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ABSTRACT 

T h i s  ' p a p e r  p roposes  a conceptua.1 framework f o r  t h e  

u n d e r s t a n d i n g  of  human v e h i c u l a r  behav io r  and t h e  d e s i g n  

of  highway i n f o r m a t i o n  sys tem.  C e n t r a l  t o  t h i s  a r e  t h e  

fundamenta l  c o n c e p t s  of sensory-motor  feedback c o n t r o l  i n  

human per formance ,  Human v e h i c u l a r  performance i s  con- 

s i d e r e d  a s  a  c losed- loop  o p e r a t o r - v e h i c l e - r o a d  t r a c k i n g  

sys t em w i t h  b u i l t - i n  t ime  and space  cohe rence .  E s s e n t i a l  

t o  e f f i c i e n t  motor c o n t r o l  of  v e h i c l e  o p e r a t i o n  i s  t h e  

mul t i -d imens iona l  c h a n n e l l i n g  of  t h e  motor-sensory i n f o r -  

mation of  t h e  v e h i c l e  movement th rough  feedback  c o n t r o l  

mechanisms, 

Highway i n f o r m a t i o n  d i s p l a y  sys tem i s  b e l i e v e d  t o  b e  

maximally e f f i c i e n t  if mul t i - channe l  s e n s o r y  i n p u t s  a r e  

u t i l i z e d  i n  . des ign .  Based on t h e  l e v e l s  of  space- t ime 

coherence  f o r  e f f i c i e n t  human v e h i c u l a r  per formance ,  a 

pr imary  and an a u x i l i a r y  i n f o r m a t  i o n  system i s  

f o r  highway t r a c k i n g .  The p o s s i b l e  u t i l i z a t i o n  o f  , s e v e r a l  

s e n s o r y  modes f o r  i n f o r m a t i o n  d i s p l a y  i s  d i s c u s s e d .  Resea rch  
L 

ev idence  i s  c i t s d  i ' u r  t h e  t i i e o r e t i ~ ~ l  a ~ s q t - i p t i o n s .  



1. INTRODUCTION 

T h i s  p a p e r  i s  an a t t e m p t  t o  p l a c e  w i t h i n  a con- 

c e p t u a l  framework t h e  b a s i c  e l emen t s  o f  a modern high-  

way i n f o r m a t i o n  d i s p l a y  sys tem.  So f a r ,  t h e r e  h a s  been  

l i t t l e  e f f o r t  toward t h e o r e t i c a l  f o r m u l a t i o n  o f  t h e  

b a s i c  d e s i g n  p r i n c i p l e s  i n  t h i s  a r e a .  Resea r ch  and 

d e s i g n  have p r i m a r i l y  emphasized v i s u a l  c o n s i d e r a t i o n s ,  

s t a r t i n g  f rom t h e  dominant g u i d i n g  p r i n c i p l e  o f  t h e  con- 

v e n t i o n a l  s t i m u l u s - r e s p o n s e  concep t  o f  b e h a v i o r  o r g a n i -  

z a t i o n  and motor l e a r n i n g ,  and d i s p l a y  h a s  g e n e r a l l y  

been  d e s i g n e d  a s  p a r t  o f  a  o n e - d i r e c t i o n a l  (open- loop)  

man-machine c o n t r o l  sy s t em,  T h e , l i m i t e d  app1ica t : ion  of' 

i n f o r m a t i o n  t h e o r y  t o  d e s i g n  h a s  n o t  y e t  outgrown t h i s  @ 
c o n v e n t i o n a l  framework,  even  i n  r o a d  s i g n s  (F roshung ,  

1 9 6 3 ) .  

I n  c y b e r n e t i c  t e r m s ,  t h e  highway i n f o r m a t i o n  sy s t em 

i s  a n  i n t e g r a l  p a r t  o f  a d y n a m i c a l l y  i n t e r a c t i n g ,  f e ed -  

b a c k - r e g u l a t e d  man-machine-roadway c o n t r o l  sy s t e r r~ .  On 

t h e  b a s i s  o f  t h i r t y  y e a r s 1  research on human t r a c k i n g ,  

t h i s  i s  c o n s i d e r e d  b a s i c a l l y  a c l o s e d - l o o p  s y s t e m  w i t h  

w e l l  d e f i n e d  f o r c e ,  s p a t i a l  and  t e m p o r a l  p r o p e r t i e s .  

V i s u a l  d i s p l a y  i s  c o n s i d e r e d  n o t  as a o n e - d i r e c t i o n a l  

s o u r c e  o f  i n p u t  t o  t h e  o p e r a t o r  w i t h i n  a v e h i c l e  on t h e  

r o a d ,  b u t  a s  an  i m p o r t a n t  e l e m e n t  p o s i t i v e l y  i n t e r a c t i - n g  
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w i t h  . t h e  dynamic p e r f o r ~ n a n c e  movements of  t h e  whole 

o p e r a t o r - v e h i c l e - r o a d  t r a c k i n g  sys tem.  Sensory modes 

o t h e r  t h a n  v i s i o n  a r e  e q u a l l y  impor tan t  as d e s i r a b l e  

means of  i n f o r m a t i o n  d i s p l a y  and must be c o n s i d e r e d  f o r  

o p t i m a l  use  of  o u r  knowledge of  human p e r c e p t i o n  in 

d e s i g n i n g  a  highway i n f o r m a t i o n  system. 

2. BASIC ELEMENTS OF A FZEDBACK CONTROL SYSTEM 

I n  t h e  p a s t  t h i r t y  y e a r s  of  r e s e a r c h  on human p e r -  

formance, t h e  most i m p o r t a n t  c o n c e p t u a l  development has  

been t h e  i n c o r p o r a t i o n  i n t o  h e h a v i o r  t h e o r y  o f  t h e  i d e a  

of feedback.  Although l o n g  r e c o g n i z e d  p r e v i o u s l y  by 

p s y c h o l o g i s t s  i n v o l v e d  i n  t r a c k i n g  r e s e a r c h  d u r i n g  World 

War I1 (Cnaik ,  1947 ' ) ,  Wiener (1948) f o r m u l a t e d  t h e  con-, 

c e p t s  o f  feedback c o n t r o l  of  t r a c k i n g . i n  a mathematical ,  

c o n t e x t ,  u s i n g  t h e  t e r m  c y b e r n e t i . c s  t o  c r y s t a l i z e  t h e  

concept  of  l i v i n g  c o n t r o l ,  

A feedback c o n t r o l  sys tem g e n e r a l l y  c o n s i s t s  o f  

t h r e e  pr imary  f u n c t i o n s :  i t  g e n e r a t e s  movement of' t h e  

sys tem tcbiard d t a r g e t  o r  a d e f i n e a  p a t h ;  i t  compares 

t h e  e f f e c t s  o f  t h i s  a c t i o n  w i t h  t h e  t r u e  p a t h  t o  d e t e c t ;  

e r r o r ;  and i t  u t i l i z e s  e r r o r  s i g n a l s  t o  r e d i r e c t  t h e  s y s -  

tem. Feedback mechanisms a l s o  d e f i n e  t h e  c o n t ~ o l  sys t em 

a s  a s e l f - g e n e r a t i n g ,  c l o s e d - l o o p  p r o c e s s  t h a t  c o n t r o l s  

t h e  p a t t e r n e d  and o r g a n i z e d  b e h a v i o r ,  i n  c o n t r a s t  t o  an 
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open l o o p  p r o c e s s  d i r e c t l y  governed  by e n v i r o n m e n t a l  

s t i m u l i ,  T h i s  c l o s e d - l o o p  f eedback  concep t  may be  ap- 

p l i e d  t o  i n s t r u m e n t a l .  and e n v i r o n m e n t a l  d e s i g n  f o r  human 

pe r fo rmance  and s k i l l  l e a r n i n g ,  o f  which human v e h i c u l a r  

b e h a v i o r  and t h e ' d e s i g n  o f  t h e  highway i n f o r m a t i o n  s y s -  

tem a r e  p r a c t i c a l  examples .  S i n c e  t r a c k i n g  r e s e a r c h  i n  

t h e  war y e a r s  was t h e  f o r e r u n n e r  o f  t h e  p r e s e n t  cybe r -  

n e t i c  c o n t r o l  c o n c e p t s  some b a s i c  p r o p e r t i e s  

l o o p  t r a c k i n g  sys tems  s h o u l d  l o g i c a l l y  be  d i s c u s s e d  

b e f o r e  making any t h e o r e t i c a l  a p p l i c a t i o n  t o  p e r c e p t u a l  

i n f o r m a t i o n - d e s i g n  f o r  highway s y s  terns. 

2 . 1  Components o f  Man-Machine C o n t r o l  System 

a .  Closed-Loop V s  . Open-Loop 

I n  a c o n t i n u o u s  c o n t r o l  sy s t em,  d i s p l a y  and  c o n t r o l  

a r e  t h e  main components o f  t h e  e n t i r e  sy s t em.  A d i s p l a y  

subsys t em p r o v i d e s  i n f o r m a t i o n  i n p u t  r e g a r d i n g  o b j e c t s ,  

- .  t a r g e t s  o r  machine p a t h s  i n  t h e  env i ronmen t  which s e t  t h e  

g o a l s  f o r  t r a c k i n g  pe r fo rmance .  The c o n t r o l  s u b s y s t e m  

c o n s i s t s  o f  t o o l - u s i n g  b e h a v i o r ,  w i t h  v a r i o u s  l e v e l s  o f  

motor  m a n i p u l a t i o n  f o r  p r e c i s i o n  pe r fo rmance  a c c o r d i n g  

t o  t h e  p a t h  o r  t a r g e t  s e t  by t h e  d i s p l a y .  

I n  t h e  open- loop t y p e  o f  human t r a c k i n g  p e r f o r m a n c e ,  

t h e  r e l a t i o n  between d i s p l a y  and  c o n t r o l  p r e s u p p c ~ s e s  a 

s e r i e s  o f  d i s c r e t e  motor  r e s p o n s e s  s e p a r a t e d ,  by . f i x e d  
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i n t e r v a l s ' ,  By c o n t r a s t ,  i n  t h e  c l o s e d - l o o p  c o n c e p t  o f  

t r a c k i n g ,  pe r fo rmance  a c c u r a c y  c o n s i s t e d  o f  a h i g h l y  

o r g a n i z e d ,  p r e c i s e l y  c o o r d i n a t e d  mot ion  p a t t e r n  o f  a t  

l e a s t  two component movements: p o s i t i o n i n g  and r a t e  con- 

t r o l .  T r a c k i n g  e f f i c i e n c y  i s  s p a c e - s t r u c t u r e d  r e l a t i v e  

t o  t a r g e t  movements, Per fo rmance  a c c u r a c y  depends  on 

c o n t i n u o u s  o r  r e a l - t i m e  s e n s o r y  f eedback  i n f  ormat  i o n  f rom 

t h e  t a r g e t - c u r s o r  d i s p l a y  o f  s p a t i a l  d i f f e r e n c e s ,  Any 

d i s c r e p a n c y  between t a r g e t  and c u r s o r ,  r e c o r d e d  by  f eed -  

back  mechanisms,  l e a d s  t o  a n  immediate  motor  c o n t r o l  ad- 

j u s t m e n t  o f  t h e  t r a c k e r  t oward  t h e  t a r g e t  o r  o b j e c t  c o u r s e .  - 

Because  numerous small p o s i t i o n i n g  movements must b e  i n t e -  0 
g r a t e d  w i t h  l a r g e r  r a t e  c o n t r o l  movements, p r e c i s i o n  of  

t r a c k i n g  per fo rmance  depends  on t h e  c o n t i n u o u s  r e g u l a t i o n  

of t h e ' s e  two k i n d s  o f  movements by  t h e i r  own s e n s o r y  f e e d -  

back  mechanisms,  and t h e i r  smooth i n t e g r a t i o n  i n t o  a w e l l -  

o r g a n i z e d  t r a c k i n g  mo t ion  (Smi th ,  t h e  d e s i g n  

any c o n t r o l  s y s t e m  whose c e n t r a l  component i s  t h e  human 

b e i n g  t h e  d y r r ~ i c  f e e s b a c ! ~  p r c p e r t ? - e s  o f  t h e  ? e ~ c 2 p t u a l  

d i s p l a y  and mo to r  c o n t r o l  movements o f  t h e  sy s t e r r~  must  be  

u n d e r s t o o d  and  t a k e n  i n t o  s e r i o u s  c o n s i d e r a t i o n  f o r  e f f i -  

c i e n t  human f a c t o r s  d e s i g n s ,  Some of t h e  fun4s rnen t a l  

e l e m e n t s  of a t r a c k i n g  s y s t e m  a r e  p r e s e n t e d  i n  t h e  f o l -  

. l owing  S e c t i o n .  
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b .  Temporal  C o n t i n u i t y  

The b a s i s  o f  human t r a c k i n g  per formance  l i e s  i n  t h e  

c ~ n c e p t u a l i z a t ~ i o n  o f  t h e  motor - sensory  f e e d b a c k  mechan- 

isms o f  o r g a n i z e d  mo t ion ,  I n  eye-hand t r a c k i n g ,  o r g a n i z e d  

mot ion  i s  c o n s i d e r e d  a s  t h e  v i s u a l l y  mon i to r ed  e y e  and 

hand mo t ions  i n v o l v e d  i n  a c t u a l  t r a c k i n g .  T r a c k i n g  i s  

viewed n o t  as composed of  s e q u e n t i a l l y  l i n k e d  p e r c e p t i o n  

and r e s p o n s e  w i t h  measu rab l e  d e l a y s  between r e s p o n s e s ,  

b u t  a s  t h e  r a t e  c o n t r o l  movements e f f e c t e d  by a n  i n t e r - .  

r u p t e d  l i n k a g e  o f  muscu l a r  r e s p o n s e s  which a r e  r e g u l a t e d  

by  a c o n t i n u o u s  o u t p o u r  o f  a f f e r e n t  v i s u a l  i m p u l s e s  f rom 

t h e  t a r g e t - c u r s o r  d i s p l a y .  The f e e d b a c k  c o n t r o l  inechan- 

isms, s e n s i t i v e  t o  minute  s p a t i a l  d i f f e r e n c e s  between 

t a r g e t  and c u r s o r  d i s p l a y ,  c o n s t a n t l y  d e t e c t  t h e  speed  

and d i r e c t i o n  o f  r a t e  c o n t r o l  movements. 

