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FOREWORD 

T h i s  r e p o r t  d e s c r i b e s  t h e  work of  a n  ad  hoc s y s t e m s  

s t u d y  g r o u p  s p o n s o r e d  by t h e  Highway S a f e t y  R e s e a r c h  

I n s t i t u t e  of The U n i v e r s i t y  of Mich igan .  The o b j e c t i v e  

of  t h i s  th ree -month  s t u d y  was t o  d e v e l o p  a  highway 

s y s t e m s  model t o  b e  u s e d  a s  a  management g u i d e  f o r  t h e  

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

The c o n t e n t s  o f  t h i s  r e p o r t ,  i n c l u d i n g  t h e  c o n c l u s i o n s  

and recommenda t ions ,  r e p r e s e n t  v i e w s  o f  t h e  s y s t e m s  s t u d y  

g r o u p  and s h o u l d  n o t  b e  c o n s i d e r e d  a s  h a v i n g  HSRI a p p r o v a l ,  

e i t h e r  e x p r e s s e d  o r  i m p l i e d ,  u n t i l  r e v i e w e d ,  e v a l u a t e d ,  

and s u b s e q u e n t l y  e n d o r s e d  by t h e  I n s t i t u t e .  

We would l i k e  t o  acknowledge t h e  c o n t r i b u t i o n s  o f  

11rs. Toni  Kennedy and Mr. R o b e r t  F a r r e l l ,  who e d i t e d  

t h e  t e x t  of  t h e  r e p o r t ,  and Mrs. E l a i n e  B u c k l e  who p a t i e n t -  

l y  t y p e d  and p r o o f r e a d  t h e  d r a f t s .  
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DEVELOPMENT OF THE HIGHWAY SYSTEMS MODEL 

INTRODUCTION 

BACKGROUND 

I n  r e c e n t  months t h e  s u b j e c t  of automobile  s a f e t y  has  f igu . red  

prominent ly  i n  a r t i c l e s ,  f e a t u r e s ,  and e d i t o r i a l s  i n  t h e  popu la r  

p r e s s ,  and has  produced a t  l e a s t  one b e s t - s e l l i n g  book. I t  has  been 

t h e  t o p i c  of e x t e n s i v e  government h e a r i n g s  which r e s u l t e d  i n  th~e 

pas sage  of new l e g i s l a t i o n  aimed a t  improving s a f e t y  i n  ou r  v e h i c l e s  

and on ou r  highways. There is  l i t t l e  doubt  t h a t  t h i s  concern  on t h e  

p a r t  of t h e  p u b l i c ,  i n d u s t r y ,  and government i s  wel l - founded.  During 

1964 au tomobi le  a c c i d e n t s  took 47,000 l i ve s - - an  i n c r e a s e  of one t h i r d  

ove r  t h e  annual  t r a f f i c  d e a t h  f i g u r e  a  decade e a r l i e r  (Johnson,  1 9 6 5 ) .  

During 1965 t h e  t r a f f i c  d e a t h  f i g u r e  r o s e  t o  approximate ly  49 ,000 ,  

and i t  i s  e s t i m a t e d  t h a t  50,000 w i l l  d i e  on our  roads  and s t r e e t s  i n  

1966. These i n c r e a s i n g  numbers cannot  be r a t i o n a l i z e d  by t h e  f a c t  

t h a t  we d r i v e  more each y e a r ,  f o r  t h e  annual  f a t a l i t y  r a t e - - t h e  num- 

b e r  of d e a t h s  p e r  one hundred m i l l i o n  m i l e s  of t r a v e l - - i s  a l s o  r i s i n g .  

I n  1961 t h e  f a t a l i t y  r a t e  was 5 . 2 ;  by 1964 i t  had r i s e n  10% t o  5 . 7 .  

L"ampbell(1965) n o t e s  t h a t  " . . . t r a f f i c  a c c i d e n t s  a r e  t h e  l e a d i n g  cause  

of d e a t h  among a l l  persons  from age 5  t o  3 1 . "  

The number of t r a f f i c  f a t a l i t i e s  a l o n e  i s  r ea son  enough f o r  pub- 

l i c  conce rn ;  however, t h e  economic c o s t  of a c c i d e n t s  and i n j u r i e s  is  

a l s o  i n c r e a s i n g l y  a  m a t t e r  f o r  n a t i o n a l  concern .  The Na t iona l  S a f e t y  

Counci l  ha s  e s t i m a t e d  t h a t  t h e  t o t a l  c o s t  of motor v e h i c l e  a c c i d e n t s  

was 8 . 3  b i l l i o n  d o l l a r s  i n  1964. Other  e s t i m a t e s  (Bureau of P u b l i c  

Roads, 1965) p l aced  t h e  c o s t  a t  10-15 b i l l i o n  d o l l a r s  a n n u a l l y .  A l -  

though we a r e  a n a t i o n  of l a r g e  r e s o u r c e s  t hey  a r e  no t  u n l i m i t e d ,  and 

t h e i r  was te  must somehow be  c o n t r o l l e d .  

T h i s  concern  f o r  highway s a f e t y  is  n o t  new. Over 40 y e a r s  ago 

P r e s i d e n t  Cool idge s a i d ,  "With d e p l o r a b l e  and c o n t i n u i n g  i n c r e , a s e  i n  

highway m o r t a l i t y  and i n j u r y ,  t h e  t ime  i s  h i g h l y  a p p r o p r i a t e  fior a  

comprehensive s t u d y  of t h e  c a u s e s ,  t h a t  we may have p rope r  under- 

s t a n d i n g  of c o n d i t i o n s  and s o  may i n t e l l i g e n t l y  p rov ide  remedies t t  

(Campbel l ,1965) .  However, a  r e s u l t i n g  r e s e a r c h  s t u d y  conducted i n  



1926,  and o t h e r  s a f e t y  r e s e a r c h  conducted d u r i n g  t h a t  decade ,  pro- 

v ided  few s o l u t i o n s .  Although t h i s  f a i l u r e  can probably  be t r a c e d  t o  

many f a c t o r s ,  i t  was perhaps  mainly a  r e s u l t  of t h e  d e f i c i e n c i e s  of 

t h e  e x i s t i n g  mechan i s t i c  p o i n t  of view. Most a c c i d e n t s  were a t t r i -  

bu ted  t o  t h e  c a r e l e s s ,  i r r e s p o n s i b l e ,  u n q u a l i f i e d ,  and i n e p t  d r i v e r  

(Michaels ,  1965) ,  an a t t i t u d e  t h a t  l e d ,  q u i t e  n a t u r a l l y ,  t o  t h e  be- 

l i e f  t h a t  a  program of s o c i a l  c o n t r o l s  ( t r a f f i c  laws,  d r i v e r  e d u c a t i o n ,  

l i c e n s i n g ,  e t c . )  was t h e  n e c e s s a r y  and s u f f i c i e n t  s o l u t i o n .  Recent 

knowledge (Michaels ,  1965) ,  cou ld  r e a d i l y  have p r e d i c t e d  t h e  i n -  

adequacy of  t h i s  approach.  

The i s s u e  of highway s a f e t y  l a y  r e l a t i v e l y  dormant u n t i l  1949,  

when an adv i so ry  group t o  P r e s i d e n t  Truman's Committee f o r  T r a f f i c  

S a f e t y  o u t l i n e d  a  f i ve -yea r  program of s p e c i f i c  s a f e t y  r e s e a r c h  

p r o j e c t s .  T h i s  f i v e - y e a r  p l an  was never  implemented a s  p lanned ,  and,  

i n  f a c t ,  s e v e r a l  s t i l l  r e l e v a n t  p r o j e c t s  remain undone. I n  1958 

t h e  P r e s i d e n t ' s  Committee f o r  T r a f f i c  S a f e t y  sponsored a meet ing of 

o u t s t a n d i n g  s c i e n t i s t s  and p r o f e s s i o n a l  t r a f f i c  s a f e t y  e x p e r t s  a t  

Wi l l iamsburg ,  V i r g i n i a .  The purpose of t h i s  con fe rence  was t o  deve lop  

f r e s h  approaches t o  t h e  problem of s a f e t y  r e s e a r c h .  Although many 

o f  t h e  e x c e l l e n t  r e s e a r c h  recommendations gene ra t ed  a t  t h a t  t ime have 

y e t  t o  be pursued ,  t h e  Wil l iamsburg Conference provided much of t h e  

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

S ince  1960,  commitment of s c i e n t i f i c  s k i l l s  and funds  t o  highway 

s a f e t y  r e s e a r c h  has  been i n c r e a s i n g  a t  an a c c e l e r a t i n g  r a t e .  The 

m a j o r i t y  of t h e s e  e f f o r t s  (some of which a r e  d e s c r i b e d  i n  t h e  succeed-  

i n g  c h a p t e r s  of t h i s  r e p o r t )  have been component s t u d i e s  devoted t o  

de t e rmin ing  s p e c i f i c  c a u s e s  of a c c i d e n t s  and t o  improving t h e  v e h i c l e ,  

t h e  r o a d ,  t r a f f i c  c o n t r o l s ,  d r i v e r  educa t ion  and s e l e c t i o n ,  and l e g a l  

and enforcement  a c t i v i t i e s .  However, t h i s  e x t e n s i v e  a l l o c a t i o n  of 

r e s e a r c h  r e s o u r c e s  has  n o t  y e t  p rovided  any meaningful  s o l u t i o n s  t o  

t h e  highway s a f e t y  problem (Ar thur  D .  L i t t l e ,  1966) .  

T h i s  con t inued  f a i l u r e  t o  ach i eve  a p p l i c a b l e  r e s u l t s  i s  s u r -  

p r i s i n g ,  i f  n o t  p e r p l e x i n g .  I n  c o n t r a s t  t o  t h e  compara t ive ly  unso- 

p h i s t i c a t e d  r e s e a r c h  e f f o r t s  of t h e  middle  t w e n t i e s ,  many of t h e  r e -  

c e n t  i n d i v i d u a l  s t u d i e s  have taken  advantage of advances i n  s c i e n t i f i c  

p r i n c i p l e s  and methods such  a s  s t a t i s t i c a l  i n f e r e n c e ,  t ime s e r i e s  



a n a l y s i , ~ ,  and computer s i m u l a t i o n .  One might conclude from t h i s  t h a t  

highway t r a n s p o r t a t i o n  phenomena a r e  c h a r a c t e r i z e d  by a  degree of 

v a r i a b i l i t y  t h a t  p rec ludes  s c i e n t i f i c  d e s c r i p t i o n  and u s e f u l  p red ic -  

t i o n .  However, r e c e n t  l i t e r a t u r e  would sugges t  r a t h e r  t h a t  t h e  re -  

s t r i c t e d  view of uncoordinated,  i n d i v i d u a l  s t u d i e s  is a t  f  au l , t  (Arthur 

D. L i t t l e ,  1966; Michaels,  1965; Bureau of Pub l i c  Roads, 1965; Campbell, 

1965; Whitton, 1965) .  Research p red i ca t ed  upon i d e n t i f y i n g ,  i s o l a t i n g ,  

and then modifying o r  removing some one s i g n i f i c a n t  cause  of a c c i d e n t s  

has  proven i n e f f e c t i v e .  The r ecen t  Arthur D.  L i t t l e  r e p o r t  (1966) 

n o t e s  t h a t  " . . . c a u s e  is no t  a  meaningful concept  i n  most t r a f f i c  ac- 

c i d e n t s  s i n c e  they usua l ly  r e s u l t  from t h e  combination of a  number of 

human, v e h i c l e ,  and environment f a c t o r s e t '  The Bureau of Pub l i c  Roads 

emphasizes t h i s  p o i n t  i n  a  r e p o r t  t o  a  Senate  subcommittee: 

The b e s t  ana lyses  show t h a t  most t r a f f i c  a c c i d e n t s  happen 
t o  normal people d r i v i n g  i n  a  normal way on normal roads  
i n  a l l  k inds  and makes of c a r s .  There i s n ' t  a s p e c i a l  
type  of person o r  road o r  c a r  t h a t  accounts  f o r  most ac- 
c i d e n t s .  I t  i s n ' t  t h e  drunk o r  t h e  young; i t  i s n ' t  t h e  
c o n v e r t i b l e  o r  t h e  i l l -ma in t a ined  c a r ;  and i t  i s n ' t  t h e  
road wi th  curves  o r  grades t h a t  can account f o r  s i g n i f i -  
c a n t  numbers of acc iden t s  (Bureau of Publ ic  Roads, 1965) .  

Although they have provided some measure of b a s i c  knowledge, 

r e c e n t  r e sea rches  d i r e c t e d  a t  component des ign  improvement have a l s o  

been i n e f f e c t i v e  i n  reducing acc iden t s .  Whi t ton , in  a  l e t t e r  t o  U .  S .  

Senator  Abraham Rib icof f  (1965) ,  exp la in s :  

H i s t o r i c a l l y ,  w e  have sought  t h e  s o l u t i o n  t o  s a f e t y  through i m -  
provement i n  t h e  v e h i c l e  o r  t h e  highway o r  t h e  d r i v e r  sep-• 
a r a t e l y .  The s i g n i f i c a n t  i n c r e a s e  i n  acc ident  r a t e s  t h a t  
has  occur red  over  t h e  p a s t  fou r  yea r s  demonstrates  t h a t  
such c l a s s i c a l  s a f e t y  techniques ,  a l though necessary ,  a r e  
no t  s u f f i c i e n t  t o  r e v e r s e  t h e  r i s i n g  t i d e  of a c c i d e n t s .  
S u f f i c i e n t  evidence has now accumulated t o  convince us t h a t  
a t t empt s  t o  improve each p a r t  i n  i s o l a t i o n  cannot  a lone  
succeed i n  reducing acc iden t s .  Thus, i t  seems inescapab le  
t o  me t h a t  we a r e  coming t o  an end of an e r a  i n  s a f e t y  and, 
i n  o rde r  t o  make s i g n i f i c a n t  p rog re s s ,  a  new approach is  
r e q u i r e d .  

'A d i s cus s ion  of s c i e n t i f i c  methodology is given i n  a  l a t e r  
s e c t i o n  of t h i s  c h a p t e r .  



The f a i l u r e  of  s c i e n t i f i c  r e s e a r c h  t o  p rov ide  proven s o l u t i o n s  t o  t h e  

s a f e t y  problem has  r e s u l t e d  i n  con t inued  r e l i a n c e  upon unsuppor ted  

judgment a s  a  b a s i s  f o r  countermeasures .  H i s t o r i c a l l y ,  t h e  "common 

sense"  approach h a s  l e d  highway s a f e t y  one s t e p  forward  and two g i a n t  

s t e p s  backward. For example, G a r r e t t ( l 9 6 1 )  has  p o i n t e d  o u t  t h a t  

. . .  U n t i l  t h e  l a s t  decade i t  was widely accep ted  a s  a  

" f a c t "  t h a t  when an au tomobi le  a c c i d e n t  o c c u r r e d ,  

occupants  who were thrown from t h e  c a r  were s a f e r  

t han  t h o s e  who remained i n s i d e .  Indeed ,  t h e  conno- 

t a t i o n  of t h e  ph ra se  "thrown c l e a r "  was t h a t  t h e  

e j e c t e e  who s u r v i v e d  t h i s  expe r i ence  would o t h e r w i s e  

have been k i l l e d .  Although such a c c i d e n t s  have i n  

f a c t  been documented, a  1954 automotive c r a s h  i n j u r y  

r e s e a r c h  (A .C . I .R . )  r e p o r t  showed t h a t  t hey  were t h e  

excep t ion  r a t h e r  t han  t h e  r u l e .  . . t h a t  door opening 

was bo th  a  f r e q u e n t  and a  hazardous e v e n t :  I n  i n j u r y -  

producing  automobile  a c c i d e n t s ,  about  34% of t h e  c a r s  

had one o r  more f r o n t  doors  opened, and,  c o n t r a r y  t o  

g e n e r a l  o p i n i o n ,  occupants  who were h u r l e d  through 

t h e s e  doo r s  were o f t e n  "thrown c l e a r "  t o  e t e r n i t y - -  

no t  t o  s a f e t y  . . . ,  

A r e c e n t  Bureau of  P u b l i c  Roads r e p o r t  (1965) n o t e s  t h a t  

. . .  The a r b i t r a r y  i n s t a l l a t i o n  of t r a f f i c  s i g n a l s  on 

r u r a l  p r imary  highways, o r  of median b a r r i e r s  on mu l t i -  

l a n e  highways . . .  i n s t a l l e d  on t h e  b a s i s  of judgment, 

f r e q u e n t l y  have i n c r e a s e d ,  r a t h e r  t han  d e c r e a s e d ,  

a c c i d e n t s . .  . . 

Stonex (1963) has  shown t h a t  t h e  s t a n d a r d  g u a r d r a i l  end ,  s t i l l  be ing  

b u i l t  i n t o  some new highways, has  proved u n n e c e s s a r i l y  dangerous .  



T h i s  r e l i a n c e  on " t r i a l  and e r r o r "  i n  d e v e l o p i n g  and e v a l u a t i n g  

s a f e t y  programs c o n t r a s t s  s h a r p l y  w i t h  p r o c e d u r e s  employed by t h e  

m i l i t a r y  s e r v i c e s  and p u b l i c  h e a l t h  a r e a s .  The Depar tment  of  De- 

f e n s e  h a s  r e c o g n i z e d  t h e  f u t i l i t y  and c o s t  ( i n  t i m e  and r e s o u r c e s )  

o f  t r i a l  and e r r o r  development  of  weapon s y s t e m s ,  and h a s  deve loped  

p l a n n i n g  p r o c e d u r e s  t o  a s s e s s  t h e  sys tem p r i o r  t o  i t s  o p e r a t i o n a l  

u s e  (Bonder ,  1 9 6 6 ) .  S i m i l a r  p r o c e d u r e s  were employed t o  e v a l u a t e  

t h e  S a l k  and S a b i n  v a c c i n e s  f o r  t h e i r  e f f i c a c y ,  c o s t ,  and s a f e t y  

p r i o r  t o  t h e i r  u t i l i z a t i o n .  

There  is  growing r e c o g n i t i o n  among p r o f e s s i o n a l  s a f e t y  r e s e a r c h -  

e r s  and government o f f i c i a l s  of  t h e  need f o r  p a r a l l e l  s a f e t y  e v a l u a -  

t i o n  p r o c e d u r e s .  Whi t ton  (1965)  s t a t e s  t h i s  r e q u i r e m e n t  c l e a r l y  

i n  h i s  l e t t e r  t o  U. S .  S e n a t o r  Abraham R i b i c o f f :  " O b j e c t i v e  and 

s y s t e m a t i c  methods must be employed f o r  knowing what w i l l  p roduce 

s a f e t y  and f o r  d e t e r m i n i n g  how t o  d e s i g n  and b u i l d  s a f e t y  i n t o  

highway t r a n s p o r t . "  Tha t  t h e s e  methods a r e  c u r r e n t l y  n o n e x i s t e n t *  

is e v i d e n t  f rom t h e  r e c e n t  l i t e r a t u r e  s e a r c h  by A r t h u r  D .  E i t t l e ( 1 9 6 6 ) .  

I n  December 1965 ,  w i t h  growing p u b l i c  demand f o r  improved a u t o -  

m o t i v e  s a f e t y  and p r o f e s s i o n a l  r e c o g n i t i o n  of  t h e  need f o r  a  more 

e f f e c t i v e  approach  t o  highway s a f e t y  r e s e a r c h ,  t h e  a u t o m o t i v e  i n -  

d u s t r y  gave  The U n i v e r s i t y  of Michigan a  1 0 - m i l l i o n - d o l l a r  g i f t  t o  

e s t a b l i s h  a  Highway S a f e t y  Resea rch  I n s t i t u t e  (HSRI). An ad  hoc 

a d v i s o r y  commit tee  from t h e  f a c u l t y  of  t h e  U n i v e r s i t y  d e f i n e d  t h e  

p u r p o s e  of  t h e  new I n s t i t u t e  a s  f o l l o w s :  ' 'The m i s s i o n  of  t h e  High- 

way S a f e t y  R e s e a r c h  I n s t i t u t e  s h a l l  be t o  c r e a t e ,  c o l l e c t ,  c o l l a t e ,  

a n a l y z e ,  and d i s s e m i n a t e  knowledge o f  t h e  v a r i o u s  f a c t o r s  i n f l u e n c i n g  

s a f e t y  on t h e  h ighwaysf t  (Highway S a f e t y  R e s e a r c h  I n s t i t u t e  , 1 9 6 6 ) .  

I t  was a p p r o p r i a t e l y  s u g g e s t e d ,  i n  view o f  t h e  f a i l u r e  of  component 

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

s h o u l d  p u r s u e  a  s y s t e m s  approach  t o  t h e  s t u d y  of  highway s a f e t y .  

* 
C o n c u r r e n t  w i t h  t h e  c o n d u c t  of  t h i s  s t u d y ,  Booz-Allen R e s e a r c h  

A s s o c i a t e s  h a s  been engaged i n  d e v e l o p i n g  a t r a n s p o r t a t i o n  sys t ,ems 
model s t u d y  under  a  c o n t r a c t  f rom t h e  U .  S .  Bureau of P u b l i c  Roads.  



THE HSRI SYSTEMS PROJECT 

While t h e  t e r m  " s y s t e m s  approach"  i s  v e r y  much i n  vogue ,  i t  i s  

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

way s a f e t y ,  and how one  s h o u l d  be  o r g a n i z e d  and c o n d u c t e d ,  To 

answer  t h e s e  q u e s t i o n s ,  and t o  p r o v i d e  HSRI management w i t h  some 

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

p r i s e d  o f  f a c u l t y  and g r a d u a t e  s t u d e n t s  a t  The U n i v e r s i t y  o f  Michi-  

gan was funded  by t h e  Highway S a f e t y  R e s e a r c h  I n s t i t u t e .  The p u r p o s e  

of  t h i s  r e p o r t  i s  t o  d e s c r i b e  t h e  e a r l y  work o f  t h i s  g r o u p  and  t o  

s e t  f o r t h  some t e n t a t i v e  recommendat ions .  

I n  o r d e r  t o  e s t a b l i s h  a  r e a s o n a b l e  o b j e c t i v e  f o r  i t s  own e f f o r t s ,  

t h e  s y s t e m s  g r o u p  had t o  assume t h e  f u n c t i o n s  o r  r o l e  o f  HSRI i n  t h e  

s a f e t y  r e s e a r c h  community. To u n d e r s t a n d  t h e  s p e c i f i c  r o l e  presumed 

a s  a  b a s i s  f o r  t h e  work r e p o r t e d  h e r e i n ,  and t o  p r o v i d e  t h e  l a y  

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

o f  t h i s  r e p o r t ,  a  b r i e f  s i d e r o a d  i n t o  s c i e n t i f i c  me thodo logy  and  

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

c o n c e p t s ,  o p e r a t i o n s  r e s e a r c h ,  s y s t e m s  a n a l y s i s ,  e t c . ,  may b y p a s s  

t h i s  d i s c u s s i o n .  

S c i e n t i f i c  Rlethod: The Use of  Models .  A d e t a i l e d  d i s c u s s i o n  

o f  s c i e n t i f i c  p r i n c i p l e s  i s  o b v i o u s l y  beyond t h e  s c o p e  o f  o n e  s e c -  

t i o n ,  o r  i n d e e d ,  one  volume. 2 A b r i e f  i n t r o d u c t i o n  i s  p e r h a p s  b e s t  

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

A model is a  r e p r e s e n t a t i o n  o f  r e a l i t y  which i s  u s e d  f o r  p r e -  

d i c t i o n .  I t s  p u r p o s e  is t o  make i t  p o s s i b l e  t o  d e t e r m i n e  how 

c h a n g e s  i n  one  o r  more a s p e c t s  o f  t h e  modeled e n t i t y  a f f e c t  o t h e r  

a s p e c t s ,  o r  t h e  whole .  Use o f  t h e  model p e r m i t s  t h e  i n v e s t i g a t o r  t o  

make s u c h  p r e d i c t i o n s  by m a n i p u l a t i n g  t h e  model r a t h e r  t h a n  t h e  

modeled e n t i t y ,  t h u s  e l i m i n a t i n g  c o s t l y  ( i n  t i m e  and d o l l a r s )  ex-  

p e r i m e n t a t i o n  w i t h  t h e  r e a l  s y s t e m .  

A s c h e m a t i c  of  t h e  mode l ing  p r o c e d u r e  is g i v e n  i n  F i g .  1-1. 

