  This  i s  d i scussed  on p .  6 .  
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t h e  monitor can  o b t a i n  a l l  t h e  information r e q u i r e d  f o r  f a u l t  i s o l a t i o n  

a f t e r  a "hold" has been i n i t i a t e d .  However, t h e r e  may be a few s i t u a -  

t i o n s  where u s e f u l  observat ions could be made by t h e  monitor on ly  du r ing  

t e s t i n g  . 
A f t e r  a malfunct ion has been d e t e c t e d  prompt d i a g n o s t i c  a c t i o n  may 

be needed, and t h e  monitor may not have s u f f i c i e n t  t i m e  t o  o b t a i n  the  

r e q u i r e d  information i n  t h e  r o u t i n e  manner. (For example, t h e  phys ica l  

processes  under t e s t  may preclude maintaining l eng thy  holds  wi thou t  ex- 

pensive r e c y c l i n g  and s i g n i f i c a n t  l o s s  of t i m e . )  I n  t h i s  s i t u a t i o n  t h e  

monitor would r e q u i r e  t h e  following: 

o A l e r t i n g  information i n d i c a t i n g  those  t e s t  s t e p s  where 

o For each such t e s t  s t e p ,  a l i s t  of t h e  l i k e l y  causes  of 

o During t h e  t e s t ,  s e l e c t e d  response d a t a  t o  f a c i l i t a t e  

malfunctions r e q u i r i n g  prompt d i a g n o s t i c  a c t i o n  may occur 

malfunctions and app l i cab le  d i a g n o s t i c  procedures 

f a u l t  d i agnos i s  i f  a hold occur s .  

P a t t e r n s  g iv ing  c l u e s  t o  poss ib l e  malfunctions and t h e i r  causes  

(which would f a c i l i t a t e  f a u l t  diagnosis)  may be overlooked by t h e  con- 

t r o l l e r  and thus would no t  be a v a i l a b l e  t o  t h e  monitor when a hold 

occur s .  

by scanning information on c u r r e n t  and p a s t  responses  of t h e  system, 

which he s e l e c t s  on t h e  b a s i s  of h i s  experience and ingenu i ty .  A 

d e t e c t e d  p a t t e r n  may i n d i c a t e  an inc reased  l i k e l i h o o d  of c e r t a i n  m a l -  

f unc t ions  and a l e r t  t h e  monitor t o  pay ve ry  c l o s e  a t t e n t i o n  t o  tes ts  

being performed. Th i s  t a s k  i s  very s imilar  t o  d e t e c t i n g  " c o n t r o l l e r  

l i m i t a t i o n s , "  and t h e  information requirements enumerated f o r  t h e  

l a t t e r  (on p.  9 )  are a l s o  app l i cab le  h e r e .  

The monitor must t r y  t o  i d e n t i f y  t h e s e  "suspicious"  p a t t e r n s  

Learning and Eva lua t ion  

A monitor may be i n t e r e s t e d  i n  o b t a i n i n g  gene ra l  information on 

t h e  checkout process  both t o  be aware of i t s  c h a r a c t e r i s t i c s  and t o  be 

a b l e  t o  e v a l u a t e  i t s  performance (because he may be r e q u i r e d  t o  assess 

t h e  va lue  of new tests, procedures, and designs,  and t o  provide explan- 

a t i o n s  of phys i ca l  phenomena t h a t  occur) .  



-6 - 

The information requirements f o r  t h i s  a c t i v i t y  a r e  r a t h e r  gene ra l ,  

and t h e  monitor may need t o  g a i n  access  t o  any in fo rma t ion  a v a i l a b l e  

t o  t h e  c o n t r o l l e r  during t e s t i n g  o r  t o  any p rev ious ly  compiled r e f e r e n c e  

d a t a .  

manner, i . e . ,  such as t o  s t i m u l a t e  i n s i g h t  and thought .  For example, 

a n  observat ion of t h e  f l i c k e r  of a meter p o i n t e r  may s t a r t  t h e  mind of 

an  experienced observer  a long a l i n e  of thought t h a t  l e a d s  t o  t h e  d i s -  

covery of a p rev ious ly  unknown i n t e r a c t i o n .  The monitor may a l s o  need 

t o  o b t a i n  permanent r eco rds  of any information p resen ted  t o  him. 

Such information should be presented t o  t h e  monitor i n  a " f e r t i l e "  

F i n a l l y ,  t h e  monitor i s  s t i l l  u l t i m a t e l y  r e s p o n s i b l e  f o r  t h e  

checkout of h i s  system. Even when automated t e s t i n g  i s  proceeding 

smoothly he needs a sense  of c o n t a c t  w i th  what i s  happening t o  maintain 

h i s  confidence t h a t  t h e  equipment i s  func t ion ing  p rope r ly  and t h e  check- 

ou t  process i s  being performed c o r r e c t l y .  

be presented information t h a t  d e p i c t s :  

For t h i s  purpose he should 

o The s t a t u s  of t h e  checkou t - - t e s t s  t h a t  have been com- 
p l e t ed ,  a r e  p r e s e n t l y  being performed, and s t i l l  remain 
t o  be  performed 

o The s t a t u s  of t h e  equipment under t e s t  

o Time information-- t ime of checkout s t a r t ,  c u r r e n t  t i m e ,  and 
p red ic t ed  checkout completion t ime--for  comparison w i t h  
a n t i c i p a t e d  t e s t i n g  schedules .  

COMPENSATING FOR CONTROLLER LIMITATIONS 

The term " c o n t r o l l e r  l i m i t a t i o n s "  r e f e r s  t o  t h e  i n a b i l i t y  of t h e  

c o n t r o l l e r  t o  recognize i n d i c a t i o n s  of malfunct ion o r  unusual behavior 

of t h e  equipment under t es t .  F a i l u r e  t o  provide t h e  c o n t r o l l e r  with 

i n s t r u c t i o n s  f o r  t e s t i n g  o r  c r i t e r i a  f o r  r ecogn iz ing  a se t  of even t s  

and t h e  l i m i t e d  c a p a b i l i t y  of t h e  c o n t r o l l e r  t o  observe t h e  behavior 

of a l l  equipment a t  a l l  t i m e s  ( o r  t h e  u n a v a i l a b i l i t y  of  a p p r o p r i a t e  

s e n s o r s )  a re  t h e  main causes  of c o n t r o l l e r  l i m i t a t i o n s .  

The main reasons why t h e  c o n t r o l l e r  may not  have been provided 

wi th  the  proper i n s t r u c t i o n s  a r e  the fol lowing:  
.( 

1. Errors  were made i n  t es t  s p e c i f i c a t i o n  and design,  e . g . ,  t e s t s  

were omitted, o r  they f a i l e d  t o  d e t e c t  c o n d i t i o n s  they  were intended t o  

d e t e c t .  
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I 2. Occurrence of a set  of events w a s  considered improbable a t  

t h e  time of tes t  des ign  and provis ions f o r  t h e i r  d e t e c t i o n  were omit ted 

d e l i b e r a t e l y ,  e . g . ,  on economic grounds. 

3 .  Occurrence of a set of events  w a s  u n a n t i c i p a t e d  a t  t h e  t es t  

des ign  t i m e .  For example, l imi t ed  o p e r a t i o n a l  experience had not  per-  

m i t t e d  t h e i r  i d e n t i f i c a t i o n  i n  systems where novel equipments and 

processes  were i n t e g r a t e d  f o r  the f i r s t  t i m e .  

I n  o rde r  t o  d e a l  with t h i s  p a r t  of t h e  problem, t h e  monitor may 

want t o  know t h e  tests t h a t  have been used as t h e  b a s i s  of judging t h e  

s t a t u s  of t h e  equipment. T h i s  information, t o g e t h e r  w i th  h i s  knowledge 

of t he  performance of t h e  system, should enab le  him t o  decide whether 

t h e s e  tests provide s u f f i c i e n t  evidence, i . e . ,  whether some important 

tests may have been omit ted.  For example, t h e  monitor might be p re sen ted  

w i t h  an e lec t r ica l  schematic diagram of t h e  equipment under t es t ,  showing 

t h e  l o c a t i o n  of t e s t  p o i n t s ,  t he  s t i m u l i  app l i ed ,  and t h e  t e s t  responses .  

With t h i s  information,  t h e  monitor might decide t h a t  a d d i t i o n a l  para- 

meters ( e . g . ,  vo l t age ,  c u r r e n t )  should be measured. 

Inadequate t e s t  des ign  may be t h e  r e s u l t  of d i f f e r e n c e s  between 

t h e  expected performance of a piece of equipment on which t h e  t es t  

des ign  i s  based and i t s  a c t u a l  performance du r ing  t e s t .  

a t i m e  de l ay  may have been i n s e r t e d  i n  a tes t  t o  permit  a parameter t o  

r each  a s t e a d y  s t a t e  c o n d i t i o n  before  making t h e  measurement. 

t r a n s i e n t  behavior  of t h e  parameter was e s t ima ted  i n c o r r e c t l y ,  t h e  

measurement may be i n v a l i d .  I n  gene ra l ,  a monitor w i l l  no t  a t t empt  

t o  q u e s t i o n  t h e  v a l i d i t y  o f  a t e s t  u n l e s s  h e  has  reasons t o  suspec t  

inadequacy, e . g . ,  i n  cases of l imi t ed  o p e r a t i o n a l  experience and 

equipment i n t e g r a t e d  f o r  t h e  f i r s t  t i m e .  

One method t h a t  a moniioi coiild iise to e s t a b l i s h  t h e   lidit it.; nf 

a tes t  i s  t o  e s t a b l i s h  t h e  v a l i d i t y  of unde r ly ing  assumptions by com- 

p a r i n g  t h e  assumed responses  with actual responses .  This  implies  t h a t  

t h e  monitor be supp l i ed  wi th  information on t h e  equipment and t e s t  

d e s i g n  and t h e  a c t u a l  equipment responses .  

o f  r e q u i r e d  information i s  g rea t ,  i t  may be s u f f i c i e n t  t o  p r e s e n t  t o  

t h e  monitor only c e r t a i n  key d e s c r i p t o r s  on t h e  response c h a r a c t e r i s t i c s .  

For  example, e r r o r s  i n  Some t e s t s  may be discovered simply by observing 

For example, 

I f  t h e  

I n  cases where t h e  amount 
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t h a t  a vas i ab le  i s  i n c r e a s i n g  o r  dec reas ing ,  t h a t  i t s  ra te  of change i s  + 

- s low or  f a s t ,  t h a t  it i s  p e r i o d i c  o r  a p e r i o d i c ,  e t c .  

Detection of c e r t a i n  malfunctions may be d e l i b e r a t e l y  omit ted 

from t h e  t e s t  program i n  t h e  i n t e r e s t  of economy and on grounds t h a t  

t hey  are very improbable. 

of cer ta in  of t h e s e  even t s  occur r ing  i n c r e a s e s  du r ing  t h e  checkout as a 

r e s u l t  of t he  occurrence of o t h e r  "improbable" even t s  (which themselves 

may not  be ma l func t ions ) .  To add t o  t h e  e f f e c t i v e n e s s  of t he  checkout,  

t h e  monitor must look f o r  t h e  occurrence of t h e s e  e v e n t s .  H e  can do 

t h i s  i f  he knows which improbable events  were omitted and when t h e y  

may occur during t h e  checkout.  Given t h i s  information he can look 

f o r  c lues  h i n t i n g  t h a t  t h e  l i ke l ihood  of one o r  more of such mal- 

func t ions  has increased o r  t h a t  a malfunct ion a c t u a l l y  has occur red .  