I n  t h i s  c lo sed - loop  motor  t r a c k i n g  s y s t e m  t e m p o r a l  

i n t e r r u p t i o n  o f  v i s u a l  f e e d b a c k  i s  assumed t o  b e  d e t r i -  

m e n t a l  t o  p e r f o r ~ a n c e  e f f i c i e n c y .  The r a t e  c o n t r o l  move- 

ments  o f  arm and hand depend upon r e a l - t i m e  v i s u a l  f e e d -  - 

back ,  o r ' t h e  a c c u r a c y  w i t h  which motor  a z t i v i t i e s  con- 

form t o  t h e  t a r g e t  c o u r s e  d i s p l a y  o r  e n v i r o n m e n t a l  p a t -  

t e r n s  i n  s p a c e .  Any t e m p o r a l  d e l a y  i n  t h e  c o n t i n u i t y  o f  

v i s u a l  m o n i t o r i n g  o f  t h e  c u r s o r - t a r g e t  d i f f e r e n c e  gene r -  

a t e d  by motor  a c t i v i t i e s  w i l l  d i s r u p t  t h i s  normal  r e g u l a -  

to ry ,mechanis rn .  T h i s  rea l - tLme p r o p e r t y  o f  f e e d b a c k  con- 
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t r o l  i n  pe r fo rmance  h a s  been e s t a b l i s h e d  t h r o u g h  a  number 

o f  r e s e a r c h  e x p e r i m e n t a t i o n s  ( S c h u l ,  1965; Schmid t ,  1965; 

L i n c o l n  and Smi th ,  1952;  War r i ck ,  1 9 4 9 ;  Foxboro,  1945;  

' and  Conk l in ,  1 9 5 7 ) .  I n  t h i s  c o n t e x t ,  i t  w i l l  be  n o t e d  

t h a t  d e l a y s  i n  f e edback  a r e  g e n e r a l l y  c h a r a c t e r . i s t i c  o f  

machine sys tems  t h a t  p a r t i a l l y  au tomate  human t r a c k i n g  

and  s t e e r i n g  pe r fo rmance .  

c .  Feedback I n t e r m i t t e n c y  and Motor Per fo rmance  

I n  a d d i t i o n  t o  t h e  t e m p o r a l  d e l a y  e f f e c t s  of  f e edback  

on t r a c k i n g  pe r fo rmance ,  t h e  common phenomenon o f  t e m p o r a l  

i n t e r m i t t e n c y  o f  i n f o r m a t i o n  f e e d b a c k  c o n s t i t u t e s  a n o t h e r  - 

s o u r c e  o f  sensory-motor  p e r t u r b a t i o n  which i s  d e t r i m e n t a l  

t o  t h e  p r e c i s i o n  c o n t r o l  o r  t r a c k i n g  movements. Al though  

t h e  r e a c t i o n - t i m e  o r  i n t e r m i t t e n c y  h y p o t h e s i s  of  t r a c k i n g  

performance ba sed  on c o n c e p t s  o f  open- loop sy s t ems  was 

proposed  some two decades  ago ,  s t u d y  of  t h i s  s u b j e c t  i n  

r e l a t i o n  t o  r e a l - t i m e  s e n s o r y  f e e d b a c k  s t u d y  o f  t h i s  sub- 

j e c t  i s  r a t h e r  r e c e n t  (Sussman, 1967;  Smi th  and  Smi th ,  1 9 6 6 ) .  

The a u t h o r  (1968)  r e p o r t e d  a n  e x p e r i m e n t  on manual  t r a . ck-  

i n g  w i t h  s e v e r a l  l e v e l s  o f  v i s u a l  f e e d b a c k  i L t e r r n i t t e n c y .  

Al though l e s s  d e t r i m e n t a l  t h a n  t h e  d e l a y  e f f e c t s ,  i n c r e a s e s  

i n  f e edback  d i s p l a y  i n t e r m i t t e n c y  a l s o  p r o p o r t i o i i a l l y  

i n c r e a s e d  t r a c k i n g  e r r o r s .  

I n t e r m i t t e n c y  e f f e c t s  a r e  commonly m a n i f e s t e d  i n  s i t u a -  



7 Henry S .  R ,  Kao 

t i o n s  r e q u i r i n g  r e p e t i t i o n  o f  i n f o r m a t i o n  i n p u t  through 

sensory  channels  f o r  motor r e sponse .  I n  some t r a c k i n g  

s i t u a t i o n s  an o p e r a t o r  i s  r e q u i r e d  t o  perform w i t h  i n t e r -  

m i t t e n t  feedback d i s p l a y ,  y e t  only a  minor degree  of 

i n t e r m i t t e n c y  i s  t o l e r a b l e ,  beyond which a c c u r a t e  motor 

performance w i l l  be degraded.  When t h e  feedback o f  motor 

c o n t r o l  e f f e c t s  i s  made i n t e r m i t t e n t  and a l s o  s u b j e c t e d  

t o  t empora l  d e l a y s ,  performance accuracy  w i l l  d e c r e a s e  

more t h a n  i n  t h e  p resence  of, e i t h e r  p e r t u r b a t i o n s  a l o n e  

(Kao, 1968) .  

d ,  Se l f -Genera t ion  and S e l f - R e g u l a t i o n  of  Con t ro l  
Movements 

Another b a s i c  concept  i n  t h e  feedback r e g u l a t i o n  o f  

human performance i s  t h e  dependence o f  o rgan ized  c o n t r o l  

behav io r  upon t h e  i n t r i n s i c  g e n e r a t i o n  of  body movements 

by which t h e , o r g a n i s m  s u p p l i e s  i t s e l f  w i th  d i f f e r e n t i a l  

feedback p a t t e r n s  which s e r v e  as t h e  b a s i s  of subsequent  

motion con t ro l - ,  Thus, such a motor-sensory stimul-us and 

r e sponse  l ' n k a g ~  e s t a b l i s h e s  a  c losed- loop  c o n t r o l  sys tem 

(Smith and Henry, 1967; Riggs ,  e t  a l .  1 9 5 3 ) .  T h i s  c o n c e p t ,  

. i n  c o n t r a s t  t o  t h e  t r a d i t i o n a l  i n t e r p r e t a t i o n  of  rnotiorn 

o r g a n i z a t i o n  a s  d i s c r e t e  c h a i n i n g  of  u n i t a r y  s e n s o r y  i n p u t s ,  

empilasizes t h e  s t i m u l u s  d i f f e r e n c e s  g e n e r a t e d  on 'the sen-  

s o r y  s u r f a c e s  by t h e  ' i n t r i n s i c a l l y  produced a c t i v i t i e s  of 

t h e  r e sponse  mechanism, The i n d i v i d u a l  i s  viewed no t  as 



8 Henry S .  R, Kao 

p a s s i v e l y  r e a c t i n g  t o  e x t e r n a l  s t i m u l a t i o n  o r  e m i t t i n g  

random r e s p o n s e s ,  bu t  g e n e r a t i n g  d i r e c t i o n a l l y  guided 

c o n t r o l  movements which produce s p a t i a l  d i f f e r e n c e s  i n  

s t i m u l a t i o n .  These feedback c o n d i t i o n s  d e f i n e  and con-. 

t r o l  c o n t i n u i n g  motion r e a c t i o n s .  

e .  I n s t r u m e n t a l  T rans fo rma t ion  of  Motor-Sensory 
Feedback C o n t r o l  Mechanism 

Sensory-rnotor feedback c o n c e p t s  . of  . t h e  de ter in ina-  

t i o n  o f  human motor performance a l s o  emphasize t h e  p r i n c i -  

p l e  ,of s y s t e m a t i c  t r a n s f o r m a t i o n  of r e a l - t i m e  feedback  

mechanisms. I n  u s i n g  a  t o o l  o r  i n s t r u m e n t  o r  o p e r a t i n g  
- 

a machine, an i n d i v i d u a l  m u l t i p l i e s  v a r i o u s  s o u r c e s  from 

which he can s e a r c h  and r e c e i v e . f e e d b a c k  i n f o r m a t i o n  about  

p a r t i c u l a r  r e s p o n s e s .  

O n - t h e  b a s i s  of sound n e u r o p h y s i o l o g i c a l  e v i d e n c e ,  

t h r e e  l e v e l s  o f  s e n s o r y  f eedback  have been s u g g e s t e d  i n  

t h e  f u n c t i o n a l  i n t e g r a t i o n  o,f human motor  a c t i v i t i e s  i n  

machine and t o o l  o p e r a t i o n  (Smi th  and Smith ,  1 9 6 6 ) :  

r e a c t i v e  feedback,  t h e  s i g n a l s  an i n d i v i d u a l  r e c e i v e s  ,from 

? e l f - g e n ~ ~ s t e d  b ~ d i l y  movment  s ;  I z s 5 r u r k ~ t a l  f eedback ,  

, r e c e i v e d  from t h e  a c t i o n  of  t h e  i n s t r u m e n t  o r  machine; 
,. 

and p p e r a t i o n a l  f eedback ,  r e c e i v e d  from t h e  dynamic pe r -  

s i s t i n g  e f f e c t s  o f  a t o o l - u s i n g  o p e r a t i o n  on c 5 j e c t s ,  

. m a t e r i a l s  o r  e n v i r o n m e n t a l ,  s i t u a t i o n s .  

For e f f i c i e n t  motor pe r fo rmance ,  t h e  d i f f e r e n t '  a s p e c t s  
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o f  t h e  machine, c o n t r o l ,  d i s p l a y  and o p e r a t i o n a l  charac-  

t e r i s t i c s  must be made coheren t  w i t h  t h e  p r o p e r t i e s  of 

t h e  i n d i v i d u a l ' s  motor movements, r e g u l a t i o n  and sensory  

i n f o r m a t i o n  and i n t e g r a t i v e  a c t i o n s .  T h e r e f o r e ,  space  

and t ime  coherence of dynamic feedback from t h e s e  t h r e e  

v a r i a b l e  s o u r c e s  of i n f o r m a t i o n  a r e  t h e  key f a c t o r s  i n  

human performance and motor l e a r n i n g .  Research f i n d i n g s  

have shown t h a t  none o f  t h e  t h r e e  sensory  feedback t y p e s  

a l o n e  a f f e c t s  performance a s  much a s  combined i n s t r u -  

men ta l  and o p e r a t i o n a l  f eedback ,  O p e r a t i o n a l  feedback 
- 

has  been found t o  be t h e  most impor tan t  of  t h e  t h r e e  i n  

e f f i c i e n t  motor r e g u l a t i o n  o f  human per formance ,  An 

u n d e r s t a n d i n g  of  t h e  i n t e r a c t i o n s  o f  t h e  v a r i a b l e  f e e d -  

back f a c t o r s  i s  n e c e s s a r y  f o r  t h e  d e s i g n  of e f f i c i e n t  

t o o l s  and machines and of  envi ronments  f a v o r a b l e  t o  

pe rcep tua l -moto r  c o n t r o l  sys tems f o r  human s k i l l  a c q u i s i -  

t i o n .  