T h i s  f i g u r e  i l l u s t r a t e s  two methods  o f  moving f rom p a s t  and p r e s e n t  

s y s t e m s  t o  f u t u r e  s y s t e m s .  One is t h e  p a t h  o f  " e x p e r t  j u d g m e n t , "  

%he i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t o  t h e  c l a s s i c  t e x t ,  An 
I n t r o d u c t i o n  t o  Log ic  and S c i e n t i f i c  Method, by M .  R .  Cohen a x  E. 
N a g l e  ( H a r c o u r t ,  B r a c e ,  and  Company, 1 9 3 4 ) .  





which at times proves adequat,e when dealing with relatively simple 

phenomena and in times of stable technology. However, this approach 

has all the drawbacks exenplified by the failure of "common sense1' 

countermeasures described in the previous section. 

The other is the modeling approach, which provides a way to 

deal with complex systems and rapidly developing technology when the 

extensive technical and operational experience upon which expert 

judgment is based may be lacking. 

The modeling process begins by defining the system, usually by 

selecting those variables that reflect relevant aspects of the sys- 

tem (Ashby, 1958). The development of relationships among system 

variables is usually accomplished by both empirical (real-world) 

procedures and the procedures of formal logic. As a coherent body, 

the latter is usually referred to as rationalism, and is a method by 

which explicit propositions about the phenomenon under study are 

formulated and alternative hypotheses are developed for eventual 

comparison with empirical observations of the phenomenon. Its pro- 

cedure is straightforward. Premises are stated, a logical structure 

developed, and conclusions deduced from the structure. If the con- 

clusions (hypotheses) have been obtained by consistently applying 

formal rules of logic to the assumptions or premises underlying the 

model, the model is said to be valid or internally consistent, 

Nothing is implied regarding the empirical truth of the conclusions 

of a valid model. The conclusions are a direct result of the prem- 

ises and no more. If the premises refer to the future, then the 

conclusions or hypotheses may be taken as predictions. Figure 1-1 

illustrates this procedure as well as indicating the requirement to 

provide input data to the model and the importance of the computer 

for manipulative purposes. 

Hypotheses generated by rational methods must be formulated so 

that they may be subjected to experimental confirmation. This is 

accomplished via the feedback loop from the mathematical conclusions 

to the beginning of the modeling process (see Fig.1-1). Before any 

confidence can be placed in conclusions derived from the model, they 

must be tested against experimental data, a process called model 

verification. It should be noted that the function of experiment is 



eliminative; that is, experimental data are used to eliminate some 

or all of the alternative hypotheses. Experiment does not demori- 

strate the truth of a hypothesis but merely identifies hypotheses 

that should be rejected, thereby narrowing the field so that true 

ones may be found. If the data agree with the model conclusions, 

this lends confidence to the use of the model, and to its conclu- 

sions as predictions of fllture events, Those hypotheses not re- 

jected are submitted to further study by using data from the veri- 

fication procedure to enrich the logical structure, Herein, then, 

lies the relationship between formal and experimental (i.e., empiri- 

cal) methods. The process is a regenerative one leading to identi- 

fication of fruitful hypotheses (predictions) which are continutally 

tested for compatibility with future observations. 

Since the modeling process is a regenerative one requiring con- 

stant revision and enrichment, where does one begin? This is a. 

matter of choice based upon the experience of the researcher. If 

his knowledge of the phenomenon is adequate to formulate reasonable 

premises, then he will begin by formalizing, for this will yield 

the insight necessary for constructing reasonable experiments. If 

adequate knowledge does not exist, then the investigator must ob- 

serve the phenomenon to detect meaningful regularities in the data. 

Models have been characterized by many different schemes 

(Churchman, Ackoff, Arnoff, 1959); however, for our brief introduc- 

tion to the subject, we need only distinguish between the determin- 

istic and the probabilistic (stochastic) models, and then classify 

those models that have been used in analyzing highway safety problems. 

(1) The deterministic model is a model in which there 
are no chance elements, so that the output of the 
model is uniquely determined by the inputs. The 
term (expected value) is often used to describe 
a deterministic model in which the inputs are 
expected values of random variables. 

(2) The stochastic model is a model that contains random 
or chance elements so that the output is not uniquely 
determined but rather is described by a probability 
law. 

Earlier we defined a model as a representation of reality; how- 

ever, this abstraction takes many forms, as illustrated in Fig. 1-2, 



which depicts a continuum bounded at one end by methods using ex- 

clusively analytic mathematical descriptions and on the other by ex- 

perimenting with the real world. Experimentation with the real world 

is included as a model and thus, by definition, is not completely 

realistic since experimental controls necessary to proper scientific 

study will introduce artificialities. 

I n  many complex systems it is not possible to use completely 

analytic mathematical descriptions of a complex system because the 

tools are simply not available. On the other hand, direct manipu- 

lation of the real world for experimental purposes may be impracti- 

cal (e.g., if the system is only in the paper design stage, or if 

cost or risk to human life is prohibitive.) 
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Systems Approaches .  With t h i s  background on t h e  c o n c e p t  of 

mode l ing ,  we c a n  c o n s i d e r  n e x t  t h e  t o p i c  o f  s y s t e m s  and  s y s t e m s  

a p p r o a c h e s .  Many d e f i n i t i o n s  o f  t h e  term sys tem have been o f f e r e d .  

Simply,  we may c o n s i d e r  t h a t  a  sys tem i s  a  complex of f u n c t i o n a l  

components ,  p r i n c i p a l l y  men and mach ines ,  which h a s  been o r g a n i z e d  

t o  pe r fo rm s p e c i f i e d  t a s k s  i n  d i f f e r e n t  s o c i a l ,  i n d u s t r i a l ,  m i l i t a r y ,  

economic,  and p h y s i c a l  e n v i r o n m e n t s .  I d e a l l y ,  t h e  sys tem p e r f o r m s  

t h e s e  t a s k s  by u t i l i z i n g  i t s  r e s o u r c e s  t o  s a t i s f y  some measurea 'b le  

c r i t e r i a .  Ashby (1958,  p .  40) d e f i n e s  a  sys tem a s  I t . .  . n o t  a  t h i n g ,  

b u t  a  l i s t  of v a r i a b l e s , "  which i m p l i e s ,  q u i t e  c o r r e c t l y ,  t h a t  

( a )  t h e  b o u n d a r i e s  o f  t h e  sys tem a r e  e s t a b l i s h e d  by t h e  a n a l y s t ,  

and (b )  t h e  " sys tems  approach"  is j u s t  a  v a r i a t i o n  on t h e  t e c h n i q u e  

of m o d e l i n g .  

I n  p r a c t i c e ,  t h i s  v a r i a t i o n  is one of s c o p e  o r  b r e a d t h ;  i . 6 . ,  

i n  t h e  s y s t e m s  a p p r o a c h  one a t t e m p t s  t o  model t h e  e n t i r e  s y s t e m ,  

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

what migh t  be c a l l e d  a  c o m p o s i t e  model ,  as opposed t o  t h e  component -- 
model w i t h  i t s  i m p l i e d  l i m i t a t i o n s  i n  s c o p e .  The c o m p o s i t e  o r  

s y s t e m s  model was deve loped  t o  a s s i s t  d e c i s i o n - m a k e r s  t o  u n d e r s t a n d  

s i t u a t i o n s  t o o  complex t o  be  d e s c r i b e d  by component mode l ing  a l o n e .  

For example ,  among highway s a f e t y  r e s e a r c h e s ,  i f  one f i n d s  a  s t u d y  

i n  which t h e  r o a d  i s  assumed a c o n s t a n t  and  d r i v e r  b e h a v i o r  i s  t h e  

p r i n c i p a l  v a r i a b l e ,  one c a n  a l s o  f i n d  a  s t u d y  i n  which d r i v e r  

b e h a v i o r  i s  assumed c o n s t a n t  and  t h e  r o a d  i s  t h e  p r i n c i p a l  v a r i a b l e .  

N e i t h e r  s t u d y  y i e l d s  j o i n t l y  a c c e p t a b l e  c o n c l u s i o n s  b e c a u s e ,  w i t h i n  

t h e  o v e r a l l  complex of highway s a f e t y  r e s e a r c h ,  b o t h  t h e  highway 

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

The c o m p o s i t i o n  of models  i s  a  c h a i n i n g  p r o c e s s .  Each sub- 

model i s  l i n k e d  t o  t h e  o t h e r s  by a  s e r i e s  of i n p u t - o u t p u t  l i n k s  

( i . e . ,  t h e  o u t p u t  of e a c h  submodel i s  t h e  i n p u t  t o  t h e  n e x t ) .  

I n  t h i s  p r o c e s s  i t  i s  o f t e n  n e c e s s a r y  t o  expand t h e  s e t  of i n p u t s  

and o u t p u t s  t h a t  would be u s e d  i n  e a c h  submodel by i t s e l f .  For 

i n s t a n c e ,  i f  we a r e  t o  combine a  submodel of d r i v e r  b e h a v i o r  a t  

s t o p  l i g h t s  w i t h  a  submodel of a u t o m o b i l e  d e s i g n ,  t h e  dependence 

o f  d r i v e r  b e h a v i o r  on such  d e s i g n  p a r a m e t e r s  a s  w i n d s h i e l d  a r e a  

must be made e x p l i c i t .  



Large  and  complex s y s t e m s  a r e  n o t  t h e m s e l v e s  p a r t i c u l a r l y  new 

phenomena. However, t h e  need t o  u n d e r s t a n d  t h e i r  o p e r a t i o n ,  and  

t h u s ,  t h e  need t o  d e v e l o p  e f f e c t i v e  methods  f o r  a n a l y z i n g  t h e s e  

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

d a y s  o f  World War 11. I t  was d u r i n g  t h i s  p e r i o d  t h a t  t h e  f i r s t  

" o p e r a t i o n a l  r e s e a r c h "  g r o u p  ( b e t t e r  known t o d a y  a s  o p e r a t i o n s  

r e s e a r c h ,  o r  OR), was o r g a n i z e d  by P r o f e s s o r  B l a c k e t t  i n  r e s p o n s e  

t o  t h e  u r g e n t  need t o  s o l v e  new and complex m i l i t a r y  o p e r a t i o n a l  

p rob lems  ( B l a c k e t t ,  1 9 6 2 ) .  

B l a c k e t t ' s  f f c i r c u s "  ( t h e  t e rm was c o i n e d  t o  d e s c r i b e  t h e  

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

t h a t  t i m e )  was o r g a n i z e d  w i t h i n  t h e  U n i t e d  Kingdom A i r c r a f t  Command 

R e s e a r c h  Group. I t s  s u c c e s s  i n  a p p l y i n g  t h e  s c i e n t i f i c  method t o  

p rob lems  of  t h e  B r i t i s h  war e f f o r t  l e d  t o  t h e  c r e a t i o n  of s i m i l a r  

g r o u p s  i n  t h e  U n i t e d  S t a t e s .  S c i e n t i f i c  s t a f f  was drawn from 

P r i n c e t o n ,  Columbia,  t h e  M. I.T. R a d i a t i o n  L a b o r a t o r y ,  and  t h e  

Naval  Ord inance  L a b o r a t o r y ,  t o  work w i t h  o p e r a t i o n a l  u n i t s  of t h e  

m i l i t a r y  s e r v i c e s .  Accounts  o f  some of  t h e i r  e a r l y  a c t i v i t i e s  

a r e  r e c o r d e d  by T r e f e t h e n  ( 1 9 5 4 ) .  

The b a s i c  c o n c e p t s  o f  o p e r a t i o n s  r e s e a r c h  were ,  o f  c o u r s e ,  

n o t  new, d rawing  a s  t h e y  d i d  upon w e l l  e s t a b l i s h e d  p r i n c i p l e s  o f  

b o t h  s c i e n c e  and management. However, t h e  s y n t h e s i s  o f  a n  i n t e r -  

d i s c i p l i n a r y  s e t  of s c i e n t i f i c  methods ,  t e c h n i q u e s ,  and  t o o l s  t o  

s o l v e  a  p a r t i c u l a r  c l a s s  o f  p rob lems  was a n  i n n o v a t i o n .  C u r r e n t  

s y s t e m s  a p p r o a c h e s  r e p r e s e n t  a  development  and o u t g r o w t h  o f  t h e s e  

i n i t i a l  OR e f f o r t s .  

A f t e r  t h e  war a  number of o r g a n i z a t i o n s  ( t h e  RAND C o r p o r a t i o n  

and  t h e  Weapon Systems E v a l u a t i o n  Group, t o  name j u s t  two) were  

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

s e r v i c e s ;  on a  much s m a l l e r  s c a l e ,  o t h e r  o p e r a t i o n s  r e s e a r c h  g r o u p s  

were  o r g a n i z e d  t o  d e a l  w i t h  i n d u s t r i a l  p r o b l e m s .  These  o r g a n i z a t i o n s  

d i r e c t e d  t h e i r  e a r l y  e f f o r t s  t o  f o r m u l a t i n g  m a t h e m a t i c a l  mode ls  of 

some of t h e  OR p r o c e d u r e s  which had p roved  s u c c e s s f u l  d u r i n g  t h e  

war .  A s  o p e r a t i o n s  r e s e a r c h  d e v e l o p e d  i n  t h e  m i d - f i f t i e s  t f . . . h o n o r s  

went t o  p r a c t i t i o n e r s  who u s e d  o r  improved m a t h e m a t i c a l  t e c h n i q u e s  



like linear programming or queueing theory and found new applica- 

tions for them" (Quade, 19642 

The optimization model (Fig.l-3), often considered synonymous 

with operations research methodology, is described by Churchman,, 

Ackoff, and Arnoff (1959): 

This model expresses the effectiveness of the systems 
under study as a function of a set of variables at 
least one of which is subject to control. The general 
form of the operations research model is 

where E represents the effectiveness of the systems, xi 
the variables of the system which are subject to control, 
and y .  those variables which are not subject to control. 
The rdstrictions on values of the variables may be expressed 
in a supplementary set of equations and/or inequations. 

In other words, an f'optimumll solution may be determined mathematically 

if formal statements of the relationships between variables are 

available. 

Although the operations research paradigm proved sucessfu:l 

in solving a wide range of military and industrial problems, it 

had its limitations and, by current standards, is concerned with 

relatively component problems. The chief difficulty was in 

handling problems in which a single measure of effectiveness or 

criterion function was not available. 

The development of optimization techniques for operations 

analysis of existing weapon and industrial systems continued 

throughout the 1950's. However, led by the work of The RAND 

Corporation for the Air Force, emphasis gradually shifted to 

problems of broader scope and complexity, such as the developm~ent 

of weapon systems, force structures, and disarmament. The analysis 

of weapon systems for possible future warfare presented a new kind 

of problem, one quite different from those treated by operations 

analysis in World War 11. The key word was planning, with its 

implied estimates of future needs. As one military man has pointed 

out," . . .  reading a crystal ball is a talent claimed by few, but 
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FIGURE 1 - 3 .  THE OPERATIONS RESEARCH MODEL 



needed  by a l l  who work i n  t h e  p l a n n i n g  f i e l d . "  The p r o c e s s  o f  

p l a n n i n g  f o r  f u t u r e  s y s t e m s  i s ,  t o  a  l a r g e  e x t e n t ,  s y n t h e s i s ,  i n  

t h a t  t h e  e n v i r o n m e n t  h a s  t o  be  f o r e c a s t ,  t h e  a l t e r n a t i v e s  d e s i g n e d ,  

and t h e  o p e r a t i o n a l  l a w s  i n v e n t e d .  

The a p p r o a c h  u s e d  t o  s o l v e  t h e s e  p rob lems  emphas ized  a  

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

of a l l  m a j o r  r e l e v a n t  p r o b l e m s ,  i . e . ,  t h e  f t s y s t e m s  a p p r ~ a c h . ~ '  

T h i s  a p p r o a c h  t o  l a r g e - s c a l e  s y s t e m s  p rob lems  h a s  been  g i v e n  many 

names r a n g i n g  f rom t h e  o r i g i n a l  o p e r a t i o n s  r e s e a r c h  t o  s y s t e m s  

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

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

t h e s e  have met w i t h  l i t t l e  a c c e p t a n c e ;  however ,  a t  t h e  r i s k  of  

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

t o  summarize t h e  e s s e n t i a l  d i f f e r e n c e s :  

1. O p e r a t i o n s  R e s e a r c h :  A n a l y s i s  t o  i n c r e a s e  t h e  e f f i c i e n c y  
w i t h  which e x i s t i n g  man-machine s y s t e m s  a r e  o p e r a t e d .  

2 .  Systems E n g i n e e r i n g :  D e t a i l e d  e n g i n e e r i n g  d e s i g n  i n v o l v e d  
i n  r e a l i z i n g  a  f u t u r e  s y s t e m  i n  t e r m s  of  s p e c i f i c  ha rdware  

3 3 .  Systems A n a l y s i s  : S y s t e m a t i c  a p p r o a c h  t o  t h e  compar i son  
o f  a l t e r n a t i v e  s y s t e m s  f o r  c a r r y i n g  o u t  some s p e c i f i c  t a s k  
o r  t a s k s .  I f  d i f f e r e n c e s  i n  c o s t  a r e  c o n s i d e r e d ,  i t  i s  
r e f e r r e d  t o  a s  a  t l c o s t - e f f e c t i v e n e s s "  a n a l y s i s .  

4 .  Systems R e s e a r c h :  Development o f  p r o c e d u r e s  f o r  t h e  
p l a n n i n g  o f  new i n d u s t r i a l  o r  m i l i t a r y  s y s t e m s  t o  b e t t e r  
p e r f o r m  e x i s t i n g  o p e r a t i o n s  o r  implement  o p e r a t i o n s  n e v e r  
b e f o r e  p e r f o r m e d .  

I n  e s s e n c e ,  t h e n ,  o p e r a t i o n s  r e s e a r c h  a n a l y z e s  e x i s t i n g  s y s t e m s ,  

s y s t e m s  e n g i n e e r i n g  d e s i g n s  s p e c i f i c  f u t u r e  s y s t e m s ,  s y s t e m s  

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

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

3Quade (1964) n o t e s  t h a t  t h i s  t e r m  is  o f t e n  u s e d  i n  t h e  
commerc ia l  w o r l d  t o  d e s c r i b e  t h e  a n a l y s i s  o f  b u s i n e s s  o f f i c e  
s y s t e m s .  



Having d i s c u s s e d  some b a s i c  mode l ing  c o n c e p t s  and d i s t i n g u i s h e d  

among v a r i o u s  " sys tems  a p p r o a c h e s , "  we c a n  t u r n  now t o  some s t a t e -  

ments  of o b j e c t i v e s  f o r  b o t h  t h e  Highway S a f e t y  R e s e a r c h  I n s t i t u t e  

and t h e  HSRI s y s t e m s  p r o j e c t .  A s  a  n e c e s s a r y  b a s i s  f o r  f o r m u l a t i n g  

i t s  own o b j e c t i v e s ,  t h e  s y s t e m s  p r o j e c t  had t o  assume a  s e t  o f  

r e a s o n a b l e  o b j e c t i v e s  f o r  t h e  Highway S a f e t y  R e s e a r c h  I n s t i t u t e .  

I t  must be emphasized t h a t  w h i l e  t h e s e  o b j e c t i v e s ,  set  f o r t h  i n  

t h e  f o l l o w i n g  s e c t i o n ,  r e p r e s e n t  t h e  c u r r e n t  v iews  o f  t h e  s y s t e m s  

p r o j e c t  g r o u p ,  t h e y  a r e  n o t  t o  be i n t e r p r e t e d  a s  h a v i n g  o f f i c i a l  

HSRI endorsement  a t  t h i s  t i m e .  

OBJECTIVES FOR THE HIGHWAY SAFETY RESEARCH INSTITUTE 

I n  t h e  b e l i e f  t h a t  t h e  component-study a p p r o a c h  i s  i n a d e q u a t e  

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

highway s a f e t y ,  t h e  Highway S a f e t y  R e s e a r c h  I n s t i t u t e  is  appro-  

p r i a t e l y  commit ted t o  d e v e l o p i n g  a  b road  and comprehens ive  a p p r o a c h  

t o  t h e  ach ievement  of highway s a f e t y .  I t  is assumed t h a t  t h e  long-  

r a n g e  o b j e c t i v e  o f  t h e  HSRI i s  t o  d e v e l o p  and u t i l i z e  methods  f o r  

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

improve highway s y s t e m s .  S p e c i f i c a l l y ,  i t  is  assumed t h a t  t h e  

I n s t i t u t e  w i l l  d e v o t e  i t s  e f f o r t s  t o  d e v e l o p i n g  ( t h r o u g h  s y s t e m s  

r e s e a r c h )  a  comprehens ive  highway s y s t e m s  model ' t h a t  may be 

employed f o r  o p e r a t i o n s  and  s y s t e m s  a n a l y s i s  o f  highway s y s t e m s .  

T h i s  model ,  which would be a v a i l a b l e  t o  i n d u s t r i a l  and  government 

management, would be u s e d  t o  e v a l u a t e  ( a )  t h e  e f f e c t s  of making 

d e s i g n  c h a n g e s  i n  t h e  e x i s t i n g  s y s t e m ,  ( b )  t h e  e f f e c t s  o f  i n s t i t -  

u t i n g  c h a n g e s  i n  t h e  o p e r a t i n g  p o l i c y  o f  a n  e x i s t i n g  s y s t e m ,  ( c )  
t h e  f e a s i b i l i t y  and c o s t - e f f e c t i v e n e s s  o f  p roposed  s y s t e m s ,  and  

(d )  t h e  compar i son  of a l t e r n a t i v e  s y s t e m s .  The model would,  i n  

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

a r e a s  where r e s e a r c h  i s  most needed and migh t  y i e l d  t h e  most  s i g n i -  

f i c a n t  a d v a n c e s .  

The second  o b j e c t i v e  of HSRI f o l l o w s  q u i t e  n a t u r a l l y  from t h e  

f i r s t ,  a l t h o u g h  t h e  two may a t  t i m e s  a p p e a r  t o  be i n  c o n f l i c t .  

T h i s  s e c o n d  o b j e c t i v e  is t o  make e f f i c i e n t  u s e  o f  t h e  U n i v e r s i t y ' s  



r e s e a r c h  c a p a b i l i t i e s  i n  o r d e r  t o  d e v e l o p  t h e  b a s i c  knowledge 

n e c e s s a r y  f o r  a  comprehens ive  model o f  highway t r a n s p o r t a t i o n  

s y s t e m s .  

Assuming t h e s e  two o b j e c t i v e s  f o r  HSRI--to d e v e l o p  a  highwa.y 

s y s t e m s  a n a l y s i s  model and t o  s t i m u l a t e  and s p o n s o r  b a s i c  r e sea . rch  

on highway s y s t e m  phenomena--the p r i m a r y  o b j e c t i v e  o f  t h e  -- s y s t e m s  

p r o j e c t  may b e  f o r m a l i z e d  a s  f o l l o w s :  t o  p r o v i d e  a  mechanism f o r  

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

ment o f  a  comprehens ive  highway s y s t e m  mode l .  

R a t i o n a l  s e l e c t i o n  r e q u i r e s  c o n s i d e r a t i o n  of  b o t h  p r i o r i t y  and  

i n t e g r a b i l i t y .  I t  i s  p e r h a p s  more i m p o r t a n t  t o  d e t e r m i n e  p r i o r i t y  

o f  r e s e a r c h ,  b u t  i t  i s  a l s o  u s u a l l y  more d i f f i c u l t  t o  o b t a i n  t h e  

i n f o r m a t i o n  n e c e s s a r y  t o  e s t a b l i s h  t h e s e  p r i o r i t i e s .  Campbel l  

(1965,  p .  350) s u g g e s t s  t h e  f o l l o w i n g  a p p r o a c h  t o  e s t a b l i s h i n g  

r e s e a r c h  p r i o r i t i e s :  

A b a s i s  f o r  i s o l a t e d  p r o j e c t s  is  t h e  a c c i d e n t  f a c t s  a s  
g a t h e r e d  by any  j u r i s d i c t i o n .  A c c i d e n t  F a c t s ,  p u b l i s h e d  
by t h e  N a t i o n a l  S a f e t y  C o u n c i l ,  is a n  e x c e l l e n t  s o u r c e  
f o r  t h e  s e l e c t i o n  of  p r o j e c t s .  One c a n  s e e  a t  a  g l a n c e  
where  t h e  tough  b u t  f e r t i l e  problem a r e a s  a r e  by l o o k i n g  
a t  r a t e s  and a b s o l u t e  numbers i n  t h e  a n a l y s e s  of  c i r cum-  
s t a n c e s ,  l o c a t i o n  and d i r e c t i o n  of  movement, and  i m p r o p e r  
d r i v i n g  a c t i o n s .  For  example ,  e x c e s s i v e  s p e e d s ,  p a s s i n g  
on t h e  l e f t ,  c r o s s i n g  movement, f a i l u r e  t o  y i e l d ,  and 
c r o s s i n g  t h e  s t r e e t s  by p e d e s t r i a n s  a r e  some o f  t h e  most  
i m p r e s s i v e  a r e a s .  And, f i n a l l y ,  one  s h o u l d  s e l e c t  t h o s e  
problem a r e a s  where  t h e  a c c i d e n t s  t e n d  t o  i n c r e a s e  
g e o m e t r i c a l l y  e a c h  y e a r .  