Often c lues  emerge on ly  a f t e r  information observed i n  d i f f e r e n t  p a r t s  

of t h e  system a t  d i f f e r e n t  t i m e s  i s  combined i n t o  a p a t t e r n  and re-  

garded i n  the  l i g h t  of pas t  experience.  For example, t h e  occurrence 

of c e r t a i n  malfunctions may inc-  Lase t h e  l i k e l i h o o d  of o t h e r ,  

a d d i t i o n a l  malfunctions i n  r e l a t e d  p a r t s  of t h e  equipment. 

It i s  p o s s i b l e ,  however, t h a t  t h e  p r o b a b i l i t y  

The c o n t r o l l e r  i s  not  only l i m i t e d  by t e s t  d e f i c i e n c i e s ;  it i s  

l i m i t e d  i n  t h e  c a p a b i l i t y  t o  observe t h e  behavior  of equipments no t  

d i r e c t l y  under t e s t .  

equipment under t e s t  w i th  o t h e r  equipment and t h e  propagat ion of m a l -  

f unc t ions  t o  o t h e r  a l r e a d y  t e s t e d  systems. 

A monitor would a t t empt  t o  compensate f o r  t h i s  type of c o n t r o l l e r  

The c o n t r o l l e r  may be unaware of i n t e r a c t i o n s  of 

l i m i t a t i o n  by cbserving t h e  behavior of equipment he suspec t s  might 

i n t e r a c t  with t h e  equipment under t e s t ,  based on h i s  knowledge and 

experience of p o t e n t i a l  i n t e r a c t i o n s  and s u b j e c t  t o  mod i f i ca t ion  du r ing  

t h e  cour se  of t h e  t e s t .  

performing t h i s  t a s k  inc ludes  a l l  known i n t e r a c t i o n s  between equipment, 

t i m e s  when these i n t e r a c t i o n s  a r e  more l i k e l y ,  and a d e s c r i p t i o n  of t h e  

type and nature  of malfunct ions t h a t  could occur .  Some of t h i s  informa- 

t i o n  may be obtained from o f f - l i n e  s imula t ions  of t h e  behavior and 

checkout of t h e  prime equipment o r  from t h e  mon i to r ' s  obse rva t ions  

The information r e q u i r e d  by t h e  monitor f o r  

during t h e  checkout. ( 6 )  
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Thus, the monitor 's  t a s k  i n  compensating f o r  c o n t r o l l e r  l i m i t a t i o n s  

i s  based on an i n i t i a l  s u s p i c i o n  t h a t  t h e  l i k e l i h o o d  of occurrence of 

t hose  even t s  t h a t  t h e  c o n t r o l l e r  is incapable  of d e t e c t i n g  i s  i n c r e a s i n g  

Th i s  s u s p i c i o n  i s  de r ived  from the mon i to r ' s  obse rva t ions  during t h e  

t e s t ,  h i s  general  experience,  and h i s  knowledge of p a s t  system perform- 

ance.  It  l eads  t h e  monitor t o  hypothesize p o s s i b l e  areas where undetected 

malfunct ions may occur .  The inhe ren t  vagueness of t h i s  t a s k  and t h e  

f a c t  t h a t  it involves  adap t ing  t o  circumstances t h a t  ar ise  a f t e r  t h e  

s t a r t  of t he  checkout preclude i t s  automation except i n  ve ry  l i m i t e d  

circumstances,  such as d e t e c t i o n  of c e r t a i n  t es t  des ign  e r r o r s .  

Besides observing s p e c i f i c  responses of t h e  system, t h e  monitor 

may r e q u i r e  a d d i t i o n a l  r e f e r e n c e  information,  i n  some cases f i n d i n g  it 

u s e f u l  t o  have computational a s s i s t a n c e  from an  o n - l i n e  computer. The 

fol lowing s p e c i f i c  information should be a v a i l a b l e  on r e q u e s t  t o  t h e  

monitor f o r  t h i s  t a s k :  

o T e s t  design information:  d e s c r i p t i o n s  of t e s t  and 
equipment p r e t e s t  assumptions on response c h a r a c t e r -  
i s t i c s ,  f u n c t i o n a l  flow diagrams 

f o r  i t s  q u a l i f i c a t i o n ,  t e s t  s t a t u s  of i t s  parameters,  
i t s  malfunct ion and maintenance h i s t o r y ,  s e l e c t e d  
response d a t a ,  a l i s t  of d e l i b e r a t e l y  omitted tes t s  
and symptoms of a s soc ia t ed  malfunctions 

o For a given p i ece  of equipment: t h e  tes ts  r e q u i r e d  

o L i s t s  of known or  suspected i n t e r a c t i o n s  between 
equipment t i m e s  of occurrence,  malfunctions t h a t  
might occur ,  t h e i r  symptoms, and tes t  p o i n t s  where 
symptoms may be observed. 

DETECTING CONTROLLER ERRORS 

By " c o n t r o l l e r  e r r o r s ' '  w e  mean depa r tu re s  of t h e  c o n t r o l l e r  

(computer program) from planned tes t s .  The main reasons f o r  c o n t r o l -  

l e r  e r r o r s  a r e :  

o Program e r r o r s :  i n c o r r e c t  s p e c i f i c a t i o n  or  sequencing 
of t e s t  s t e p s  i n  t h e  c o n t r o l  program; i n c o r r e c t  i npu t  
d a t a  

o Malfunctions i n  checkout equipment: i n c o r r e c t  ope ra t ion  
of t h e  checkout computer o r  t h e  support ing tes t  equip- 
ment. 



-10 - 

The above e r ro r -caus ing  events  may occur i n  any p a r t  of t h e  check- 

out  program o r  equipment, a t  any time, and f o r  very  s h o r t  du ra t ion .  

Detec t ing  t h e  occurrence of t hese  events  by human monitor i s ,  t h e r e f o r e ,  

exceedingly d i f f i c u l t ,  and t h e  monitor should concen t r a t e ,  i n s t e a d ,  on 

t h e  de t ec t ion  of t h e i r  e f f e c t s  a s  manifested i n  i n c o r r e c t  performance 

of one o r  more of t he  fol lowing checkout t a sks :  

1. Tes t  Select ion--choosing t h e  next t e s t  s t e p  f o r  execut ion.  

The c o n t r o l l e r  e r r o r s  he re  mainly a f f e c t  t h e  sequence of t es t  s t e p s :  

they may be omit ted o r  i n c o r r e c t l y  s e l e c t e d .  

incomplete t e s t i n g ,  "hanging up" of t h e  t e s t  program, or  p o s s i b l e  harm 

t o  the  system may r e s u l t .  

I n  both cases  e i t h e r  

2 .  Test Execution--performing t h e  s e l e c t e d  tes t  s t e p .  The 

fol lowing kinds of c o n t r o l l e r  e r r o r s  may occur:  

Commencing t o  execute  t h e  t es t  s t e p  before  a l l  r equ i r ed  

i n i t i a l  condi t ions  have been s a t i s f i e d  ( e . g . ,  a l l  p r e -  

r e q u i s i t e  tes ts  may not  have been completed).  Th i s  

might l ead  t o  i n t e r f e r e n c e  wi th  o t h e r  tes ts  performed 

on o t h e r  systems, hazards ,  incomplete t e s t i n g ,  and 

poss ib l e  unpred ic t ab le  responses .  

Applicat ion of i n c o r r e c t  s t i m u l i  a t  i nappropr i a t e  

t i m e s  o r  tes t  p o i n t s ,  o r  f o r  a wrong dura t ion ,  l e a d i n g  

both t o  incomplete o r  no t e s t i n g  and damage e i t h e r  

t o  t h e  system under t e s t  o r  t o  o t h e r  systems (some o f  

which may a l r e a d y  have been t e s t e d )  . 
Measuring of  responses  a t  i n c o r r e c t  t es t  po in t s  o r  

with inappropr i a t e  sensors ,  perhaps caus ing  i n c o r r e c t  

eva lua t ion  of system performance. 

Test  Evaluation--comparing equipment responses  wi th  pre-  

determined l i m i t s  t o  e s t a b l i s h  t h e  s t a t u s  of t h e  p a r t i c u l a r  equipment 

under t es t .  Poss ib l e  c o n t r o l l e r  e r r o r s  h e r e  are: 

(a) Comparing wrong responses  wi th  wrong c r i t e r i a .  The 

e f f e c t  of t h i s  i s  i n c o r r e c t  e v a l u a t i o n .  
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Ignor ing  ou t -o f - l imi t s  c o n d i t i o n  of responses  and 

d e c l a r i n g  t h e  equipment o p e r a t i o n a l .  

Declar ing t h e  equipment "no-go" al though a l l  responses  

are w i t h i n  s p e c i f i e d  l i m i t s .  

t h i s  i s  t i m e  wasted i n  a t tempted d i agnos t i c  t e s t i n g  o r  

i n  r epea t ing  t h e  t e s t  s t e p . )  

Test Assessment--determining t h e  s t a t u s  of t h e  checkout 

(Usually t h e  r e s u l t  of 

process  on t h e  b a s i s  of t h e  r e su l t s  of t es t  eva lua t ion .  E r ro r s  he re  

are  l i m i t e d  t o :  

(a) Ignor ing  a "no-go" and con t inu ing  checkout of o the r  

equipment. 

(b) Ha l t ing  checkout although a l l  equipment i s  ope ra t iona l .  

5 .  Hazard Detec t ion .  The c o n t r o l l e r  e r r o r s  he re  are mainly 

f a i l i n g  t o  d e t e c t  o r  ignor ing  t h e  e x i s t e n c e  of hazards  t h a t  t h e  

program has been mechanized t o  recognize.  

The monitor,  i n  o rde r  t o  be a b l e  t o  recognize t h e  e f f e c t s  of  

c o n t r o l l e r  e r r o r s ,  needs t o  know both what t h e  c o n t r o l l e r  i s  doing and 

what t h e  c o n t r o l l e r  should be doing. Typica l  i tems of information 

needed a r e  l i s t e d  below: 

o T e s t  s t e p  i d e n t i f i c a t i o n  and i n s t r u c t i o n s  f o r  perform- 
ance: s t i m u l i  t o  be appl ied,  tes t  po in t s ,  t es t  du ra t ion ,  
e t c . ;  t e s t  p o i n t s  f o r  response measurement, sensors  t o  
be used 

o Actual c o n t r o l l e r  ac t ions  i n  performing t h e  t es t  s t e p :  
s t i m u l i  app l i ed ,  t e s t  po in ts ,  e t c . ,  t es t  po in t s  s e l e c t e d  
f o r  response measurement, sensors  used. Resu l t  of com- 
p a r i s o n  of response with c r i t e r i a .  