f .  Temporal and Sp .a t i a1  C o n t i n u i t y  

In  a complete  c l o s e d - l c ~ p ,  f eedback  r e g u l a t e d  p e r -  

formance system, t ime  and space  a r e  i n s e p a r a b l e  and e s s e n -  

t i a l  c o n s i d e r a t i o n s  i n  sys tem f u n c t i o n i n g .  It has  been  

shown i n  v a r i o u s  r e s e a r c h  s t u d i e s  t h a t  a r e a l - t i m e  feed-  

back system i s  a  n e c e s s i t y  f o r  o p t i m a l  motor  c o n t r o l  and 

performance e f f i c i e n c y .  The r e a l - t i m e  prope-ty i m p l i e s  
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t h e  i m p o r t a n c e  o f  an  unb reakab l e  l i n k  o r  c o n t i n u i t y  o f  

i n t e r a c t i o n  between c o n t r o l  mot ion  and i t s  s e n s o r y  i n f o r -  

ma t ion  f e e d b a c k .  It h a s  been shown t h a t  f eedback  d e l a y  

o r  i n t e r m i t t e n c y  d e g r a d e s  motor  c o n t r o l .  I n  t h e  f i e l d  of 

p e r c e p t u a l  f eedback  d i s p l a y ,  t h i s  s u g g e s t s  t h e  impor t ance  

of s p a t i a l  c o n t i n u i t y  f o r  immediate  f e e d b a c k  r e g u l a t i o n  

of s u b s e q u e n t  c o n t r o l  a c t i v i t i e s .  T h i s  i s  s u p p o r t e d  by 

e x p e r i m e n t s  where z e r o - d e l a y ,  z e r o - i n t e r m i t t e n c y  cond i -  

t i o n s  r e s u l t e d  i n  t h e  most e f f i c i e n t  pe r fo rmance  i n  t r a c k ,  

i n g .  I n  a r e c e n t  s t u d y  compar ing  c o n t i n u o u s  and i n t e r -  

m i t t e n t  v i s u a l  f eedback  d i s p l a y  i n  a compensatory t r a c k -  0 
i n g  t a s k  ( 1 9 6 8 ) ,  t h e  a u t h o r  a l s o  found  t r a c k i n g  a c c u r a c y  

unde r  i n t e r m i t t e n t  v i s u a ' l  f e e d b a c k  d i s p l a y  t o  be p o o r e r  

. t h a n  t h a t  o b t a i n e d  unde r  c o n t i n u o u s  d i s p l a y ,  O t h e r  

r e s e a r c h e r s  have p r e v i o u s l y  r e p o r t e d  d e t e r i o r a t i o n  of 

t r a c k i n g  e f f i c i e n c y  w i t h  i n t e r m i t t e n t  v i s u a l  d i s p l a y  

g e n e r a t e d  by o c c l u d i n g  a p u r s u i t  d i s p l a y  ( P o u l t o n  and  

Gregory ,  1 9 5 2 ) ,  by r e g u l a t i n g  t h e  i l l u m i n a t i n g  t a r g e t  

f r r q u e n c y  ( B a t t i g  e t  a l . ,  1 9 5 5 ) ,  and  by' c o n v e r t i n g  a s i n -  

u s o i d a l  f u n c t i o n  i n t o  a s e r i e s  o f  s t e p  f u n c t i o n s  ( ~ c ~ o n n e l l  

and S h e l l y ,  1960;  Hunt ,  1 9 6 1 ) .  

I n  f eedback  t e r m s  i n t e r m i t t e n c y  i t s e l f  i n v o l v e s  c e r -  

t a i n  l e v e l s  t e m p o r a l  f e e d b a c k  d e l a y ,  be tween  i n t e r -  

m i t t e n t  u n i t s  and iz d e t r i m e n t a l - t o  mo to r  pe r fo rmance .  
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The i n f e r i o r i t y  of i n t e r m i t t e n t  fee.dback d i sp l -ay  t o  con,- 

t i n u o u s  d i s p l a y  may be  a n a l y z e d  i n  t h e  b l i n k i n g  of  e y e s ,  

The l o n g e r  t h e  p e r i o d  o f  b l i n k i n g ,  t h e  l e s s  v i s u a l  i n f o r -  

ma t ion  i s  t r a n s m i t t e d  t h r o u g h  t h e  o p t i c  n e r v e s  t o  t h e  

b r a i n .  

3 ,  HUMAN VEHICULAR B E H A V I O R  AS A 
D Y N A M I C  C L O S E D - L O O P  C O N T R O L  S Y S T E M  

The c h i e f  concern  i n  highway s a f e t y  i s  an  o p e r a t o r ' s  

a b i l i t y  t o  p o s i t i o n  t h e  v e h i c l e  c o n t i n u o u s l y  and accur-o  

a t e l y  w i t h i n  t h e  l imi ts  o r ,  i d e a l l y ,  i n  t h e  c e n t e r  o f  t h e  

motorway. Accu ra t e  p o s i t i o n i n g  depends i n  t u r n  upon t h e  .. 

i n f o r m a t i o n  t h e  o p e r a t o r  r e c e i v e s  f rom a11 a s p e c t s  of t h e  a 
highway environment  t h r o u g h  most of h i s  s e n s o r y  c h a n n e l s  

a b o u t  h i s  movements, v e h i c l e  mo t ion ,  speed ,  a c c e l e r a t i o n  

and o t h e r  r e l a t e d  v a r i a b l e s .  

3.1 Sensory  Channels  i n  V e h i c u l a r  O p e r a t i o n  

The most i m p o r t a n t  s e n s o r y  i n p u t  i s  t h e  v i s u a l  rnech- 

an i sm a s  i n  a l l  t y p e s  o f  man-machine c o n t r o l  s y s t e m s .  

Most of o u r  p r e s e n t - d a y  h igh .~fay  i n f o r m a t i o n  d e s i g n s  a r e  

p l a n n e d  i n  t e rms  of  t h e  maximal message i n p u t  thraough 

v i s i o n .  But s i n c e  human b e h a v i o r  i s  o r g a n i z e d  t h r o u g h  

m u l t i - c h a n n e l  s e n s o r y  f e e d b a c k  mechanisms,  d r i v i n g  con- 

t r o l  s h o u l d  be  viewed as r e g u l a t e d  by b i o l o g i c a l  f e edback  

f a c t o r s  which a l s o  u t i l i z e  t h e  n o n - v i s i o n  se1i;ory c h a n n e l s ,  
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Thus, t h e  p r o p r i o c e p t i v e  and e x t e r o c e p t i v e  r e c e p t o r s ,  w i t h  

s p e c i a l  u n i t s  i n  t h e  s k i n ,  muscles ,  tendons  and j o i n t s ,  

supply  i n f o r m a t i o n  on f a c t o r s  such a s  t e n s i o n  and p r e s -  

s u r e ,  Sensory impulses  from t h e s e  s t r u c t u r e s  p rov ide  

feedback in fo rma t ion  about  b o d i l y  movements and p o s i t i o n s  

as w e l l  a s  t h o s e  of t h e  v e h i c l e .  Sensory r e c e p t o r s  w i t h i n  

t h e  v e s t i b u l a r  organ t h e  l a b y r i n t h  f u r n i s h  con t inuous  

supplementary i n f o r m a t i o n  on t h e  p o s t u r a l  movement and 

motion o f  t h e  o p e r a t o r  and v e h i c l e ' ( H e n r i k s s o n ,  N i l s s o n  

and Andersson, The a u d i t o r y  system a n o t h e r  

i n p u t  channel  i n  o p e r a t o r - v e h i c l e  performance,  i , e , ,  f r i c -  

t i o n  t i r e  w i t h  s u r f a c e ,  and winds h igh  speed 

d r i v i n g .  Any d e s i g n  of highway i n f o r m a t i o n  p l a n s  shou ld  

t a k e  i n t o  c o n s i d e r a t i o n  t h e  p o s s i b l e  u t i l i z a t i o n  of t h e s e  

sensory  modes f o r  e f f e c t i v e  i n f o r m a t i o n  d i s p l a y  and sen-  

s o r y  i n p u t s .  

3.2 Se l f -Genera t ion  of Veh ic l e  Movements and Motor- 
Sensory Feedback 

As d i s c u s s e d  p r e v i o u s l y ,  a  c losed- loop  feedba.ck s y s -  

tem d e p e n d s . f o r  p r e c i s i o n  performance on con t inuous  sen-  

s o r y  d e t e c t i o n  of s p a t i a l  v a r i a t i o n  from t h e  i d e a l  p a t h  

o r  g o a l  i n  t h e  c o n t r o l  envi ronment .  The p r o p e r t y  of  motion- 

g e n e r a t i o n  i n  v e h i c u l a r  performance i s  ev idenced  i n  con- 

t i n u e d -  v e h i c l e  mover4nt s i n  d e v i a t i o n  from t h e  p r e d e f i n e d  

roadway c o u r s e .  These dynamic v a r i a t i o n s  a r e  c r i t i c a l  
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moto r -gene ra t ed  s o u r c e s  of  s enso ry  feedback i n f o r m a t i o n  

t o  t h e  o p e r a t o r  f o r , s y b s e q u e n t  motion and d i r e c t i o n a l  con- 

t r o l  pe 'rformance.  I n  t h e  o p e r a t o r - v e h i c l e - r o a d  t r a c k i n g  

sy s t em,  dynamic o p e r a t i o n a l  f eedback  i n f o r m a t i o n  i s  con- 

t i n u o u s l y  r e g i s t e r e d  as t h e  s p a t i a l  d i f f e r e n c e  between 

t h e  roadway c o u r s e  and t h e  f r o n t - e n d  and r ea r - end  edges  

o f  t h e  au tomob i l e  and i n  t e rms  o f  p o s i t i o n a l  and d i r e c -  

t i o n a l  changes ,  F i g u r e  1 shows t h e  b a s i c  s e n s o r y  f eedback  

l o o p s  i n v o l v e d  i n  dynamic human v e h i c l e  o p e r a t i o n  ( ~ i g ,  1 

i n s e r t e d  h e r e ) ,  A r e c e n t  s t u d y  (Kao and Nagamachi, 1969)  @ 
, t e s t e d  t h e  a p p l i c a t i o n  o f  t h i s  o p e r a t i o n a l  f e edback  con- @ 

c e p t  i n  t e rms  o f  t h e  e f f e c t s  o f  p o r t r a y a l  o r  b l o c k i n g  o f  

t h e s e  p o r t i o n s  o f  a v e h i c l e  on a c c u r a c y  o f  r o a d  t r a c k i n g  

per fo rmance  i n  a c t u a l  d r i v i n g ,  The r e s u l t s  showed d e f i -  

n i t e  d e t r i m e n t a l  e f f e c t s  o f  such  v i s u a l  d e p r i v a t i o n  on 

v e h i c l e  t r a c k i n g  a c c u r a c y ,  T h i s  s u p p o r t s  t h e  concep t  of  

d r i v e r  perfornlance a s  a c lo sed - loop  t r a c k i n g  t a s k  whe re in  

t h e  l e a d i n g  edges  o f  t h e  f r o n t  and back  of t h e  c a r  a r e  u s e d  

as c u r s o r ?  j.n y u i d l n g  t h e  v e h l c l e  r e l a t i v e  t o  r o a d  mark ings ,  

The d a t a  s u g g e s t  a l s o  t h e  n e c e s s i t y  o f  c l e a r  roadway mark- 

i n g s  as a  f undamen ta l  r e q u i r e m e n t  f o r  t h e  comple t i on  o f  t h e  

, c l o sed - loop ,  o p e r a t o r - v e h i c l e - r o a d  t r a c k i n g  syqtem.  