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

p r o j e c t s  w i t h  h i g h  m a r g i n a l  p a y o f f  f o r  s a f e t y ,  t h i s  a p p r o a c h  i s  

m i s l e a d i n g .  I t  must  be remembered t h a t  t h i s  s i m p l i f i e d  view of 

l l cause  o f  a c c i d e n t "  h a s  l e d  u s  nowhere i n  t h e  p a s t ,  and t h a t  

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

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

f a c t o r s .  Campbel l ' s  s u g g e s t e d  a p p r o a c h  would a l m o s t  i n e v i t a b l y  

r e s u l t  i n  "Type 111" s t a t i s t i c a l  e r r o r - - t h e  r i g h t  answer  t o  t h e  

wrong q u e s t i o n .  Thus ,  g i v e n  t h e  h y p o t h e s i s  t h a t  a  m u l t i p l i c i t y  o f  

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

p r i o r i t i e s  i n  t e r m s  of h i g h  p a y o f f  would depend upon a n  u n d e r s t a n d i n g  



of t h e  e f f e c t s  of i n t e r a c t i o n s  among t h e s e  f a c t o r s .  We have come 

f u l l  c i r c l e ,  s i n c e  t h i s  u n d e r s t a n d i n g  c a n  o n l y  be o b t a i n e d  by 

d e v e l o p i n g  a  comprehens ive  s y s t e m s  m o d e l - - p r e c i s e l y  t h e  o b j e c t i v e  

o f  t h e  Highway S a f e t y  R e s e a r c h  I n s t i t u t e .  For  t h e s e  r e a s o n s ,  t h e  

s y s t e m s  p r o j e c t ' s  recommendat ions  f o r  r e s e a r c h  p r o j e c t  p r i o r i t i e s  

have been  b a s e d  upon t h e  i d e n t i f i c a t i o n  of s e r i o u s  g a p s  i n  know- 

l e d g e ,  r a t h e r  t h a n  upon a n t i c i p a t e d  p a y o f f .  The i d e n t i f i c a t i o n  o f  

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

i n t e g r a b i l i t y  c r i t e r i o n .  

A major  e f f o r t  o f  t h e  p r o j e c t  was t h e  development  of a  s y s t e m s  

framework t o  e n s u r e  t h e  i n t e g r a b i l i t y  o f  component r e s e a r c h  e f f o r t s .  

I n  e s s e n c e ,  t h i s  framework w i l l  a l s o  form t h e  i n i t i a l  s t r u c t u r e  

of t h e  model t o  be u s e d  f o r  s y s t e m s  a n a l y s e s  of highway t r a n s p o r t a -  

t i o n  s y s t e m s .  I n  f o r m u l a t i n g  t h i s  s y s t e m s  a n a l y s i s  model t h e  o v e r a l l  

r e s e a r c h  t a s k  i s  s t r u c t u r e d  s o  t h a t  i n i t i a l  i n t e g r a t i o n  o f  component 

r e s e a r c h  e f f o r t s  i s  p o s s i b l e .  Without  s u c h  a n  i n t e g r a t i n g  s t r u c t u r e  

a  r e s e a r c h  program c a n  be  l i t t l e  more t h a n  a  s e r i e s  o f  component 

s t u d i e s  which must somehow be o r g a n i z e d  and  i n t e r r e l a t e d  a f t e r  t h e y  

a r e  c o m p l e t e d .  Tha t  t h i s  i s  a l m o s t  i m p o s s i b l e  is e v i d e n c e d  by t h e  

p l e t h o r a  o f  e x i s t i n g  component s t u d i e s  which have y e t  t o  be i n t e g r a t e d  

t o  p roduce  e f f e c t i v e  a c c i d e n t  c o u n t e r m e a s u r e r s .  

I n  a d d i t i o n  t o  p r o v i d i n g  t h e  mechanism f o r  i n t e g r a t i n g  component 

r e s e a r c h  s t u d i e s ,  t h e  s y s t e m s  model w i l l  p r o v i d e  t h e  f o l l o w i n g :  

1. An e x p l i c i t  s t a t e m e n t  o f  r e s e a r c h  n e e d s  and a  s t r u c t u r e  

f o r  t h e  long- te rm r e s e a r c h  program,  l e a d i n g  t o  a  u s a b l e  model f o r  

s y s t e m s  a n a l y s i s .  I t  w i l l  s p e c i f y  t h e  measures  which a r e  n e c e s s a r y  

and t h e  r e l a t i o n s h i p  which must be  d e v e l o p e d .  

2 .  A b a s i s  f o r  t h e  i n t e r d i s c i p l i n a r y  r e s e a r c h ;  i . e . ,  i t  w i l l  

i d e n t i f y  t h e  common ground upon which t h e  v a r i o u s  d i s c i p l i n e s  i n  

t h e  long- te rm p r o j e c t  c o n v e r g e .  The model ,  a s  i t  is c o n t i n u a l l y  

e n r i c h e d ,  w i l l  i d e n t i f y  t h e  r e s e a r c h  g o a l s  w i t h i n  a  framework t h a t  

e n s u r e s  t h e y  c a n  be  c l e a r l y  u n d e r s t o o d  by e v e r y o n e  c o n c e r n e d  w i t h  

t h e  I n s t i t u t e ' s  r e s e a r c h  program.  Thus,  i n  a  s e n s e ,  t h e  model w i l l  

p r o v i d e  a  s t a t e m e n t  o f  t h e  o v e r a l l  s t r a t e g y .  



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

q u a l i t a t i v e  highway model i s  d e s c r i b e d ,  t h e  f u n c t i o n  and t e c h n i c a l  

c o n t e n t  of e a c h  o f  t h e  component r e s e a r c h  a r e a s  examined a r e  

summarized,  and g u i d e l i n e s  f o r  a l l o c a t i n g  r e s e a r c h  r e s o u r c e s  a r e  

p r e s e n t e d .  Succeed ing  c h a p t e r s  t r e a t  t h e  v a r i o u s  component r e s e a r c h  

a r e a s  i n  g r e a t e r  d e p t h ,  and i n c l u d e  more d e t a i l e d  recommendat ions .  



A QUALITATIVE HIGHWAY SYSTEM MODEL 

I t  shou ld  be c l e a r  from t h e  p reced ing  d i s c u s s i o n  t h a t  t h e  prim- 

a r y  o b j e c t i v e  of t h e  highway sys tems p r o j e c t  is  t o  deve lop  a  r e s e a r c h  

framework w i t h i n  which component s t u d i e s  may be performed and then  

i n t e g r a t e d .  I t  i s  in t ended  t h a t  t h i s  i n t e g r a t e d  s t r u c t u r e ,  o r  sys -  

tems model, be used t o  perform sys tems a n a l y s e s  on proposed highway 

sys tems.  That i s ,  t h e  systems model is t o  be a  mechanism f o r  pre-  

d i c t i n g  how a l t e r n a t i v e  d e s i g n s  and o p e r a t i o n a l  p o l i c i e s  w i l l  a f f e c t  

t h e  c o s t s  ( s a f e t y  and monetary) and s e r v i c e  provided  by t h e  proposed 

sys tems.  In  t h i s  s e c t i o n  we s h a l l  p r e s e n t  such a  systems model by 

( a )  d e f i n i n g  t h e  d i f f e r e n t  c l a s s e s  o r  l e v e l s  of f a c t o r s  cons ide red  

i n  t h e  model and (b)  d e s c r i b i n g  t h e  s e t s  of h i e r a r c h i a l  r e l a t i o n s h i p s  

by which t h e s e  f a c t o r s  a r e  i n t e r r e l a t e d  i n  a p p r o p r i a t e  submodels.  

Before  embarking on t h i s  i t i n e r a r y ,  we pause t o  e s t a b l i s h  ou r  

b a s i c  vocabu la ry .  E a r l i e r  we d e f i n e d  a  system i n  g e n e r a l  a s  a  com- 

p l e x  of f u n c t i o n a l  components, p r i n c i p a l l y  men and machines,  organ- 

i z e d  t o  perform s p e c i f i e d  t a s k s  i n  d i f f e r e n t  envi ronments .  Here 

we w i l l  be s p e c i f i c a l l y  concerned w i t h  t h e  highway t r a n s p o r t a t i o n  

complex o rgan ized  t o  provide  s a f e  t r a n s p o r t a t i o n  s e r v i c e  f o r  s o c i e t y .  

T h i s  system is comprised of e lements  o r  subsystems such a s  t h e  veh- 

i c l e ,  t h e  highway, t h e  human o p e r a t o r ,  t h e  c a s u a l t y  r ecove ry  f a c i l i -  

t i e s ,  and o t h e r s .  These subsystems a r e ,  i n  t u r n ,  made up of 

components. For example, t h e  v e h i c l e  subsystem is  t h e  sum of i t s  

components--the e n g i n e ,  t r a n s m i s s i o n ,  suspens ion ,  e t c . - - and  t h e i r  

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

The i n c l u s i o n  and d e s i g n a t i o n  of p a r t i c u l a r  e l emen t s  a s  sub- 

sys tems o r  components of  t h e  highway t r a n s p o r t a t i o n  system is  n e i t h e r  

un ique  nor s t a t i c .  I n i t i a l  s p e c i f i c a t i o n s  a r e  based on expec ted  

u s e f u l n e s s  f o r  sys tems a n a l y s i s .  A s  more is l e a r n e d  about  t h e  

sys tem,  and a s  expe r i ence  wi th  system modeling grows, a d d i t i o n s ,  

d e l e t i o n s ,  and r e d e s i g n a t i o n  of e lements  w i l l ,  i n  a l l  l i k e l i h o o d  

o c c u r .  

SYSTEM FACTORS 

The s e r v i c e  and s a f e t y  of highway sys tems i n  o p e r a t i n g  envison-  

ments is dependent o n ,  and i n  f a c t  c o n s t r a i n e d  by,  ( a )  l i m i t a t i o n s  



i n  d r i v e r  c a p a b i l i t i e s  and hardware  t e c h n o l o g y  f o r  des ign4  of sub-  

s y s t e m s ,  and (b )  c o n t r o l  d e c i s i o n s  which s t r u c t u r e  o r  p l a n  t h e  o p e r a -  

t i o n a l  u s e  o f  d e s i g n  c a p a b i l i t i e s .  A c c o r d i n g l y ,  e s t i m a t e s  o r  pre-  

d i c t i o n s  o f  t h e  s e r v i c e  a s d  s a f e t y  p r o v i d e d  by a  highway syste ln  s h o u l d  

be r e l a t e d  t o  d e s i g n  and c o n t r o l  f a c t o r s ,  a n d ,  c o n v e r s e l y ,  subsys tem 

d e s i g n  d e c i s i o n s  s h o u l d  be based on o p e r a t i o n a l  r e q u i r e m e n t s  ((demand, 

and minimum a c c e p t a b l e  s a f e t y  s t a n d a r d s ) .  T h i s  i n t e r a c t i o n  among 

d e s i g n ,  c o n t r o l ,  and o p e r a t i o n a l  f a c t o r s  i s  shown i n  F i g .  1-4 .  

A s  t h i s  f i g u r e  i n d i c a t e s ,  t h e  s y s t e m ' s  d e s i g n  and o p e r a t i o n a l  r e -  

q u i r e m e n t s  must be c o n s i d e r e d  c o n c u r r e n t l y  when p l a n n i n g  changles 

i n  an  e x i s t i n g  sys tem o r  c o n c e p t u a l i z i n g  p roposed  new highway s y s t e m s .  

COMPONENTS F\ 
CONTROL 
DEVELOPllENT 

\ 
CAPABILITY TO 

OF OPERATING MEET OPERATICINAL 

STRATEGIES REQUIREMENTS 

CONTROL 
DECISIONS 

OPERATION 
USE OF DESIGN 

FIGURE 1-4 .  INTERACT ION AMONG DESIGN, CONTROL, AND OPERATION 

' ~ e s i ~ n  is t a k e n  t o  be  t h e  s e l e c t i o n  of subsys tem component ha rd-  
ware  s u c h  a s  e n g i n e  f o r  t h e  v e h i c l e ,  m a t e r i a l s  f o r  t h e  highway, and 
m e d i c a l  equipment f o r  a  r e c o v e r y  s y s t e m .  



In  accordance wi th  t h i s  ph i losophy,  we d e f i n e  t h e  fo l lowing  

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

c o n t r o l ,  and o p e r a t i o n s  models.  The chosen s e t s  of f a c t o r s  a r e  

n e i t h e r  unique nor complete a t  t h i s  s t a g e  of t he  s t u d y ;  however, they  

do f a c i l i t a t e  an i n i t i a l  o r g a n i z a t i o n  of t he  s y s t e m ' s  complexi ty .  

System E f f e c t i v e n e s s  Measures ( e : :  These a r e  measures of  t he  

s y s t e m ' s  worth i n  terms of t he  q u a l i t y  of s e r v i c e  and l e v e l  of s a f e t y  

p rov ided .  I n  c o n t r a s t  wi th  t h e  t y p i c a l  o p e r a t i o n s  r e s e a r c h  approach ,  

which employs one measure of e f f e c t i v e n e s s ,  m u l t i p l e  measures  (each 

of  which p rov ides  decis ion-makers  wi th  s p e c i f i c  i n fo rma t ion )  a r e  

u t i l i z e d  i n  a  systems s t u d y .  Some r e p r e s e n t a t i v e  e f f e c t i v e n e s s  mea- 

s u r e s  a r e  g iven  i n  Table  1-1. A more complete l i s t  is  g iven  i n  Appen- 

d i x  1 - A .  

TABLE 1-1. SYSTEM EFFECTIVENESS MEASURES 

Se rv ice  

No. of Passenger-Hours 

No. of Ton-Hours 

Average Concen t r a t ion  

Average Trave l  Time 

Sa fe ty  

Frequency of Accidents  (by type )  

Frequency of Accidents/hl i le  of Road 

Frequency of Accidents /  Mile of 
Vehicle  T rave l  

Frequency of In jury /Passenger  Mile 

Subsystem Performance Measures ( y . ) :  These a r e  measures of t h e  
J 

performance of subsystems such a s  t h e  v e h i c l e ,  t he  highway, t h e  

maintenance subsystem, and the  c a s u a l t y  recovery  subsystem. The 

subsystem performance measures c o n t a i n  both s t a t i c  and dynamic e l e -  

ments .  The term "performance c a p a b i l i t i e s "  i s  used t o  d e s c r i b e  

s t a t i c  ( a b s o l u t e )  measures ( independent  of t ime)  which a r e  numbers 

t h a t  would be used t o  s p e c i f y  c a p a b i l i t y  requi rements  of a  subsystem. 

Dynamic measures ,  c a l l e d  "performance f u n c t i o n s , "  a r e  e x p l i c i t  

f u n c t i o n s  of t ime ( s t a t e  of t h e  subsystem) a s  viewed i n  an o p e r a t i o n a l  

c o n t e x t .  The d i s t i n c t i o n s  between performance c a p a b i l i t i e s  and per -  

formance f u n c t i o n s  a r e  more e x p l i c i t l y  t r e a t e d  i n  t h e  c h a p t e r s  devoted 

t o  s p e c i f i c  a r e a s  of s t u d y .  



I t  is emphasized t h a t  t h e s e  a r e  not measures of t h e  b e n e f i t  o r  

worth of t h e  system, but  r a t h e r  of t h e  performance which ul t imiately 

a f f e c t s  t h e  sys tem's  worth.  Table 1-11 l is ts  a  few r e p r e s e n t a t i v e  

subsystem performance measures; a more complete list is given i n  

Appendix 1-B. Since some of t h e s e  measures a r e  dependent upon a  

number of subsystems, it i s  convenient  t o  group them under concceptual 

headings .  

TABLE 1-11. SUBSYSTEM PERFORMANCE MEASURES 

Mobil i ty  S u r v i v a l  

Speed Vehicle R e l i a b i l i t y  

Acce le ra t ion  Road S e r v i c e a b i l i t y  

Stopping Dis tance  

Road Pass ing Dis tance  

Headway Maintenance 

Minimum Turning Radius 

Recovery 

Recovery Time 

Case F a t a l i t y  Ra t io  

Required Maintenance 
( v e h i c l e ,  road) 

Pr(Transmit ted  Forces = j 1 Impact 
Vector X )  

Medical 

P r  ( I n j u r y  Level i 1 Transmit ted  
Force = j )  

~ r ( s u r v i v a l 1  I n j u r y  i and No 
Treatment) 

Examination of t h e s e  f a c t o r s  i n d i c a t e s  t h a t  they a r e  i n  a  sense  

conceptual  r a t h e r  than p h y s i c a l .  That i s ,  they d e s c r i b e  performance 

measures f o r  many kinds  of t r a n s p o r t a t i o n  v e h i c l e s  o t h e r  than c a r s ;  

f o r  example, h e l i c o p t e r s ,  o r  zero-ground-pressure v e h i c l e s .  I n  f a c t ,  

t h e s e  a r e  j u s t  the  f a c t o r s  t h a t  one would use  a s  inpu t  t o  a  systems 

a n a l y s i s  of a l t e r n a t i v e  t r a n s p o r t a t i o n  systems.  

Contro l  S t r a t e g i e s  ( s k ) :  These a r e  not measurable v a r i a b l e s ,  

bu t  a r e  d e c i s i o n s  o r  p l a n s  t o  a d j u s t  t h e  c u r r e n t  s t a t e  of any sub- 

system o r  combinations of subsystems. These p l a n s  a r e  implemented - 

through the  use  of t h e  subsystem performance f u n c t i o n s  ( y  . )  noted 
J 

above. I t  is  convenient  t o  cons ide r  t h e  use  of t h e s e  c a p a b i l i t i e s  

a s  o p e r a t i o n a l  t a c t i c s .  For example, t h e  d e c i s i o n  of a  human d r i v e r  

t o  pass  i n  a  p a r t i c u l a r  t r a f f i c  s i t u a t i o n  might be t h e  s t r a t e g y , a n d  

the  r e q u i s i t e  use  of the  s t e e r i n g  and a c c e l e r a t i o n  c a p a b i l i t i e s  would 

c o n s t i t u t e  the  necessary  o p e r a t i o n a l  t a c t i c s .  
1-23 



I n  t h e  e x i s t i n g  h ighnay  s y s t e m ,  I he s t ~ < z t c g i s  t whose a c t l o r i s  must  

be d e s c r i b e d  f o r  v a r i o u s  \>, l7a t io l l ,x l  .-I t u a t l o n s  is  t h e  humail o p e r a  t o r ,  

I f  t h e  human o p e r a t o r  1s b l ~ p p l a n t c c i  ( a s  uou1.d bc t , c  zase  on a n  

" .n l tomat ic"  highway) caontrol  s t r a t c g l c  ; might l i l r  1 1  be p r e p r o g r ?  med. 

Some r e p r e s e n t a t i v e  strategies a r e  sho~yn  i n  Tablc 1-111. A more 

d e t a i l e d  l i s t i n g  is g i v e n  I n  C h a p t e r  6 .  

TABLE I - I I I . CONTROL STRATEGIES 

M a i n t a i n  C u r r e n t  S a ,  e  IIai n t a i  11 Sn f t Speed 

P a s s  11~1 i:j 1 1 ,  C o m l o r t a b l c  Speed 

Avoid 

Hardware P e r f ~ l ~ n l ~ ~ ~ l c  t O;c,lsiirei: , x l )  : Thccc z r e  m e a s u r e s  of  - -- 
subsystem hardware  p e r f o r n ~ a l i c c  c a p a b i l i ~  ~ c i  (sl . . . . x r )  and ( h )  

component ha rdware  p e r l o r m a n c e  c a p a b i l i t i e s  ( x  
r t l '  . . . ,  Xn) '  ' \ t  

p u r p o s e  of  t h e  d ichotomy of  f a c t o r s  ~ { i t h i n  a  c l a s s  of  measure  - v i l l  

become e v i d e n t  when t h r  submodela :<I ; ( ,  t h e i r  f u ~ ~ c t i o n s  a r e  d e s c r J 1  F J  

A s  t h e  name i m p l i e s ,  t h e  component hal*dwarr m e a s u r e s  d e s c r i b e  po  -- 

formance of  s u c h  components  a s  t h e  r n g l ~ c  of  t h e  v e h i c l e  s u b s y s t c m .  

I n  c o n t r a s t ,  t h e  s u b s y s t c m  h a r d v a r e  mc;lilirc.; d e s c r i b e  c h a r a c t e l l  t l c s  

of  t h e  s u b s y s t e m  a s  a  whole and a r c ,  i n  g e n e r a l ,  d e p e n d e n t  upon t h e  

component m e a s u r e s .  

Human m o t o r ,  s e n s o r y ,  and i n f o r m n t i o n - p r o c e s s i n g  p e r f o r m a n c e  ~ 3 ~ 3 1 -  

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

i n  t h i s  c l a s s  of  component and s u b s y 3 l ~ m  hardware  pe r fo rmance  m e a s u r e s  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  v iew t h a t  one of  t h e  human 's  r o l e s  a s  a n  

o p e r a t o r  is t h a t  of  enhanc l l lg o r  d e t e r r i n g  p ~ r f  ,,rmance o f  s u b s v s  terns. 

T h i s  f u n c t i o n ,  i n  e s s e n c e  a s  a n o t h e r  component ,  s h o u l d  n o t  be con- 

f u s e d  w i t h  h i s  d e c i s i o n - m a k i n g  r o l c  a  c o n t r o l  s t r a t e g i s t .  

R e p r e s e n t a t i v e  hardwarcl p e r f o l r ;  i ice  meas;i=c.s a r e  shown i i l  T a b l e  

1 - I V .  A l t h o u g h  many of t h e s e  factd1.r a r e  i d e n t i f i e 6  i n  s u c c e e d i n g  

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

oped t o  d a t e .  



TABLE 1-IV. HARDWARE PERFORMANCE MEASURES 

Component Subsystem 

Engine Horsepower Vehic le  Gross  Weight 

Pavement S t i f f n e s s  C o e f f i c i e n t  of F r i c t i o n  

Human V i b r a t i o n  Tolerance  Human S t e e r i n g  C a p a b i l i t y  

Transmiss ion  E f f i c i e n c y  Load Capaci ty  

An examinat ion  of t h e s e  f a c t o r s  w i l l  i n d i c a t e  t h a t  they  a r e  

g e n e r a l l y  concep tua l  r a t h e r  than  p h y s i c a l  d e s c r i p t o r s ,  i n  t h a t  t hey  

d e s c r i b e  performance c a p a b i l i t i e s  of t h e  p o p u l a t i o n  of au tomobi les  

and a r e  not  r e s t r i c t e d  t o  a  p a r t i c u l a r  c a r .  For example, engine  

horsepower i s  a  measure common t o  a l l  au tomob i l e s ;  however, t h e  

magnitude of t h i s  measure v a r i e s  w i t h  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  

of t h e  s p e c i f i c  engine and c a r  under c o n s i d e r a t i o n ,  i . e . ,  g a s  t u r b i n e ,  

r e c i p r o c a t i n g  p i s t o n ,  e t c .  

P h y s i c a l  Hardware C h a r a c t e r i s t i c s  (2.): These a r e  t h e  p h y s i c a l  
J 

c h a r a c t e r i s t i c s  of subsystem components such a s  brake l i n i n g  t h i c k -  

n e s s ,  wheel d i ame te r ,  highway m a t e r i a l ,  t h e  c o l o r  of t h e  road  s i g n s ,  

c y l i n d e r  l e n g t h ,  and the  d i s t a n c e  from brake peda l  t o  a c c e l e r a t o r .  