The r o u t i n e  and completely s p e c i f i e d  na tu re  of t h i s  t a s k  lends  

i t s e l f  t o  automation, i . e . ,  use of  another  computer t o  monitor t h e  

c o n t r o l l e r .  S i t u a t i o n s  may, however, ar ise  where a human monitor 

would have t o  d e t e c t  c o n t r o l l e r  e r r o r s  d i r e c t l y .  
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HAZARD DEZECTION 

A hazardous c o n d i t i o n  i n  automated confidence t e s t i n g  e x i s t s  when 

unexpected events  such as c o n t r o l l e r  e r r o r s ,  t e s t  des ign  e r r o r s ,  equip- 

ment malfunctions,  or  unsafe  t e s t  procedures occur t h a t  might l e a d  t o  

c a t a s t r o p h i c  even t s .  These cond i t ions  are a n t i c i p a t e d  when they a r i s e  

i n  conjunct ion wi th  scheduled performance of a s e t  of t e s t s  c l o s e l y  

a s s o c i a t e d  wi th  a p o t e n t i a l l y  c a t a s t r o p h i c  process  ( e . g . ,  t e s t i n g  p a r t s  

of ordnance f i r i n g  c i r c u i t s ) ,  but  t hey  may a l s o  be u n a n t i c i p a t e d ,  e . g . ,  

a c o n t r o l l e r  e r r o r  may unexpectedly l ead  t o  t e s t i n g  of RF c i r c u i t s  t h a t  

maintain an RF beam f o r  command d e s t r u c t  r e c e i v e r s .  

When hazards a r e  a n t i c i p a t e d  as p a r t  of normal t e s t i n g ,  c a t a s t r o -  

phic  events t h a t  may occur and t h e  key sequences of even t s  t h a t  l e a d  t o  

them are known. The t a s k  of t h e  monitor i n  t h i s  s i t u a t i o n  i s  t o  observe 

whether the t e s t  process i s  fol lowing t h e  planned sequence o r  has en te red  

one such key sequence, and, i f  so ,  t o  t a k e  a p p r o p r i a t e  a c t i o n  t o  reduce 

the  hazard l e v e l .  For t h i s  t a s k  t h e  fol lowing information could be 

p re sen ted  t o  t h e  monitor:  

o A le r t ing  information--an i n d i c a t i o n  t h a t  t e s t i n g  i s  
en te r ing  a hazardous r eg ion  

o Descr ipt ion of key sequences toward c a t a s t r o p h i c  even t s ,  
i n d i c a t i o n  of s t e p s  i n  t h e s e  sequences t h a t  t h e  con- 
troller i s  scheduled t o  t a k e ,  i n d i c a t i o n  of s t e p s  
a c t u a l l y  taken, and magnitudes and c r i t i c a l  va lues  of 
c e r t a i n  key v a r i a b l e s  

o Procedures f o r  t a k i n g  c o n t r o l  and reducing t h e  hazard 
l e v e l  ( t o  p repa re  t h e  monitor t o  t a k e  c o n t r o l  i f  a v a i l -  
ab l e  automatic backup procedures should f a i l ) .  

I n  the case  of u n a n t i c i p a t e d  haza rds ,  no a l e r t i n g  information may 

have been provided t o  t h e  monitor,  and h i s  t a s k  now a l s o  w i l l  i nc lude  

hazard d e t e c t i o n .  

cannot be expected t o  be known, it i s  n o t  s u f f i c i e n t  t o  observe only 

those sequences a l r e a d y  determined f o r  a n t i c i p a t e d  haza rds .  A s  i n  

d e t e c t i o n  of c o n t r o l l e r  l i m i t a t i o n s ,  t h e  monitor must f i r s t  develop a 

Since a l l  p o s s i b l e  sequences t o  c a t a s t r o p h i c  events  

susp ic ion"  of p o s s i b l e  hazardous c o n d i t i o n s  and then  observe s e l e c t e d  I 1  

information t o  v e r i f y  h i s  s u s p i c i o n s .  
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Informat ion  requirements  o f  the monitor i n  t h i s  p a r t  of t h e  hazard  

d e t e c t i o n  t a s k  are  s imilar  t o  those a l r e a d y  l i s t e d  f o r  handl ing  c o n t r o l l e r  

e r r o r s  and l i m i t a t i o n s .  

To handle  hazards  t h a t  a r i se  i n  unsafe  t e s t  procedures ,  e . g . ,  per -  

sonnel  i n  c l o s e  proximi ty  t o  systems under t es t ,  a v i s u a l  d i s p l a y  of  t h e  

t e s t  a r e a  may be adequate ,  as i s  p r e s e n t l y  done. 

A s  soon as a hazardous cond i t ion  has  been de tec t ed ,  o p p o r t u n i t i e s  

f o r  i t s  e l i m i n a t i o n  ex is t ,  i . e . ,  depending on t h e  hazard  level  and 

whether i t  i s  a n t i c i p a t e d ,  s p e c i f i c  c o n t r o l  op t ions  should be a v a i l a b l e .  

For  example, i t  may be s u f f i c i e n t  i n i t i a l l y  t o  s t o p  f u r t h e r  t e s t i n g  and 

main ta in  c o n s t a n t  t h e  e s t a b l i s h e d  hazard  magnitude. I f  t h a t  hazard 

magnitude i s  unacceptable ,  appropr ia te  procedures  f o r  "backing o f f "  t o  

a lower hazard leve l  can  be chosen. 

A t  h igh  leve ls  of hazards  the moni tor ' s  on ly  cho ice  i s  t o  e l i m i n a t e  

t h e  hazard .  I n  t h e  case of  lower hazard levels,  he  may choose t o  w a i t ,  

b u t  h e r e  t h e  d e c i s i o n  of when t o  apply  c o n t r o l s  i s  conp l i ca t ed  by t h e  

f o l  1 owing : 

o Various t i m e  per iods  during t h e  e x i s t e n c e  o f  a hazard may 
be more o r  l e s s - s u i t a b l e  f o r  i t s  e l i m i n a t i o n ,  i . e . ,  t h e  
c o s t s  of  c o n t r o l s  may vary over t i m e ,  w i th  h ighe r  hazard 
levels u s u a l l y  implying h ighe r  c o n t r o l  c o s t s  

o Time l e f t  i n  a given hazard level may be of  u n c e r t a i n  
du ra t ion ,  and t h e  success i n  apply ing  a c o n t r o l  may 
be u n c e r t a i n  

o Seve ra l  hazard  condi t ions  may e x i s t  s imul taneous ly ,  
making i t  necessary  t o  a s s i g n  p r i o r i t i e s ,  e . g . ,  on t h e  
b a s i s  of t h e  c o s t s  of a s soc ia t ed  c a t a s t r o p h i c  even t s .  

INFORMATION REQUIREMENTS FOR VARIOUS MONITORING OBJECTIVES 

I n  t h e  prev ious  s e c t i o n  a number of monitor ing vbject l t -e:  :?ere 

discussed ,  and f o r  each ob jec t ive  t h e  a s s o c i a t e d  monitor ing t a s k s  and 

t h e i r  in format ion  requirements  were desc r ibed .  S ince  some o r  a l l  of 

t h e s e  monitor ing tasks may be performed s imul taneous ly ,  t h e  informat ion  

p resen ted  f o r  performing one task may be usefu l  f o r  performing ano the r .  

To f a c i l i t a t e  l a t e r  d iscuss ion ,  Table  1 p r e s e n t s  a summary of  t h e s e  
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Table 1 

SUMMARY OF INFORMATION REQUIREMENTS FOR 

VARIOUS MONITORING OBJECTIVES 

T e s t  measurements 
C r  i t i c  a 1 var  iab 1 e s 

S t a t u s  
Checkout 
Equipment 

Equipment d e s c r i p t i o n  
Schematics and diagrams 
T e s t s  t o  qua l i fy  
L ike ly  malfunctions,  symptoms 
I n t e r a c t i o n s  wi th  o the r  

Re f e r  enc e 

equipment 
Equipment h i s t o r y  

Performance 
M a l  func t ions  
Main t e nanc e 

Test des ign  desc r ip t ion  
D e  1 i bera  t e l  y omi t t ed t e s  t s 
Hazardous sequences 
Procedures f o r  t ak ing  c o n t r o l  

Type of Informat ion  

Program 
Sequence and schedule  of t es t  

For each t e s t  s t e p :  
I d e n t i f i c a t i o n  
Estimated du ra t ion  
Aler t  i n d i c a t i o n  f o r :  

s t e p s  

Hazard 
Prompt d iagnos t ic  a c t i o n  
Manual performance 
I n t e r a c t i o n  

I n s t r u c t i o n  
I n i t i a l  condi t ions  f o r  t e s t  
S t imul i ,  t e s t  po in t s  
Test po in t s  f o r  responses  
Response eva lua t ion  c r i t e r i a  
Hazard de tec t ion  c r i t e r i a  

Re SDOnS e 

{a in t a in ing  
:ontext 

X 

X 

X 

X 
- 

X 

X 

X 

X 

X 

X 

on t  r o l  1 er 
i m i t a t i o n s  

X 

X 
- 

- 
- 
- 
X 

- 
- 
X 

X 
- 

X 
- 

- 
X 

X 

X 

X 

X 

X 

X 
X 

X 
X 
- 

- ~~ 

.azard 
le tec t i o n  
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requirements  , c l a s s i f i e d  i n t o  the fo l lowing  c a t e g o r i e s :  ( 3  J 4 )  

o Program in fo rma t ion - - spec i f i ca t ion  of t e s t  o b j e c t i v e s  and 
l i s t i n g  of t h e  t e s t  s t eps  i n  t h e  sequence they  are t o  be 
performed 

a tes t  s t e p  and eva lua t ing  t h e  r e s u l t s  

t e s t  

o I n s t r u c t i o n  informat ion- -de ta i led  i n s t r u c t i o n s  f o r  performing 

o Response information--responses from t h e  equipment under 

o S t a t u s  information-- information d e p i c t i n g  the  ope ra t iona l  
r ead iness  of t h e  prime and checkout equipment and t h e  
progress  of t h e  checkout process  

o Reference information-- information compiled both before  
t h e  s ta r t  of t h e  checkout and dur ing  execut ion  of t e s t  
s t e p s  previous t o  t h e  one c u r r e n t l y  performed. This  
information d e p i c t s  t he  genera l  n a t u r e  and performance 
c h a r a c t e r i s t i c s  of  t h e  p r i m e  equipment, t h e  checkout 
equipment, and t h e  checkout process .  

The information requirements presented  i n  Table  1 should be f a i r l y  

complete.  They m y  seem q n i t e  ex tens ive ,  however, when processed by a 

s i n g l e  monitor.  I n  such a case,  depending on t h e  p a r t i c u l a r  s i t u a t i o n ,  

dec i s ions  w i l l  have t o  be made as t o  which p a r t s  of t h e  monitoring 

t a s k s  a r e  more important and which information i t e m s  need t o  be presented  

i n  l i e u  of  t he  complete l i s t .  I n  many cases t h e  t a s k  of monitor ing may 

be performed by s e v e r a l  people ,  a l lowing a r educ t ion  i n  t h e  amount of 

in format ion  process ing  requi red  from a p a r t i c u l a r  i n d i v i d u a l ,  e . g . ,  

w h i l e  one person maintains  contex t ,  another  may d e t e c t  c o n t r o l l e r  

l i m i t a t i o n s ,  and a t h i r d  may d e t e c t  hazards  and c o n t r o l l e r  e r r o r s .  