3.3 Cont inuous  and c losed-LOOP Na tu re  o f  V e h i c l e  Highway 
C c n t r o l  System 



I 

. FIG. 1. The differential~sources and transformation of scrlsory 1 
1 

f~':d'-scle F- f ormation in dynamic human \iehicular pc:rformance . 
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The c losed- loop  p r o p e r t y  i n  operator-highway t r a c k -  

i n g  i s  e s t a b l i s h e d  by  a  motor sensory  c i r c u i t  t h a t  l i n k s  

highway i n f o r m a t i o n  i n d i c a t o r s  wi th  t h e  con t inuous  spa-  

t i a l  z e r o i n g  . t r a c k i n g  f u n c t i o n  of v e h i c l e   movement;^ on 

t h e  road .  Duping highway d r i v i n g ,  t h e  c r i t i c a l  n a t u r e  , 

of  t h i s  loop  i n c r e a s e s  a s  a  f u n c t i o n  of i n c r e a s e d  v e h i c l e  

v e l o c i t y  because i n c r e a s e d  v e l o c i t y  of c a r  movement 

r e d u c e s  t h e  t ime c o n s t a n t s  of' c losed- loop c o n t r o l  i n  pa r -  

t i c u l a r  i n s t a n t s  of  t r a c k i n g ,  Evidence from t r a c k i n g  

s t u d i e s  (L inco ln  and Smith,  1-952) s t r o n g l y  s u p p o r t  t h e  

feedback v e l o c i t y  f u n c t i o n  i n  d r i v i n g ,  

@ Bes ides  con t inuous  v i s u a l  d i s p l a y  and t h e  v i s u a l  reed-  

back of  p o s i t i o n a l  v a r i a t i o n s  on t h e  r o a d ,  t h e  manual con- 

t r o l  moveizents of  t h e  s t e e r i n g  wheel a l s o  assume a conf;inu- 

ous f u n c t i o n .  C i r c u l a r  arm and hand movements c o n s t i t u t e  

smooth and con t inuous  r a t e  c o n t r o l  a c t i v i t i e s  i n  r e g u l a -  

t i o n  and guidance of  t h e  v e h i c l e  changes which a r e  con-  

t r o l l e d .  by t h e  unbreakable  v i s u a l  d i s p l a y  of t h e  c o u r s e ,  

.The p r e c i s i o n  of highway d r i v i n g  depends on t h e  temporal  

and s p a t i a l  r e f inemen t  and c o o r d i n a t i o n ' o f  such  f z c t o r s  

as v i s u a l  d i s p l a y s  and motor r e g u l a t i o n  of  veh icu , l a r  

movements; t h e  feedback mechanism a s  t h e  b a s i s  f o r  con- 

t i n u e d  per formance ,  
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3.4 Sensory-Feedback Delay and I n t e r m i t t e n c y  i n  High- 
way T r a c k i n g  

As i s  t r u e  w i t h  a l l  automated man-machine sy s t ems ,  

t h e r e  a r e  c e r t a i n  i n h e r e n t  t r a n s m i s s i o n  d e l a y s  i n  gu id -  

ance  of v e h i c l e .  Such d e l a y s  have been shown t o  have 

v a r i a b l e  d e t r i m e n t a l  e f f e c t s  on motor  per formance .  V e h i c l e  

b r a k i n g  i s  no e x c e p t i o n  t o  t h i s  f i n d i n g .  R e g a r d l e s s  o f  

t h e  t y p e  o f  s t e e r i n g  sys tem v i s u a l  f eedback  d e l a y  a t  var-  

i o u s  l e v e l s  i s  e v i d e n t  i n  eve ry  au tomob i l e .  T h i s  i s  

e s p e c i a l l y  t r u e  o f  power s t e e r i n g  sy s t ems ,  which r educe  

a d d i t i o n a l  s e n s o r y  feedback .  V a r i a b l e  f o r c e  feedlsack crf 

hand and  arm movements i n  s t e e r i n g  and o p e r a t i o n  i s  ab-. 

s o r b e d  by t h e  automated power sy s t em which f u r n i s h e s  on ly  

, uni form f eedback  i n f o r m a t i o n  t h r o u s h  t h e  s t e e r i n g  wheel .  

With s u c h  a r e d u c t i o n  o r  e l i m i n a t i o n  o f  t a c t u a l  and k i n e s -  

t h e t i c  f eedback ,  t h e  o p e r a t o r  i s  c o r r e s p o n d i n g l y  more 

dependent  on v i s u a l  and o t h e r  s e n s o r y  i n f o r m a t i o n  f o r  

c o n t i n u o u s  manual c o n t r o l  t o  a c h i e v e  an e q u i v a l e n t  l eve l ,  

o f  s t e e r i n g  per formance .  I 

The i n t e r m i t t e n c y  phenornenofi i n  v e l l i c l e  t r a c k i n g  
- 

may be  r a t h e r  u n u s u a l ,  i f  n o t  e n t i r e l y  ab'sent , .  High f ' re-  

quency v e r t i c a l  v i b r a t i o n  on p o o r l y  c o n s t r u c t e d  r o a d  

s u r t ~ c e  i s  one example o f  s e n s o r y  i n t e r m i t t e n c y ;  dashed  
- 

l a n e  marking may be  a r A a t 5 e r .  Though l e s s  s e v e r e  t h a n  

d e l a y e d  f eedback  c o n d i t i o n s ,  i n t e r m i t t e n t  p e r c e p t u a l  d i s -  e 
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p l a y  does  have c e r t a i n  p e r t u r b i n g  e f f e c t s  on motor  per-  

formance. 

I n  normal highway d r i v i n g  s i t u a t i o n s ,  t h e  e f f e c t s  

of e i t h e r  tempora l  d e l a y  o r  i n t e r m i t t e n c y  o r  a combinat ion 

of b o t h  may no t  be r e a d i l y  sensed  by  t h e  o p e r a t o r ,  But 

w k n  emergencies  r e q u i r e  s w i f t  e x e c u t i o n  of such  opepa- 

t i o n s  as braki.ng, a c c e l e r a t i o n  o r  d e c e l e r a t i o n ,  t h e  

d e t r i m e n t a l  e f f e c t s  o f  delay, i n t e r m i t t e n c y ,  and  o t h e r  

p h y s i c a l  f a c t o r s  a r e  magni f ied  and w i l l  d e f i n i t e l y  c o n t r i -  

b u t e  t o  l o s s  of  c o n t r o l  and e v e n t u a l l y  t o  f a t a l  a c c i d e n t s .  

Sudden and momentary sensory  d e p r i v a t i o n  under  bo th  d e l a y  - 

• , a n d  i n t e r m i t t e n c y  c o n d i t i o n s  i s  an a r e a  t h a t  demands 

immediate s c i e n t i f i c  i n v e s t i g a t i o n  f o r  a b e t t e r  under- 

s t a n d i n g  of human v e h i c u l a r  performance and t h e  problems 

a s s o c i a t e d  w i t h  highway s a f e t y .  

4. ,VISUAL CONSIDERATIONS APPLICABLE 
TO HIGHWAY INFORY'IATION DISPLAYS 

I n  a c losed- loop highway performance sys t em,  t h e  

pr imary i n f o r m a t i o n  d i s p l a y  has  been e n g i n e e r e d  th rough  

v i s u a l  p e r c e p t i o n .  There a r e  s e v ~ r a i  pilenomena upon which 

an op t ima l  des ign  f o r  a  highway i n f o r m a t i o n  sys t em nay be  

based .  Some o f  t h e s e  have been used  f o r  v i s u a l  d.esign 

f o r  road i n f o r m a t i o n  d i s p l a y .  But g r e a t  amounts o f  con- 

c e r t e d  e f f o r t  can b e  e x e r t e d  toward a n  e v a l u a t i o n  of  t h e  

p r e s e n t  d i s p l a y  system and p o s s i b l e  u t i l i z a t i o n  of  &any 
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o t h e r  v i s u a l  p r o p e r t i e s  f o r  a  r n o r e ' e f f e c t i v e  i n f o r m a t i o n  

sys t em,  

4 .l I l l u m i n a t i o n  and V i s i b i l i t y  

~ l l u m i n a t i o n  i s  an impor tan t  c o n s i d e r a t i o n  i n  n i g h t  

highway d r i v i n g .  Although complete i l l u m i n a t i o n  o f  h igh-  

speed  ground t r a n s p o r t a t i o n  does n o t  seem economica l ly  

f e a s i b l e ,  some p a r t i c u l a r l y  w e l l  t r a v e l e d  and p o t e n t i a l - l y  

hazardous  s e c t i o n s  of highway do seem t o  war ran t  such  

measures ;  Numerous t r a f f i c  a c c i d e n t s  and f a t a l i t i e s  

b e f o r e  and, a f t e r  changes i n  s t r e e t  and highway i l l u m i n a -  

t i o n  have been r e p o r t e d  i n  f a v o r  o f  such i n s t a l l m e n t  

( D a r e l l  and Dunnet te ,  1 9 6 0 ;  R icha rds ,  1 9 5 2 ) .  Aside from 

t h e  obvious  advantage of  roadway i l l u m i n a t i o n , . . c e r t a i n  

r e l a t e d  -problems such a s  g l a r e ,  amount of i l l u m i n a t i o n  

and s p e c t r a l  q u a l i t y  shou ld  be g i v e n  d e t a i l e d  con ,s idera-  

t i o n  which i s  beyond t h e  scope  of  t h i s  p a p e r ,  

4 . 2  Shape and Form D i s c r i m i n a t i o n  

, These f a c t o r s  r e f e r  t o  t h e  c a p a c i t y  o f  an o p e r a t o r  
- 

t o  r e c o g n i z e  and i d e n t i f y  t h e  p r i m i t i v e  -outl.irle of  oh- 

j e c t s  i n  t h e  v i s u a l  f i e l d  from a d i s t a n c e ,  under  a d v e r s e  

weather  c o n d i t i o n s ,  and under  i l l u m i n a t e d  o r  non--illurnbin- 

a t e d  v i s u a l  c o n d i t i o n s .  T h i s  has been used  i n  highway and 

s t r e e t  s i g n i n g  systems with.  f a s t  and e f f e c t i v e  informa.- 

t i o n  p r o c e s s i n g  va lue .  
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4 .3  L i g h t  C o n t r a s t  

Where l i g h t s  a r e  c o l o r l e s s ,  c o n t r a s t  may be mani- 

f e s t e d  i n  b r i g h t n e s s ;  and i t s  e f f e c t  l i e s  i n  i n c r e a s i n g  

t h e  observed  d i f f e r e n c e  i n  b r l i g h t n e s s .  I f  l i g h t s  p o s s e s s  

a hue ,  c o l o r  c o n t r a s t  s h i f t s  each one i n  t h e  d i r e c t i o n  o f  

t h e  o t h e r ' s  complement a s  w e l l  a s  h e i g h t e n i n g  t h e  d i f -  

f e r e n c e  (Ge lda rd ,  1 9 5 3 ) .  The a p p l i c a t i o n  o f  c o n t r a s t  

t o  t h e  highway i n f o r m a t i o n  sy s t em conce rns  r o a d  s u r f a c e  

d e s i g n  w i t h  r e f l e c t a n c e  c h a r a c t e r i s t i c s ,  ma rk ings ,  i l l u m -  

i n a t i o n ,  and s u r f a c e  c o n t r a s t  between roadway and  s h o u l -  

d e r s  and l i g h t i n g  geometry .  A l l ' s u c h  e l e m e n t s  may be  

e x p e r i m e n t a l l y  t e s t e d  t o  d e s i g n  b e t t e r  d i s p l a y  f o r  r o a d  

gu idance ,  c l e a r  v i s i b i l i t y  and e f f i c i e n t  v e h i c l e  c o n t r o l .  

4 . 4  Color  V a r i a t i o n  

It i s  g e n e r a l l y  known t h a t  c o l o r  d i s c r i m i n a t i o n  i s  

l a r g e l y  dependent  upon t h e  cones  o f  t h e  hurtian r e t i n a .  

The 7 m i l l i o n  cones  c l u s t e r e d  i n  t h e  c e n t e r  s e c t i o n  of 

t h e  r e t i n a  a r e  h i g h l y  s e n s i t i v e  t o  d i f f e r e n c e s  i n  l i g h t  

w a v e l e n g t k , ~ ,  Z ~ u s  g i v i i i g  ri.ise t d  t 2 ~ e  rzFJ j 2 c t ; i ve  s ensa -  

t i o n  o f  c o l o r .  The p e r i p h e r a l  r e t i n a  i s  s a i d  t o  be 

r e l a t i v e l y  c o l o r b l i n d ,  b e i n g  l e s s  s e n s i t i v e  t o  l i g h t  

wave l eng th s .  Co lo r  v a r i a t i o n  i s  good f o r  r o a d  s u r f a c e  

i n f o r m a t i o n  d e s i g n  where g r e a t e s t  d i s t i n c t n e s s  o f  t h e  

e n v i r o n m e n t a l  s i t u a t i o n s  may be  d i s c r i m i n a t e d  d u r i n g  
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dynamic v e h i c u l a r  o p e r a t i o n .  S i g n i n g  and s i g n a l l i n g  a r e  

t h e  a r e a s  where c o l o r  v a r i a t i o n  h a s  been u sed  ex t ens ive l -y  

(Neuman and Davis ,  1962; Huber, 1961; B i r r e n ,  1957;  

F o r b e s ,  e t  a l ,  1 9 6 8 ) .  

These  fundamenta l  v i s u a l  c o n s i d e r a t i o n s  may be  e x p e r i -  

m e n t a l l y  e v a l u a t e d  and a p p l i e d  t o  d e s i g n  a s p e c t s  of t h e  

h igh-speed  highway i n f o r m a t i o n  sys t em,  e i t h e r  a s  s i n g l e  

f a c t o r s  o r  a s  combined m u l t i v a r i a b l e  modes o f  i n f o r m a t i o n  

d i s p l a y .  Any a s p e c t  of  such'  a d i s p l a y  sy s t em s h o u l d  be  

ba sed  on t h e  p r emise  t h a t  o p e r a t o r - v e h i c l e - r o a d  txXacking 

i s  a c lo sed - loop  mot ion-genera ted  c o n t r o l  sy s t em where in  

v i s u a l  d i s p l a y  i s  an  i m p o r t a n t  c o n s t i t u e n t  o f  t h e  feed-. 

back l o o p  and d i r e c t l y  i n f l u e n c e s  p r e c i s i o n  per formance  

b y '  t h e  o p e r a t o r .  