Environmental  Parameters  ( Q k ) :  These a r e  measures  t h a t  d e s c r i b e  

t h e  environment  over  which i t  is assumed we have l i t t l e  o r  no c o n t r o l .  

We d i s t i n g u i s h  between two such groups of pa rame te r s .  The f i r s t  

( e k ;  1 S k  S r )  d e s c r i b e s  t h e  n a t u r a l  and man-made environment  such 

a s  c l i m a t e  and n o i s e .  The second group ( Q k ;  r < k  S n)  c o n s i s t s  of 

measures  d e s c r i b i n g  t h e  dynamic s t a t e  of t h e  v e h i c l e - o p e r a t o r  sys tem,  

e . g . ,  " lane  d e n s i t y  is 250 veh ic l e s /mi l e "  o r  "a  v e h i c l e  is approach- 

i n g  a t  60 mph." Although i n  many s t u d i e s  road c h a r a c t e r i s t i c s  a r e  

i nc luded  a s  p a r t  o f  t he  environment ,  they  a r e  not  s o  inc luded  h e r e ,  

s i n c e  t h e  road  is under ou r  des ign  c o n t r o l .  

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

c l a s s  of measures  i s ,  l i k e  t h e  s e l e c t i o n  of r e l e v a n t  subsystems and 

components,  n e i t h e r  unique nor s t a t i c .  Although most f a c t o r s  can  

r e a d i l y  be r ecogn ized  a s  be longing  t o  a  p a r t i c u l a r  c l a s s ,  o t h e r s  

l e a v e  room f o r  c o n s i d e r a b l e  doubt .  For example, is "roadway ill- 

uminat ion"  an  envi ronmenta l  parameter  o r  a  component hardware 



performance measure? The r e s o l u t i o n  of such q u e s t i o n s  w i l l  obv ious ly  

be a  f u n c t i o n  of the  a n a l y s t s '  e x p e r i e n c e ,  bu t  i n  a l l  c a s e s  shou ld  

be based on t h e  pr imary r o l e  t h e  f a c t o r  i n  q u e s t i o n  p l a y s  i n  t h e  

o v e r a l l  a n a l y s i s .  

QUALITATIVE SYSTEM RELATIONSHIPS 

Having d e f i n e d  t h e  many systems f a c t o r s ,  we a r e  now i n  a  p o s i t i o n  

t o  d e s c r i b e  a symbolic paradigm which, i t  is hypo thes i zed ,  d e f i n e s  

and d e p i c t s  t h e  i n t e r r e l a t i o n s h i p s  among a l l  f a c t o r s  of t h e  highway 

system model. The r e l a t i o n s h i p s  a r e  g iven  by 

where S = ( s l ,  . , .  ) sk,  - . )  'n) 

Y = ( y l '  - . . ,  Y j .  - . . ,  Yn) 

x = ( x l ,  . . . , x i ,  . . . , Xn) 

Z = ( z l )  . . . ,  2 . . . )  zn)  
j ' 

= ( e l  . . . , e k l  . . . , e n )  



and Xh is  t h e  s e t  of component and subsystem hardware performance 

measures  t h a t  d e s c r i b e  human motor ,  s e n s o r y ,  and in fo rma t ion  pro-  

c e s s i n g  c a p a b i l i t i e s  o n l y .  Q u a l i t a t i v e l y ,  t h e  s e t  of e q u a t i o n s  [I] 

r e p r e s e n t  t h e  system o p e r a t i o n s  model, [2] t h e  c o n t r o l  model,  itnd 

[3-51 t h e  des ign  model. 

Equat ions  [l] q u a l i t a t i v e l y  r e p r e s e n t  an  o p e r a t i o n s  model which 

i s  used  t o  i n t e g r a t e  t h e  many subsystem performance c a p a b i l i t i e s  

( y j )  and t h e  c o n t r o l  s t r a t e g i e s  (sg)  t o  a s s e s s  t h e  worth of t h e  

system i n  terms of t h e  s e r v i c e  provided  and s a f e t y  a f f o r d e d .  The 

symbol ( t )  is  inc luded  i n  t h e  fo rmula t ion  t o  i n d i c a t e  t h a t  a l l  t h e  

a c t i v i t i e s  i n  t h e  o p e r a t i o n s  model a r e  t ime dependent .  Tie  model 

is used  t o  e v a l u a t e  t he  system by examining t h e  dynamic changes i n  

subsystem performance measures and t h e i r  u t i l i z a t i o n  t o  f u l f i l l  an 

o p e r a t i n g  demand. 

Equat ions  14 r e p r e s e n t  t h e  c o n t r o l  model which, f o r  t h e  (case 

of a  human c o n t r o l l e r ,  d e s c r i b e s  t h e  d e c i s i o n s  o r  c o n t r o l  s t r a t e g i e s  

made by t h e  o p e r a t o r  when conf ron ted  wi th  p a r t i c u l a r  o p e r a t i o n a l  

s i t u a t i o n s .  The e q u a t i o n  i n d i c a t e s  t h a t  t h e s e  s t r a t e g i e s  ( p a s s i n g ,  

p u l l i n g  o f f  t h e  road ,  e t c . )  a r e  p a r t i a l l y  r e l a t e d  t o  t h e  d r i v e r ' s  

knowledge o r  awareness  of ( a )  some of t h e  subsystem performance 

c a p a b i l i t i e s ,  (b) h i s  own c a p a b i l i t i e s ,  and ( c )  t h e  p a r t i c u l a r  

dynamic environment i n  which he is d r i v i n g .  For example, one might 

hypo thes i ze  t h a t  a  d r i v e r ' s  d e c i s i o n  t o  p a s s  i s  r e l a t e d  t o  h i s  know- 

l edge  of ( a )  t h e  v e h i c l e ' s  a c c e l e r a t i o n  c a p a b i l i t y ,  (b)  h i s  a b i l i t y  

t o  c o n t r o l  t h e  v e h i c l e  du r ing  t h e  p a s s i n g  maneuver, and ( c )  t h e  

c o n d i t i o n s  i n  t h e  opposing l ane  a t  t h a t  moment i n  t ime .  

Equa t ions  [3] a r e  u sed  t o  e s t i m a t e  subsystem performance mea- 

s u r e s  when t h e  system is o p e r a t e d  i n  a  p a r t i c u l a r  environment spec-  

i f i e d  by t h e  parameter  s e t  @ .  In  a l l  l i k e l i h o o d ,  more t h a n  one such 

r e l a t i o n s h i p  w i l l  be r e q u i r e d  f o r  some performance c a p a b i l i t i e s ,  



depending on t h e  s p e c i f i c  n a t u r e  of t h e  x and ek. Cons ide r ,  f o r  
j 

example, v e h i c l e  speed c a p a b i l i t y .  Maximum speed  over  s t r a i g h t  and 

l e v e l  highway would be l i m i t e d  by t h e  power package c a p a b i l i t i e s ,  

maximum speed  over  rough and bumpy roads  might be l i m i t e d  by t h e  

d r i v e r ' s  t o l e r a n c e  t o  v e r t i c a l  a c c e l e r a t i o n  l o a d s ,  and maximum 

speed dur ing  l i m i t e d  v i s i b i l i t y  c o n d i t i o n s  would be governed by 

t h e  d r i v e r ' s  s enso ry  c a p a b i l i t i e s  under such c o n d i t i o n s .  Obviously,  

t h e s e  d i f f e r e n t  a s p e c t s  cannot  be inc luded  i n  any one r e l a t i o n s h i p .  

R a t h e r ,  each  must be i n v e s t i g a t e d  s e p a r a t e l y  and inc luded  i n  t h e  

model. The r e a d e r  should  r ecogn ize  ano thc r  a s p e c t  of Eq. [3] . I t  

was noted  t h a t  t h e  y a r e  d e s c r i p t i v e  of many modes o f  t r a n s p o r t a -  
j 

t i o n ;  however, t h e  x ,  d e s c r i b e  t h e  hardware performance c a p a b i l i t i e s  
1 

of s p e c i f i c  v e h i c l e s .  Accordingly,  t h e  r e l a t i o n s h i p s  f  would need 
j 

t o  be developed s e p a r a t e l y  f o r  each mode of t r a n s p o r t a t i o n  b e f o r e  

a l t e r n a t i v e  modes ( c a r s ,  h e l i c o p t e r s ,  e t c . )  could  be s y s t e m a t i c a l l y  

ana lyzed  a s  compe t i t o r s  t o  f u l f i l l  an o p e r a t i o n a l  demand. 

Equat ions  [4] r e p r e s e n t  an i n t e r a c t i o n  model which s e r v e s  two 

maj o r  f u n c t i o n s  : 

(1) I t  i s  used t o  account  f o r  t h e  f a c t  t h a t  changes i n  one 

component of t h e  system w i l l  a f f e c t  t h e  component c h a r a c t e r i s t i c s  

of o t h e r  p a r t s  of t h e  system. For example, changes i n  t h e  s t r e n g t h  

c h a r a c t e r i s t i c s  of t h e  highway may w e l l  a f f e c t  t h e  c o e f f i c i e n t  of f r i c -  

t i o n  between t h e  t i r e s  and t h e  highway s u r f a c e .  

(2)  I t  is used t o  r e s o l v e  a  problem unique t o  sys tems p l a n n i n g ,  

t h a t  i s ,  t h a t  p r i o r  t o  a c t u a l  des ign  of t he  s u b s y s t e m s , t h e i r  hard-  

ware performance c h a r a c t e r i s t i c s  w i l l  not  be known. A s  a  s imple  

example, t h e  g r o s s  we igh t ,  c e n t e r  of g r a v i t y ,  and moments of i n e r t i a  

of an automobile  a r e  not  p h y s i c a l l y  measurable  u n t i l  t h e  c a r  i s  

a c t u a l l y  des igned .  Accordingly,  some method of p r e d i c t i n g  t h e s e  

measures a s  a  f u n c t i o n  of eng ine ,  t r a n s m i s s i o n ,  suspens ion  and o t h e r  

component c h a r a c t e r i s t i c s  is needed. 

F i n a l l y ,  E q .  [5] is  a  s t a t emen t  of e n g i n e e r i n g  r e l a t i o n s h i p s  

t h a t  e x i s t  between hardware component performance c a p a b i l i t i e s  and 

t h e  p h y s i c a l  hardware c h a r a c t e r i s t i c s  and n a t u r a l  envi ronmenta l  

pa rame te r s .  For  example, t h e  engine  brake  horsepower is  f u n c t i o n a l l y  



r e l a t e d  t o  t h e  a r e a  and l e n g t h  of t h e  c y l i n d e r ,  t h e  c y l i n d e r  p re s s -  

u r e ,  t h e  number of c y l i n d e r s  and eng ine  speed ;  and t h e  b rak ing  r e -  

a c t i o n  t ime of t h e  human might be r e l a t e d  t o  t h e  p h y s i c a l  d i s t a n c e  

from a c c e l e r a t o r  t o  brake peda l  and t o  ambient t empera tu re .  Th i s  

l e v e l  of d e t a i l  may appear  t o  be u n n e c e s s a r i l y  mic roscop ic ;  however, 

a s  can  be seen  i n  succeeding  c h a p t e r s  of t h i s  r e p o r t ,  i t  is  p r e c i s e l y  

a t  t h i s  l e v e l  t h a t  t h e  m a j o r i t y  of t h e  fundamental  component r e s e a r c h  

e f f o r t s  have been and w i l l  con t inue  t o  be d i r e c t e d .  



SYSTEM SUBMODEL AND PROJECT STUDIES 

E q u a t i o n s  [ 11 t h r o u g h  C 51 c o n s t i t u t e  a  s y m b o l i c  d e s c r i p t i o n  of  

a  highway s y s t e m  mode l .  F i g u r e  1 -5 ,  a  s c h e m a t i c  r e p r e s e n t a t i o n  of  

t h e  mode l ,  p r o v i d e s  a n  overv iew of  i t s  p o s s i b l e  u t i l i z a t i o n  f o r  

a s s e s s i n g  t h e  s e r v i c e ,  s a f e t y ,  and c o s t s  o f  a l t e r n a t i v e  highway 

s y s t e m s .  I n  a d d i t i o n  t o  d e p i c t i n g  t h e  r e l a t i o n  between t h e  d e s i g n ,  

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

submodels  deemed n e c e s s a r y  f o r  r e a s o n a b l e  i n i t i a l  e v a l u a t i o n s  o f  

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

t i o n  i s  t o  summarize how t h e  model c a n  be u s e d  f o r  s u c h  a n  e v a l u a -  

t i o n ,  and t o  d e s c r i b e  b r i e f l y  t h e  f u n c t i o n  of  t h e  submode l s ,  

i n d i c a t i n g  t h e  e x i s t i n g  knowledge ( o r  l a c k  o f  knowledge) i n  t h e  

v a r i o u s  s t u d y  a r e a s .  

I n p u t s  t o  t h e  v a r i o u s  mode l s  a r e :  

( a )  Hardware pe r fo rmance  m e a s u r e s  ( x . )  and /o r  p h y s i c a l  
1 

hardware  c h a r a c t e r i s t i c s  ( 2 . )  of  t h e  highway s y s t e m s  
J 

t o  be s t u d i e d .  These  may be c h a r a c t e r i s t i c s  of  p ro -  

posed  s y s t e m s  o r  m o d i f i c a t i o n s  t o  e x i s t i n g  o n e s .  

(b)  The g e o g r a p h i c  a r e a  i n  which t h e  p roposed  s y s t e m  i s  

t o  be e v a l u a t e d .  

( c )  O p e r a t i n g  p o l i c i e s  of  some o f  t h e  s u b s y s t e m s ,  s u c h  a s  

r e c o v e r y  and m a i n t e n a n c e .  

(d)  S o c i a l  and l e g a l  f a c t o r s  which ,  f o r  t h e  i n i t i a l  model- 

i n g ,  a r e  assumed t o  a f f e c t  o n l y  v e h i c l e  c o n t r o l l e r  
5 b e h a v i o r  . I t  i s  r e c o g n i z e d  t h a t  l a t e r  mode l s  mus t  i n -  

c l u d e  t h e i r  e f f e c t  on d e s i g n  c h a r a c t e r i s t i c s  of  t h e  

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

o u s  a s p e c t s  of  t h e  o p e r a t i o n s  model .  

The p r o c e d u r e  f o r  u t i l i z i n g  t h e  model i s  r e l a t i v e l y  s t r a i g h t -  

f o r w a r d  and e s s e n t i a l l y  f o l l o w s  a  p a t h  t h r o u g h  t h e  s y s t e m  e q u a t i o n s  

from [l] t h r o u g h  [q . The ha rdware  pe r fo rmance  m e a s u r e s  (xi:  r c i S n )  

which c a n  be  i n d e p e n d e n t l y  s p e c i f i e d  a r e  u s e d  by t h e  highway 

ha rdware  i n t e r a c t i o n  model t o  compute t h e  r e m a i n i n g  d e p e n d e n t  ha rd -  

' s o c i a l  f a c t o r s  a r e  i m p l i c i t  i n  t h e  demand mode l .  
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ware pe r fo rmance  measures  (x . 1L i 4 r )  . The t o t a l  s e t  of hard-  
i ' 

ware pe r fo rmance  m e a s u r e s ,  a l o n g  w i t h  a p p r o p r i a t e  e n v i r o n m e n t a l  

p a r a m e t e r s ,  a r e  u s e d  a s  i n p u t  t o  t h e  pe r fo rmance  c a p a b i l i t y  sub- 

mode l s  t o  e s t i m a t e  pe r fo rmance  c a p a b i l i t i e s  and pe r fo rmance  f u n c t i o n s  

f o r  t h e  v a r i o u s  highway s u b s y s t e m s .  Using t h e  d e s i g n  model o u t p u t s ,  

t h e  c o n t r o l  model b a s i c a l l y  d e t e r m i n e s  how t h e  human c o n t r o l l e r  

makes u s e  of  t h e  hardware  and pe r fo rmance  c a p a b i l i t i e s  under  t h e  

r e s t r a i n t s  of s o c i a l  and l e g a l  f a c t o r s .  Performance e s t i m a t e s  from 

t h e  d e s i g n  model,  c o n t r o l  s t r a t e g i e s  from t h e  c o n t r o l  mode l ,  e s t i m a t e s  

o f  t r a f f i c  demands from t h e  demand model ,  e n v i r o n m e n t a l  p a r a m e t e r s  

from t h e  env i ronment  model ,  and o p e r a t i n g  p o l i c y  i n p u t s  a r e  a l l  

u s e d  i n  t h e  c e n t r a l  o p e r a t i o n s  model t o  e s t i m a t e  t h e  s e r v i c e  and 

s a f e t y  a s p e c t s  o f  t h e  s y s t e m .  Using b o t h  d e s i g n  and o p e r a t i o n a l  

model i n p u t s ,  t h e  c o s t  model e s t i m a t e s  t h e  t o t a l  sys tem c o s t s  which 

c o n s i d e r  t h e  r e s e a r c h  and development  of  s u b s y s t e m s ,  t h e i r  p r o c u r e -  

ment ,  and t h e  c o s t s  a s s o c i a t e d  w i t h  sys tem o p e r a t i o n s .  The r e s u l t a n t  

p r e d i c t i o n s o f  s y s t e m  e f f e c t i v e n e s s  and t o t a l  c o s t s  may t h e n  be  e v a l u -  

a t e d  by highway sys tem p l a n n e r s .  I f  t h e  r e s u l t s  a r e  n o t  a c c e p t a b l e ,  

a p p r o p r i a t e  changes  i n  t h e  s y s t e m ' s  d e s i g n  (hardware  c h a r a c t e r i s t i c s )  

and /o r  o p e r a t i n g  p o l i c i e s  c a n  be made and t h e  a n a l y s i s  r e p e a t e d .  

A b r i e f  d e s c r i p t i o n  of t h e  f u n c t i o n s  o f  t h e  submodels  f o l l o w s ;  

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

Areas  examined i n  some d e p t h  a r e  d e s c r i b e d  i n  s u c c e e d i n g  c h a p t e r s .  

I n  t h e  f o l l o w i n g  submodel d e s c r i p t i o n s  a n  a s t e r i s k  is u s e d  t o  

d e n o t e  t h o s e  c a s e s  where l i t t l e  o r  no s t u d y  e f f o r t  was a l l o c a t e d  be-  

c a u s e  of l i m i t a t i o n s  i n  t i m e .  

HARDWARE INTERACTIONS* 

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

ware i n t e r a c t i o n  phenomena and s e r v e s  two major  f u n c t i o n s .  I t  is 

u s e d  t o  e x p l a i n  t h e  mechanism by which changes  i n  one component o f  

t h e  sys tem a f f e c t  t h e  component c h a r a c t e r i s t i c s  of  o t h e r  p a r t s  of  

t h e  s y s t e m ,  and i t  is u s e d  t o  e s t i m a t e  some o f  t h e  ha rdware  perform- 

ance  measures  t h a t  c a n n o t  be known p r i o r  t o  a c t u a l  d e s i g n  of  s u b s y s t e m s  

These e s t i m a t e s  a r e  o b t a i n e d  t h r o u g h  t h e  u s e  of  e q u a t i o n  s e t  [4] . 
I n  m a t h e m a t i c a l  t e r m s  we have a  s e t  of  r e q u a t i o n s  i n  n  unknowns 

( r  4 n)  which h a s  a n  i n f i n i t e  number o f  s o l u t i o n s .  When t h e  com- 



p o n e n t  ha rdware  m e a s u r e s  a r e  s p e c i f i e d  a s  i n p u t s ,  however ,  t h e  

s y s t e m  r e d u c e s  t o  r e q u a t i o n s  i n  r unknowns, and y i e l d s  a  u n i q u e  

s o l u t i o n  f o r  t h e  t o t a l  s e t  of  s y s t e m  hardware  m e a s u r e s .  Thus ,  v a l u e s  

f o r  t h e  ha rdware  m e a s u r e s r x  t h r o u g h  x n ] a r e  made a v a i l a b l e  f o r  u s e  1 
a s  i n p u t s  t o  t h e  p e r f o r m a n c e  c a p a b i l i t y  mode l s .  No a t t e m p t  was made 

t o  d e v e l o p  e q u a t i o n s  o f  t h e  i n t e r a c t i o n  model ,  s i n c e  a c o m p o s i t e  s e t  

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

d e v e l o p e d .  The l i t e r a t u r e  i n d i c a t e s  t h a t  many s u c h  r e l a t i o n s h i p s  

i n  two d i m e n s i o n s  x = f ( x . )  a r e  a v a i l a b l e ;  however ,  t h e i r  u s e  i J 
i n  t h i s  model is q u e s t i o n a b l e  s i n c e  many of  t h e  i n t e r a c t i o n s  a r e  

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

VEHICLE CAPABILITIES 

The p u r p o s e  o f  t h i s  model i s  t o  p r e d i c t  t h e  p e r f o r m a n c e  c a p a b i l -  

i t i e s  and dynamics  o f  v e h i c l e  s u b s y s t e m s .  S tudy  f o c u s e d  on t h e  dy- 

namic p e r f o r m a n c e  o f  v e h i c l e s ,  a  key f a c t o r  i n  a c c i d e n t  a n a l y s i s  

and p r e d i c t i o n :  t r a f f i c  a c c i d e n t s  o r  c o l l i s i o n s  c a n  o c c u r  o n l y  when 

t h e  t r a j e c t o r y  o f  a  v e h i c l e  i n t e r s e c t s  w i t h  one o r  more t r a j e c t o r i e s  

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

a n  immobile o b j e c t .  Hence,  t h e  o u t p u t  c a p a b i l i t i e s  o f  t h i s  model 

a r e  u s e d  a s  i n p u t s  t o  t h e  a c c i d e n t  p r e d i c t i o n  mode l .  S t u d y  i n d i c a t e d  

t h a t  t h e  p r ime  s h o r t c o m i n g  i n  t h e  a r e a  o f  mode l ing  v e h i c l e  dynamics  

i s  t h e  l a c k  o f  a  s i n g l e  c o m p o s i t e  model which r e l a t e s  v e h i c l e  compon- 

e n t  i n p u t s  and e n v i r o n m e n t a l  c o n d i t i o n s  t o  v e h i c l e  t r a j e c t o r i e s .  

Some a p p r o x i m a t e  mode l s  were  found  t o  d e s c r i b e  dynamic p e r f o r m a n c e  f o r  

s p e c i a l  c i r c u m s t a n c e s  o n l y .  There  is a  need t o  e x t e n d  p r e s e n t  mode l s  

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

c o n t r o l  a c t i o n s - - b r a k i n g ,  a c c e l e r a t i n g ,  s t e e r i n g ,  and v e r t i c a l  t r a c k -  

i n g .  T h e s e  s h o u l d  i n c l u d e  t h e  w e i g h t  t r a n s f e r  among t h e  w h e e l s .  

The mode l s  s h o u l d  e x p l i c i t l y  a c c o u n t  f o r  f o r c e s  t h a t  w i l l  n o t  p a s s  

t h r o u g h  t h e  c e n t e r  of  mass of  t h e  v e h i c l e .  

THE HIGHWAY SUBSYSTEM 

The highway s u b s y s t e m  i n c l u d e s  t h e  r o a d ,  r o a d s i d e ,  o b s t r u c t i o n s ,  

and s i g n i f i c a n t  e l e m e n t s  o n l y  v i s i b l e  f rom t h e  highway.  Concern is 

w i t h  t h e  geomet ry  and t h e  m a t e r i a l s  making u p  t h e  s i g n i f i c a n t  e l e -  

men ts  of t h e  s u b s y s t e m .  T r a f f i c  i n f o r m a t i o n a l  and c o n t r o l  d e v i c e s  



a r e  t r e a t e d .  T h i s  s u b s y s t e m  i n t e r a c t s  w i t h  most  o t h e r  s u b s y s t e m s  

s i n c e  t h e  s c e n e  of highway o p e r a t i o n s  is a l w a y s  on a  highway and t h e  

s t a t e  o f  t h e  highway s y s t e m  is o f  s i g n i f i c a n c e  t o  a l l  moving v e h i c l e s .  