I n  a p a r t i c u l a r  checkout s i t u a t i o n  t h e r e  may ex i s t  a number of  

s p e c i f i c  monitor ing t a s k s  t h a t  may be performed au tomat i ca l ly  by a 

computer program. These are pr imar i ly  t a s k s  t h a t  e i t h e r  can be p r e -  

c isely formulated p r i o r  t o  t e s t i n g  o r  t h a t  r e q u i r e  f a s t  and accu ra t e  

responses  ( e .g . ,  p e r i o d i c  observa t ion  of system s t a t u s ,  d e t e c t i n g  

c e r t a i n  c o n t r o l l e r  e r r o r s ,  some aspec t s  of hazard de t ec t ion )  o r  both.  

However, one class of  monitoring t a s k  t h a t  i s  very  d i f f i c u l t  i f  no t  

impossible  t o  mechanize (and thus i s  i n h e r e n t l y  b e s t  s u i t e d  f o r  human 

performance) i s  t h a t  of compensating f o r  c o n t r o l l e r  l i m i t a t i o n s .  



-16- 

111. MAN-COMPUTER COMMUNICATION I N  MONITORING 

INFORMATION EXTRACT I O N  

A human ope ra to r  performs t h e  monitor ing t a s k s  on t h e  b a s i s  of  

information presented  t o  him i n  messages a t  r a t e s  normally e s t a b l i s h e d  

by t h e  c o n t r o l l e r ,  i.e., a t  t h e  r a t e  t h e  c o n t r o l  computer executes  

t h e  t e s t  programs. I f  t he  monitor i s  t o  i n t e r a c t  w i th  t h e  c o n t r o l l e r  

i n  real  time o r  a t  least  wi th  minimum t i m e  de l ays ,  he must be  a b l e  t o  

e x t r a c t  t he  r equ i r ed  information from t h e  messages, perform t h e  

r equ i r ed  mental d a t a  process ing ,  and respond w i t h i n  t h e  a v a i l a b l e  

t i m e .  

designed and messages composed so t h a t  in format ion  e x t r a c t a b i l i t y  

increased .  

Since t h i s  i n t e r v a l  i s  u s u a l l y  s h o r t ,  a l l  d i s p l a y s  should be 
-1. 

i s  

To imprc;-ve in format ion  e x t r a c t a b i l i t y ,  t h e  fo l lowing  cha rac t e r -  

i s t i c s  of  computer messages should be considered:  

1. The t y p e  of message--graphic, t ex t ,  o r  composite. The 
choice of  message type  i s  based on t h e  planned use  of  t h e  
information,  e.g., i f  c o n t r o l l e r  a c t i o n s  are t o  be compared 
with r equ i r ed  a c t i o n s ,  a graphic  message may l ead  t o  g r e a t e r  
e x t r a c t a b i l i t y  by pe rmi t t i ng  f a s t e r  comparisons than  a 
message i n  t e x t  form. 

2, Coding of  in format ion- -d i f fe ren t  coding dimensions and 
a lphabets  p e r m i t  d i f f e r e n t  degrees  o f  e x t r a c t a b i l i t y ,  
depending, o f  course ,  on t h e  p r o f i c i e n c y  of  t h e  monitor.  
Among t h e  usua l  coding dimensions a re :  

o Symbols--alphanumeric o r  a b s t r a c t  

o Geometric shapes 

o Colors  

o P o s i t i o n  on d i sp lay  a rea  

o F la sh  r a t e  

o Length 

* 
By e x t r a c t a b i l i t y  w e  mean t h e  ease o f  o b t a i n i n g  u s e f u l  

information from a message. 
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3. Format of t h e  message--s t ructur ing t h e  message may permit  

f a s t e r  s e l e c t i v e  e x t r a c t i o n ,  e.g., p r e s e n t i n g  a l i s t  of 
i t e m s  a l p h a b e t i c a l l y ,  r a t h e r  t h a n  i n  random order .  

4. Redundancy i n  coding o r  i n  information--at  t i m e s  redundancy 
i n c r e a s e s  e x t r a c t a b i l i t y ,  a l though excess ive  redundancy 
may l e a d  t o  a loss o f  e x t r a c t a b i l i t y .  

The e x t r a c t i o n  t i m e ,  t h e  t i m e  r e q u i r e d  t o  o b t a i n  t h e  d e s i r e d  

information,  i s  a measure of i t s  e x t r a c t a b i l i t y .  E x t r a c t i o n  t i m e  i s  

a f f e c t e d  by t h e  amount o f  information t h a t  must be ob ta ined ,  by t h e  

a c c e s s i b i l i t y  and l e g i b i l i t y  of t h e  d i sp layed  message, by t h e  v i g i l a n c e  

o f  t h e  monitor ,  and by h i s  prof ic iency.  

I n  s p e c i f y i n g  d i s p l a y  designs f o r  t h e  monitor,  we  have at tempted 

t o  i n c r e a s e  e x t r a c t i b i l i t y  by using coding a lphabe t s  compatible wi th  

t h e  monitor 's  p ro f i c i ency  and experience,  by u s i n g  formating t o  p e r m i t  

s e l e c t i v e  e x t r a c t a b i l i t y  (e. g. , p e r m i t  a n t i c i p a t i o n  of t h e  d i s p l a y  

area where c e r t a i n  information w i l l  appear) ,  and by p r e s e n t i n g  as 

much p r e d i c t i v e  and a l e r t i n g  information as f e a s i b l e  so t h a t  t h e  

p rocess ing  t a s k  i s  reduced as much as p o s s i b l e  t o  a simple,  l o g i c a l  

o p e r a t i o n  such as comparison. 

F ive  b a s i c  types  o f  d i sp l ay  s e e m  t o  be implied by t h e  information 

requirements  o f  monitors and our goa l  o f  e x t r a c t a b i l i t y :  network, 

schematic,  ma t r ix ,  graphic ,  and t e x t .  

" W O R K  DISPLAY 

A checkout program c o n s i s t s  of a set  o f  test  s t e p s  so ordered 

t h a t  one s t e p  cannot b e  i n i t i a t e d  u n t i l  c e r t a i n  o t h e r  s t e p s  have been 

completed o r  u n t i l  s p e c i f i e d  c o n s t r a i n t s  have been s a t i s f i e d  . This  

may be dep ic t ed  g r a p h i c a l l y  by a network o f  nodes, r e p r e s e n t i n g  test 

s t e p s ,  which are connected by l i n e  segments i n d i c a t i n g  t h e i r  se- 

quencing. 

Represen ta t ion  of program information i n  t h i s  form p r e s e n t s  t h e  

monitor  w i th  t h e  fol lowing information: 

o T e s t  s teps  t o  be performed 

o Tes t  s t e p  r e l a t i o n s h i p s :  s t e p s  t h a t  must precede o t h e r s ,  
s t e p s  t h a t  c o n t r o l  o the r s ,  and s t e p s  t h a t  may be performed 
simultaneously.  
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Addit ional  nodes t h a t  do n o t  r e p r e s e n t  a c t u a l  test s t e p s  b u t  

r a t h e r  such a c t i v i t i e s  as p r e p a r a t i o n  f o r  tes ts  o r  concluding oper- 

a t i o n s  may b e  inco rpora t ed  i n  t h e  network. F igu re  3 d e p i c t s  a two- 

dimensional network d i sp lay .  A s  p a r t i a l l y  shown t h e r e ,  t h e  fol lowing 

s p e c i f i c  

1. 

2. 

3. 

4 .  

5 .  

6 .  

information i s  a s s o c i a t e d  w i t h  each node of t h e  network: 

Test i d e n t i f i c a t i o n - - t h e  number and name o f  t h e  test and 
the parameters t e s t e d ,  coded by alphanumeric symbols. 

S y s t e m  ident i f icat ion--name of t h e  equipment and system 
being t e s t e d ,  coded e i t h e r  by alphanumeric symbol o r  t h e  
shape  of t h e  node. 

S t a t e  of  t h e  test step--whether t h e  t e s t  has  been completed, 
i s  i n  p rogres s ,  has  d e t e c t e d  a malfunct ion,  w a s  abo r t ed ,  i s  
ready, e t c .  Here t h e  c o l o r ,  shading, o r  design of t h e  
node could b e  used as coding dimensions. 

A le r t ing  information-- i n d i c a t i o n  t h a t  s p e c i a l  a t t e n t i o n  
should b e  given t o  t h e  t es t  and i d e n t i f i c a t i o n  o f  t h e  
reason, e.g., hazard,  prompt response r equ i r ed  i f  m a l -  
funct ioning,  i n t e r a c t i o n  wi th  o t h e r  tes ts  , susp ic ious ,  
etc.  A f l a s h i n g  l i g h t  a t  t h e  node could i n d i c a t e  a ler t ,  
and t h e  f l a s h  ra te  could i n d i c a t e  urgency. S p e c i a l  
symbols could be used t o  i d e n t i f y  t h e  r eason  f o r  a ler t .  

Duration of t e s t - -bo th  expected and a c t u a l  d u r a t i o n  o f  
the tes t  s t e p  could be i n d i c a t e d  by t h e  l eng th  o f  t h e  
node, u s i n g  an a p p r o p r i a t e  t i m e  scale, o r  by alphanumeric 
symbols 

Indices  t o  more information--could r e f e r  t h e  monitor by 
means of alphanumeric c h a r a c t e r s  t o  t e x t  o r  g r a p h i c a l  
d i sp l ays  t h a t  could b e  requested.  

Jlynamic Behavior 

During t h e  checkout t h e  monitor i s  i n t e r e s t e d  i n  t h e  p r o g r e s s  o f  

t e s t i n g ,  i.e., which tests have been completed, which are c u r r e n t l y  

i n  p r o g r e s s ,  and which are t o  be performed i n  t h e  nea r  f u t u r e .  

i s ,  t h e r e f o r e ,  necessary t o  superimpose t i m e  i n fo rma t ion  on t h e  

network display. 

It 

We propose t o  add t h e  t i m e  i n fo rma t ion  i n  t h e  manner shown i n  

Fig. 3, i.e., w e  e s t a b l i s h  t h e  X-axis o f  t h e  d i s p l a y  area as t h e  

t i m e  axis and set up a ''present t i m e "  l i n e .  The area t o  t h e  l e f t  o f  
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t h e  p re sen t  t i m e  l i n e  i s  t h e  " p a s t , "  and t h e  area t o  t h e  r i g h t  i s  

t h e  "future." The l e n g t h  of t h e  node i n d i c a t e s  i t s  d u r a t i o n  on t h e  

chosen time sca l e - - the  l e n g t h  of a node i n  p a s t  t i m e  i n d i c a t e s  

a c t u a l  durat ion,  i n  f u t u r e  t i m e  e s t ima ted  durat ion.  Since t h e  

p r e s e n t  t i m e "  l i n e  i s  s t a t i o n a r y ,  t h e  network must move. Thus, a I 1  

node i s  moved from t h e  " f u t u r e v t  t o  t h e  "present" l i n e ,  and from t h e r e  

it moves gradual ly  i n t o  t h e  "past" as it has  been completed. 

node o f  t h e  p a s t  may be of d i f f e r e n t  l e n g t h  than  w a s  e s t ima ted  when 

it was i n  the  fu tu re .  