5 .  V I S U A L - F E E D B A C K  V E H I C U L A R  C O N T R O L  
. SYSTEM AND HIGHWAY I N F O R M A T I O N  D E S I G N  

Human v e h i c u l a r  b e h a v i o r  h a s  been  c o n s i d e r e d  funda- 

m e n t a l l y  a s  a r e a l - t i m e  and  x e a l - s p a c e  c o n t r o l  sy s t em w i t h  

a l l  t h e  p r o p e r t i e s  OF a c l o s e d - l o o ?  , ccr,cYir,~ol.is, s e r ? s = ~ y  fo-,d.. 

back r e g u l a t e d  t r a c k i n g  s y s t e m ,  The s p e c i f i c  t empora l  and 

s p a t i a l  c h a r a c t e r i s t i c s  r e l a t e d  t o  human motor  per formance  

a r e  a l l  m a n i f e s t e d  i n  t h i s  o p e r a t o r - v e h i c l e - r o a d  t r a c k ~ i n g  

sys t em,  I n f o r m a t i o n  d i s p l a y ,  c o n s t i t u t i n g  t h e  t a r g e t  o r  

p a t h  o f  t h e  t r a c k i n g  t a s k ,  i s  an  i n d i s p e n s a b i e  component of 

t h e  whole i n t e r a c t i n g  sy s t em.  C l a r i t y ,  s i n -  
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p 1 i c i . t ~  and o v e r a l l  uniformitiy a r e  .some of  t h e  b a s i c  

r equ i remen t s  f o r  an e f f e c t i v e  road  i n f o r m a t i o n  d i s p l a y  

sys tem,  

I n  t h e  v e h i c u l a r  c o n t r o l  system, t h e  d e s i g n  of v i s u a l  

i n f o r m a t i o n  may be cons ide red  i n  t h e  l i g h t  of two func-. 

t i o n a l  c l a s s i E i c a t i o n s  of i n f o r m a t i o n  d i s p l a y .  From a  

c y b e r n e t i c  v i ewpoin t ,  t h e  i n f o r m a t i o n  needed f o r  imrned-- 

i a t e  c o n t r o l  and r e g u l a t i o n  of t h e  v e h i c l e  i s  t h a t  pro-  

v i d i n g  r e a l - t i m e  and dynamic v i s u a l  feedback on t h e  s p a t i a l  

d i f f e r e n c e  between v e h i c l e  and t h e  r o a d ,  The coherence  

of t ime and space  dimensions wi th  r e s p e c t  t o  l e v e l s  of pe r -  - 

formance feedback f o r  op t ima l  d r i v i n g  c o n t r o l  i s  b e s t  

achieved  by p r o p e r  v i s u a l  d e s i g n  of t h e  immediate road  

c o n d i t i o n s .  ahead o f  t h e  moving v e h i c l e .  The immediate 

two-dimensionai  v i s u a l  d i s p l a y  on t h e  r o a d  s u r f  a c e  c o n s t i -  

t u t e s  t h e  pr imary highway i n f o r m a t i o n  sys tem.  In , c lud ing  

t h e  a forement ioned  v i s u a l  d e s i g n  v a r i a b l e s ,  prima,ry v i s u a l  

d i s p l a y  i s  concerned w i t h  t a r g e t  o r  r o a d  c o u r s e  preview,  

dynamic o y r a t i o n a . 1  feedback disp!.?y, v i s u a l  d e s i g n  sym- 

metry and s p a t i a l  c o n t i n u i t y  f o r  e f f i c i e n t  and a c c u r a t e  

manual c o n t r o l  of motor v e h i c l e  on t h e  r o a d .  The r e a l -  

t ime and r e a l - s p a c e  n a t u r e  of  d i s p l a y  d e s i g n  !.s t h e  c o r e  

of t h e  pr imary v i s u a l  d i s p l a y  sys tem,  

The second l e v e l  of  v i s u a l  d i s p l a y  d e s i g n  concern,s 
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i n f o r m a t i o n  i n p u t s  o r  a u x i l i a r y  channe l s  o f  sensory  i n p u t  

which a r e  supplementary and i n d i r e c t l y  r e l a t e d  t o  t h e  

dynamic c o n t r o l  behavior i t s e l f .  S ign ing  a n d  s i g n a l l i n g  

systems be long i n  t h i s  l a t t e r  c a t e g o r y .  

5 .1  Primary V i s u a l  Display System 

,The  most p r i m i t i v e  roadway i n f o r m a t i o n  d i s p l a y  i s  

t h e  c o n s t r u c t i o n  of  a  s h o u l d e r  a d j a c e n t  t o  t h e  highway, 

where c o n t r a s t  between t h e  two becomes t h e  pr imary i n f o r -  

mation f o r  v e h i c l e  guidance and r e g u l a t i o n .  More ad- 

vanced forms a r e  t h e  use  of edgemarkings,  l a n e  markings ,  

c u r b s ,  r e f l e c t i v e  r a i s e d  markers ,  and o t h e r  new e l e c -  

t r o n i c  d e v i c e s  and d e l i n e a t i o n  sys tems which have been I 

used on ly  c a s u a l l y  wi thout  u n i f o r m i t y .  From t h e  dynamic 

t r a c k i n g  p o i n t  of view, t h e  t a r g e t  d i s p l a y ,  i n  t h e  form of 

roadway edge and l a n e  markings,  i s  t h e  most i m p o r t a n t  of 

t h e  pr imary  vi.sua1 i n f o r m a t i o n  sys tem.  An obscured  o r  1 

i l l - d e f i n e d  t a r g e t  cour se  l e a d s  n o t  on ly  t o  c o n t r o l  con- 

f u s i o c  but  a l s o  t o  d e t e r i a r a t i n g  a q d  dsngernus  p e r f o r -  

mance. C lea r  t a r g e t  d i s p l a y  may be  a c h i e v e d  by l a n e  and 
. 

edge markings i n c o r p o r a t e d  w i t h  o t h e r  v a r i a b l e s .  For  

o p t i m a l  v i s u a l  c o u r s e - s e t t i n g ,  roadway p a t h  a n t i c i p a -  

t i o n ,  a n d  p rope r  u t i l i z a t i o n  of human p e r i p h e r a l  v i s i o n ,  

a .  t h e  r equ i remen t s  f o r  c l e a r - c u t  roadway edge and l a n e  d i v i -  . a 
s i o n  through marking, col-or d i s c r i m i n a t i o n ,  c o n t r a s t .  o r  
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o t h e r  modes, a r e  a b s o l u t e l y  n e c e s s a r y .  For e i t h e r  

shou lde r - road  c o n t r a s t  o r  t h e  marking system on t h e  hig:h- 

way, t h e  b a s i c  v i s u a l  v a r i a b l e  may very  w e l l  be i n  s ingu-  

l a r  o r  combined form t o  be a p p l i e d  t o  t h e  des ign  of road-  

p a t h  c l a r i f i c a t i o n  and d i s t i n c t i o n  w i t h  maximal v i s u a l  

s t a b i l i z i n g  e f f e c t s  f o r  d r i v i n g  performance.  The s o l e  

f a c t  t h a t  n o n - c o l l i s i o n ,  r an -o f f - the - road  a c c i d e n t s  

accounted  f o r  25 .1  p e r c e n t  of a l l  U.S. t r a f f i c  f a t ; a l i t , i e s  

i n  1967 shou ld  c a l l  f o r  some concern o v e r  v i s u a l  informa- 

t i o n  i n  r e l a t i o n s h i p  t o  highway a c c i d e n t s .  Most s t u d i e s  

comparing t h e  a c c i d e n t  r a t e  b e f o r e  and a f t e r  d e l i n e a t i o n  

i n  some form have shown a  s u b s t a n t i a l  d e c r e a s e  i n  acc i - ,  

d e n t s  ( M i l l s ,  1958; Tay lo r  and Foody, 1966; W i l l e y ,  1965; 

T a y l o r ,  1966; B a s i l e ,  1962; and Musick,, 1 9 6 0 ) ;  The chcvlges 

r e p o r t e d  by t h e s e  r e s e a r c h e r s  a r e  no s u r p r i s e  because ,  

from t h e  f e e d b a c k - c o n t r o l l e d  o p e r a t o r - v e h i c l e - r o a d  t r a c k -  

i n g  concep t s  on human v e h i c u l a r  t h e  condu-- 

c i v e n e s s  t o  a c c i d e n t s  of  a  sys t em l a c k i n g  c l e a r  d e l i n e a -  

4- ~ l o n  and h d e i ~ : e a s z d  a c c i & f ~ t  r d l e  a l t ~ =  c o r r e c t i o n  a r e  

g e n e r a l l y  assumed and p r e d i c t e d  on n e u r o p h y s i o l o g i c a l  

and b e h a v i o r a l  ev idence .  Numerous t r a f f i c  r e p o r t s  and 

a c c i d e n t  a n a l y s e s  have s u p p o r t e d  t h e  r e q u i r e m e n t  o f  road-  

way edge and l a n e  m a r k i n g s ' a s  fundamenta l  v i s u a l  d i s p l a y  , 

f o r  dynamic v e h i c l e  o p e r a t i o n .  * 
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1963) , .  'Gordon (1966 )  found t h e  markings  t o  be  p r imary  

s o u r c e s  o f  v i s u a l  i n f o r m a t i o n  f o r  d r i v i n g  unde r  i s o l a t e d  

v i s i o n ,  Another  i m p o r t a n t  c o n s i d e r a t i o n  i n  d e l i n e a t i o n  

which i s  based  on t h e  p r i n c i p l e  of s p a t i a l  c o n t i n u i t y  i.s 

t h e  u n d e s i r a b i l i t y  o f  i n t e r m i t t e n t  d e l i n e a t i o n  mark ings  

f o r  immediate  roadway c o u r s e  d i s p l a y .  T h e r e f o r e ,  da shed  

c e n t e r  l i n e s  on many highways a r e  n o t  c o n s i d e r e d  a s  e f f e c -  

t i v e  as c o n t i n u o u s  d e l i n e a t i o n ,  I n t e r m i t t e n t  mark ing  p r o -  

v i d e s  t h e  d r i v e r  b o t h  w i t h  momentary v i s u a l  i n f o r m a t i o n  

of t h e  r o a d  p a t h  a s  a t r a c k i n g  t a r g e t  and w i t h  c o n s t a n t  

v i s u a l  i n p u t  i n t e r v a l s ,  I n  a h i g h - p r e c i s i o n  c o n t r o l  sys- 
- 

tern such  as v i sua l -manua l  t r a c k i n g ,  numerous r e p o r t s  have  

e s t a b l i s h e d  t h e  v a l i d i t y  of d i s p l a y  i n t e r m i t t e n c y  i n  

d e g r a d i n g  per formance  a c c u r a c y ,  I n  h igh - speed  highway 

d r i v i n g  t h e  s p a . t i a 1  a l l o w a n c e  f o r  v e h i c l e  p o s i t i o n i n g  i s  

r e a s o n a b l y  l a r g e ,  s o  t h a t  t h e  c r u c i a l  r o l e  o f  i n t e r m i t -  

t e n t  mark ings  i s  n o t  r e a d i l y  p e r c e i v e d .  However,, i n  

a d v e r s e  w e a t h e r  and a t  n i g h t ,  t h e  i m p o r t a n c e  o f  c o n t i n u e d  

v i s u a l  a n t i c i p a t i o n  o f  t h e  f o r t h c o m i n g  m a d  msrkirigs i n  

dashed  l a n e s  mounts amaz ing ly .  T h i s  i s  ' e s p e c i a l l y  t r u e  

when edge mark ing  i s  a b s e n t  o r  i n t e r m i t t e n t .  P r a c t i c a l l y ,  

l i t t l e  i s  known a b o u t  t h e  e f f e c t s  o f  b r o k e n  o r  i n t e r m i t -  

t e n t  d e l i n e a t i o n  on d r i v i n g  a c c u r a c y ,  s i n c e  most s u r v e y s  

. o r  e v a l u a t i o n s  have c o n c e n t r a t e d  on c o n t i n u o u s  mark ings .  
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S t i l l ,  f rom t h e  feedback  and p e r c e p t u a l  s t a n d p o i n t ,  con- 

t i n u o u s  v i s u a l  d i s p l a y  o f  dynamic r o a d p a t h  i n f o r m a t i o n  i s  

p r e f e r a b l e ,  C o n t r o l l e d  expe r imen t s  a r e  needed  f o r  e v a l u a t i o n ,  

I n  a d d i t i o n  t o  t h e  l a n e  and edge d e l i n e a t i o n  r e q u i r e -  

ments  f o r  e f f i c i e n t  human d r i v i n g  per formance ,  ground 

s i g n i n g  w i t h  u n l i m i t e d  v a r i a t i o n s  a n o t h e r  u s e f u l  

o f  immediate  v i s u a l  i n f o r m a t i o n  d i s p l a y  w i t h i n  t h e  frame- 

work of  c lo sed - loop  highway t r a c k i n g .  T h i s  w i l l  f u r t h e r  

enhance  t h e  e f f e c t i v e n e s s  o f  dynamic,  i n f o r m a t i o n  i n p u t  t o  

t h e  o p e r a t o r  ,at  t h e  p o i n t  o f  a c t i o n ,  t h e  i n t e r a c t i o n  of' 

c a r s  w i t h  t h e  highway c o u r s e  i n  g e n e r a t i n g  o p e r a t i o n a l  

f eedback  f o r  performa-nce a c c u r a c y .  The ground  s i g n i n g  

sys t em may t a k e  t h e  form o f  c o l o r e d  pavement ,  d i r e c t i o n a l  

i n d i c a t o r s ,  r oad - shou lde r  c o n t r a s t ,  and s o  on .  