F o r  example ,  t h e  highway i n t e r a c t s  w i t h  t h e  e n v i r o n m e n t  s u b s y s t e m  

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

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

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

s h i p s  between t h e  p h y s i c a l  ha rdware  c h a r a c t e r i s t i c  v a r i a b l e s  and 

t h e  component ha rdware  p e r f o r m a n c e  c a p a b i l i t i e s  were  found  t o  b e  

g e n e r a l l y  w e l l  u n d e r s t o o d .  On t h e  o t h e r  hand t h e  s u b s y s t e m  hardware  

p e r f o r m a n c e  c h a r a c t e r i s t i c s  a r e  n o t  known a s  e x p l i c i t  f u n c t i o n s  o f  

t h e  componen t s .  Knowledge a p p e a r s  t o  be p a r t i c u l a r l y  l a c k i n g  i n  t h e  

r e l a t i o n s h i p  between t h e  c o e f f i c i e n t  o f  f r i c t i o n  between t h e  t i r e  and 

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

o b s t a c l e s .  T h e r e  a p p e a r s  t o  be  a  l a c k  of  d e f i n i t i o n  and knowledge 

o f  s u b s y s t e m  per fo rmance  m e a s u r e s  t o  be  u s e d  i n  t h e  deve lopment  of  

s t r a t e g i e s  and e f f e c t i v e n e s s  m e a s u r e s .  Work i s  needed i n  some of  

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

i n f o r m a t i o n a l  d e v i c e s ,  and highway g e o m e t r y .  T h e s e  o f  c o u r s e  must  be 

d e v e l o p e d  j o i n t l y  w i t h  m e a s u r e s  from o t h e r  s u b s y s t e m s .  

HUMAN CAPABILITIES 

I t  was n o t e d  e a r l i e r  i n  t h i s  c h a p t e r  t h a t  t h e  human h a s  a  

d i c h o t o m i z e d  r o l e  i n  t h e  highway s y s t e m  i n  t h a t  he  a c t s  b o t h  a s  a  

component of  t h e  s y s t e m  and a s  i t s  c o n t r o l l e r  o r  d e c i s i o n - m a k e r .  

A s  a  s y s t e m  component h i s  c a p a b i l i t i e s  a r e  n o t  f o c u s e d  on a n y  one 
6 

s u b s y s t e m  b u t  r a t h e r  c u t  a c r o s s  many of  them . W i t h i n  t h i s  r o l e  he  

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

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

e i t h e r  c h a n g e s  t h e  dynamic v a r i a b l e s  of  t h e  v e h i c l e  s u b s y s t e m  o r  

'~uman  f a c t o r s  e n t e r  i n t o  t h e  t o t a l  s y s t e m  a t  n e a r l y  e v e r y  
p o i n t ,  and t h e y  d o  n o t  i n  t h e m s e l v e s  c o a l e s c e  i n t o  a  m e a n i n g f u l  
c o n c e p t u a l  u n i t  o f  a n a l y s i s  t h a t  c a n  be  t r e a t e d  i n d e p e n d e n t l y  w i t h -  
i n  t h e  s y s t e m s  mode l .  T h i s  is n o t  t o  imply  t h a t  d i f f e r e n t  b a s i c  
p s y c h o l o g i c a l  p r i n c i p l e s  a r e  n e c e s s a r i l y  r e q u i r e d  t o  p r e d i c t  and  
e x p l a i n  t h e  d i f f e r e n t  human b e h a v i o r s  t h a t  o p e r a t e  w i t h i n  e a c h  
s y s t e m  component .  A t  t h e  p r e s e n t  s t a g e  o f  d e v e l o p m e n t ,  however ,  i t  
d o e s  a p p e a r  t h a t  d i f f e r e n t  c o n c e p t u a l  t r e a t m e n t s  of human b e h a v i o r  
w i l l  be  d i f f e r e n t i a l l y  f r u i t f u l  a t  d i f f e r e n t  p o i n t s  of  t h e  a n a l y s i s  



e n a b l e s  him t o  t a k e  i n  new i n f o r m a t i o n ,  Per fo rmance  c a p a b i l i t i e s  

do n o t  d e s c r i b e  what t h e  human d o e s  i n  a  p a r t i c u l a r  s e t  of c i rcum- 

s t a n c e s - - t h o s e  a r e  t h e  c o n t r o l  s t r a t e g i e s - - b u t  r a t h e r  what he  i s  

c a p a b l e  o f  d o i n g .  These  c a p a b i l i t i e s  have been g rouped  i n t o  a 

number o f  g e n e r a l  c a t e g o r i e s - - s e n s o r y ,  m o t o r ,  and i n f o r m a t i o n  pro-  

c e s s i n g .  The l i t e r a t u r e  o f  e n g i n e e r i n g  psycho logy  i n d i c a t e s  human 

per fo rmance  c a p a b i l i t i e s  a r e  r e a s o n a b l y  well documented i n  terms 

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

a r e a  of highway s a f e t y  c a n  p r o f i t  from t h e  g e n e r a l  f u n c t i o n a l  r e l a -  

t i o n s  d e v e l o p e d  i n  t h i s  f i e l d .  

DEGRADATION 

The t e r m  d e g r a d a t i o n  is u s e d  t o  r e f e r  t o  t h e  phenomenon of l o s s  

i n  component pe r fo rmance  w i t h  age and u s a g e .  The f u n c t i o n  o f  t h e  

d e g r a d a t i o n  model is  t o  d e t e r m i n e  t h e  r e l a t i o n  between d e g r a d a t i o n  

of s p e c i f i c  components and t h e  r e s u l t a n t  change i n  subsys tem p e r -  

formance c a p a b i l i t i e s .  Changes i n  t h e  l a t t e r  a r e  t h e n  u s e d  a s  d i r e c t  

i n p u t s  t o  t h e  a c c i d e n t  p r e d i c t i o n  model ,  and a s  i n d i r e c t  i n p u t s  v i a  

t h e  v e h i c l e  c o n t r o l l e r  model ( i . e . ,  t h r o u g h  t h e  h y p o t h e s i s  t h a t  

t h e  human c o n t r o l  s t r a t e g i e s  a r e  m o d i f i e d  by c h a n g e s  i n  subsys1;em 

per fo rmance  c a p a b i l i t i e s ) .  C o n t r o l  o f  d e g r a d a t i o n  p r o c e s s  m y  be  

a c c o m p l i s h e d  by improv ing  component d e s i g n s ,  by s c r e e n i n g  compon- 

e n t s  p r i o r  t o  s e l e c t i o n ,  by l i m i t i n g  t h e  l o a d  on components ,  and by 

o p t i m a l  p o l i c i e s  of i n s p e c t i o n ,  m a i n t e n a n c e ,  and r e p l a c e m e n t ,  Each 

o f  t h e s e  d e g r a d a t i o n  c o n t r o l  methods r e q u i r e s  a  monetary  i n v e s t m e n t  

a c c o u n t e d  f o r  by t h e  s y s t e m  c o s t  model.  

The l i t e r a t u r e  i n d i c a t e s  l i t t l e  o r  no knowledge r e g a r d i n g  e i t h e r  

d e g r a d a t i o n  p r o c e s s e s  t h e m s e l v e s  o r  t h e  means of c o n t r o l l i n g  degrad-  

a t i o n .  I n i t i a l  e f f o r t s  of r e s e a r c h  i n  t h i s  a r e a  s h o u l d  be d i r e c t e d  

toward  d e t e r m i n i n g  what subsys tem per fo rmance  c a p a b i l i t i e s  a r e  a f f e c t -  

e d  by d e g r a d a t i o n  p r o c e s s e s ,  a s  w e l l  a s  d e t e r m i n i n g  a p p r o p r i a t e  

i n  o r d e r  t h a t  t h e  human f a c t o r s  may be c h a r a c t e r i z e d  e i t h e r  i n  terms 
t h a t  a r e  commensurate w i t h  t h e  o t h e r  i n p u t  and o u t p u t  v a r i a b l e s  of 
t h e  subsys tem u n d e r  c o n s i d e r a t i o n  o r  i n  t e r m s  t h a t  l e n d  t h e m s e l v e s  
t o  a  s p e c i f i c  s e t  o f  a n a l y t i c  t e c h n i q u e s .  The o u t l i n e  g i v e n  i n  
Appendix 1 -C  l ists t h e  v a r i o u s  r o l e s  p l a y e d  by human f a c t o r s  i n  t h e  
t o t a l  sys tem and  i n d i c a t e s  t h o s e  t h a t  a r e  c o n s i d e r e d  a t  g r e a t e r  
l e n g t h  i n  s u b s e q u e n t  c h a p t e r s  o f  t h i s  r e p o r t .  The r o l e  of t h e  human 
a s  t h e  o p e r a t o r  o f  t h e  v e h i c l e  i s  s e l e c t e d  f o r  t h e  most d e t a i l e d  
a n a l y s i s  i n  terms o f  t h e  s y s t e m s  model (Chap te r  6 ) .  



m e a s u r e s  of  d e g r a d a t i o n  o r  d e g r a d a t i o n  p r o c e s s  p a r a m e t e r s .  A m?&jor 

t h e o r e t i c a l  p rob lem is  t h e  d e s c r i p t i o n  of  d e g r a d a t i o n  i n  t h e  l i g h t  of 

t h e  d e p e n d e n c i e s  t h a t  e x i s t  among t h e  components  and s u b s y s t e m s .  

Secondary  r e s e a r c h  e f f o r t s  s h o u l d  be  c o n c e r n e d  w i t h  t h e  v a r i o u s  means 

of  c o n t r o l l i n g  d e g r a d a t i o n  v i a  i n s p e c t i o n  zl-d m a i n t e n a n c e  a c t i v i t i e s .  

IMPACT AND I N J U R Y  SUBMODELS 

These  two a r e a s  a r e  c o n s i d e r e d  t o g e t h e r ,  p a r t l y  b e c a u s e  t h e y  r e -  

c e i v e d  min imal  s t u d y ,  b u t  a l s o  b e c a u s e  s e q u e n t i a l l y  t h e y  form t h e  main 

c o n n e c t i n g  l i n k  between t h e  a c c i d e n t  p r e d i c t i o n  model and t h e  r e c o v e r y  

s u b s y s t e m  model .  I f  t h e  2 c c i d e n t  p r e d i c t i o n  model c a n  s p e c i f y  f r e q u e n c ~  

of a c c i d e n t s  i n  t e r m s  of  t h e i r  impac t  d i r e c t i o n  and f o r c e  l e v e 1 , t h e  

r o l e  of  t h e  impac t  model is t o  d e t e r m i n e  t h e  a t t e n u a t i o n  o f  t h o s e  

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

i c l e .  The s p e c i f i c  measure  h y p o t h e s i z e d  a s  r e l e v a n t  t o  t h i s  phenomeno~i 

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

a c c i d e n t  d e s c r i b e d  by a  s p e c i f i c  d i r e c t i o n  and l e v e l  of  impac t  f o r c e .  

The model s h o u l d  i n c l u d e  what a r e  commonly c a l l e d  " f i r s t - "  and "second-  

c o l l i s i o n f f  e f f e c t s .  D i s c u s ~ ; i o n s  w i t h  o t h e r  s a f e t y  r e s e a r c h  p e r s o n n e l  

s u g g e s t  t h a t  t h i s  i n f o r m a t i o n  c a n n o t  be g e n e r a t e d  f rom e x i s t i n g  know- 

l e d g e  i n  t h e  impac t  r e s e a r c h  a r e a .  

Given  a n  e s t i m a t e  of t h e  impac t  f o r c e s  t r a n s m i t t e d  t o  t h e  occu- 

p a n t s ,  t h e  f u n c t i o n  of  a n  i n j u r y  model is  t o  d e t e r m i n e  t h e  t y p e  and 

l e v e l  o f  i n j u r y  s u s t a i n e d .  The measure  c o n s i d e r e d  d e s c r i p t i v e  of  

t h i s  phenomenon is t h e  p r o b a b i l i t y  o f  s u s t a i n i n g  some p a r t i c u l a r  l e v e l  

o f  i n j u r y  g i v e n  e x p o s u r e  t o  a  p a r t i c u l a r  l e v e l  of  f o r c e .  Al though  

needed ,  however,  no taxonomy o f  i n j u r i e s  r e l e v a n t  t o  t h e  p u r p o s e  o f  

t h e  highway s y s t e m s  model a p p e a r s  t o  e x i s t .  R e s e a r c h  is needed t o  

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

of  t h e  i n j u r y  l e v e l .  I t  i s  s u g g e s t e d  i n  C h a p t e r  7 t h a t  i n j u r y  l e v e l  

migh t  w e l l  be  measured by p r o b a b i l i t y  of  s u r v i v a l  a s  a  f u n c t i o n  of  

t i m e  i n  t h e  a b s e n c e  o f  m e d i c a l  t r e a t m e n t .  

RECOVERY SUBhlODEL 

The c a s u a l t y  r e c o v e r y  s u b s y s t e m  is  c o n c e r n e d  w i t h  o t h e r  sub-  

s y s t e m s  whose d e s i g n  and o p e r a t i o n  a r e  d i r e c t l y  r e l a t e d  t o  t h e  l o c -  

a t i o n ,  t r e a t m e n t ,  and t r a n s p o r t a t i o n  o f  t r a f f i c - a c c i d e n t  i n j u r y  



v i c t i m s .  The t h r e e  a s p e c t s  of c a s u a l t y  recovery  ( l o c a t i o n ,  t r e a t m e n t ,  

and t r a n s p o r t a t i o n )  a r e  subsumed under  t h e  hypo thes i zed  major measure 

of such a  system--the p r o b a b i l i t y  of s u r v i v a l  g iven  an i n j u r y  of a  

p a r t i c u l a r  l e v e l .  The l i t e r a t u r e  i n d i c a t e s  t h a t  l i t t l e  i s  k n o w  

about  t h e  performance of c u r r e n t  recovery  sys tems,  and t h a t  no e f f o r t s  

have been devoted t o  t he  des ign  and e f f i c i e n t  o p e r a t i o n  of f u t u r e  

sys t ems .  I n i t i a l  r e s e a r c h  shou ld  be concerned wi th  t h e  e f f e c t  of system 

r e s p o n s e  time and medical  t r ea tmen t  l e v e l  on such measures  of 

f a t a l i t y  a s  t h e  ca se  f a t a l i t y  r a t i o .  A s  no ted  above,  measures  de- 

s c r i b i n g  i n j u r y  l e v e l s  a r e  needed a s  w e l l  a s  measures  desc r ib i . ng  

t r e a t m e n t  l e v e l s .  

VEHICLE CONTROLLER MODEL 

The purpose of t h i s  model is t o  produce o u t p u t  d e s c r i b i n g  t h e  

behav io r  of t he  v e h i c l e  c o n t r o l l e r  i n  v a r i o u s  dynamic s i t u a t i o : n s .  This  

behav io r  has  been termed c o n t r o l  s t r a t e g y .  Con t ro l  s t r a t e g i e s  a r e  

mod i f i ed  t o  cor respond t o  t h e  r e a l  system performance c a p a b i l i t i e s  

which may be l i m i t e d  by the  human performance c a p a b i l i t i e s  o r  sub- 

system performance c a p a b i l i t i e s .  A s  shown i n  Fig.!-5, t h e  ~ 0 n t : r o l  

s t r a t e g i e s  may a l s o  be modi f ied  by s o c i a l  and l e g a l  f a c t o r s .  P a s t  

and p r e s e n t  r e s e a r c h  i n  t h e  a r e a  has  been d i r e c t e d  toward d i s c o v e r y  

of t h e  v a r i a b l e s  which a f f e c t  t h e  s t r a t e g i e s  but  l i t t l e  o r  no e f f o r t  

t o  development of f u n c t i o n a l  r e l a t i o n s  t o  p r e d i c t  them. Research 

i s  r e q u i r e d  t o  de te rmine  t h e  form of t h e  c o n t r o l  s t r a t e g i e s  anld t o  

de te rmine  t h e  i n f l u e n c e  of d i f f e r e n t  methods of p r e s e n t i n g  da t ,a  t o  

t h e  human c o n t r o l  system. 

By environment we r e f e r  t o  t h o s e  f a c t o r s  t o  which a  systern gener -  

a l l y  must a d a p t ,  b u t  which a r e  independent  of t h e  system and g e n e r a l l y  

n o t  s u b j e c t  t o  p r a c t i c a l  m o d i f i c a t i o n .  The f u n c t i o n  of t h e  env i ron -  

ment model is t o  p r e d i c t  t h e  f requency  of occu r rence  of r e l e v a , n t  

a s p e c t s  of t h e  environment .  Research i s  needed t o  deve lop  ways t o  

apply  a v a i l a b l e  m e t e o r o l o g i c a l  d a t a  t o  a  highway system v i s i b i l i t y  mod- 

e l  f o r  i n p u t  t o  t h e  v e h i c l e  c o n t r o l l e r  model.  An a d j u n c t  t o  t h i s  is 

t h e  development of a  p r e d i c t i v e  model which w i l l  g i v e  t h e  p r o b a b i l i t y  

of occu r rence  of m e t e o r o l o g i c a l  c o n d i t i o n s .  A d e s c r i p t i v e  model of  



wind f o r c e ,  w i t h  emphasis on s p a t , i a l  and time c h a r a c t e r i s t i c s ,  is 

needed a s  an i n p u t  t o  t h e  v e h i c l e  dynamics model. 

DEMAND MODEL 

The t r a f f i c - g e n e r a t i o n  o r  demand model d e s c r i b e s  t h e  s e t  of 

t r i p s  under taken  i n  a  g iven  highway t r a n s p o r t a t i o n  system. This  

d e s c r i p t i o n  p rov ides  the  input  f o r  t h e  o p e r a t i o n a l  model. The demand 

is a f f e c t e d  by s e r v i c e  and s a f e t y  l e v e l s ,  by t h e  p r o v i s i o n  of a l -  

t e r n a t i v e  modes of t r a n s p o r t ,  and by g e n e r a l  s o c i o l o g i c a l  f a c t o r s  

d e s c r i b i n g  t h e  p a t t e r n  of l i f e  around t h e  highway system. In  t h e  

p r e s e n t  system s t r u c t u r e  t h e  dependencies  on s e r v i c e  and s a f e t y  a r e  

not  e x p l i c i t l y  modeled. The dependencies  on s o c i o l o g i c a l  v a r i a b l e s  

appear  only  i n  de te rmining  t h e  p a t t e r n  of t r a f f i c  g e n e r a t i o n  i n  t ime 

and space .  Other e f f e c t s  a r e  cons ide red  t o  be second-order  i n  n a t u r e .  

Cons iderable  work i s  being done wi th  demand and t r a f f i c  a s s ign -  

ment.  There remain,  however, no q u a n t i t a t i v e  methods to d e f i n e  "un- 

reasonable"  de l ay  o r  r e s t r i c t i o n  of movement. Desp i t e  having e s t -  

a b l i s h e d  d e f i n i t e  l e v e l s  of c a p a c i t y  f o r  g iven  modes of t r a n s p o r t  

and highway t y p e s ,  unders tanding  of c a p a c i t y  is  incomple te .  Express-  

i o n s  a r e  needed t o  r e l a t e  conges t ion  t o  demand a d ,  hence ,  e f f e c t i v e -  

nes s  and s a f e t y .  Curren t  demand models s u f f e r  from t h e  absence of 

such e x p r e s s i o n s .  

SYSTEM COST MODEL 

The purpose of t h i s  model i s  t o  p r e d i c t  t o t a l  systems c o s t ,  7 

i nc lud ing  the  r e s e a r c h  and development c o s t  of equipment ,  t h e  pro- 

curement of t h e s e  a s s e t s ,  and the  o p e r a t i n g  c o s t s  of m a t e r i a l s ,  

pe r sonne l ,  f a c i l i t i e s ,  t r a i n i n g ,  e t c .  The o v e r a l l  c o s t  model has  

been c o n s t r u c t e d  s o  t h a t  t he  c o s t  o f  r e s e a r c h  and development and of 

procurement a r e  e s t ima ted  from t h e  hardware performance measures  

and/or  subsystem performance c a p a b i l i t i e s  d e s c r i b e d  e a r l i e r .  The 

c o s t s  of o p e r a t i n g ,  maintenance,  i n s p e c t i o n ,  e t c . ,  a r e  computed 

d i r e c t l y  from t h e  p r e d i c t e d  c o s t  of f u e l ,  maintenance t i m e s ,  e t c . , d e -  

r i v e d  from knowledge of t he  hardware c h a r a c t e r i s t i c s  and t r a f f i c  f low 

'NO monetary c o s t s  a r e  a s s igned  t o  t h e  i t ems  s p e c i f i c a l l y  measured 
by t h e  s e r v i c e  and s a f e t y  o u t p u t s  of t h e  model. That  i s ,  no a t t empt  
i s  made t o  a s s i g n  a  monetary va lue  t o  i n j u r y  and dea th  t o l l .  



measures .  The l i t e r a t u r e  i n d i c a t e s  t h a t  r e s e a r c h  and development,  

Procurement ,  and o p e r a t i n g  c o s t s  have been developed f o r  o t h e r  s y s -  

t e m s - - p a r t i c u l a r l y  defense  sys tems.  Some of t h e s e  can be d i r e c t l y  app- 

l i e d  t o  t h e  highway t r a n s p o r t a t i o n  system once the  a p p r o p r i a t e  d a t a  

a r e  a c q u i r e d .  A number of  o p e r a t i n g  c o s t  models o f t h e  highway 

t r a n s p o r t a t i o n  systemswere found.  No work has  been performed which 

accoun t s  f o r  t he  important  i n t e r a c t i o n s  and dependencies  of c o s t s  

i n  t he  r e s e a r c h  and development,  procurement,and o p e r a t i n g  a r e a s .  

TRAFF IC FLOW MODELS 

The t r a f f i c  model a c c e p t s  (1)  t h e  demand o u t p u t ,  (2 )  t h e  v e h i c l e  

c o n t r o l l e r  d e s c r i p t i o n  o r  s t r a t e g i e s ,  ( 3 )  t h e  highway network d e s c r i p -  

t i o n ,  and (4)  t h e  environment d e s c r i p t i o n ,  and produces measures  of 

t h e  f low of v e h i c l e s ,  and t h u s  pas senge r s  and c a r g o ,  through t h e  sys-  

tem. The ou tpu t  of t h e  model p rov ides  t h e  d a t a  from which t h e  system 

s e r v i c e  measures a r e  c a l c u l a t e d .  Outputs  a r e  a l s o  used a s  d i r e c t  

i npu t  t o  t h e  a c c i d e n t  p r e d i c t i o n  model. The l i t e r a t u r e  c o n t a i n s  

f o u r  d i f f e r en t  t ypes  of t r a f f i c  f low models which were not  i n  any 

way i n t e g r a t e d ,  a l though i n t e g r a t i o n  could  be e a s i l y  performed.  The 

queueing model and car - fo l lowing  models a r e  s t r u c t u r e s  t h a t  a r e  

analogous (but  by no means isomorphic) t o  t h e  rea l -wor ld  p r o c e s s .  

I t  is recommended t h a t  i n i t i a l  r e s e a r c h  be devoted t o  ex t end ing  

queueing and ca r - fo l lowing  t h e o r i e s  t o  accep t  augmented s e t s  of i n p u t s ,  

and,  i n  t h e  case  of queueing t h e o r y ,  t o  produce s t a t e m e n t s  about  

t h e  p h y s i c a l  s t a t e  of a  queue a s  w e l l  a s  t h e  number of v e h i c l e s  i n  i t .  

Secondary r e s e a r c h  e f f o r t s  should be d i r e c t e d  toward u n i f y i n g  t h e  

p r e s e n t  knowledge inco rpora t ed  i n  c a p a c i t y  and f low-dens i ty  r e l a t i o n  

t h e o r i e s .  

ACCIDENT PREDICTION MODEL 

The purpose of t h i s  model is t o  p r e d i c t  t he  l o c a t i o n ,  t y p e ,  

and frequency of a c c i d e n t s  a s  a f u n c t i o n  of t h e  o p e r a t i o n a l  s i t u a -  

t i o n .  S p e c i f i c a l l y ,  t he  model a c c e p t s  a s  i n p u t  t h e  c h a r a c t e r  

of t r a f f i c ,  t h e  performance c a p a b i l i t y  of t h e  v e h i c l e  subsystenz, t h e  

v e h i c l e  c o n t r o l l e r ' s  s t r a t e g i e s ,  t h e  highway network, and t h e  

envi ronmenta l  c h a r a c t e r i s t i c s .  The l i t e r a t u r e  s e a r c h  f a i l e d  t o  r e v e a l  

any models i n  which the  a c t u a l  e v e n t s  preceding  and l e a d i n g  up t o  an 



a c c i d e n t  a r e  taken  i n t o  account .  This  r e p r e s e n t s  t h e  most s e r i o u s  

d e t e r r e n t  t o  t h e  e v a l u a t i o n  of highway t r a r l spo ra t ion  sys tems,  s i n c e  

t h e  o u t p u t  from t h e  a c c i d e n t  p r e d i c t i o n  model, t o g e t h e r  w i th  t h e  

o u t p u t  from t h e  pos t - acc iden t  event  model ( s ee  below),  produces the  

measures of s a f e t y  which a r e  r e q u i r e d  f o r  systems a n a l y s i s .  