The 

I f  the d a t a  processing r equ i r ed  t o  maintain a network d i s p l a y  

such as depicted i n  Fig. 3 becomes excess ive ,  it i s  p o s s i b l e  t o  use  

a number of s impler  network d i s p l a y  v e r s i o n s  t h a t  s t i l l  would p r e s e n t  

much of the d e s i r e d  information. For example, t h e  d u r a t i o n  of a 

t es t  s t e p  could be i n d i c a t e d  d i g i t a l l y  nea r  i t s  node, and the  c o l o r  

coding could be replaced by alphanumeric symbols. 

d i s p l a y  may even be presented i n  a t a b u l a r  manner, as i n  Fig. 4. 

These changes, however, reduce the  e x t r a c t a b i l i t y  of t he  d i sp layed  

information; the i n t e r a c t i o n s  among nodes are more r e a d i l y  perceived 

i n  Fig. 3 than i n  Fig. 4.  

I n  f a c t ,  a network 

A more complex v e r s i o n  of t h e  network d i s p l a y  may be p re sen ted  

i n  a t h r e e  dimensional p e r s p e c t i v e  drawing, as shown i n  Fig. 5. 

The depth dimension would then be the  t i m e  ax i s .  

move toward the monitor. The "present" l i n e  could e i t h e r  be a t  t h e  

very f r o n t  of the d i s p l a y  o r  recessed by a d e s i r e d  amount t o  permit  

d i s p l a y  of some l l p a s t "  nodes. 

monitor a f e e l i n g  analogous t o  t h a t  i n  d r i v i n g  an  automobile. 

Future  nodes would 

Such a d i s p l a y  would probably g ive  the  

Display Controls 

The following c o n t r o l  c a p a b i l i t y  f o r  t he  network d i s p l a y  seems 

d e s i r a b l e  : 

o Move the "present  t i m e "  l i n e  on t h e  d i s p l a y  s u r f a c e - -  
permit t ing the monitor t o  look more i n  the  ' 'past ' '  o r  more 
i n  the 'I future"  

Remove nodes--permit t ing t h e  monitor t o  e l i m i n a t e  from t h e  
network nodes t h a t  r e p r e s e n t  tes ts  of no immediate i n t e r e s t  

o 
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Fig.4- Tabular display of a program network 
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Fig. 5 - Three-dimensional presentation of network display 
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o Change time scale 

o Magnify or contract the network--permitting the monitor to 
choose the level of detail in representation of the 
program information, i.e., specify the set of test steps 
to be represented by a single node. (The ability to 
specify the level of detail for each separate system under 
test may be valuable.) 

SCHEMATIC DISPLAYS 

Schematic displays present a schematic diagram, in desired 

detail, of the equipment under test and superimpose on it the fol- 

lowing test data: 

o Stimuli applied--type, magnitude, frequency and duration, 
indicated by alphanumeric coding and special symbols 

o Test points where stimuli are applied by color code 

o Equipment response--magnitude, frequency, delay from appli- 
cation of stimulus , rise time, etc. , coded alphanumerically, 
or when required, a graph depicting the stimulus and the 
response could be plotted at an auxiliary display surface 

o Criteria for evaluation of the responses. (Response 
magnitude could also be shown here on a bar graph where 
the criteria have been indicated.) 

o Indices for use in retrieving additional information on 
the test and on the.design of the equipment--its performance, 
and test and maintenance history. 

This information is particularly useful to the monitor for 

compensating for controller limitations and for detecting controller 

errors. He can observe the test, assessing its adequacy, detect 

omission of tests, and find inappropriate evaluation criteria. 

Figure 6 depicts a hypothetical schematic display. 
For this type of display the controls thai  slioiild $2 27.72iIable are: 

o Magnification or contraction--choice of the level of detail 

o Removal of elements--elimination of insignificant detail 

o Use as a communication medium when requesting tests to be 
performed or i n  the  modification and design of tests. 

A s  in the case of network display, the last possibility proposes 

that the schematic diagram could be used as an essential part of a 

test design and monitoring language., 
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Fig . 6 -  Schematic display 
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MATRIX DISPLAY 
1 

Matrix d i s p l a y s ,  which present  information i n  t a b u l a r  o r  ma t r ix  

form, can be used t o  r e l a y  equipment and system s t a t u s  information. 

For t h i s  purpose the ma t r ix  d i sp l ay  i s  e s s e n t i a l l y  a t a b l e  whose rows 

l i s t  i t e m s  ( p i e c e s  of equipment o r  a system) and whose columns l i s t  

t h e  p o s s i b l e  s t a t e s  of t he  items. The s t a t u s  of an  i tem i s  i n d i c a t e d  

by a n  e n t r y  i n  the  a p p r o p r i a t e  row and column. A s t a t u s  ma t r ix  could 

be p re sen ted  i n  any l e v e l  of d e t a i l  and could b e  maintained and up- 

dated throughout t he  tests. When t h e r e  a r e  a l a r g e  number of i tems 

it may be i m p r a c t i c a l  t o  d i s p l a y  the  e n t i r e  matrix.  The monitor 

should have t h e  c a p a b i l i t y  t o  s e l e c t  t h e  p a r t  o f  t h e  m a t r i x  t h a t  

d e p i c t s  t h e  s t a t u s  of equipment i n  which h e  i s  i n t e r e s t e d .  

Ma t r ix  d i s p l a y s  can a l s o  be used t o  d e p i c t  equipment i n t e r a c t i o n s :  

rows and columns o f  a ma t r ix  may be used t o  i d e n t i f y  equipment, 

and whenever t h e r e  i s  an i n t e r a c t i o n  between equipment, an e n t r y  i s  

made i n  t h e  a p p r o p r i a t e  i n t e r s e c t i o n  of row and column. 

GRAPHIC AND TEXTUAL DISPLAY 

These a r e  convent ional ,  general  purpose d i s p l a y s  f o r  p r e s e n t i n g  

information supplementing t h a t  i n  the  d i s p l a y s  a l r eady  enumerated. 

Graphic d i s p l a y s  inc lude  among o t h e r s ,  graphs of v a r i a b l e s  over  a 

pe r iod  of t i m e  and ba r  c h a r t s ,  which t h e  monitor could use  t o  

d e t e c t  unusual  behavior. 

i s  a t e l e v i s e d  p r e s e n t a t i o n  of the environment of t h e  t e s t e d  equipment 

f o r  d e t e c t i n g  personnel  hazards. 

A s p e c i a l  v e r s i o n  of t he  g raph ic  d i s p l a y  

The t e x t  d i s p l a y  would be used t o  p r e s e n t  information such as 

procedures  and performance h i s t o r y  e i t h e r  upon t h e  iiio-iiltor's rzquest 

o r  a u t o m a t i c a l l y  a long  wi th  a l e r t  information. 

USES OF DISPLAYS 

Table 2 d e p i c t s  t h e  ca t egor i e s  of i n f o m a t i o n  that can 

p resen ted  by each of t he  d i s p l a y s  desc r ibed  above t o  meet t h e  i n f o r -  

mation requirements f o r  monitoring. Which of t hese  d i s p l a y s  w i l l  be 

a v a i l a b l e  t o  a p a r t i c u l a r  monitor depends on h i s  r o l e  i n  t h e  checkout 



-26-  

( i . e . ,  whether he i s  a system t e s t  eng inee r ,  t e s t  conductor,  e t c . )  

and on the e x t e n t  of the monitoring t a s k s  he i s  performing. 

Table 2 

MONITORING INFORMATION AVAILABLE FROM DISPLAYS 

Type of 
I n f  ormat ion Display 

Network Schematic Matrix Graphic Text 
Program X - - - - 

I n s t r u c t i o n  X X 

Response X X - 

S t a t u s  X X - 

Reference X X X X X 

- - - 

- - 

- - 

I n  a t y p i c a l  monitoring s i t u a t i o n  a t  a system t e s t  e n g i n e e r ' s  

l e v e l ,  the monitor would be p re sen ted  cont inuously w i t h  bo th  a ma t r ix  

d i s p l a y  of t he  s t a t u s  of h i s  and r e l a t e d  equipment and a network 

d i s p l a y  of t e s t s  concerning t h i s  equipment. The network d i s p l a y  

would show the  c u r r e n t  checkout s t a t u s ,  forthcoming tests,  and would 

a l e r t  the  monitor t o  v a r i o u s  circumstances (hazard,  manual c o n t r o l  

a c t i o n ) .  

h i s t o r i c a l  information,  such as r e f e r e n c e s  t o  p a s t  ma l func t ions ,  

mod i f i ca t ions ,  e tc .  When an  a l e r t  s i t u a t i o n  a r i s e s  o r  t h e  monitor 

develops a susp ic ion  concerning a p i e c e  of equipment o r  a t e s t ,  he 

may request  a d d i t i o n a l  d i s p l a y s  t h a t  p r e s e n t  more d e t a i l e d  r e f e r e n c e  

information. 

I n  a d d i t i o n  the  network d i s p l a y  would a l s o  p r e s e n t  l i m i t e d  

I n  p r a c t i c e ,  however, t h e r e  may e x i s t  many i n s t a n c e s  where 

checkout requirements o r  t h e  modus operandi  of t h e  monitor do n o t  

conform with the " typ ica l "  s i t u a t i o n  desc r ibed  above. I n  o r d e r  t o  

permit  e f f e c t i v e  monitoring, the d i s p l a y  system should be s u f f i c i e n t l y  
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f l e x i b l e  t o  p e r m i t  changes o f  coding dimensions, formats,  and type  

of information i n  t h e  v a r i o u s  bas i c  d i sp l ays .  For example, a par -  

t i c u l a r  t es t  engineer  may p r e f e r  another  t ype  o f  coding t h a n  a 

f l a s h i n g  l i g h t  f o r  hazard ind ica t ion .  

CHECKOUT RATE CONTROL 

Almost a l l  of t he  monitoring t a s k s  desc r ibed  i n  Sec. I1 r e q u i r e ,  

a t  one t i m e  o r  ano the r ,  e x t r a c t i o n  and p rocess ing  of considerable  

amounts of information by the monitor as w e l l  as h i s  r ead iness  f o r  

i n s t a n t  response. Although network d i s p l a y  provides  p r e d i c t i v e  

information concerning t e s t s  t h a t  should be c l o s e l y  observed, t he  

automated r a t e  of checkout may be too high t o  permit  the monitor t o  

b e  adequately prepared by the t i m e  such a tes t  a r r i v e s .  The t e s t  

i t s e l f  may a l s o  be executed t o o  fast  t o  permit  i t s  observation. 

c u r r e n t  checkout systems such s i t u a t i o n s  can be resolved only by 

s a c r i f i c i n g  some monitoring e f f e c t i v e n e s s  o r  by r e v e r t i n g  t o  t o t a l l y  

manual s t ep -by- s t ep  t e s t i n g ,  thereby accep t ing  the  a s s o c i a t e d  loss  

of speed. 

I n  

We f e e l  t h a t  a t h i r d  a l t e r n a t i v e - - t h e  a b i l i t y  of t h e  monitor t o  

r e g u l a t e  t he  checkout r a t e  over t h e  i n t e r v a l  from f u l l  speed t o  

s tep-by-step--should be ava i l ab le .  Given such a c o n t r o l  f e a t u r e ,  t h e  

monitor can adapt  t h e  checkout rate t o  circumstances as these  a r i s e .  