A l l  t h e s e  b a s i c  e l e m e n t s  have been s u g g e s t e d  f o r  t h e  

p r imary  v i s u a l  i n f o r m a t i o n  d i s p l a y  sy s t em w i t h i n  a n  e x p e r i -  

m e n t a l l y  t e s t e d  t h e o r e t i c a l  framework o f  human per formance  

2nd sensory-motor  o r~ganFza t , ion .  The dynznis q a t u r e  ? f  

o p e r a t i o n a l  i n f o r m a t i o n  f eedback  i s  an a r e a  d e f i n i t e l y  

r e l a t e d  t o  per formance  e f f i c i e n c y ,  motor  c o n t r o l  coorclina- 

t i o n ,  s e n s o r y  i n p u t ,  ~ n d  p a r t i c u l a r l y  t o  a c c i d e n t - i n d u e -  

i n g  emergency c o n d i t i o n s ,  a c c i d e n t s  ought  

a lways t o  be b l i n d l y  a t t r i b u t e d  t o  human o p e r a t o r s .  

not; 

Improper  d e s i g n  f e a t u r e s  of  t h e  roadway and  v e h i c l i  corn- 
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ponen t s  of  t h e  dynamic highway t r a c k i n g  system a l s o  cause  

many a c c i d e n t s  and f a t a l i t i e s .  E f f e c t i v e  d e s i g n  of  

p r imary  v i s u a l  i n f o r m a t i o n  d i s p l a y  p r o v i d e s  t h e  most 

i m p o r t a n t  gu idance  and c h a n n e l l i n g  e f f e c t s  f o r  human 

rnotor v e h i c l e  c o n t r o l  on t h e  road .  

5.2 A u x i l i a r y  V i s u a l  In fo rma t ion  Disp lay  System 

Bes ides  t h e  pr imary  v i s u a l  d i s p l a y  sys tem f o r  t h e  

dynamic c lo sed - loop  highway t r a c k i n g  system,  which coneen- 

t r a t e s  on t h e  immediate r o a d  s u r f a c e  i n f o r m a t i o n  d i s p l a y ,  

o t h e r  i n f o r m a t i o n  e l emen t s  o u t s i d e  o f  t h i s  l oop  which 

a l s o  have d i r e c t  b e a r i n g s  on v i s u a l  i n p u t s  a r e  c o n s i d e r e d  - 

w i t h i n  t h e  framework t h e  a u x i l i a r y  d i s p l a y  sys tem.  

high-speed highways,  v e r t i c a l  s i g n i n g ,  d e l i n e a t o r s ,  over -  

head s i g n i n g ,  l u m i n a i r e s  and o t h e r  d i s c r e t e  v i s u a l  d i s -  

p l a y s  c o n s t i t u t e  t h e  c o r e  of d e s i g n  c o n s i d e r a t i o n s  for> 

t h i s  secondary  v i s u a l , i n f o r m a t i o n , s y s t e m ,  They s e r v e  p r i -  

m a r i l y  as v i s u a l  a i d s  i n  p r o v i d i n g  highway r e g u l a t i o n ,  

road  c o n d i t i o n s ,  and warn ing  o r  p r o h i b i t o r y  messages  a t  

a d i s c r e t e  and ?,on-immediate l e v e l .  S p ~ c i f i c  e~.~all:.at:Lcns 

cou ld  be made of  t h e  e f f e c t i v e n e s s  o f  d e l i n e a t o r s  and 

l u m i n a i r e s  r e l a t i v e  t o  t h e  v i s u a l  v a r i a b l e s  d i s c u s s e d  

above.  Our a t t e n t i o n  a t  p r e s e n t  i s  d i r e c t e d  toward 

b a s i c  p r i n c i p l e s  a f f e c t i n g  ,$he d e s i g n  o f  t h e  highway s i g n -  

ing sys tem a s  i t  i n v o l v e s  o p e r a t o r  c o g n i t i v e  beh .av ior ,  
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5 . 3  Development of Human Communicative Behavior  

C y b e r n e t i c  concepts  r e p r e s e n t  t h e  i n d i v i d u a l  a s  a 

c o n t r o l  sys tem and i n t e r p r e t  language development i n  te rms 

of p r o g r e s s i v e  changes i n  l e a r n i n g  a s  an e l a b o r a t i o n  of  
L 

h i s  a b i l i t y  t o  e x e r c i s e  symbolic c o n t r o l  o v e r  h i inse l f ,  

o t h e r  peop le  and envi ronmenta l  e v e n t s .  The changes i n  

non-verba l  and . v e r b a l  communication th roughou t  h i s  l i f l e  

r e p r e s e n t  s y s t e m a t i c  expans ion  of  v a r i o u s  l e v e l s  of sym- 

b o l i c  c o n t r o l  of h i s  p h y s i c a l  and s o c i a l  envi ronment :  

e x p r e s s i v e  movements, e x p r e s s i v e  v o c a l i z a t i o n ,  g r a p h i c  

symbols,  spoken language ,  w r i t i n g ,  q u a n t a t i v e  and machine 

communication. By deve lop ing  and r e f i n i n g  t h e s e  l e v e l s  

i n  t h e  c o u r s e  of m a t u r a t i o n  and l e a r n i n g ,  man has  ach ieved  

s p e c i a l i z e d  forms of c o n t r o l  o v e r  d i f f e r e n t  l e v e l s  of  h i s  

environmental-  o r g a n i z a t i o n  (Smith and Smith ,  1 9 6 6 ) ,  

Communicative behav io r  may be g e n e r a l l y  c a t e g o r i z e d  

as v e r b a l  o r  non-verbal .  These c a t e g o r i e s  r e p r e s e n t  grad-  

ua ted  l e v e l s  i n  t h e  continuum from c o n c r e t e n e s s ,  such  a s  

- e x p r e s s i v e  body movenents o r  p h y s i c a l  o b j e c t s  i n  t h e  envi -  

ronment., t o  complete a b s t r a c t n e s s ,  r e p r e s e n t e d  by words.  

They a l s o  rough ly  . i n d i c a t e  t h e  d i f f e r e n c e  i n  feedback 

o r g a n i z a t i o n  between t h e  two sys t ems .  V e r b a l  and non- 

v e r b a l  p a t t e r n s  of  , informat: ion p r o c e s s i n g  r e p r e s e n t ,  

r e s p e c t i v e l y ,  t 'emporal and s p a t i a l  o r g a n i z a t i o n  of  behav- 
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Graphic  and p i c t o r i a l  i n f o r m a t i o n  d i s p l a y s  w i t h i n  t h e  

framework of non-verba l  communication and t h e  v e r b a l  com- 

munica t ion  i n  the ,  form of w r i t t e n  words have been ex ten -  

s i v e l y  i n v e s t i g a t e d  a s  t o  t h e i r  e f f e c t i v e n e s s  i n  con- 

v e y i n g  v i s u a l  i n f o r m a t i o n  f o r  i d e n t i f i c a t i o n  and d i s c r i m -  

i n a t i o n .  I v i n s  (1953) r e p o r t e d  t h a t  p u r e l y  v e r b a l  s t ru .c -  

t u r e s  a r e  l i k e l y  t o  l o s e  c o n t a c t  w i t h  r e a l i t y  of  t h e  s c ~ u r c e  

i n f o r m a t i o n  u n l e s s  t h e y  can checked and co r rec ted .  

a g a i n s t  o b s e r v a b l e  s p e c i f i c  e v e n t s  o r  o b j e c t s  i n  t h e  enrvir- 

onment. Gibson (1954)  emphasized t h e  impor tance  of gra.phic 
- 

s t i m u l i  o r  d i s p l a y s ,  s a y i n g  t h a t  t h e  r e a l i s m  of  g r a p h i c  

s t i m u l i  s u b s t i t u t e s  f o r  first; hand e x p e r i e n c e  and t h u s  

t e a c h e s  c o n c r e t e  i n f o r m a t i o n ,  Smith and Smith (1966) 
. . 

a l s o  proposed  non-verba l  v i s u a l  d e s i g n  f o r  e f f e c t i v e  

i n f o r m a t i o n  d i s p l a y  i n  t e rms  of s t r u c t u r i n g  t h e  i n d i v -  

i d u a l  s p a t i a l  o r g a n i z a t i o n  o f  h i s  r e s p o n s e  i n  r e l a t i o n  t o  

t h e  e n v i r o n m e n t a l  s t i m u l i  a t  v a r i o u s  s e n s o r y  s o u r c e s  

thr9ug1l feedback.  

The f a c t o r s  of o r g a n i z a t i o n  and p a t t e r n i n g  a r e  known 

i m p o r t a n t  t h a t  t h e  i n d i v i d u a l  u s u a l l y  e s t a b -  

l i s h e s  a r b i t r a r y  p a t t e r n s  t o  h e l p  o r g a n i z e ,  l e a r n ,  r e t a i n ,  

and i d e n t i f y  v i s u a l  i n f o r m a t i o n .  The e s t a b l i s h m e n t  by 

i n d i v i d u a l s  o f  v a r i ~ l z s  memory f o ~ m s  t o  r e f e r e n c e  new mater -  
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i a l s  . in t h e  l e a r n i n g  p rocess  i s  a  known phenomenon, The 

b e l i e f  t h a t  such a  s p a t i a l l y  s t r u c t u r e d  framework f a c i l i -  

t a t e s  l e a r n i n g  and memory, i s  evidenced i n  most non- 

v e r b a l  g r a p h i c  d i s p l a y  sys tems,  I n  w r i t t e n  v e r b a l  com-. 

munica t ion ,  t h e  r e a d e r  must o rgan ize  ' and  p r o j e c t  h imsel f  

i n t o  t h e  d e s c r i b e d  even t s  and s i t u a t i o n s  by u s i n g  v e r b a l  

symbols and r e f e r r i n g  back t o  h i s  own exper i ence  w i t h  t h e  

s i t u a t i o n s .  This  r e q u i r e s  p e r c e p t u a l  t r a n s l ' a t i o n  from 

t h e  i n d i r e c t  v e r b a l  meaning of a message t o  a non-verbal 

symbol i n  t h e  memory w i t h  p r e v i o u s l y  o rgan ized  s p a t i a l  

s t r u c t u r e s .  Pure ly  from t h e  in fo rma t ion  p r o c e s s i n g  s t and-  

p o i n t ,  t h e  t ime requi rements  f o r  t r a n s m i s s i o n  a r e  g r e a t l y  

prolonged i n  such t r a n s l a t i o n ,  I n  a dynamic c o n t r o l  sys-  

tem where secondary in fo rma t ion  t a k e s  t h e  form of' d i s c r e t e  

v e r b a l  messages,  t h e  t ime needed f o r  p e r c e p t u a l  i n t e r p r e -  

t a t i o n  could  b e  c r u c i a l  f o r  s u f f i c i e n t  and e f f e c t i v e  I n f o r -  

mation p r o c e s s i n g  wi thout  l o s i n g  c o n t e n t s ,  Desp i t e  t h e  

d e s i r a b i l i t y  of  t h e  non-verbal symbolic d i s p l a y  i n  adver-  

t i s i n g ,  book des ign  and o t h e r  i n f o r m a t i o n  d i s p l a y ,  aii 

e f f e c t i v e  in fo rma t ion  sys tem u s u a l l y  i s  composed b o t h  of 
- 

non-verbal  symbolism i n  t h e  form of g r a p h i c  o r  p i c t o r i a l  

des igns  , . and of  more a b s t r a c t  v e r b a l  p a t t e r n s .  There a r e  

g r e a t  p r a c t i c a l  d i f f i c u l t i e s  i n  complete u t i l i z a t i o n  of  

non-verbal symbols because i n d i v i d u a l  a b i l i t y  t o  i n t e r -  
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p r e t  symbols v a r i e s  w i t h  c u l t u r e ,  a g e ,  e x p e r i e n c e  and 

e d u c a t i o n  (Fonseca  and K e a r l ,  1 9 6 0 ) .  An u n d e r s t a n d i n g  

of t h e  b a s i c  p r i n c i p l e s  o f  i n f o r m a t i o n  d i s p l a y  shou ld  

p r o v i d e  a p e r c e p t u a l  b a s i s  f o r  an e v a l u a t i o n  o f  r e l a t i v e  

e f f e c t i v e n e s s  and f o r  s u g g e s t i o n s  toward o p t i m a l  v i s u a l  

d e s i g n  o f  t h e  highway s i g n i n g  sys tem.  