POST-ACCIDENT MODEL 

The purpose of t h i s  model is t o  i n t e g r a t e  t h e  in fo rma t ion  produced 

by t h e  a c c i d e n t  model, t h e  impact model,  t h e  i n j u r y  model,  and t h e  r e -  

covery model t o  produce even tua l  measures of t h e  s a f e t y  of t h e  sys tem.  

One p o s s i b l e  means of performing t h i s  i n t e g r a t i o n  i s  sugges t ed  i n  Appen- 

d i x  l - D .  

GUIDELINES FOR RESEARCH ALLOCATION 

In  t h e  i n t r o d u c t i o n  t o  t h i s  chap te r  i t  was recommended t h a t  

r e s e a r c h  r e s o u r c e s  be d i r e c t e d  t o  t hose  systems model a r e a s  char -  

a c t e r i z e d  by inadequate  knowledge r a t h e r  than  t o  a r e a s  presumed t o  

o f f e r  a  h igh  margina l  payoff i n  s a f e t y .  Areas i n  which knowledge 

was found t o  be d e f i c i e n t  were i n d i c a t e d  i n  preceding  s e c t i o n s  of 

t h i s  c h a p t e r .  The c h a p t e r s  which fo l low p r e s e n t  a  more d e t a i l e d  

d i s c u s s i o n  of t he  s t a t e  of knowledge i n  t h e  a r e a s  examined by t h i s  

s t u d y ,  a long  wi th  s u g g e s t i o n s  f o r  p a r t i c u l a r  r e s e a r c h e s .  

In  concluding  t h i s  c h a p t e r ,  we p r e s e n t  some o v e r a l l  g u i d e l i n e s  

f o r  t h e  s e l e c t i o n  of systems model r e s e a r c h  d i r e c t e d  toward t h e  

assumed long-range o b j e c t i v e s  o f t h e  Highway S a f e t y  Research I n s t i t u t e - -  

t o  deve lop  and then  t o  u t i l i z e  s c i e n t i f i c  methods t o  a s s e s s  t h e  e f f e c t s  

of v a r i o u s  r e s o u r c e  a l l o c a t i o n s  i n  e f f o r t s  t o  improve highway sys tems.  

1. Research concerned w i t h  developing a  t r a n s f e r  f u n c t i o n  shou ld  

be a n a l y t i c a l l y  o r i e n t e d ,  since t h e  s t r u c t u r e  is t o  be analogous t o  

t h e  r e a l  p roces s .  In  many of t h e  a r e a s  examined d u r i n g  t h i s  s t u d y ,  

t h e  r e s e a r c h  produced c o r r e l a t i o n a l  models w i t h  l i t t l e  o r  no r e g a r d  

t o  t h e  phys i c s  of t h e  p roces s  being modeled. Research should  aim 

toward a  l e v e l  of c o n c e p t u a l i z a t i o n  beyond raw empir ic i sm i f  t h e  ad- 

van tages  of systems a n a l y s i s  a r e  t o  be r e a l i z e d .  I m p l i c i t  i n  t h i s  

g u i d e l i n e  is t h e  recommendation t h a t  t h e  v a r i a b l e s  of t h e  r e s e a r c h  

s t u d i e s  be concep tua l i zed  i n  a  way t h a t  does n o t  l i m i t  t h e  f i n d i n g s  

t o  s p e c i f i c  hardware components; i . e . ,  t h e  v a r i a b l e s  shou ld  be 

b e h a v i o r a l  i n  n a t u r e  (Ashby, 1958; ~ ~ 1 ) .  



2 .  Research s t u d i e s  shou ld  be compat ib le  wi th  t h e  system s t r u c t u r e  

p r e s e n t e d  h e r e i n  ( o r  one modi f ied  and e n r i c h e d  by f u r t h e r  work of a  

systems g r o u p ) .  Th i s  does no t  imply t h a t  p a r t i c u l a r  i n p u t  and o u t p u t  

measures  a r e  b inding  bu t  r a t h e r  t h a t  t h e  proposed r e s e a r c h  e f f o r t  

be i d e n t i f i e d  w i t h  one of t h e  l e v e l s  ( e q u a t i o n s )  of t h e  systems 

model. Proposed i n p u t s  t o  t h e  r e s e a r c h  e f f o r t  and s t i p u l a t e d  o u t p u t s  

shou ld  be r e a d i l y  i d e n t i f i a b l e  w i t h  a p p r o p r i a t e  sys tems f a c t o r s  

( s k ,  y j ,  x  e t c . ) .  S ince  t h e  n a t u r e  of t h e  systems model d e s c r i b e d  i ' 
i n  t h i s  r e p o r t  is d e s c r i p t i v e ,  r a t h e r  t han  p r e s c r i p t i v e  , t h i s  

i m p l i e s  t h a t  r e s e a r c h  shou ld  be concerned wi th  ex t end ing  the  s t a t e  

of knowledge i n  a r e a s  r e l a t e d  t o  highway sys t ems ,  r a t h e r  than  wi th  

examining remedia l  measures .  The f a i l u r e  of p a s t  a t t e m p t s  t o  f i n d  

remedies  on an i n d i v i d u a l  o r  "patchwork" b a s i s  has  proved t h e  need t o  

work o u t  approaches w i t h i n  a  l a r g e r  system s t r u c t u r e .  

3 .  Research  i n  t h o s e  a r e a s  having e s s e n t i a l  v o i d s  i n  knowledge 

shou ld  t a k e  precedence over  r e s e a r c h  t o  improve e x i s t i n g  model 

s t r u c t u r e s  i n  o t h e r  a r e a s .  Our l i t e r a t u r e  rev iew has  i n d i c a t e d  

s e r i o u s l y  inadequa te  knowledge i n  ( a )  a c c i d e n t  p r e d i c t i o n  methods, 

(b )  c o n t r o l  s t r a t e g y  d e s c r i p t i o n s ,  ( c )  i n fo rma t ion  d e s c r i b i n g  t h e  

sequence of e v e n t s  from impact t o  i n j u r y  sus t a inmen t ,  (d )  d e g r a d a t i o n  

d e s c r i p t i o n s ,  and ( e )  c a s u a l t y  r ecove ry  models.  The precedence 

c r i t e r i o n  s t a t e d  above, however, should  on ly  be a p p l i e d  t o  i tems  

a ,  b ,  and c  s i n c e  i t ems  d  and e  a r e  no t  n e c e s s a r i l y  r e q u i s i t e  t o  

t h e  o p e r a t i o n  of t h e  i n i t i a l  systems a n a l y s i s  model. Ana lys i s  can  

begin  by assuming no d e g r a d a t i o n ,  d e g r a d a t i o n  of a  c o n s t a n t  average  

v a l u e ,  e t c . ,  and a  b i n a r y ,  t r e a t a b l e - f a t a l ,  r ecove ry  system performance.  



APPENDIX 1 - A  

SYSTEhl EFFECT1 VENESS MEASURES 

S e r v i c e  l l e a s u r e s  

Number o f  Passenger -Hours  

Number o f  Ton-Hours 

Average C o n c e n t r a t i o n  ( v e h i c l e s / l a n e  m i l e )  

Average T r a v e l  Time (hours /mi  l e )  

T r i p  T r a v e l  Time ( s p e c i f i e d  o r i g i n ,  r o u t e ,  d e s t i n a t i o n )  

Average Time 

Normat ive  Time 

Average Speed ( m i l e s / h o u r )  

Flow ( v e h i c l e s / h o u r )  

Average Number o f  S t o p s  (number/mi l e )  

T r i p  Number of  S t o p s  

Average De lay  ( h o u r s / a v e r a g e  f r e e - v e l o c i t y  t r i p  t i m e )  

T r i p  De lay  ( h o u r s / f r e e - v e l o c i t y  t r i p  t i m e )  

R a t e  o f  Change i n  Demand ( t r i p s / d a y )  

C a p a c i t y  v s .  Flow 

S a f e t y  Measures  

F requency  of  A c c i d e n t s  (by t y p e )  

F requency  of  A c c i d e n t s  p e r  Mi le  of  Road 

Frequency  o f  A c c i d e n t s  p e r  Mi le  of  V e h i c l e  T r a v e l  

F requency  of  A c c i d e n t s  p e r  Hour of  V e h i c l e  T r a v e l  

F requency  of  I n j u r y  (by l e v e l ) - - P a s s e n g e r  and P e d e s t r i a n s  

Frequency  of  I n j u r y  p e r  P a s s e n g e r  Mi le  

F requency  of  I n j u r y  p e r  P a s s e n g e r  Hour 

Frequency  o f  I n j u r y  p e r  P a s s e n g e r  T r i p  

Frequency  o f  I n j u r y  p e r  V e h i c l e  T r i p  



APPENDIX 1-B 

SUBSYSTEM PERFORMANCE MEASURES 

Speed 

A c c e l e r a t i o n  C a p a b i l i t y  

Minimal S t o p p i n g  D i s t a n c e  

P a n i c  S t o p p i n g  D i s t a n c e  

Range ( g i v e n  a  v e h i c l e  v e l o c i t y )  

Extended T r i p  Range ( t i m e )  

Average Nonextended T r i p  Range 
( t i m e )  

S i g h t  D i s t a n c e  

Headway Maintenance 

Minimum T u r n i n g  R a d i u s  

Brake Fade 

Brake P e d a l  S e n s i t i v i t y  

D e c e l e r a t i o n  and A c c e l e r a t i o n  
Weight T r a n s f e r  

T u r n i n g  Weight T r a n s f e r  

S t e a d y  S t a t e  Weight T r a n s f e r  

V e r t i c a l  D i s t u r b a n c e  

A c c e l e r a t i o n  D i s t a n c e  (from 
z e r o  v e l o c i t y )  

P a s s i n g  D i s t a n c e  ( a c c e l e r a t i o n  
d i s t a n c e  from nonzero  
v e l o c i t y )  

A c c e l e r a t o r  S e n s i t i v i t y  

S t a t i c  S t e e r i n g  S e n s i t i v i t y  

Dynamic S t e e r i n g  S e n s i t i v i t y  

V e h i c l e  S l i p  Angle 

Turn ing  C h a r a c t e r i s t i c  Index 

S t a b i l i t y  Margin 

P r  ( f i r e  b c c i d e n t )  

P r  ( d e s t r u c t i o n  l a c c i d e n t )  

P r ( i n j u r y  l e v e l  i l a c c i d e n t )  

P r  ( i n j u r y  l e v e l  i ] t r a n s m i t t e d  
f o r c e s  = j )  

P r  ( t r a n s m i t t e d  f o r c e s  = j liinpact 
v e c t o r  x )  

P r  ( impac t  v e c t o r  x  l a c c i d e n t )  

Pr  ( s u r v i v a l  [ i n j u r y  l e v e l  i 
and no t r e a t m e n t )  

P r  ( s u r v i v a l  1 a c c i d e n t )  

Recovery Time 

Case F a t a l i t y  R a t i o  

Road S e r v i c e a b i l i t y  

R e q u i r e d  Main tenance  E f f o r t  
( v e h i c l e ,  r o a d )  

I n t e r n a l  Comfort Index 



APPENDIX 1-C 

ROLE OF THE HLIMAN I N  THE HIGHWAY SYSTEM 

I .  The human a s  a  u s e r  of t h e  highway sys tem ( s e e  C h a p t e r  8 ) .  

11, The human a s  a  v e h i c l e  o p e r a t o r  ( s e e  C h a p t e r  6 ) .  

A .  H i s  pe r fo rmance  c a p a b i l i t i e s  
B .  H i s  c o n t r o l  s t r a t e g i e s  

111. The human a s  a  p e d e s t r i a n  

I V .  The human a s  t h e  a g e n t  r e s p o n s i b l e  f o r  subsys tem s e l e c t i o n  
and  m a i n t e n a n c e  

A .  The V e h i c l e  

1. H i s  s e l e c t i o n  of t y p e  and model and f r e q u e n c y  o f  
r e p l a c e m e n t  

2 .  H i s  s e l e c t i o n  of o p t i o n a l  s a f e t y  equ ipment  
3 .  H i s  u s e  o f  s a f e t y  equ ipment  i n  t h e  v e h i c l e  
4 .  H i s  m a i n t e n a n c e  and i n s p e c t i o n  of t h e  v e h i c l e  

B .  The V e h i c l e  O p e r a t o r  

1. H i s  d e c i s i o n  t o  t a k e  d r i v e r  t r a i n i n g  o r  n o t  
2 .  H i s  m a i n t e n a n c e  o f  h i s  m e d i c a l  f i t n e s s  f o r  d r i v i n g  
3 .  H i s  r e s p o n s i b i l i t y  f o r  m a i n t a i n i n g  a  v a l i d  l i c e n s e  
4 .  H i s  m a i n t e n a n c e  o f  h i s  d r i v i n g  c a p a b i l i t i e s  i n  t h e  s h o r t  

r u n  ( e . g . ,  a l c o h o l  consumpt ion ,  f a t i g u e  l e v e l s ,  e t c . )  

C .  M i s c e l l a n e o u s  

1. H i s  r o l e  a s  a  t a x p a y e r  and  v o t e r  i n  s u p p o r t i n g  highway 
c o n s t r u c t i o n ,  mass t r a n s i t  p rograms ,  c o n t r o l l i n g  
l e g i s l a t i o n  o v e r  d r i v e r s  and a u t o m o b i l e  m a n u f a c t u r e r s ,  
e t c .  

2 .  H i s  r o l e  a s  a n  i n s u r a n c e  buyer  
3 .  H i s  consumpt ion  o f  p a r k i n g  and s t o r a g e  f a c i l i t i e s  
4 .  H i s  r o l e  a s  a  Good S a m a r i t a n  o r  r e p o r t e r  o f  a c c i d e n t s  

( s e e  C h a p t e r  4 ) .  

V .  The human a s  a  c o n t r i b u t i n g  f a c t o r  t o  a c c i d e n t s  ( s e e  C h a p t e r  1 1 ) .  

V I .  The human a s  a n  a c c i d e n t  v i c t i m  ( s e e  C h a p t e r  4 ) .  



APPENDIX 1-D 

MEASURES FOR POST-ACCIDZBT EVENT MODEL 

L e t  

A = a c c i d e n t  e v e n t  

I 1  = 
t t h  l e v e l  of i n j u r y  

tk = k t h  l e v e l  of f o r c e s  t r a n s m i t t e d  t o  o c c u p a n t s  

x  = i t h  l e v e l  of impac t  f o r c e  i 
e = j t h  impac t  a n g l e  o f f  t h e  l o n g i t u d i n a l  a x i s  o f  v e h i c l e  
j 

S  = s u r v i v a l  e v e n t  

Then 

P r ( 1 ,  [ A )  = g P ~ ( I ~ I A  . t k )  p r ( t g l A )  

where  

S u b s t i t u t i n g  Eq. 2 i n t o  E q .  1: 

S i n c e  

p r ( x i  . e .  IA) = P r ( x i l e  . A )  P r ( e .  / A )  
J j J 

The f i r s t  term o f  Eq. 3 is o b t a i n e d  f rom a n  i n j u r y  submodel ,  

t h e  second  t e r m  from a n  impac t  submodel ,  and t h e  t h i r d  t e r m  from 

t h e  a c c i d e n t  p r e d i c t i o n  model .  Recovery a s p e c t s  a r e  s i m p l y  

i n c l u d e d  a s  
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2 VEHICLE DYNAMICS 

I NTRODUCT I ON 

For t h i s  p r o j e c t ,  s t u d i e s  i n  t h e  g e n e r a l  a r e a  of v e h i c l e  d e s c r i p -  

t i o n  and performance were l i m i t e d  t o  a  c o n s i d e r a t i o n  of a  s p e c i f i c  

s u b a r e a ,  v e h i c l e  dynamics. The g e n e r a l  purpose i s  t o  i n v e s t i g a t e  t h e  

a r e a  of v e h i c l e  dynamics i n  r e l a t i o n  t o  a  p o s s i b l e  f u t u r e  systems 

a n a l y s i s  of t h e  highway t r a n s p o r t a t i o n  network. I f  t h e  a n a l y s i s  and 

p r e d i c t i o n  of t r a f f i c  a c c i d e n t s  i s  t o  be cons ide red  i n  terms of i n t e r -  

s e c t i n g  v e h i c l e  ( o r  v e h i c l e  and p e d e s t r i a n )  t r a j e c t o r i e s ,  o r  of a  ve- 

h i c l e  t r a j e c t o r y  i n t e r s e c t i n g  a  s t a t i o n a r y  o b j e c t ,  i t  i s  neces sa ry  

t o  unders tand  t h e  dynamic c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  of au to-  

mobiles  and o t h e r  v e h i c l e s .  

The f i r s t  s t e p  toward such an unde r s t and ing  i s  t h e  determi.nat ion 

of a  s e t  of parameters  which adequate ly  d e s c r i b e  t h e  dynamic p e r f o r -  

mance of a  v e h i c l e .  These measures s e r v e  a s  i n p u t s  t o  t h e  o p e r a t i n g  

models,  p a r t i c u l a r l y  t o  t h e  a c c i d e n t - p r e d i c t i o n  model. 

T h i s  s e c t i o n  hypo thes i zes  v e h i c l e  performance measures f o r  f o u r  

b a s i c  v e h i c l e  subsystems o r  component g roups ,  (1)  b rak ing ,  ( 2 )  acce l -  

e r a t i n g ,  (3)  s t e e r i n g ,  and (4 )  suspens ion .  

The component groups may be desc r ibed  by t h e  f u n c t i o n a l  r e l a t i o n -  

s h i p s  among c o n t r o l  s e t t i n g s ,  v e h i c l e  s t a t e  ( v e l o c i t y ,  engine rpm, 

e t c . ) ,  and environmental  f a c t o r s .  But t h e  s p e c i f i c a t i o n  of e n t , i r e  

f u n c t i o n  d e s c r i p t i o n s  is  unduly compl ica ted :  each f u n c t i o n  must i n -  

s t e a d  be d e s c r i b e d  by a  smal l  s e t  of parameter  v a l u e s .  Some su.ch 

parameter  d e s c r i p t i o n s  a r e :  

The f u n c t i o n  may be cons ide red  determined by t h e  o u t p u t  va.lue 

a t  some s p e c i f i e d  i n p u t :  t h i s  o u t p u t  va lue  i s  t h e  pa rame t r i c  d:e- 

s c r i p t o r .  

The f u n c t i o n  may be determined by some smal l  f i n i t e  s e t  of ou t -  

p u t  v a l u e s  a t  s p e c i f i e d  i n p u t s .  

The f u n c t i o n  may be approximated by a  l i n e a r  f u n c t i o n :  t h e  

parameters  ( s l o p e ,  m a t r i x ,  i n t e r c e p t )  of t h e  l i n e a r  f u n c t i o n  a r e  con- 

s i d e r e d  parameters  of t h e  a c t u a l  f u n c t i o n .  



The f u n c t i o n  may be  c o n s i d e r e d  a s  t h e  c o m p o s i t i o n  o f  two o r  more 

s e p a r a t e  s i m p l e  ( o f t e n  l i n e a r )  f u n c t i o n s  o r  a s  t h e  sum o r  p r o d u c t  of 

s i m p l e  f u n c t i o n s  o f  s u b s e t s  o f  t h e  i n p u t ,  

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

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

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

subsys tem b e i n g  i n v e s t i g a t e d .  

F o r  each  o f  t h e  f o u r  g r o u p s  l i s t e d ,  a  l i t e r a t u r e  s e a r c h  was con- 

d u c t e d  t o  uncover  any work done i n  t h e s e  a r e a s  t h a t  would p r o v i d e  

u s e f u l  a n a l y t i c  r e l a t i o n s  f o r  t h e  pe r fo rmance  m e a s u r e s  c h o s e n  o r  

would i n d i c a t e  an  a p p r o a c h  t o  t h e  development  of s u c h  an  a n a l y t i c  

model .  The r e s u l t s  of t h i s  l i t e r a t u r e  s e a r c h  a r e  summarized a t  t h e  

end o f  each  s e c t i o n  u n d e r  t h e  h e a d i n g s  o f  E x i s t i n g  h!odels and  Model 

D e f i c i e n c i e s .  Under E x i s t i n g  Models a r e  l i s t e d  t h e  b a s i c  c h a r a c t e r -  

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

and t h e  a s s u m p t i o n s  u s e d  t o  d e v e l o p  t h e s e  m o d e l s .  Under Model D e f i -  

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

BRAKING 

OPERATIONAL FUNCTIONS 

H y d r a u l i c ,  m e c h a n i c a l ,  e l e c t r i c a l ,  o r  pneumat ic  b r a k i n g  s y s t e m s  

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

i n t o  r e a c t i o n  f o r c e s  a t  t h e  b a s e  of t h e  wheel which c a u s e  v e h i c l e  de- 

c e l e r a t  i o n .  

INPUTS/ OUTPUTS 

The i n p u t s  o f  a  b r a k i n g  s y s t e m  a r e  t h e  o p e r a t o r ' s  c o n t r o l  s i g -  

n a l s  o r  f o r c e s .  These  may be measured e i t h e r  i n  t e r m s  o f  h i s  a p p l i e d  

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

a r e  e i t h e r  d e c e l e r a t i o n  v s .  t i m e  o r  v e h i c l e  p o s i t i o n  v s .  t i m e .  I f  

d e c e l e r a t i o n  o c c u r s  o v e r  a  c u r v e d  p a t h ,  i t  may be n e c e s s a r y  t o  de- 

s c r i b e  t h e  o u t p u t  i n  two d i m e n s i o n s .  

COhlPONENTS ( H y d r a u l i c  B r a k i n g  System) 

1. Brake  p e d a l  and m e c h a n i c a l  l i n k a g e  be tween  p e d a l  and m a s t e r  

c y l i n d e r  

l ~ o n h y d r a u l i c  b r a k i n g  s y s t e m s  a r e  n o t  a n a l y z e d  h e r e .  



2 .  Brake f l u i d  r e s e r v o i r  and mas te r  c y l i n d e r  (pump i f  power 

b rakes )  

3 .  Hydrau l i c  l i n e s  

4 .  Wheel c y l i n d e r s  

5 .  Brake shoes  and brake  drum 

6 .  T i r e s  

7 .  Roadway s u r f a c e  

DEGRADATION PROCESSES 

1. Shear o r  jamming of mechanical  l i n k a g e s  

2 .  Loss of h y d r a u l i c  p r e s s u r e  r e s u l t i n g  from f l u i d  l o s s e s  

3 .  Wear and d e t e r i o r a t i o n  of moving s u r f a c e s ,  b rake  drum-shoe, 

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

p i v o t s  and p i n s  of mechanical  l i n k a g e  

4 .  Breakdown of l u b r i c a n t s  

5 .  Loss of t i r e  p r e s s u r e  

6 .  Contaminat ion of brake  drum-shoe i n t e r f a c e  and t i r e - r o a d  

i n t e r f a c e  caused by a  f i l m  of f o r e i g n  m a t e r i a l  r e s u l t i n g  i n  

lower c o e f f i c i e n t s  of f r i c t i o n  

1, Minimal Stopping Di s t ance :  The f u n c t i o n  parameter  i s  t h e  

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

o r  i n p u t  which r e s u l t s  i n  t h e  s h o r t e s t  p o s s i b l e  s t o p .  

2 .  Pan ic  Stopping Di s t ance :  The parameter  is t h e  s t o p p i n g  d i s -  

t a n c e  f o r  some i n i t i a l  v e l o c i t y  when t h e  o p e r a t o r  a p p l i e s  a  l a r g e  bu t  

c o n s t a n t  brake  peda l  f o r c e .  

3 .  Brake Fade: The pe rcen tage  i n c r e a s e  i n  p a n i c  s t o p p i n g  d i s -  

t a n c e  f o r  some i n i t i a l  v e l o c i t y  a f t e r  t h e  v e h i c l e  has  been s u b j e c t e d  

t o  a  f i x e d  s e r i e s  of  a c c e l e r a t i o n s  and d e c e l e r a t i o n s .  Th i s  parameter  

is assumed t o  be composable (by m u l t i p l i c a t i o n )  w i th  e i t h e r  1 o r  2 .  