For  example, a monitor may wish t o  slow down t h e  checkout r a t e  when 

he s e e s  c e r t a i n  c r i t i c a l  t e s t s  forthcoming, o r  h e  can speed up t h e  

r a t e  du r ing  w e l l  e s t a b l i s h e d  t e s t  sequences. 

C e r t a i n  psychological  advantages d e r i v e  w i t h  t h i s  c a p a b i l i t y - -  

t h e  mnnitor m ~ y  now have a real  f e e l i n g  of "being i n  con t ro l "  of t he  

checkout process .  (Th i s  f e e l i n g  i s  u s u a l l y  l ack ing  i n  c u r r e n t  

automated checkout systems, which permit e i t h e r  only f u l l  speed o r  

manual modes of operation.)  

Regulat ion of t h e  checkout rate should be implemented no t  by 

a t t empt ing  t o  change the  i n t e r n a l  t iming of t he  checkout computer b u t  

r a t h e r  by manipulat ing i n t e r v a l s  between t e s t  s t e p s  and between 

i n d i v i d u a l  a c t i o n s  w i t h i n  test s t eps .  Any tes t  s t e p  t h a t  must be 
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executed a t  a ra te  s p e c i f i e d  by t h e  equipment under t e s t  must, o f  

cour se ,  remain una l t e red .  

One scheme t o  implement checkout r a t e  c o n t r o l  would employ a 

c o n t r o l  l eve r  whose angle  of  r o t a t i o n  from a r e f e r e n c e  axis would be 

coded d i g i t a l l y .  

would contain a "delay" i n s t r u c t i o n  executed between t e s t  s t e p s  and 

ac t ions .  

c o n t r o l  l e v e r ' s  c u r r e n t  angle  would be used as an i n d i c a t i o n  of t h e  

d e s i r e d  delay; hence t h e  de l ay  between tes t  s teps  and t h e  speed of 

t e s t  performance would be a f u n c t i o n  o f  t h e  p o s i t i o n  of  t h e  c o n t r o l  

l eve r .  A monitor could thus  r e g u l a t e  t h e  checkout rate.  

The o p e r a t i n g  program of  t h e  checkout computer 

Each time t h e  delay i n s t r u c t i o n  i s  m e t  t h e  v a l u e  of t h e  
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IV. IMPLEMENTING THE DISPLAYS 

In this section we will turn our attention to the practical 

application of the proposed displays: what display devices are avail- 

able, what data processing support is required, and what are the prob- 

lems associated with programming such displays? 

DISPLAY DEVICES 

All the displays already discussed are characterized by the dynamic 

nature of the information presented--it is presented and changed synchro- 

nously with performance of the tests. This characteristic sets a ground 

rule for selecting display devices--they must permit real time updating 

of the displayed information and, in addition, must permit presentation 

of an adequate amount of predictive information. 

Two classes of display devices suitable for individual viewers and 

for dynamic displays are computer-driven cathode ray tubes (CRTs) and 

electroluminescent panels (ELs). While EL panels of adequate size are 

currently still laboratory items, CRT display devices have been widely 

used, creating large amounts of operational experience. In particular, 

all current automated checkout systems for Apollo include computer- 

driven CRT displays. We have, therefore, chosen a CRT display device 

for our discussion of problems associated with presenting dynamic dis- 

plays. In particular, we chose the CRT characteristics as specified 

for the Kennedy Space Center automatic checkout system(7) and listed 

in Table 3 (p. 3 6 ) .  

* 

If displays are to be presented to monitoring groups, some of the 

projection techniques developed for military command and control systems 

* 
In our discussion of network displays we pointed out the useful- 

ness of color as a coding dimension (e.g., for indicating the opera- 
tional status of the tests represented by nodes). At present CRT 
display devices with color capability have been built only for specific 
laboratory uses but should be avaiiabie for general use J L i i  B Fn*-i L L V V  - T ~ Q T C  J b U L Y .  

In the interim, other coding dimensions (e.g., shades of gray, levels 
of intensity, or special symbols) can be used. 
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may be applicable, although continuous motion of a network is hard to 

achieve because current projection devices require approximately 10 

seconds of updating time. 

Other conventional display devices--strip-charts, meters, etc.--are 

also required for continuous monitoring. 

when compensating for controller limitations. The matrix display can 

use conventionally illuminated fixed messages arranged in an array. 

These are particularly useful 

DATA BASE 

In See. I11 we indicated a number of categories of information that 
could be useful to monitor: program information, instruction informa- 

tion, status information, response information, and reference information. 

Such static information exists essentially in two forms: coded in 

a physical medium for computer sensing or in a form where it can be read 

by the operator directly, i.e., in books, pamphlets, or slides. In all 
cases an extensive indexing scheme is required to tie the reference 

information together with given instances in checkout where it may be 

required, Much of this work is being done for the Apollo project by 

NASA contractors. For our discussion of the data processing requirement 

for monitoring, we will assume that such information is available on 

magnetic tapes or disks, or on slides, and that this information is 

adequately cross-indexed to the test steps. 

Of particular importance is the organization of the data for net- 

work display. 

correct form with the nodes designated and links indicated so that they 

can be used directly to generate the appropriate shapes of nodes and 

the proper links. Then these data are moved from a large file to the 

display storage and from there with modifications (increased lengths of 

nodes, for example) into another file. Changes in test sequences or 

additions of new tests require that on-line changing of program infor- 

mation be easily accomplished, without having to relocate too many 

records. 

permits flexibility and yet compactness in terms of storage space 

required. 

Program information must be previously arranged in the 

The Appendix presents one structure for network data that 
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PROGRAMMING IMPLICATIONS 

Programming of displays for monitoring follows the general pattern 

of programs written for real time processes--certain tasks must be 

performed within time intervals not controlled by the programmer. In 

monitoring the checkout process a number of stations would probably be 

involved, and most likely, several of these would have to be serviced 

by a single computer, i.e., time sharing of the computer among several 

stations has to be taken into account. 

Network Displays 

Here the part of the network displayed is moved at a rate propor- 

tional to real time. This movement is effected by continuous modifica- 

tion of the coordinates of the displayed items (nodes and links). Thus 

the general requirement is to update all the required coordinates within 

a specified time interval. Several parameters of the network display 

permit certain tradeoffs: smoothness of motion (number of unit distances 

that the network is moved per one updating cycle), time scale of the 
display (time units per unit distance), and the number of items displayed. 

Thus if the time required to update and move a given network one unit 

distance is too long relative to the time scale, the network may be made 

to move in a more discontinuous manner by advancing several unit dis- 

tances at a time. Such discontinuous movement eventually makes the 

network appear to be "jumping" across the display surface, and thus 

might become sufficiently annoying to the monitor to make the display 

lose some of its usefulness. 

In the Appendix we outline the structure of a moving network dis- 

play program and discuss storage space and program time requirements. 

Some of these were obtained with the heip or' a s~all-sczle netvork display 

program. We found, for example, that the storage space requirement for 

a 500-node and 1,000-link network is approximately 4,800 24-bit words, 

and that the time required to update a 20-node and 50-link network is 

less than i5 miiiiseconda 22 2.r IBM 7044 computer. On the basis of 

these figures we estimate that the maximum speed of moving the network 

on the display surface (512 points on a 12-inch axis) is 6.50 inches per 
second when the computer is entirely at the disposal of a single display 
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u n i t ,  and 0 .42  inches pe r  second i f  i t  i s  t i m e  shared among 16 d i s p l a y  

u n i t s  a n d  t h e  d i s p l a y  i s  moved i n  0.1-inch jumps. 

I n  t h e  above d i s c u s s i o n  we have assumed t h a t  t h e  d a t a  f o r  d i sp l ay -  

i n g  the network a r e  s o r t e d  i n  a random access  s t o r a g e  u n i t  ( e . g . ,  mag- 

n e t i c  co res ) .  I f  a c y c l i n g  s t o r a g e  u n i t  such as a magnetic drum i s  

a v a i l a b l e  for t h e  d i s p l a y ,  i t  may be p o s s i b l e  t o  e l i m i n a t e  much of  the 

updat ing timc by u s i n g  hardware i n s t e a d  of  program t o  move t h e  d i s p l a y .  

For example, i f  t h e  drum s u r f a c e  i s  made t o  correspond w i t h  t h e  d i s p l a y  

s u r f a c e  and t h e  o r i g i n  of t h e  drum corresponds w i t h  t h e  o r i g i n  of t h e  

d i s p l a y  sweep,  i t  might be p o s s i b l e  t o  use  a d d i t i o n a l  r eco rd ing  heads 

t o  phys i ca l ly  move words on t h e  drum i n t o  d i f f e r e n t  l o c a t i o n s  when 

t h e s e  words a r e  not under t h e  d i s p l a y  output  r ead ing  heads,  

Other Displays 

The schematic d i s p l a y ,  a composite of a schematic diagram of t h e  

equipment under t e s t  w i t h  t h e  t e s t  r e s u l t s  p re sen ted  a t  t h e  l o c a t i o n s  

on t h e  diagram where they  a r e  measured, might be implemented by pro-  

j e c t i n g  the schematic through t h e  use  of  s l i d e s  on t h e  d i s p l a y  s u r f a c e  

and p o s i t i o n i n g  t h e  dynamic response d a t a  a t  a p p r o p r i a t e  l o c a t i o n s .  

Data processing requirements f o r  t h i s  a r e  s t o r e d  s e t s  of d i s p l a y  formats 

t o  correspond w i t h  t h e  d i f f e r e n t  l a y o u t s .  The d i s p l a y  program must 

s e l e c t  the s l i d e  t o  be p r o j e c t e d ,  a c q u i r e  t h e  a p p r o p r i a t e  format ,  and 

gene ra t e  the  r equ i r ed  coord ina te s  f o r  t h e  response d a t a .  A program 

f o r  t h i s  does n o t  seem t o  o f f e r  any unusual problems. 

Programs f o r  p r e s e n t i n g  and main ta in ing  m a t r i x ,  g r a p h i c ,  and t e x t  

d i s p l a y s  a r e  w e l l  known and r e q u i r e  no s p e c i f i c  d i s c u s s i o n .  
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V . CONCLUSIONS 

i 

In this report we have examined the task of a human monitor in 

automated prelaunch checkout of space vehicles. We find that his main 

objectives are: 

o To maintain context with the progress of the checkout 

o To compensate for controller limitations 

o To detect controller errors 

o To discover hazardous conditions that are undetectable 
automatically, 

To attain a selected set of monitoring objectives the operator 

must have real-time access to information regarding the status of the 

checkout process and the equipment under test, responses to tests, and 

reference information. Although it may be presented to the monitor in 

various ways, in order t o  increase the effectiveness of monitoring, the 

information should be presented: 

o In an extractable manner--such that the monitor could 
react to the presented information within a specified 
time interval 

o In a "fertile" manner--such as to permit the monitor 
to obtain additional insight and formulate hypotheses 
on the behavior of the equipment under test 

o Such that it includes predictive information, permit- 
ting the monitor to prepare for observing upcoming 
events. 

A monitor should be provided with controls to: 

o Alter the checkout rate--for example, t~ rzducc t h e  
checkout rate in order to observe execution of a 
particular test more effectively 

o Choose the information presented to him 

o Cause chazges in the checkout program. 