5.4 P e r c e p t u a l  B a s i s  of  Highway S i g n i n g  System 

D e s p i t e  t h e  impor tance  of  t h e  p r e v i o u s l y  ment ioned 

v i s u a l  c o n s i d e r a t i o n s  t o  an e f f e c t i v e  s i g n i n g  sys tem,  

modes of  d i s p l a y  i n  highway s i g n i n g  may be  d i v i d e d  i n t o  

r e l a t i v e l y  verbal-symbolisx-inclined and non-verba l -  

symbol i sm- inc l ined  d i s p l a y  d e s i g n s ,  w i t h  a  g r e a t  m a j o r i t y  

of highway s i g n s  p o s s e s s i n g  a  combina t ion  of t h e  two, 

G e n e r a l l y ,  North American and L a t i n  American c o u n t r i e s  

have emphaSized t h e  v e r b a l  i n f o r m a t i o n  sys t em more t h a n  ' 

t h e  non-ve rba l  symbol ic  d i s p l a y ,  w h i l e  England and t h e  

C o n t i n e n t  have p r e f e r r e d  g r a p h i c  and  p i c t o r i a l  d l s p l a y .  

From t h e  b e h a v i o r a l  v i ewpo in t ,  highway s i g n s  w i t h  

noc -ve rba l  symbol ic  o r i e n t a t i o n  would be e x p e c t e d  t o  

p r o v i d e  f a s t e r  message t r a n s m i s s i o n ,  more a c c u r a t e  i d e n -  

t i f i c a t i o n ,  q u i c k e r  i n t e r p r e t a t i o n  o f  i n f o r m a t i o n  c o n t e n t s  

and h i g h e r  l e g i b i l i t y  t h a n  can be a c h i e v e d  w i t h  p u r e l y  

v e r b a l  symbol ic  d e s i g n .  I n  p r a c t i c e ,  u s e  o f  non-ve rba l  

symbolism a l o n e  i n  highway s i g n s  h a s  been a l m o s t  i m p o s s i b l e  
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beca.use o f  i n d i v i d u a l  v a r i a t i o n s  i n  a g e ,  e d u c a t i o n ,  expe r -  

i e n c e  and  o t h e r  f a c t o r s .  Hence we shou ld  a l s o  e x p e c t  non- 

verbal symbols combined w i t h  some d e g r e e  o f  a b s t r a c t  

v e r b a l  symbols t o  be more e f f e c t i v e  t h a n  pu re  v e r b a l  sym- 

bolEsm .. 

A b r i e f  s u r v e y  o f  r e s e a r c h  l i t e r a t u r e  on v e r b a l  and 

mon-verbal. symbol ic  sy s t ems  may p r o v i d e  some i n s i g h t s  use -  

f ill e v a l u a t i o n  t h e  r e l a t i v e  e f f e c t i v e n e s s  t h e  two 

s y s t e m s ,  

An e a r l y  s t u d y  (Laue r ,  symbols  showed t h a t  

a g r a p h i c  a r row was more e f f e c t i v e  t h a n  t h e .  p r i n t e d  words 

I I ' ~ F ~ ~ ~  11' o r  I r l e f t 1 '  o r  t h e i r  a b b r e v i a t i o n s ,  J a n d a  and  Volk 
- 

(1934), s t u d y i n g  t h e  s i g n  d e t e c t i o n  t ime  o f  d r i v e r s  on 

ward and ar row d i s p l a y s ,  found  t h a t  a n  a r row  a l o n e  was t h e  

most e f f e c t i v e .  Words and a r row  combined were s econd ,  and 

words a l o n e  gave t h e  l o n g e s t  d e t e c t i o n  t i m e .  L e v e l s  of  

i n f o r m a t i o n  a b s t r a c t n e s s  may be r e p r e s e n t e d  by t h e  mea,- 

su rement  o f  s i m p l e  r e a c t i o n  f o r  c o n c r e t e  g r a p h i c  o r  p l c -  

t o r a l  d l s p i a y ,  c h o i c e  r e a c t i . o n  as i n  combined v e r b a l  and  

nan -ve rba l  d i s p l a y ,  and  i n t e r p r e t a t i o n  and p e r c e p t i o n  t i m e  

as i n  p u r e  v e r b a l  i n f o r m a t i o n  d i s p l a y .  F0rbe.s ( 1941 )  

showed t h a t  s i m p l e  r e a c t i o n  r e q u i r e d  0 . 5  s e c o n d s  and a 

choice r e a c t i o n  t ime  r e q u i r e d  0 . 7 - 1 . 0  s e c o n d s .  The p e r -  

cep t ion- judgment  tSme was r e p o r t e d  t o  be be tween  2 .8-3 .2  

s econds .  A s u r v e y  ( T r a f f i c  E n g i n e e r i n g  and C o n t r o l ,  1 9 6 0 )  
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of t h e  e f f e c t i v e n e s s  of  s i g n  r e a d i n g  and i n t e r p r e t a t i o n  

o f  American and E n g l i s h  s i g n  sys tems w i t h  t h e  same num- 

b e r  o fwords  showed much lower  e r r o r  s c o r e s  i n  i n t e r p r e -  

t a t i o n  f o r  E n g l i s h  s i g n s  (more g r a p h i c  d i s p l a y )  t h a n  

American s i g n s  (more v e r b a l ) ,  Gray and R u s s e l l  (1962) 

conducted  a c r o s s - c u l t u r a l  comparison o f  s i g n  r e c o g n i -  

t i o n .  E a s i l y  i n t e r p r e t e d  symbols used on t h e  Cont inent  

were under s tood  . . by E n g l i s h  d r i v e r s .  However, t h e y  had 

d i f f i c u l t y  i n  c o r r e c t l y  i . n t e r p r e t i n g  s i g n s  w i t h  more 

a b s t r a c t  s y m b o l s . '  Moore and C h r i s t i e  (1963)  i n v e s t i -  

g a t e d  t h e  long-range  s i g n  r e c o g n i t i o n  problem i n  t e rms  

of t h e  r e c o g n i t i o n  of t y p e s  of  s i g n s  and l e g i b i l i t y  

among European, American and E n g l i s h  s i g n s .  The Euro- 

pean "map s i g n  was b e s t  f o r  b o t h  t y p e s  o f  r e c o g n i t i o n ,  

w h i l e  t h e  U.S. u s t a c k ' '  s i g n  was second and t h e  E n g l i s h  

"pane l "  s i g n  t h i r d ,  R e p r e s e n t a t i v e  symbols were found 

t o  be  more e f f e c t i v e  t h a n  words; p u r e l y  a b s t r a c t  symbo1.s 

were l e a s t  s a t i s f a c t o r y ,  

. These f i n d i n g s  s t r o n g l y  s u p p o r t  t h e  b a s i c  percep-  

t u a l  8ssumptions o f  t h e  s u p e r i o r i t y  o f  non-ve rba l  sym- 

b o l i c  d i s p l a y  d e s i g n  o f  highway i n f o r m a t i o n  sys t ems  o v e r  

t h a t  based  on v e r b a l  symbolism. The need  f o r  u n i v e r s a l .  

s i g n i n g  and non-verba l  symb,ols i n  t h e  " p o l y g l o t  and 

i l l i t e r a t e  world" i s  g r e a t .  Although a d o p t i c -  of  a pa r -  
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~ t i c u l a r  non -ve rba l  symbol ic  s i g n i n g  sys t em w i l l  depend 

on s u c h  f a c t o r s  a s  c u l t u r a l  t r a d i t i o n ,  e d u c a t i o n a l  l e v e l ,  

t e c h n o l o g y  and c o s t  c o n s i d e r a t i o n s ,  c o n s i d e r a b l e  t h i n k i n g ,  

p l a n n i n g ,  and d e s i g n i n g  w i t h  c o n s i d e r a t i o n  o f  t h e  human 

f a c t o r s  i n  t h e  d e s i g n  of  a v i s u a l  d i s p l a y  sy s t em s t i l l  

may be  i n i t i a t e d  and e v a l u a t e d  f o r  b e t t e r  r e g u l a t i o n  o f  

highway t r a f f i c ,  p o s s i b l e  r e d u c t i o n  o f  a c c i d e n t s ,  and  

s a f e r  d r i v i n g  c o n d i t i o n s  on t h e  r o a d .  

6 ;  OTHER SENSORY SYSTEMS AND 
HIGHWAY COMMUNICATION 

B e s i d e s  t h e  pr ime impor t ance  o f  v i s u a l  d i s p l a y  t o  

highway i n f o r m a t i o n  d e s i g n ,  o t h e r  human s e n s o r y  modes 

can be u t i l i z e d  ve ry  w e l l  f o r  i n f o r m a t i o n  t r a n s m i s s i o n .  

Two o f  t h e s e  a r e  t h e  a u d i t o r y  sy s t em and t h e  v e s t i b u l a r  

sy s t em i n  t h e  form o f  v i b r a t o r y  s e n s a t i o n .  While v i s u a l  

i n f o r m a t i o n  d i s p l a y  may b e  n e g l e c t e d  o r  r e s i s t e d  i n t en - .  

t i o n a l l y  by t h e  o p e r a t o r  o f  a motor  v e h i c l e ,  a u d i t o r y  

and v i b r a t o r y  i n f o r m a t i o n  d i s p l a y s  a r e  v e r y  d i f f i c u l t  t o  

i g n o r e  ; hence t h e i r  e f f e c t i v e n e s s  and  v a l u e  i n  i n f o r m a -  

t i o n  t r a n s m i s s i o n .  P r o p e r  u t i l i z a t i o n  d f  t h e s e  s e n s o r y  

c h a n n e l s  t h r o u g h  r e s e a r c h  e x p e r i m e n t a t i o n  c o u l d  be  v e r y  

f r u i t f u l  f o r  highway i n f o r m a t i o n  d e s i g n s ,  

6 . 1  A u d i t o r y  D i s p l a y  

P r o p e r  u t i l i z a t i o n  o f  a u d i o  i n f o r m a t i o n  d i s p l a y  may 

0 be  e f f e c t i v e l y  approached  t h r o u g h  r emo te  e l e c t r o n i c  s e n s i n g  
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t echno logy ,  where t r a n s m i s s i o n  and r e c e i v i n g  d e v i c e s  a r e  

keys t o  t h e  system, Depending upon t h e  type  of  i n f o r -  

mat ion  t o  be d i s p l a y e d ,  such a s  s h a r p  cu rves ,  s t o p -  

p i n g  s i g n s ,  warning of t h e  v e h i c l e  swerving o f f  t h e  r o a d ,  

and major  t r a f f i c  s i g n s ,  an u .n l imi ted  number of  d i s p l a y  

d e s i g n s  i s  p o s s i b l e .  On t h e s e  l i n e s ,  some e f f o r t s  have 

been made i n  Japan t o  use e l e c t r o n i c a l l y  t r i g g e r e d  

sound s i g n a l s  t.0 warn of hazardous i n t e r s e c t i o n s  and 

r a i l w a y  c r o s s i n g s ,  Th i s  i s  a p o t e n t i a l l y  e f f e c t i v e  

b a l a n c e  t o  d r i v e r s 1  p o s s i b l e  n e g l e c t  of v i s u a l  informa-. 

t i o n ,  Ex tens ive  r e s e a r c h  i n  t h i s  a r e a  i s  recommended 

a t o  a c h i e v e  a more e f f e c t i v e  system o f  p e r c e p t u a l  i n f o r - -  

mation ' d i s p l a y  i n  highway t r a n s p o r t a t i o n .  

6 . 2  V i b r a t o r y  Display  

The s e n s a t i o n  of v e r t i c a l  body v i b r a t i o n  i s  t r a n s -  

m i t t e d  through n e u r o r e c e p t o r s  on a r e a l - t i m e  b a s i s .  N o  

one can  p o s s i b l y  avo id  such s e n s o r y  i n f o r m a t i o n  d i s p l a y .  

An o u t s t a n d i n g  example of t h i s  type  of d i s p l a y  i n  c u r r e n t  

I highway i n f o r m a t i o n  systems i s  ;he s u r f a c e  f r i c t i o n  d i f -  

f e r e n t i a l  between t h e  highway pavement and s h o u l d e r .  A 

m o t o r i s t  mis t aken ly  d r i v i n g  h i s  c a r  on to  t h e  roadway 

s h o u l d e r  d e t e c t s  h i s  performance e r r o r  a lmost  i n s t a n t a n -  

eous ly  and r e p o s i t i o n s  h i s  c a r  on c o u r s e  immedia te ly  

th rough  sensory  i n f o r m a t i o n  f eedback .  A g r e a t  many p o s s i -  
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b i l i t i e s ' o f  v i b r a t o r y  i n f o r m a t i o n  d i s p l a y  f o r  e f f e c t i v e  

message t r ansmiss ion  and s a f e  v e h i c l e  o p e r a t i o n  might be 

i n v e s t i g a t e d .  I n  Japan ,  f o r  example, where s h a r p  c u r v e s ,  

h i l l y  s l o p e s  and o t h e r  road  c o n d i t i o n s  might e a s i l y  

induce  unsa fe  human c o n t r o l  and v e h i c l e  per formance ,  

r a i s e d  markers  a r e  p l a c e d  a c r o s s  t h e  road  t o  g e n e r a t e  an 

uncomfor tab le  s e n s a t i o n  i n  t h e  form of  v e r t i c a l  v i b r a t i o n  

of t h e  automob:ile. Design i s  such  . t h a t  m o t o r i s t s  must 

. slow down c o n s i d e r a b l y  t o  m a i n t a i n  a  t o l e r a b l e  l e v e l  of 

v e h i c l e  v i b r a t i o n ,  and no acc ident -conducive  s i t u a t i o n s  

a r e  c r e a t e d  by t h e  markers .  S i m i l a r  p rocedures  have been - 

e adopted i n  I t a l y .  The same sys tem has  a l s o  been a p p l i e d  

t o  r a i l w a y  c r o s s i n g s .  