4 .  Brake Pedal  S e n s i t i v i t y :  The average  r a t e  change of s t e a d y -  

s t a t e  d e c e l e r a t i o n  wi th  r e s p e c t  t o  t h e  a p p l i e d  f o r c e  of t h e  o p e r a t o r  

(pa rame te r s  e s t a b l i s h e d  by l i n e a r  app rox ima t ion ) .  



EX1 S T I N G  MODELS 

1. S t o p p i n g  D i s t a n c e .  The l i t e r a t u r e  s e a r c h  on  t h e  s u b j e c t  o f  

b r a k i n g  dynamics  h a s  uncovered  no mode ls  f o r  t h e  h y d r a u l i c - m e c h a n i c a l  

l i n k a g e  be tween  t h e  b r a k e  p e d a l  and  b r a k e  drum; however ,  s i m p l e  mode ls  

were  found  f o r  t h e  dynamics  o f  a  one-wheel v e h i c l e .  T h e s e  models  

s t a r t  w i t h  a  b r a k i n g  t o r q u e  a t  t h e  b r a k e  drum and d e s c r i b e  t h e  b r a k i n g  

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

e q u a t i o n s .  One s u c h  model by C h a n d l e r  (1960-61) a c c o u n t s  f o r  s l i p  

between t h e  wheel  and r o a d .  The model r e q u i r e s  t h e  a s s u m p t i o n s  o f :  

1. A s i n g l e  pneumat ic  t i r e  

2 .  A p i e c e - w i s e  l i n e a r  a p p r o x i m a t i o n  t o  t h e  c o e f f i c i e n t  o f  

f r i c t i o n  

3 .  K O  d r a g  f o r c e s  

4 .  A c o n s t a n t  wheel l o a d  

The model is 

where hi = t o t a l  mass s u p p o r t e d  by t h e  wheel  

I = moment o f  i n e r t i a  of t h e  wheel  

R' = t h e  s t a n d i n g  h e i g h t  of t h e  a x l e  

w = a n g u l a r  v e l o c i t y  o f  t h e  wheel  

v  = i n s t a n t a n e o u s  l i n e a r  v e l o c i t y  o f  t h e  moving wheel 

Tb = c o n s t a n t  b r a k i n g  t o r q u e  

f  = r e a c t i o n  t o r q u e  due t o  f o r c e s  between r o a d  and t i r e  

g  = a c c e l e r a t i o n  due t o  g r a v i t y  

n ( s )  = f r i c t i o n a l  c o e f f i c i e n t  between r o a d  and t i r e  a t  s l i p  s 

R = r o l l i n g  r a d i u s  of t h e  t i r e  

s = p r o p o r t i o n a l  s l i p  between r o a d  and t i r e  

t = t i m e  

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

The f i r s t  e q u a t i o n  s t a t e s  t h a t  t h e  o n l y  e x t e r n a l  f a c t o r  c a u s i n g  

l i n e a r  d e c e l e r a t i o n  is t h e  r o a d  r e a c t i o n  f o r c e ,  Mgn(s ) .  The t o r q u e  

e q u a t i o n  assumes a  s t e p  b r a k i n g  t o r q u e  a t  t h e  b r a k e  drum and i g n o r e s  



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

l i n k a g e ,  and any h y d r a u l i c  p r e s s u r e  l o s s e s .  S o l u t i o n s  t o  t h e s e  equa-  

t i o n s  f o r  v ( t )  e x i s t  ( p r o v i d e d  n ( s )  is p i e c e - w i s e  c o n t i n u o u s )  and may 

be  found  n u m e r i c a l l y  f o r  any v e h i c l e  g i v e n  t h e  i n i t i a l  c o n d i t i o n s  f o r  

p o s i t i o n  and v e l o c i t y .  

C h a n d l e r  makes some p r o g r e s s  toward  a n  a n a l y t i c  s o l u t i o n  u s i n g  

a  p i e c e - w i s e  l i n e a r  a p p r o x i m a t i o n  t o  t h e  whee l - road  c o e f f i c i e n t  o f  

f r i c t i o n .  He s o l v e s  f o r  t h e  d i s t a n c e  from b r a k e  a p p l i c a t i o n  i n  t e r m s  

of  t h e  s l i p ,  s .  S i n c e  t h e  f i n a l  v a l u e  o f  s l i p  is n o t  g e n e r a l l y  known, 

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

No c o m p u t a t i o n a l  compar i son  is  made between t h i s  method and conven- 

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

S o l u t i o n s  t o  t h e s e  e q u a t i o n s  o b t a i n e d  by u s i n g  c o e f f i c i e n t s  o f  

f r i c t i o n  s i m i l a r  t o  t h o s e  i n  F i g .  2-1 and t y p i c a l  p a r a m e t e r s  f o r  

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

b r a k i n g  t o r q u e s  ( s e e  F i g .  2 - 2 ) .  T h i s  means t h a t  Eq. 1 c o u l d  be  

u s e d  t o  f i n d  a p p r o x i m a t e  s t o p p i n g  d i s t a n c e s  f o r  a  p a n i c  s t o p .  These  

e q u a t i o n s  a l s o  show t h a t  f o r  a  c o n s t a n t  a p p l i e d  t o r q u e  t h e r e  w i l l  be 

a n  o p t i m a l  v a l u e  f o r  b r a k i n g  t o r q u e  ( i . e . ,  t h e  t o r q u e  r e s u l t i n g  i n  

t h e  s h o r t e s t  b r a k i n g  d i s t a n c e ) .  T h i s  t o r q u e  d e c e l e r a t e s  t h e  v e h i c l e  

i n  s u c h  a  way t h a t  t h e  a v e r a g e  r o a d  r e a c t i o n  f o r c e  is maximum ( f o r  

t h e  c o e f f i c i e n t  of  f r i c t i o n  shown i n  F i g .  2-1 whee l  s l i p  would b e  

m a i n t a i n e d  a t  a  v a l u e  o f  0 . 1  f o r  a s  l o n g  a s  p o s s i b l e ) .  

C h a n d l e r ' s  model assumes t h e  r e t a r d i n g  f o r c e s  come e n t i r e l y  from 

t h e  b r a k e s  ( s e e  Eq. 1 ) ;  h e  n o t e s  t h a t  Mgn(s) is  t h e  o n l y  r e t a r d i n g  

f o r c e  p r e s e n t .  But d u r i n g  a n  a c t u a l  s t o p ,  r e t a r d i n g  f o r c e s  come f rom 

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

by t h e  b r a k e s .  Newcomb (1964) shows t h a t  t h e  t o t a l  of  t h e s e  o t h e r  

r e t a r d i n g  f o r c e s  h a s  t h e  form:  

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

r e a l i s t i c  s t o p p i n g  d i s t a n c e s  c a n  b e  computed by i n c l u d i n g  t h i s  

t e r m  i n  Eq. 1. I n  f a c t ,  Newcomb s t a t e s  from h i s  n u m e r i c a l  s o l u t i o n s  

t h a t  f o r  a  v e h i c l e  d e c e l e r a t i n g  a t  0 . 1  g ,  b r a k e s  a c c o u n t  f o r  o n l y  30% 

o f  t h e  d e c e l e r a t i o n ,  w h i l e  t h e  e n g i n e  d r a g  a c c o u n t s  f o r  30%, and t h e  
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FIGURE 2-2. GRAPHS FOR A LOADED WHEEL FROM 15  MI/HR 



r o l l i n g  drag  and wind f o r c e s  account  f o r  40%. However, f o r  a  d e c e l -  

e r a t i o n  r a t e  of 0 . 5  g ,  which i s  more n e a r l y  a  pan ic  s t o p ,  t h e s e  pe r -  

c e n t a g e s  a r e  86%, 6%, and 8% r e s p e c t i v e l y .  From t h e s e  examples i t  

may be concluded t h a t  pan ic  s topp ing  d i s t a n c e s  may be i n  e r r o r  approx- 

ima te ly  10% i f  t h e  a d d i t i o n a l  drag  f o r c e s  a r e  not  taken  i n t o  a c c o u n t ,  

2 .  Brake Fade.  Newcomb (1960) d i s c u s s e s  t h e  r e l a t i o n  between 

t h e  work done by t h e  braking  system dur ing  a  s t o p  and t h e  f i n a l  tem- 

p e r a t u r e  of t h e  brake  shoe-drum. He r e l a t e s  t h e  work of a  s e r i e s  of 

s t o p s  t o  f i n a l  tempera ture  by c o n s i d e r i n g  t h e  geometry and s p e c i f i c  

hea t  of t h e  drum-shoe and c o o l i n g  f o r  an e q u i v a l e n t  i n f i n i t e  s l a b .  

Using h i s  model t o  de te rmine  f i n a l  o r  s t e a d y - s t a t e  t empera tu re s  of the 

drum and t i r e  a f t e r  a  s e r i e s  of s t o p s ,  it  should  be p o s s i b l e  t o  f i n d  

t h e  maximum braking  t o r q u e .  The model is 

Tb = Rn(v, T)Fh 
max max 

where R = e f f e c t i v e  r a d i u s  of t h e  brake shoe 

n ( v ,  T) = t h e  c o e f f i c i e q t  of f r i c t i o n  between t h e  drum and shoe 

f o r  s l i p  v e l o c i t y ,  v ,  and t empera tu re ,  T 

Fh = maximum f o r c e s  of t h e  h y d r a u l i c  system 
max 

A s i m p l i f i e d  model such a s  t h i s  could  be used wi th  Chand le r ' s  

e q u a t i o n s  t o  f i n d  t h e  pan ic  s topp ing  d i s t a n c e  v s .  brake drum tempera- 

t u r e  o r  f o r  any s e r i e s  of s t o p s .  

hIODEL DEFICIENCIES 

The models uncovered t h u s  f a r  t r e a t  t h e  k inema t i c s  of s imple  ve- 

h i c l e s  o n l y ;  such models do not  account  f o r :  

1. Weight t r a n s f e r s  between wheels 

2 .  The dynamic c h a r a c t e r i s t i c s  of t h e  l i n k a g e s  which t r a n s f e r  

brake  peda l  f o r c e s  t o  brake  drum t o r q u e s  

3 .  C e n t r i f u g a l  f o r c e s ,  wind g u s t s ,  and any o t h e r  e x t e r n a l  f o r c e s  

which might a c t  on t h e  v e h i c l e  

4 .  Fo rces  not  a p p l i e d  through t h e  c e n t e r  of mass of t h e  v e h i c l e  

For a c c u r a t e  p r e d i c t i o n  of v e h i c l e  t r a j e c t o r i e s ,  a  knowledge of 

weight t r a n s f e r s  i s  e s s e n t i a l  s i n c e  t h e  f r i c t i o n a l  f o r c e s  a t  each wheel 



a r e  p r o p o r t i o n a l  t o  i n s t a n t a n e o u s  l o a d s .  Hence when b rak ing  r e s u l t s  

i n  an equal  wheel l o a d i n g ,  t h e  wheels w i l l  l ock  a t  d i f f e r e n t  t i m e s ,  

caus ing  t h e  v e h i c l e  t o  t u r n .  In  a d d i t i o n ,  t h e  t o t a l  dece l e ra t i a ln  r e -  

a c t i o n  t ime ,  i . e . ,  t h e  sum f o r  a l l  t h e  wheels ,  is not  t h e  same a s  t h a t  

f o r  a  one-wheel v e h i c l e  wi th  t h e  same mass. Hence, t h e  s topp ing  d i s -  

t a n c e s  f o r  t h e  two models a r e  d i f f e r e n t .  

The l a c k  of h y d r a u l i c  system models p r e s e n t s  a  s e r i o u s  problem 

i n  t h e  a r e a  of r e l i a b i l i t y  s i n c e  deg rada t ion  of t h i s  system component 

is thought  t o  a f f e c t  s topp ing  d i s t a n c e s  g r e a t l y .  

ACCELERATION 

OPERATION FUNCTION 

Vehic le  a c c e l e r a t i o n  systems supply  t h e  energy r e q u i r e d  t o  a c c e l -  

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

INPUT/OUTPUT 

The i n p u t  t o  t h e  a c c e l e r a t i o n  system i s  e i t h e r  t h e  f o r c e  a p p l i e d  

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

The o u t p u t  of t h e  a c c e l e r a t i o n  system i s  t h e  v e h i c l e  a c c e l e r a t i o n  v s .  

t ime o r  t h e  v e h i c l e  p o s i t i o n  v s ,  t ime .  I t  could  a l s o  be t h e  a c c e l e r -  

a t i o n  f o r c e  v s ,  t ime .  

COMPONENTS 

1. Engine 

2 .  Transmiss ion  

3 .  Drive  t r a i n  

4 .  T i r e s  

DEGRADATION PROCESSES 

1. Shear o r  jamming of  mechanical  ( s o l i d  o r  f l u i d )  l i n k a g e s  

2 .  Breakdown of l u b r i c a n t  

3 .  Loss of t i r e  p r e s s u r e  

4 .  Wear and d e t e r i o r a t i o n  of moving s u r f a c e s  

5 .  Chemical deg rada t ion  of f u e l  

6 .  Chemical o r  mechanical  deg rada t ion  of i g n i t i o n  mechanis~a 

( spa rk  p lugs )  

7 .  Contaminat ion of t h e  t i r e  and road - su r f ace  i n t e r f a c e .  
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PERFORB'IANCE MEASURES 

1. A c c e l e r a t i o n  Di s t ance :  The d i s t a n c e  r e q u i r e d  t o  r e a c h  a  

g i v e n  v e l o c i t y  from a  s t a n d i n g  s t a r t  wi th  f i x e d  t h r o t t l e  p o s i t i o n .  

2 .  Pas s ing  Di s t ance :  The d i s t a n c e  r e q u i r e d  t o  r each  a  g i v e n  

v e l o c i t y  from some i n i t i a l  v e l o c i t y  w i th  f i x e d  t h r o t t l e  p o s i t i o n .  

3 .  S e n s i t i v i t y :  Average r a t e  of change of a c c e l e r a t i o n  wi th  

r e s p e c t  t o  a p p l i e d  f o r c e .  

EX I  STING MODELS 

A s e a r c h  of t h e  a v a i l a b l e  l i t e r a t u r e  on v e h i c l e  dynamics f a i l e d  

t o  d i s c l o s e  any u s e f u l  models f o r  v e h i c l e  a c c e l e r a t i o n .  But i t  can  

be seen  from t h e  b rak ing  model developed by Chandler  (1960-61) t h a t  

t h e  d i f f e r e n c e  between a c c e l e r a t i n g  and b rak ing  a s  f a r  a s  t h e  equa- 

t i o n s  of motion a r e  concerned is  only  a  change i n  s i g n  of t h e  term 

bo. Of cou r se  t h i s  model on ly  t a k e s  i n t o  account  t h e  e f f e c t  of t h e  

change i n  c o e f f i c i e n t  of  f r i c t i o n  wi th  t i r e  s l i p  and is  s u b j e c t  t o  

a l l  t h e  shor tcomings  t h a t  a r e  mentioned i n  t h e  b rak ing  s e c t i o n .  But 

when t h i s  model is augmented a s  sugges ted  i n  t h e  b rak ing  s e c t i o n ,  i t  

o f f e r s  t h e  p o s s i b i l i t y  of becoming a  u s e f u l  model.  

MODEL DEFICIENCIES 

T h i s  model has  many d e f i c i e n c i e s ,  and ,  i n  a d d i t i o n  t o  t h o s e  men- 

t i o n e d  i n  t h e  b rak ing  s e c t i o n ,  t h e  fo l lowing  a r e  of importance f o r  i t s  

u s e  a s  an a c c e l e r a t i o n  model.  The Chandler  model assumes a  c o n s t a n t  

b rak ing  t o r q u e  and,  i f  used a s  an a c c e l e r a t i o n  model,  would imply a  

c o n s t a n t  a c c e l e r a t i n g  t o r q u e  when i n  a c t u a l i t y  t h e  a c c e l e r a t i n g  t o r q u e  

v a r i e s  w i th  eng ine  speed and t r a n s m i s s i o n  r a t i o .  I t  i s  p o s s i b l e  t o  

u s e  a  piece-wise l i n e a r  approximat ion  of t o r q u e  du r ing  a c c e l e r a t i o n ,  

b u t  t h i s  would r e q u i r e  a  ve ry  complex procedure  f o r  de t e rmin ing  t h e  

o u t p u t  of t h e  model i n  a  con t inuous  manner. 

An a d d i t i o n a l  problem i s  t h a t  no a v a i l a b l e  models g i v e  t h e  r e l a -  

t i o n s h i p  between t h e  hardware c h a r a c t e r i s t i c s  of an eng ine  and t h e  

t o r q u e  o u t p u t  of t h e  eng ine .  Many d a t a  a r e  a v a i l a b l e  on s p e c i f i c  en- 

g i n e s  and such a  model would no t  be d i f f i c u l t  t o  c o n s t r u c t ,  b u t  none 

e x i s t  p r e s e n t l y .  I t  is obvious  t h a t  wh i l e  t h e  Chandler  model cannot  

be s imply  modi f ied  t o  app ly  f o r  a c c e l e r a t i o n ,  i t  is a l l  t h a t  is 

p r e s e n t l y  a v a i l a b l e  and can  be used u n t i l  a  more a p p l i c a b l e  model is 

developed .  
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STEER ING 

OPERATION FUNCTION 

The o p e r a t o r  a p p l i e s  f o r c e  t o  a  s t e e r i n g  c o n t r o l  d e v i c e ,  whiich 

is  l i n k e d  t o  t h e  wheels .  The r e a c t i o n  of t h e  pavement w i th  t h e  t i r e s  

c r e a t e s  l a t e r a l  f o r c e s  which t u r n  t h e  v e h i c l e  a x i s  h o r i z o n t a l l y .  

1. S t e e r i n g  wheel 

2 .  S t e e r i n g  gearbox 

3 .  S t e e r i n g  l i n k a g e s  

4 .  T i r e s  

DEGRADATION PROCESSES 

1. Shear  o r  jamming of  mechanical  l i n k a g e  

2 .  Breakdown of l u b r i c a n t  

3 .  Loss of  t i r e  p r e s s u r e  

4 .  Wear and d e t e r i o r a t i o n  of moving s u r f a c e s  

5 .  Contaminat ion of t i re-roadway i n t e r f a c e  

PERFORMANCE MEASURES 

1. S t a t i c  s t e e r i n g  s e n s i t i v i t y ' s  t h e  f o r c e  r e q u i r e d  t o  t u r n  t h e  

wheels  and is g i v e n  by 

change i n  p o s i t i o n  
change i n  f o r c e  

2 .  Dynamic s t e e r i n g  s e n s i t i v i t y :  same a s  above, b u t  h i g h e r  

speed .  

3 .  Vehic l e  s l i p  ang le :  t h e  a n g l e  between v e h i c l e  p a t h  and ve- 

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

4 ,  Curva tu re  r e sponse :  t h i s  index  d e s c r i b e s  i n  p a r t  t h e  dynamic 

c h a r a c t e r i s t i c s  of a v e h i c l e  whi le  t u r n i n g  ( e s p e c i a l l y  i ts s t a b i l i t y ) .  

ad  -R = c o n s t a n t  
av  

where d  = f r o n t  wheel ang le  

v = v e l o c i t y  

R = t u r n  r a d i u s  of c u r v a t u r e  



5 ,  S t a b i l i t y  margin is g iven  by 

where V = v e h i c l e  v e l o c i t y  

u  = c o e f f i c i e n t  of  f r i c t i o n  

R = r a d i u s  of t u r n  

d f  o r  $ = f r o n t  o r  r e a r  wheel t h r u s t  f a c t o r  r 

E X 1  STING MODELS 

The a n a l y s i s  of v e h i c l e  s t e e r i n g  behavior  has  p rog res sed  s t e a d i l y  

s i n c e  t h e  i n i t i a l  work of O l l ey  (1957) and Segel  (1956-57).  Recent 

work has  been done by Radt and h l i l l i ken  (1960) ,  Goland and J i n d r a  

(1961) ,  E l l i s  (1963) ,  and Hoffmann (1964) .  Of t h e s e ,  t h e  work of 

Hoffmann is of p a r t i c u l a r  i n t e r e s t ,  s i n c e  h i s  work i s  p a r t  o f  a  l a r g e r  

program s t u d y i n g  dr iver -vehic le -h ighway i n t e r a c t i o n s  be ing  unde r t aken  

by hIelbourne U n i v e r s i t y .  

Hoffmann s t a r t s  w i th  t h e  b a s i c  e q u a t i o n s  of motion and a p p l i e s  

them f i r s t  t o  a  s imple  l i n e a r  model t h a t  does not  a l l ow s k i d d i n g  and 

t h e n  t o  a  more s o p h i s t i c a t e d  n o n l i n e a r  model t h a t  t a k e s  t i r e  s k i d d i n g  

and breakaway i n t o  c o n s i d e r a t i o n .  Of i n t e r e s t  h e r e  is t h e  second o r  

n o n l i n e a r  model s i n c e  i t  is  a  more r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  

a c t u a l  behav io r  of rubber-wheeled v e h i c l e s .  

The e q u a t i o n s  of motion a r e :  

where iv1 = t o t a l  mass of t h e  v e h i c l e  

V = v e l o c i t y  of t h e  v e h i c l e  

R = r a d i u s  of t h e  t u r n  

Ff = s i d e  f o r c e  a t  f r o n t  t i r e s  

Fr 
= s i d e  f o r c e  a t  r e a r  t i r e s  

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

b  = d i s t a n c e  from r e a r  wheels t o  v e h i c l e  c e n t e r  of g r a v i t y  



Solv ing  t h e s e  e q u a t i o n s  f o r  t h e  s t e a d y - s t a t e  c a s e ,  Hoffman devel.ops 

t h e  fo l lowing  r e l a t i o n s  between f r o n t  wheel a n g l e ,  v e h i c l e  s l i p  a n g l e ,  

and r a d i u s  of c u r v a t u r e :  

where d  = f r o n t  wheel a n g l e  

u  = c o e f f i c i e n t  of f r i c t i o n  

2, , t f  = r e a r  o r  f r o n t  wheel t h r u s t  f a c t o r  

k = r e a r  o r  f r o n t  t i r e  e l a s t i c  c o n s t a n t  k r '  f  
Cr, Cf = r e a r  o r  f r o n t  wheel c o r n e r i n g  s t i f f n e s s  

g  = a c c e l e r a t i o n  due t o  g r a v i t y  

B = v e h i c l e  s l i p  a n g l e  

These two e q u a t i o n s  ( 7  and 8) a r e  t h e  sou rce  of  t h r e e  p e r f o r -  

mance measures  of t h e  s t e e r i n g  subsystem. F i r s t ,  t h e  e q u a t i o n s  them- 

s e l v e s  g i v e  t h e  i n p u t / o u t p u t  r e l a t i o n s h i p  between f r o n t  wheel a n g l e  

o r  s t e e r i n g  wheel p o s i t i o n  a s  t h e  i n p u t  and v e h i c l e  s l i p  a n g l e  and 

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

E q .  7 wi th  r e s p e c t  t o  t h e  v e l o c i t y  g i v e s  t h e  fo l lowing  e x p r e s s i o n  f o r  

t h e  c u r v a t u r e  r e sponse  of t h e  v e h i c l e :  

T h i r d ,  i t  can  be s e e n  from E q .  7 t h a t  a z e r o  f o r  e i t h e r  of t h e  l o g  

te rms  w i l l  i n d i c a t e  t h a t  t h e  v e h i c l e  has  gone i n t o  a  s k i d .  Hence, t h e  

v a l u e  of t h e  s m a l l e r  of t h e s e  two te rms  is t h e  v e h i c l e  s t e e r i n g  s t a -  

b i l i t y  margin:  



A d d i t i o n a l  i n f o r m a t i o n  is a v a i l a b l e  from t h e s e  pe r fo rmance  mea- 

s u r e s  a s  t h e y  a r e  a p p l i e d  t o  v e h i c l e s .  Any one o f  t h e s e  t h r e e  w i l l  

g i v e  an  i n d i c a t i o n  o f  t h e  s t a t e  o f  t h e  v e h i c l e  i n  t e r m s  of i t s  "over -  

s t e e r "  o r  " u n d e r s t e e r "  c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  t h e  f i r s t  s e t  

of e q u a t i o n s  a l l o w s  a  d e t e r m i n a t i o n  o f  t h e  v e h i c l e  p o s i t i o n  o r  a t t i t u d e  

w i t h  r e s p e c t  t o  t h e  a c t u a l  p a t h  of t h e  v e h i c l e .  The second  measure  

is of  v a l u e  i n  d e t e r m i n i n g  whe ther  a  v e h i c l e  w i l l  undergo  a  sudden 

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

p r o v i d e s  a n  i n d i c a t i o n  o f  t h e  v e l o c i t y  a t  which a  s k i d  w i l l  o c c u r .  

hlODEL DEFICIENCIES 

The model d e v e l o p e d  by Hoffmann c o n s i d e r s  o n l y  t h e  e f f e c t s  of 

mass ,  i n e r t i a ,  and t i r e s .  I t  d o e s  n o t  i n c l u d e  t h e  e f f e c t s  o f  w e i g h t  

t r a n s f e r s  which c a n  b e  c a u s e d  by a  number of f a c t o r s ,  i n c l u d i n g  t h e  

i n d e p e n d e n t  f r o n t  s u s p e n s i o n ,  r e a r  r o l l  s t e e r ,  body r o l l ,  wind g u s t s  

and l o a d s ,  uneven r o a d  s u r f a c e ,  and n o n s y m m e t r i c a l l y  l o a d e d  v e h i c l e s .  