To facilitate presentation of information, the following types of 

visual displays are useful: 

o Moving network display--dynamic display of information 
describing the structure and status of the checkout 
process 
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o Schematic display--presentation of stimulus and response 
information as overlays on the schematic diagram of the 
equipment under test 

o Matrix display--presentation of information on the 
operational status of the equipment and systems 

o Graphic and text displays--presentation of reference 
and derived response information. 

Maintaining and updating the various monitoring displays places 

an additional burden on the checkout computers. In particular, the 

computing requirements for updating the moving network display increase 

in proportion with the required updating rate. If a number of such 
displays must be maintained, a computer may use most of its time for 

meeting the display requirements. There are several approaches to 

reduce possible excessive computer time requirements: 

o Use o f  a computer with high-speed arithmetic unit 

o Use of special purpose hardware for updating the display 
(e.g., a magnetic drum) 

o Use of group displays or units. 

At present we have no experimental data concerning the effective- 

ness of  the enumerated displays in monitoring of actual automated 

checkout processes. Accumulating this information seems to be a natural 

extension of this study. Other areas of study that might be considered 

include: 

o Use of the enumerated displays in diagnostic testing 

o Use of the displays as communication media for inter- 
acting with checkout programs, composing new programs, 
and debugging. 
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Appendix 

AN OUTLINE FOR A NEZWORK DISPLAY PROGRAM 

We have o u t l i n e d  t h e  programming of a moving network d i s p l a y  f o r  

t h e  purpose of o b t a i n i n g  d a t a  on which t o  base estimates of t h e  re- 

qu i r ed  number of i n s t r u c t i o n s ,  s to rage  space,  and time f o r  moving a 

network a u n i t  d i s t a n c e .  I n  o rde r  t o  permit comparison wi th  equip- 

ment a l r e a d y  planned f o r  Apollo checkout systems, we w i l l  assume t h a t  a 

CRT d i s p l a y  u n i t  s imi la r  t o  t h a t  s p e c i f i e d  f o r  t h e  Kennedy Space Center 

automated checkout system(7) i s  a v a i l a b l e .  

p e r t i n e n t  c h a r a c t e r i s t i c s .  

Table 3 l i s t s  some of i t s  

PROGRAM DESCRIPTION 

We w i l l  assume t h e  network d i sp lay  t o  t ake  t h e  upper h a l f  of t h e  

1 2  x 1 2  inch d i s p l a y  area of the  CRT, and t h a t  nedes are nominally one 

inch  square,  s epa ra t ed  from each other  a t  l eas t  one inch i n  t h e  X and 

Y dimensions. Our d i s p l a y  a r e a  can then  accommodate t h r e e  rows of 

nodes, w i th  as many as 6 nodes per row. We w i l l  f u r t h e r  assume t h a t  

each node may c o n t a i n  9 c h a r a c t e r s  and can  be f l a s h e d  independently.  

F igu re  7 d e p i c t s  t h e  d i s p l a y  a r e a ,  and F i g .  8 t h e  c o n s t r u c t i o n  of nodes 

and l i n k s  when u s i n g  t h e  vec to r  drawing c a p a b i l i t y  of t he  d i s p l a y  u n i t .  

I n  F i g .  7 ,  X denotes the  "present1' t i m e  l i n e  on the  d i s p l a y  and t 
Xt-K i d e n t i f i e s  a "waiting" l i n e ,  whose purpose i s  t o  hold t h e  nodes 

a t  some convenient  d i s t a n c e  from Xt u n t i l  t hey  are " s t a r t e d . "  

S to rage  S t r u c t u r e  

Each i t e m  t o  be d i sp layed ,  a node o r  a l i i l k ,  is dcscr ihec!  hy  P 

two word r eco rd .  A t y p i c a l  record is  dep ic t ed  i n  F i g .  9 and c o n t a i n s  

t h e  fol lowing information:  

B i t  Information - Word - 
1 1 0 i n d i c a t e s  a node 

1 i n d i c a t e s  a l i n k  

2-3 Row (Y-coordinate) o f  t h e  i t e m  

4- 5 Node: shape code 
Link: row (Y-coordinate) of i t s  terminus 
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Table  3 

CHARACTERISTICS OF TME DISPLAY DEVICE 

Character  s i z e  : h e i g h t  
width 
h o r i z o n t a l  spacing 
v e r t i c a l  spac ing  

0 .2  i n  
.15 i n  
.085 i n  
. l o 5  i n  

Maximum c h a r a c t e r s  per  l i n e :  52 

Maximum number of l i n e s :  39 

Vector drawing c a p a b i l i t y :  between any two p o i n t s  a 

Maximum number of d i sp layed  vec to r s  : 1000 connected 
500 unconnected 

Display a rea :  512 x 512 p o i n t s ,  1 2  x 12  inches  

Spec ia l  f e a t u r e s  : photo pen 
c u r s  or  

s l i d e  d a t a  m i x  c a p a b i l i t y  
TV c a p a b i l i t y  

Buffer  s to rage :  4996 24-b i t  words 

Computer c ompat i b i 1 i t y : RCA 1 l O A  

a 
This i s  a depa r tu re  from t h e  d i s p l a y  device s p e c i f i e d  f o r  t h e  

Kennedy SpaiE Center ;  t he  l a t t e r  s p e c i f i e s  a maximum l e n g t h  of 2 inches  
f o r ' a  vec tor .  
1 2  x 1 2  inch d i sp lay  s u r f a c e  i s ,  however, r e a d i l y  ach ievab le .  

Vector drawing c a p a b i l i t y  between any two p o i n t s  on a 
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Test space for text, graphic, or schematic displays 

( 0 1  Y") 

Row 1 

Row 2 

Row 3 

' ( 0 1  0)  

Fig .7- Proposed use of 12 x 12-inch display area 
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Node Shape 5: 2 
Link Row Z 5 ii Word 1 Row Identif ication 

a - Node 

Word 2 

(X, J, ) 

Direction of -\ motion 

Address of data ( i f  node) 

X-coordinate of terminus (link) Address of next record 

b - Link 

Word 3 

Fig.8-Construction of  node and link 

Length Character #1 Character #2 

Word 4 
0 
0 
4- 

Character #3 Character #4 Character #5 Character #6 0 

Word 5 

Fig.9- Record for a node or link ( i n  R-file ) 

Character #7 Character #8 Character #9 End 
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Word - - B i t  Information 

6 1 i n d i c a t e s  t h a t  t h e  next  r eco rd  i s  ou t  
o f  sequence 

7 1 i n d i c a t e s  t h a t  t h e  i t e m  should be f l a shed  

8- 9 Vacant 

10-24 I d e n t i f i c a t i o n  of t h e  i t e m  

2 1 - 1 2  Address of t h e  next  record i f  ou t  of sequence 

( c h a r a c t e r s ,  du ra t ion )  
13- 24 Node: address of a d d i t i o n a l  d a t a  

Link: X-coordinate of i t s  terminus 

3-5 Characters  a s s o c i a t e d  wi th  t h e  node (da t a )  

A l l  node o r  l i n k  r eco rds  a r e  i n  a ' 'record f i l e "  ( R - f i l e ) ,  which, 

i f  l a r g e ,  may be p a r t l y  i n  t h e  core s t o r e  and p a r t l y  i n  the  tape s t o r e s .  

Records are taken from t h e  R - f i l e  when they must be d i sp layed  o r  analyzed, 

and a t  t h a t  t i m e  a corresponding d i s p l a y  record i s  cons t ruc t ed  and i n -  

s e r t e d  i n  t h e  "display f i l e ' '  ( D - f i l e ) .  

A record i n  t h e  D - f i l e  c o n s i s t s  of as many words as r equ i r ed  t o  

gene ra t e  t h e  shape of t h e  i t em t o  be d i sp layed  and t o  d i s p l a y  t h e  

a s s o c i a t e d  c h a r a c t e r s .  Typ ica l ly ,  a d i s p l a y  r eco rd  f o r  drawing a 

squa re  node and d i s p l a y i n g  3 rows of 3 c h a r a c t e r s  each r e q u i r e s  5 

words f o r  t h e  square and 6 words f o r  t he  c h a r a c t e r s  (we assume t h a t  

i t  i s  s u f f i c i e n t  t o  s p e c i f y  t h e  X- and Y-coordinates f o r  t h e  s t a r t i n g  

c h a r a c t e r  of a row only,  t h e  other  c h a r a c t e r s  i n  t h e  row being spaced 

a u t o m a t i c a l l y ) .  

A D - f i l e  i s  dep ic t ed  i n  F i g .  10 .  It c o n t a i n s  t h e  fol lowing 

information:  

B i t  Information - Word - 
1 1 0 indicai;es "Zla~l:Lng" n f  +_he vec tor  

1 i n d i c a t e s  t h a t  t he  vec to r  i s  unblanked 

2 '!Mode": c h a r a c t e r ,  v e c t o r ,  o r  empty 

3 0 i n d i c a t e s  no f l a s h  
1 i n d i c a t e s  f l a s h  

4-12 Y-coordinaie of t h e  o r i g i r :  nf the i t e m  

13-15 Vacant 

16 -  24 X-coordinate of t he  o r i g i n  of t he  i t e m  
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a, 
Word 1 

\ 

0 
X UI, 9 ”  LL 

Word 2 Y 

Word 6 

X 

Word 7 

Q) u 

Word 

I, Xo of l ine of Yo of I i ne of o r 3  
ZCL characters characters 

I 

1 2 3  4 12 16 24 

5 

i 

Xo of l ine of Yo of I ine of 
al 
3 2  
Z L  characters characters 

0 

4 I 12 16 24 
I 
I 
I 
I 
I 
I 

Word 1 1  

t . . .  i \  

Character #7 Character #8 Character #9 STOP line 

1 2 3  4 12 16 24 

Character #1 I Character f2 I Character #3 I STOP line 

1 6 7  I 12 13 
I 

18 19 24 

Fig.10- Typical display f i l e  (D - f i l e )  for a node 
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B i t  In format ion  - Word - 
2 X- and Y-coordinates of  t h e  next  p o i n t  of  

the item 

... ... ... 
6 X- and Y-coordinates of t h e  o r i g i n  of  the 

row of c h a r a c t e r s  

7 1 - 6  Charac te r  ill 
7 - 1 2  Charac te r  Irl2 

13-18 Charac te r  #3 

1 9 -  24 Stop  l i n e  symbol 

8 X- and Y-coordinates of t h e  next  row 

. . .  . . .  . . .  
e tc .  

D - f i l e  records  are cons t ruc t ed  on t h e  b a s i s  of  in format ion  ob- 

t a i n e d  from analyz ing  t h e  R - f i l e  r eco rds .  During t h e  o p e r a t i o n  o f  

t h e  program a2  iten? i s  moved on the d i s p l a y  s u r f a c e  by incrementing 

t h e  X-coordinates of a l l  r e f e rence  p o i n t s  of  i t s  D - f i l e  r eco rd .  