I n  C a l i f o r n i a ,  t h e  r e c e n t l y  adopted  s t a t e - w i d e  

i n s t a l l a t i o n  of  . r a i s e d  pavement markers ,  used a s  l a n e  

markers ,  s e r v e s  a s  a n o t h e r  example of t h e  p o t e n t i a l  of 

roadway i n f o r m a t i o n  d i s p l a y  through human v i b r a t i o n .  

Although des igned  f o r  t h e  purpose  of  a v o i d i n g  u n d e s i r a b l e  

weather  c o n d i t i o n s  when road  markings t e n d  t o  be obscured ,  

t h e s e  r a i s e d  markers  a l s o  p r o v i d e  good v i b r a t o r y  i n f o r -  

mation f o r  s a f e  l a n e  changes and a l e r t i n g  e f f e c t s  i n  h igh-  

speed t r a v e l l i n g .  V i b r a t o r y  i n f o r m a t i o n  d i s p l a y  opens up 

a  new a r e a  of r e s e a r c h  i n  highway i n f o r m a t i o n  d e s i g n  f o r  

s a f e  d r i v i n g  performance,  a c c i d e n t  p r e v e n t i o n -  and defen-  
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s i v e  d r i v i n g  behav io r .  Concerted e f f o r t s  toward such 

o b j e c t i v e s  a r e  u r g e n t l y  needed among highway e n g i n e e r s ,  

p s y c h o l o g i s t s ,  and i n f o r m a t i o n  systems e x p e r t s .  

6 . 3  Highway Communication System 

A r e c e n t  development i n  t h e  f i e l d  of  t r a n s p o r t a t i o n  

guidance  has been t h e  d e s i g n  of veh ic l e - road  and remote 

s t a t i o n - v e h i c l e  communication sys t ems ,  A number o f  

r e s e a r c h  c e n t e r s  have been exper imen t ing  wi th  and d e s i g n -  

i n g  such  systems t o  f a c i l i t a t e  summoning a s s i s t a n c e  i n  

emergency c o n d i t i o n s  on highways, remind d r i v e r s  o f  speed 

l imi t s  and r o a d  s i g n s ,  and p r o v i d e  a u t o m a t i c  r o u t i n g  inf 'o r -  

mat ion  f o r  l o n g  t r i p s ,  Road-vehicle communication i n c l u d e s  

a u d i o  o r  v i s u a l  s i g n  r eminder s ,  o r  b o t h ,  The v i s u a l  s i g n  

reminder  and 2 combinat ion of  a u d i o  and v i s u a l  informat i .on  

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

development of  highway communica t ion ,sys tems (H.R.B. News, 

1966; D . O . T .  News, 1968; Highway Research Record, 1 9 6 8 ) .  

The a u d i o - v i s u a l  s i g n  reminder ,  t r i g g e r e d  by roadway s i g -  

n a l s  f r a  t r a n s m i t t e r s ,  r e p e a t s  highway s i g n  i n f o r m a t i o n  

on t h e  d i s p l a y  p a n e l  i n s i d e  t h e  c a r  th rough  a  sound s ig- -  

n a l .  A11 o f  t h e s e  new p o t e n t i a l  e l e c t r o n i c  i n s t r u m e n t s  

f o r  highway communication a r e  p a r t  t h e  a u x i l i a r y  i n f  o r -  

mation d i s p l a y  sys tem,  usi-ng s o p h i s t i c a t e d  and h i g h  speed  

i n f o r m a t i o n  They promise  v e r y  e f f e c -  
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t i v e  i n  p r o v i d i n g  a c c u r a t e  i n f o r m a t i o n  d i s p l a y  of highwa.y 

c o n d i t i o n s ,  f o r  s a f e  v e h i c l e  c o n t r o l ,  The r o a d s i d e  s t a t i . o n -  

v e h i c l e  communication sys tem r e n d e r s  p r i m a r i l y  s e r v i c e  

i n f o r m a t i o n  f o r  m o t o r i s t s  such  a s  r o u t i n g  . , g u i d e  f o r  t r i p s ,  

I . emergency t r a f f i c  b u l l e t i n s ,  r o a d s i d e  acc.omodations,  and 

s o  on. Grea t  p o s s i b i l i t i e s  f o r  d e s i g n i n g  highway i n f o r - .  

mat ion  sys tems can  be e x p e c t e d  i n  t h i s  a r e a  o f  comrnunica- 

t i o n  t e c h n o l o g y ,  t h r o u g h  which most o f  t h e  a u x i l i a r y  i n f o r -  

mation sys tems on t h e  road  might be enhanced.  I n  t h e  

l i g h t  o f  t h e  ever-growing demand i n  i n d u s t r i a l i z e d  s o c i e -  

t i e s  f o r  h igh-speed ,  e f f i c i e n t  and s a f e  highway t r a n s -  

p o r t a t i o n ,  a  much g r e a t e r  j o i n t  e f f o r t  i s  needed t o  

e x p l o r e  t h e  p o s s i b i l i t i e s  of highway communicat ion,  

I n  t h i s  d e v e l o p i n g  age o f  c y b e r n a t i o n ,  we a r e  approach-  

i n g  a b e t t e r  u n d e r s t a n d i n g  o f  human b e i n g s :  t h e i r  behav- 

i o r ,  t h e i r  env i ronment ,  and t h e i r  man-made i n s t r u m e n t s  

f o r  t h e  c o n t r o l  o f  e v e n t s  i n  t h e  env i ronment ,  The con- 

v e n t i o n a l  approach  o f  b e h a v i c r  i ~ l v e s t i g a t i o n  t o  man a s  a 

h e l p l e s s  and p a s s i v e  sesponden t  t o  e n v i r o n m e n t a l  s t i m u l i  

has  made i t s  c o n t r i b u t i o n  i n  t h e  deve lopmenta l  p r o c e s s  sf 

b e h a v i o r  r e s e a r c h .  t h i s  s e a r c h i n g  e r a  s p e c i f i c i t y ,  

t h e  o u t s i d e - i n  approach  h a s , p r o v e d  s e r i o u s l y  i n a d e q u a t e  

i n  d e f i n g n g  t h e  b a s i c  mechanisms o f  b e h a v i o r  2 r g a . n i z a t i o n .  
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A new approach ,  based  on c o n c e p t s  o f  i n t e r n a l  c o n t r o l  

mechanisms i n  a r t i f i c i a l  and b i o l o g i c a l  sys t ems ,  h a s  been 

e v o l v i n g  f o r  many y e a r s .  T h i s  developnlent i n  many aca-  

demic f i e l d s  t a k e s  an i n s i d e - o u t  view of e n v i r o n m e n t a l  

s i t u a t i o n s  and i n t e r n a l - e x t e r n a l  r e l a t i o n s h i p s  w i t h  an  

e v e r - e n l a r g i n g  l e v e l  of  c o n t r o l  l o o p s ,  Var ious  e f f o r t s  

toward t h e  e s t a b l i s h m e n t  and r e f i n e m e n t  of  some fundamen- 

t a l  c o n c e p t s  a r e  r e p r e s e n t e d  i n  t h e  d i s c i p l i n e  of cyber-- 

n e t i c s .  

T h i s  p a p e r  has  a t t e m p t e d  t o  i n t r o d u c e  some o f  t h e  

b a s i c  i d e a s  o f  c y b e r n e t i c s  toward a  f r e s h  u n d e r s t a n d i n g  

o f  some o f  t h e  o r g a n i z i n g  e l emen t s  w i t h i n  . t h e  dynamic 

sys t em o f  ope ra to r -veh ic l e -h ighway  per formance .  Human 

v e h i c u l a r  c o n t r o l  b e h a v i o r  h a s  been  approached from t h e  

b a s i c  sensory-motor  f eedback  mechanisms. The p r i n c i p a l  

f a c t o r s  of  t ime  and space  cohe rence  w i t h i n  t h e  b i o l o g i c a l  

sys t em a r e  g e n e r a l l y  demons t ra t ed  i n  man-machine o r  

o p e r a t o r - v e h i c l e .  p e r f  orrnance sys t ems .  Most t h e  c l o s e d -  

l o o p  feedback p r o p e r t i e s  of b i o l o g i c a l  sys t ems  a r e  a l s o  

m a n i f e s t e d  i n  t h e  motor c o n t r o l  a c t i v i t i e s  o f  t r a c k i n g  

and s t e e r i n g .  These p r o p e r t i e s  i n c l u d e  s e l f - g e n e r a t i o n  

o f  movements, t e m p o r a l  and s p a t i a l  c o n t i n u i t y  o f  sen-  

s o r y  feedback d i s p l a y ,  t h e  r e a l - t i m e  and r e a l - s p a c e  n a t u r e  

o f  moto r - sensory  f eedback  c o n t r o l ,  and o t h e r s .  
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Mul t i -d imens ional  channe l ing  of sensory  i n f o r m a t i o n  

through feedback mechanisms i s  e s s e n t i a l  t o  e f f i c i e n t  and 

o p t i m a l  motor c o n t r o l ,  Any d e t r i m e n t a l  p e r t u r b a t i o n s  on 

t h e  c losed- loop  system would d e f i n i t e l y  c o n t r i b u t e  t o  

performance d e t e r i o r a t i o n .  This  i s  a p p l i c a b l e  t o  s imple  

t o o l - u s i n g  beha,vior a s  w e l l  a s  t o  t h e  co,mplex highway 

t r a c k i n g  performance.  

Highway i n f o r m a t i o n  d i s p l a y  i s  b e l i e v e d  t o  be maxi- 

mally e f f i c i e n t ;  i f  t h e  mul t i - sensory  i n p u t  c h a n n e l s  a r e  

f u l l y  u t i l i z e d ,  on t h e  b a s i s ' o f  t h e  n o t i o n  of feedback 

m u l t i - d i m e n s i o n a l i t y ,  P o s s i b l e  means of u t i l i z i n g  v a r i o u s  

human s e n s e s  have been sugges ted  f o r  t h e  d e s i g n  o f  high-, 

way i n f o r m a t i o n  sys tems.  From a  dynamic o p e r a t i o n a l  

s t a n d p o i n t ,  i n f o r m a t i o n  d i s p l a y  on t h e  highway may be 

c l a s s i f i e d  a s  pr imary  and a u x i l i a r y  i n f o r m a t i o n  d i s p l a y  

~ y s t e m s .  Primary v i s u a l  d i s p l a y  f o c u s e s  on t h e  dynamic 

and con t inuous  i n f o r m a t i o n  p r e s e n t a t i o n  of  imnedia ' te  , road 

s i t u a t i o n s  c r u c i a l  f o r  r e a l - t i m e  v e h i c u l a r  c o n t r o l  a c t i v i -  

t i e s .  A u x i l i a r y  i n f o r m a t i o n  d i s p l a y s  a r e  t h o s e  b e a r i n g  

d i r e c t  y e t  d i s c r e t e  messages about  env i ronmenta l  s i t u a -  

t i o n s  which a r e  o u t s i d e  o f  t h e  dynamic c o n t r o l  l o o p .  

S u f f i c i e n t  ev idence  has  been r e p o r t e d  f o r  t h e s e  t h e o r -  

e t i c a l  a s sumpt ions .  

O v e r a l l  e f f i c i e n c y  of t h e  o p e r a t o r - v e h i c l e - r o a d  

a c o n t r o l  sys tem depends on t h e  o p t i m a l  cohe rence  of human 
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d e s i g n ,  v e h i c l e  d e s i g n ,  and road  d e s i g n  w i t h  feedback  

mechanism a s  t h e  o r g a n i z i n g  b a s i s ,  Uncoord ina ted  inves- -  

s e p a r a t e  sys tems  have produced 

no f r u i t f u l  r e s u l t s  . toward o u r  u n d e r s t a n d i n g  o f  human 

. d r i v i n g  b e h a v i o r ,  Th i s  pape r  has  s u g g e s t e d  some i n s i d e -  

o u t  and human-centered mul t i - l oops  t h e  fundament a 1  

framework for our  u n d e r s t a n d i n g  of human v e h i c u l a r  b e h a v i o r  

and highway i n f  ormati.on d i s p l a y s .  
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