Desc r ip t ion  of Program Opera t ion  

The genera l  mode of opera t ion  of t h e  network d i s p l a y  program 

c o n s i s t s  of modifying the X-coordinates i n  t h e  D - f i l e  r eco rds  ( f o r  

motion i n  t h e  X d i r e c t i o n )  synchronously wi th  t h e  t i m e  scale of  t h e  

d i s p l a y .  

corresponds t o  0 . 1  seconds,  then  each d isp layed  node and vec to r  must 

move a u n i t  d i s t a n c e  eve ry  0 . 1  seconds.  

For example, i f  t h e  u n i t  d i s t a n c e  on t h e  d i s p l a y  s u r f a c e  

There are a number of condi t ions  t h a t  determine whether a d isp layed  

i t e m  (node o r  l i n k )  i s  a c t u a l l y  moved, completely removed from d i s p l a y ,  

o r  w i i e i i l e i  A iiew i t e m  I s  mc=.ec! ny! the d i sp lay .  One of  t h e  fo l lowing  

r u l e s  may apply:  

o I f  a node o r  a vec to r  i s  e n t i r e l y  i n  t h e  "pas t , "  a l l  

o I f  a node o r  a vec to r  i s  c r o s s i n g  t h e  "present"  t i m e  

o I f  a node has  c ros sed  the p r e s e n t  t i m e  l i n e  and t h e  

X-coordinates are modified 

l i n e ,  a l l  X-coordinates a r e  modified 

t e rmina t ion  of t h e  ope ra t ion  r ep resen ted  by it has  n o t  
been s i g n a l l e d ,  only the  X-coordinates  of t h e  l ead ing  
edge are  modified ( i - e . ,  t h e  node grows i n  l eng th )  
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o I f  a node i s  stopped a t  t h e  "waiting" l i n e ,  i t s  coord ina te s  
a r e  no t  modif ied,  and t h e  e n t i r e  row of  nodes and vec to r s  i s  
"frozen" 

o I f  a node i s  i n  
coord ina tes  are 

o I f  a node i s  on 
s igna l ,  a l l  i t s  
K ( t he  d i s t a n c e  
1 ine)  

t h e  ' ' fu ture ' '  and t h e  row i s  f rozen ,  i t s  
no t  modified 

t h e  wa i t ing  l i n e  and receives a s t a r t  
X-coordinates  are modified by an  increment 
between t h e  "present"  t i m e  and "waiting" 

o I f  t h e  X-coordinates  of  t h e  t r a i l i n g  edge of a node are  
e x a c t l y  equal  t o  q ( t he  minimum d i s t a n c e  between t h e  
t r a i l i n g  edge and border  of t h e  d i s p l a y  a r e a ) ,  a new 
i t e m  ( u s u a l l y  a l i n k )  i s  brought on t h e  d i s p l a y  s u r f a c e  
for  t h i s  row. To do t h i s  t h e  next  r eco rd  f o r  t h i s  row 
i n  t h e  R - f i l e  must be obta ined  and analyzed,  and a d i s p l a y  
record must be assembled f o r  t h e  D - f i l e  

o I f  t h e  node i s  i n  t h e  "past" and t h e  X-coordinates  o f  t h e  
t r a i l i n g  edge a r e  equal  t o  N ( t h e  l a s t  po in t  i n  t h e  d i s -  X play s u r f a c e ) ,  t h e  d i s p l a y  r eco rd  of t h e  cor responding  
node i s  removed from t h e  D - f i l e  

o I n  t h e  case of a vec to r ,  t h e  X-coordinate  of a te rmina l  
i s  modified only  i f  t h e  row where t h e  te rmina l  i s  loca t ed  
i s  no t  f rozen .  

The bas i c  ope ra t ing  c y c l e  o f  t h e  program c o n s i s t s  t hen  of t a k i n g  

d i s p l a y  records from t h e  D - f i l e ,  determining which of t h e  above r u l e s  

t o  apply ,  and performing t h e  i n d i c a t e d  o p e r a t i o n s .  F igure  11 d e p i c t s  

a gross  flow c h a r t  of  t h e  o rgan iza t ion  of  such a network d i s p l a y  pro-  

gram. 

I n c l u s i o n  of c o n t r o l  ope ra t ions  i n  t h e  program, such as p rov i s ions  

f o r  moving t h e  p re sen t  t i m e  l i n e ,  removal of nodes,  a l t e r i n g  connec t ions ,  

e t c . ,  r e q u i r e  i n c l u s i o n  of a d d i t i o n a l  c o n d i t i o n s .  For  example, i f  t h e  

p re sen t  time l i n e  i s  moved r i g h t  a t  t h e  same r a t e  a s  t h e  network moves 

l e f t ,  t h e  n e t  e f f e c t  i s  t o  d i s p l a y  more i t e m s  i n  t h e  "pas t , "  but  t o  

g radua l ly  remove items i n  t h e  " fu tu re .  l 1  

OPERATIONAL CHAWCTERISTICS 

Important  c h a r a c t e r i s t i c s  de te rmining  t h e  p r a c t i c a l i t y  of  a pro- 

gram are the s t o r a g e  space r equ i r ed  f o r  t h e  program and t h e  d a t a ,  and 

t h e  execut ion  t i m e .  I n  t h e  fo l lowing  w e  a t t empt  t o  make estimates of  

t hese  c h a r a c t e r i s t i c s  f o r  t h e  network d i s p l a y  program o u t l i n e d  i n  
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I 
lake record R i  i n  
D-f i le.  Raw r '  J 

"Past" "Future" 

No 

N o  

Reduce x-coordinate o f  
back edge:x ,  = x,-l 

I 

[------\now at disposition 

I:' " '"/ \ 1 f romD- f i le  I 

. 

I KO 1 analyze and out I 
in D-f i le ' I d------s 

signal foi 
any node 

Move trai l ing edge 
o f f  P.T .  l ine 

Completion signal 
from computer 

Y e s  

Fig. 11-Flow char t  for program design 
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Fig .  11. 

w r i t t e n  a t  RAND f o r  t h e  I B M  7040/44 computers. 

We w i l l  make use of a " p i l o t  program" f o r  network d i sp lay ,  

S torage  Space 

The s to rage  space r equ i r ed  f o r  t h e  program i s  i n  t h e  range of  

500-700 words. 

The s t o r a g e  space requirements f o r  t h e  network i t s e l f  depend, of 

course ,  on t h e  s i z e  of t h e  network. I n  genera l ,  i f  N i s  t h e  number of 

nodes and L t h e  number of l i n k s ,  t h e  r eco rd  f i l e  (R-f i le )  r e q u i r e s  

5N + 2L words. 

l i n k s  t h a t  may be d isp layed  s imultaneously,  t h e  r equ i r ed  s i z e  of  t h e  

D - f i l e  is 1 1 N  

I f  Nd and Ld are t h e  maximum numbers of nodes and 

+ 2Ld words. d 
For example, i f  Nd = 20, Ld = 50, N = 500, and L = 1,000, t h e  

t o t a l  s to rage  space needed f o r  t h e  d a t a  i s  4,820 words. I n  a p r a c t i c a l  

s i t u a t i o n ,  a p a r t  of t h e  R - f i l e  may have t o  b e  maintained on tapes .  

Program Execution T ime  

I n  d i scuss ing  the  t i m e  r equ i r ed  t o  update  t h e  network d i s p l a y  

program, it is u s e f u l  t o  d e f i n e  c e r t a i n  parameters :  

T =  
U 

Tr = 

M =  

c =  n 
- 
- 
- 

tc - 

Time requ i r ed  t o  move t h e  e n t i r e  d i sp layed  network, 
i . e . ,  t h e  t i m e  r equ i r ed  t o  update  t h e  coord ina te s  of 
a l l  d i sp layed  i t e m s  ( independent of t h e  number, K, of 
u n i t  d i s t ances  t h a t  t h e  network i s  moved a t  a t ime) .  

Time s c a l e  of t h e  X-axis, t i m e  u n i t s  per  u n i t  d i s t a n c e .  

Maximum number of  u n i t  d i s t a n c e  t h a t  t h e  d i s p l a y  may 
be moved per  updat ing  c y c l e  wi thou t  adve r se ly  a f f e c t i n g  
t h e  c a p a b i l i t y  of  a human monitor t o  fol low t h e  motion 
of t h e  network (must be determined exper imenta l ly) .  

Number of computing c y c l e s  needed t o  update  a node. 

Number of computing c y c l e s  needed t o  update  a l i n k .  

Time per  c y c l e  of t h e  computer. 

We chose t o  express  t h e  e f f o r t  f o r  updat ing  a node and a l i n k  i n  

terms of  cyc les  on t h e  grounds t h a t  t h e  number of  cyc le s  p e r  g iven  

i n s t r u c t i o n  tends  t o  be s imilar  f o r  most of t h e  computers of a g iven  
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class ( e .g . ,  computers wi th  b i t -wise  p a r a l l e l  t r a n s f e r s  and a r i t h m e t i c ) .  

I n  a ser ia l  computer c y c l e  time i s  rep laced  by word t i m e ,  which i s  a 

func t ion  of  t h e  word length  and time per  b i t .  

The t i m e  f o r  moving t h e  d isp lay ,  T may now be expressed as 

Since  t h e  d i s p l a y  moves p r o p o r t i o n a l l y  t o  
U’ 

TU = tc (NdCn + LdC1). 

real t i m e ,  t h e  i n e q u a l i t y  of T < M T must be s a t i s f i e d .  I f  i n  ad- 
U r 

d i t io r !  t h e  computer i s  t ime-shared so  t h a t  i t  i s  a v a i l a b l e  f o r  updat ing  

t h e  d i s p l a y  only  f o r  a f r a c t i o n  F of t h e  t i m e ,  then  t h e  i n e q u a l i t y  must 

be  modified t o  TU < (FM) T r .  

For t h e  program o u t l i n e d  i n  Fig.  11 and wi th  t h e  h e l p  of t h e  p i l o t  

For a p a r a l l e l  computer 

For Nd = 20, Ld = 50, we 

program w e  estimate t h a t  C 

s imi l a r  t o  t h e  IBM 7044, tc = 2 microseconds. 

ge t  TU = 2 (110 x 20 + 80 x 50) = 12,400 microseconds. 

M i s  1, 2, and 4 (approximately .025, .05  and .1 inches)  w e  can c o n s t r u c t  

a t a b l e  t h a t ,  f o r  var ious  f r a c t i o n s  of computer t i m e  a v a i l a b l e ,  shows 

t h e  smallest Tr t h a t  can be used: 

= 110 and C1 = 80. n 

Assuming tha t  

F 
Tr/Unit  Distance 

M (microseconds) 
Disp lay  Speed 

( i n l s e c )  

1 1 

1 / 2  2 

114 4 

118 4 
1 /16  4 

15 

15 

15 

30 

60 

1 . 6 6  

1 . 6 6  

1 . 6 6  

0.830 

0.415 

For a se r ia l  computer w i th  a one microsecond b i t  t i m e  of 24-b i t  

word l eng th  and t h e  same number of word t imes r equ i r ed  as t h e  c y c l e  

t i m e s  g iven above, t h e  T i s  150 mi l l i s econds .  The smallest Tr i s  

then  i50 mi i i i seconds  (if the  c m p u t e r  i s  e n t i r e l y  a t  t h e  d i s p o s a l  

of t h e  d i s p l a y  program), and maximum speed ( f o r  M = 4) i s  0 .67  inches 

p e r  second. 

U 
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