The model a l s o  assumes t h a t  t h e r e  i s  no l o s s  o f  c o n t a c t  between t h e  

t i r e  and t h e  r o a d  and t h a t  t h e  c o e f f i c i e n t  o f  f r i c t i o n  i s  a  c o n s t a n t .  

The b a s i c  e q u a t i o n s  do n o t  t a k e  i n t o  a c c o u n t  t h e  f o r c e s  p roduced  by 

g r a d e  o r  s u p e r e l e v a t i o n ,  o r  t h e  f o r c e s  c a u s e d  by wind l o a d s .  

I t  is a p p a r e n t  t h a t  t h e  f a c t o r s  n o t  i n c l u d e d  a r e  of c o n s i d e r a b l e  

impor tance  when s k i d d i n g  is imminent .  A t  t h i s  p o i n t  w e i g h t  t r a n s f e r  

c a u s e s  u n e q u a l  wheel l o a d i n g  and t h e  w h e e l s  do n o t  b r e a k  away i n  t h e  

u n i f o r m  manner p r e d i c t e d  by t h e  model .  F u r t h e r ,  t h e  c h a n g e s  i n  c o e f -  

f i c i e n t  of f r i c t i o n  and wheel l o a d s  c o u l d  combine i n  such  a  way t h a t  

t h e  v e h i c l e  would r e a c t  i n  a  manner o p p o s i t e  t o  t h a t  i n d i c a t e d  by t h e  

mode l .  T h i s  i s  p a r t i c u l a r l y  l i k e l y  on s t e e p  g r a d e s  where t h e  w e i g h t  

t r a n s f e r  would b e  v e r y  l a r g e ,  c a u s i n g  t h e  v e h i c l e  t o  b r e a k  away r e a r -  

end f i r s t  r a t h e r  t h a n  f r o n t - e n d  f i r s t  a s  t h e  model would p r e d i c t .  

OPERAT I O N  FUNCT ION 

V e h i c l e  s u s p e n s i o n  s y s t e m s  a b s o r b  r o a d  s h o c k ,  d i s t r i b u t e  dynamic 

r e a c t i o n  f o r c e s  s o  t h a t  wheel  l o a d i n g  is a p p r o x i m a t e l y  u n i f o r m ,  and 

damp u n d e s i r a b l e  m o t i o n .  

SUSPENSION 

INPUT S/OUTPUTS 

The i n p u t  t o  a  s u s p e n s i o n  sys tem is  t h e  d i s t r i b u t i o n  o f  r o a d  

e l e v a t i o n s  a t  e a c h  wheel  and  t h e  f o r c e s  d e t e r m i n e d  by s t e e r i n g ,  b rak-  

i n g ,  and a c c e l e r a t i n g  a c t i v i t i e s .  The r o a d  i n p u t  c a n  be c o n c e p t u a l l y  



measured i n  terms of a  v e r t i c a l  d i s t a n c e  v s .  p o s i t i o n  on t h e  r o a d .  

The o u t p u t  of a  suspens ion  system is t h e  wheel l o a d i n g ,  t h e  v e h i c l e  

motion i n  t h e  v e r t i c a l  d i r e c t i o n ,  and t h e  angu la r  motion about  t h e  

c e n t e r  of g r a v i t y .  T h i s  o u t p u t  may be measured i n  te rms  of t h e  ve r -  

t i c a l  p o s i t i o n  of t h e  v e h i c l e ' s  c e n t e r  of g r a v i t y ,  and p i t c h ,  r o l l ,  

and yaw a n g l e s ,  v s .  t ime .  

1. Urheels 

2 .  Sp r ings  o r  t o r s i o n  b a r s  

3 .  Shock a b s o r b e r s  

4 .  Vehic le  'body 

DEGRADATION PROCESSES 

1. Shear of s p r i n g s  

2 .  T i r e  blow-outs 

3 .  F a t i g u e  of s p r i n g s  r e s u l t i n g  i n  v a r i a t i o n s  i n  s p r i n g  con- 

s t a n t s  

4 .  Wear of shock a b s o r b e r s  r e s u l t i n g  i n  lower damping c o e f f i -  

c i e n t s  

5 .  D e t e r i o r a t i o n  of t h e  road  r e s u l t i n g  i n  a  change of i t s  power 

spectrum ( c r a c k s ,  r u t s ,  p a t c h e s ,  deformat ion  of founda t ion )  

PERFORMANCE MEASURES 

1. D e c e l e r a t i o n  and a c c e l e r a t i o n  weight t r a n s f e r :  hlaximuni per -  

cen tage  of weight t r a n s f e r  from r e a r  t o  f r o n t  wheels  du r ing  

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

2 .  Turning weight t r a n s f e r :  Maximum pe rcen tage  of weight  t r a n s -  

f e r  from one s i d e  t o  t h e  o t h e r  du r ing  a  c o n s t a n t - r a d i u s ,  

c o n s t a n t - v e l o c i t y  t u r n .  

3 .  S t e a d y - s t a t e  weight t r a n s f e r :  The peak o r  RhlS (root-mean- 

s q u a r e  average)  weight t r a n s f e r  about  t h e  p i t c h  o r  r o l l .  a x i s  

r e s u l t i n g  from t h e  s u r f a c e  i r r e g u l a r i t i e s  of some " s t anda rd"  

road  s u r f a c e .  

4 .  V e r t i c a l  d i s t u r b a n c e :  The peak o r  RMS v e r t i c a l  movement of 

t h e  c e n t e r  of g r a v i t y  r e s u l t i n g  from t h e  s u r f a c e  i r r e g u l a r i -  

t i e s  of a  "s tandard"  r o a d .  



E X 1  STING hIODELS 

The t o t a l  v e h i c l e - d r i v e r  suspens ion  system can  be model led i n  

te rms  of spr ing-mass systems t o  de te rmine  motion r e l a t i v e  t o  v e h i c l e  

t r a j e c t o r y .  Roughly t h e  system c o n s i s t s  of f o u r  wheels ,  t h e  v e h i c l e  

body, and t h e  d r i v e r .  A comprehensive model might a l l ow 6 d e g r e e s  of 

freedom f o r  t h e  body ( 3  i n  t r a n s l a t i o n  and 3 i n  r o t a t i o n ) ;  2 f o r  each 

wheel ,  assuming them independen t ly  sprung ( 1  f o r  v e r t i c a l  t r a n s l a t i o n  

and 1 f o r  r o t a t i o n  about  t h e  v e h i c l e  r o l l  a x i s ) ;  and 1 f o r  t h e  v e r t i c a l  

d r i v e r  mot ion .  However, a s  shown by h!. Mitschke (1961) ,  a  s imp le r  

system g i v e s  r e s u l t s  which a g r e e  w e l l  w i t h  expe r imen ta l  d a t a .  Th i s  

model, shown s c h e m a t i c a l l y  i n  F i g .  2 - 3 ,  w i l l  a l l ow u s  t o  r e l a t e  t h e  

l i s t e d  performance measures  t o  v e h i c l e  d e s i g n  and " s t anda rd  r o a d s . "  

Wr i t i ng  t h e  u s u a l  f o r c e  and t o r q u e  e q u a t i o n s  l e a d s  t o  a  system of 

l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  where t h e  dependent v a r i a b l e s  a r e  t h e  

v e r t i c a l  p o s i t i o n s  of t h e  f r o n t  wheels (assumed t o  be t i e d  t o g e t h e r ) ,  

t h e  r e a r  wheels  ( a l s o  assumed t i e d ) ,  t h e  body, t h e  d r i v e r ,  and t h e  

p i t c h  a n g l e  of t h e  body. The nonhomogeneous p a r t  of t h e s e  e q u a t i o n s ,  

o r  " t h e  f o r c i n g  f u n c t i o n s , "  a r e  t h e  road  s u r f a c e  p e r t u r b a t i o n s  i n  t h e  

v e r t i c a l  d i r e c t i o n  and t h e  r e a c t i o n  t o r q u e s  of t h e  road  from a c c e l e r a -  

t i o n  and d e c e l e r a t i o n .  Through t h e  Laplace  o r  F o u r i e r  t r a n s f o r m a t i o n s ,  

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

l a t i o n s  which can  be so lved  f o r  t h e  independent  v a r i a b l e s  i n  te rms  of 

t h e  a p p l i e d  f o r c i n g  f u n c t i o n s .  For  example, 

where 9 i s  t h e  p i t c h  a n g l e  of t h e  v e h i c l e  

H (w) and A2(w) a r e  t r a n s f e r  f u n c t i o n s  f o r  t h e  d i f f e r e n t i a l  
1 

e q u a t i o n s  

D(w) is  t h e  F o u r i e r  t r ans fo rm of t h e  road  s u r f a c e  

T (w) i s  t h e  e f f e c t i v e  r e a c t i o n  t o r q u e  r e s u l t i n g  from 
a  

changes i n  v e h i c l e  v e l o c i t y  

w is  t h e  F o u r i e r  t r ans fo rm v a r i a b l e  

S i m i l a r  e q u a t i o n s  can  be w r i t t e n  f o r  v e r t i c a l  mot ions .  For  any g iven  

road  c o n f i g u r a t i o n  D(w) and v e h i c l e  a c c e l e r a t i o n  Ta(w) ,  t h e  p i t c h  mo- 

t i o n  Q ( t )  o r  o t h e r  v e r t i c a l  motions can  be found n u m e r i c a l l y ,  i f  no t  

a n a l y t i c a l l y ,  u s i n g  such r e l a t i o n s .  



FIGURE 2-3 ,  EQUIVALENT VIBRATION DIAGRAM OF A VEHICLE 



From t h e  computed mot ions ,  t h e  f r o n t -  and rear -wheel  l o a d i n g  and 

t h e  a c c e l e r a t i o n s  of t h e  occupant  can  be computed. 

Weight T r a n s f e r s  f o r  P a n i c  S tops  and Maximum A c c e l e r a t i o n .  Dur- 

i n g  a c c e l e r a t i o n s  t h e  road  f o r c e s  do not  a c t  th rough t h e  c e n t e r  of 

g r a v i t y  and r e s u l t  i n  p i t c h  motions o r  dynamic weight t r a n s f e r s .  I f  

du r ing  pan ic  b rak ing  s u f f i c i e n t  weight is t r a n s f e r r e d  t o  t h e  f r o n t  

wheel ,  t h e  c a r  w i l l  be u n s t a b l e  ( i . e . ,  k t  w i l l  s p i n  o u t  of t h e  d r i v e r ' s  

c o n t r o l ) .  According t o  L i s t e r  (no d a t e  g iven)  t h i s  phenomenon o c c u r s  

i n  a  l a r g e  number of a c c i d e n t s .  Spin  d u r i n g  panic  b rak ing  is a  h i g h l y  

i r r e g u l a r  phenomenon a s  i l l u s t r a t e d  by F i g .  2-4 .  The tendency f o r  r e a r  

brake  lock  depends upon t h e  geometry of t h e  v e h i c l e ,  t h e  road-wheel 

c o e f f i c i e n t  of f r i c t i o n ,  and t h e  f ront -wheel  weight t r a n s f e r ;  t h e r e -  

f o r e  a c c e l e r a t i o n  weight t r a n s f e r  (AWT), a s  a  s i n g l e  performance mea- 

s u r e ,  w i l l  no t  comple te ly  p r e d i c t  b rak ing  s p i n s .  I t  w i l l ,  however, 

i n d i c a t e  such t e n d e n c i e s .  

To c a l c u l a t e  AWT from t h e  diagram, one must f i n d  t h e  a c c e l e r a t i o n  

r e a c t i o n  t o r q u e ,  Ta. The e q u a t i o n s  of motion p r e v i o u s l y  d e s c r i b e d  do 

not  i n c l u d e  t h e  l i n e a r  v e h i c l e  motion which is coupled  t o  t h i s  t o r q u e .  

In  any c a s e ,  a  f i r s t  approximat ion  would be 

Where h  i s  t h e  s t a t i c  h e i g h t  of t h e  v e h i c l e ' s  c e n t e r  of g r a v i t y .  A s -  

suming a  c o n s t a n t  d e c e l e r a t i o n  and a  smooth road ,  one could  f i n d  

6 ( t )  = MhA J o ~ 2 ( t  - r d r  

where A is t h e  ampl i tude  of d e c e l e r a t i o n  and H2( t )  i s  t h e  impulse 

t o r q u e  response  ( i . e . ,  t h e  i n v e r s e  Laplace  t r ans fo rm of H Z ( s ) ) .  From 

@(a) t h e  compression of t h e  f r o n t  wheel s p r i n g s  and t h e  f o r c e  o r  weight  

t r a n s f e r  t o  t h e  f r o n t  wheels  a r e  c a l c u l a t e d  

Random Roads. The c a l c u l a t i s n  of s t e a d y - s t a t e  weight  t r a n s f e r s  

and v e r t i c a l  d i s t u r b a n c e s  from road  i r r e g u l a r i t i e s  r e q u i r e s  an  ap- 

proach  s l i g h t l y  d i f f e r e n t  from AWT computa t ions .  T h i s  is because  t h e  

f o r c i n g  f u n c t i o n s  o f  t h e  road  a r e  random. The approach of some work- 

e r s  (Bussman, 1964) has  been t o  assume v e r t i c a l  p e r t u r b a t i o n s  f o r  t h e  

road  which a r e  wide-sense s t a t i o n a r y  s t o c h a s t i c  p r o c e s s e s .  T h i s  
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assumption a l l o w s  computat ion of t h e  a u t o c o r r e l a t i o n  f u n c t i o n  f o r  

O(t) u s i n g  

where R ( t )  i s  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  f o r  t h e  r o a d .  By t h e  a s -  

sumption of s t a t i o n a s i t y ,  t h e  RYS p i t c h  motions a r e  found from R ( O ) .  

In a  s i m i l a r  f a s h i o n  t h e  RMS v e h i c l e  weight  t r a n s f e r  and t h e  v e r t l c a l  

motions o r  a c c e l e r a t i o n s  of t h e  d r i v e r  o r  v e h i c l e  can be computed. 

Computations a long  t h e s e  l i n e s  have been made by Mitschke.  The 

power s p e c t r a  used  i n  t h e s e  computa t ions  were measured by Walls e t  

a l .  (unda ted)  . 
Peak hlotions and A c c e l e r a t i o n .  To f i n d  peak v a l u e s  f o r  a e c c 1 t t ~ -  

a t i o n s  and motion r e q u i r e s  assumption of a  Gauss ian  s t o c h a s t i c *  pro--  

c e s s .  With t h i s  assumpt ion ,  t h e  v e h i c l e  motions a r e  a l s o  Gausslan 

and hence a  d i s t r i b u t i o n  f u n c t i o n  f o r  t h e  d i f f e r e n c e  i n  i n i t i a l  and 

f i n a l  v e h i c l e  p o s i t i o n s  f o r  t h e  t ime  i n t e r v a l ,  say  t l  t o  t 2 ,  can  bc 

computed. From t h e  d i s t r i b u t i o n  f u n c t i o n  t h e  p r o b a b i l i t i e s  of peak 

motion can be found .  

NODEL DEFICIENCIES 

A .  Few measurements of road power s p e c t r a  a r e  a v a i l a b l e .  

B, Extreme road  s u r f a c e  i r r e g u l a r i t i e s  such a s  "chuck holes"  

cause  some v e h i c l e s  t o  respond acco rd ing  t o  n o n l i n e a r  e q u a t i o n s  be- 

cause  t h e  wheel s t o p s  l i m i t  v e r t i c a l  wheel t r a v e l .  L i n e a r  models 

w i l l  no t  p r e d i c t  t h e s e  e v e n t s .  

C .  The reviewed models do not  account  f o r  a i r  l i f t  

D. The models do not  i n c l u d e  l i n e a r  v e h i c l e  motion and t h e r e -  

f o r e  weight  t r a n s f e r  computa t ions  r e q u i r e  an assumed a c c e l e r a t i n g  r e -  

a c t i o n  t o r q u e .  

E .  No models were found f o r  v e h i c l e  r o l l  motion a l t hough  models 

s i m i l a r  t o  t h o s e  used h e r e  f o r  p i t c h  motion w i l l  p robably  work. 

G .  l los t  e x i s t i n g  models do not t r e a t  t h e  c r o s s  c o r r e l a t i o n  be- 

tween i n p u t s  from d i f f e r e n t  whee ls .  T h i s  no t  on ly  compl i ca t e s  t h c  

model,  bu t  p r e s e n t s  t h e  a d d i t i o n a l  d i f f i c u l t y  of measuring t h e  c r o s s  

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



CONCLUSION 

Veh ic l e  dynamics a r e  r e l a t e d  t o  t r a f f i c  s a f e t y  i n  o u r  s t u d y  

through t h e  u s e  of subsystem performance measures .  P r e d i c t i o n  of ve- 

h i c l e  dynamics p e r m i t s  e s t i m a t i o n  of t h e s e  measures  which i n  t u r n  

a l l o w s  p r e d i c t i o n  of c o l l i s i o n  f r e q u e n c i e s .  The l i s t e d  performance 

measures  a r e  impor tan t  d e s c r i p t o r s  of v e h i c l e  c a p a b i l i t y ;  however, 

t h e i r  importance t o  a c c i d e n t  p r e d i c t i o n  and a n a l y s i s  remains t o  be 

e s t a b l i s h e d .  

Once a comprehensive,  u s e f u l  s e t  of performance measures  is es-  

t a b l i s h e d ,  t hen  models r e l a t i n g  t h e s e  performance measures  t o  hard-  

ware des ign  and o p e r a t i o n  must be d e r i v e d  and e v a l u a t e d  i f  t h e  e f f e c t s  

of  d e s i g n  and o p e r a t i o n a l  m o d i f i c a t i o n s  a r e  t o  be e v a l u a t e d  i n  te rms  

of c o l l i s i o n  f r equency .  For  t h e  components l i s t e d ,  no such models 

were found f o r  t h e  fo l lowing  performance measures .  

1. Brake peda l  s e n s i t i v i t y  

2 .  S t a t i c  s t e e r i n g  s e n s i t i v i t y  

3 .  Dynamic s t e e r i n g  s e n s i t i v i t y  

4 .  Turning  weight t r a n s f e r  

5 ,  S t e a d y - s t a t e  weight  t r a n s f e r  ( p i t c h )  

6 .  A c c e l e r a t i o n  s e n s i t i v i t y  

Even f o r  t h o s e  models which have been p o s t u l a t e d ,  i t  was p o s s i -  

b l e  t o  f i n d  l i t t l e  e m p i r i c a l  v e r i f i c a t i o n .  

The g r e a t e s t  shortcoming i n  t h e  a r e a  of modeling v e h i c l e  dynam- 

i c s  i s  t h e  l a c k  of a  s i n g l e  composi te  model which r e l a t e s  t h e  v e h i c l e  

i n p u t s  ( s t e e r i n g ,  b r a k i n g ,  and a c c e l e r a t i o n  c o n t r o l s  and envi ron-  

menta l  f o r c e s ) ,  des ign  pa rame te r s ,  and envi ronmenta l  c o n d i t i o n s  t o  

v e h i c l e  t r a j e c t o r i e s .  Such a  model cou ld  be u s e f u l  f o r :  

1. S imula t ing  p r e c o l l i s i o n  e v e n t s  

2 .  Reducing t h e  c o s t  of o b t a i n i n g  d a t a  on v e h i c l e  dynamics 

3 .  R e l a t i n g  performance measures  t o  hardware d e s i g n  

Those approximate models found f o r  d e s c r i b i n g  subsystem per 'for- 

mance h a r d l y  s u f f i c e  f o r  t r a j e c t o r y  s i m u l a t i o n  s i n c e  they  p r e d i c t  ve- 

h i c l e  dynamics on ly  f o r  s p e c i a l  c i r cums tances .  These models most 

l i k e l y  could  no t  be used f o r  p r e d i c t i n g  v e h i c l e  r e sponse  t o  mu1t:iple 

i n p u t s  t o  t h e  v e h i c l e  s i n c e  t h e  e q u a t i o n s  of motion a r e  non1inea.r. 



T h e r e f o r e ,  a  summary of t h i s  s e c t i o n  can  be expres sed  i n  t h e  

fo l lowing  two recommendations: 

1. F ind  a  comprehensive s e t  of performance measures  f o r  v e h i c l e  

dynamics d e s c r i p t i o n  which can  s e r v e  a s  i n p u t s  t o  t h e  a c c i d e n t  pre-  

d i c t i o n  model. 

2 .  Develop a  s i n g l e  mode1 f o r  v e h i c l e  dynamics t h a t  i n c l u d e s  

a l l  t y p e s  of i n p u t s  ( c o n t r o l ,  environment ,  and d e s i g n )  . 
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3 THE HIGHWAY 

INTRODUCTION 

I n  t h e  s y s t e m  s t r u c t u r e  of highway o p e r a t i o n s ,  t h e  env i ronment  

w i t h i n  which  t h e  v e h i c l e  o p e r a t e s  h a s  been s u b d i v i d e d  i n t o  f o u r  s e p a r -  

a t e  a r e a s ,  highway g e o m e t r y ,  highway m a t e r i a l s ,  t r a f f i c  c o n t r o l  de- 

v i c e s ,  and t h e  dynamic e n v i r o n m e n t .  Highway Geometry c o n c e r n s  t h e  

geometry  of t h e  e n v i r o n m e n t ,  i . e . ,  t h e  s p a t i a l  r e l a t i o n s h i p s  t h a t  de-  

s c r i b e  t h e  r e l a t i v e  l o c a t i o n  and e l e v a t i o n  o f  t h e  r o a d  and a d j a c e n t  

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

o f  mot ion  and of  v i s i b i l i t y  f rom v e h i c l e s .  Highway M a t e r i a l s  c o n c e r n s  

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

s t r e n g t h  and v i s i b i l i t y  p r o p e r t i e s ;  w i t h i n  t h i s  s e c t i o n  t h e  micro-  

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

s t u d i e s  is  a l s o  t r e a t e d .  T r a f f i c  C o n t r o l  D e v i c e s  c o n c e r n s  t h e  message 

c h a r a c t e r i s t i c s  o f  t r a f f i c  c o n t r o l  d e v i c e s .  F i n a l l y ,  t h o s e  a s p e c t s  

o f  t h e  env i ronment  t h a t  a r e  dynamic i n  n a t u r e  a r e  t r e a t e d  s e p a r a t e l y  

i n  C h a p t e r  9 .  

HIGHWAY GEOMETRY 

B e f o r e  a n  a n a l y s i s  o f  a u t o  b e h a v i o r  c a n  be made, t h e  g e o m e t r i c s  

o f  t h e  highway and t h e  s u r r o u n d i n g  env i ronment  must  be d e f i n e d .  Thus ,  

a n  e f f o r t  h a s  been made t o  d e f i n e  t h e  highway i n  p u r e l y  g e o m e t r i c  

t e r m s .  No c o n s i d e r a t i o n  h a s  been g i v e n  t o  t h e  v e h i c l e  o r  m a t e r i a l s  

i n v o l v e d .  A l s o  no u s e  o f  c u r r e n t  d e s i g n  s t a n d a r d s  o r  t r e n d s  a r e  con- 

s i d e r e d  s i n c e  t h e s e  c o n s i d e r a t i o n s  a r e  d e p e n d e n t  on t h e  v e h i c l e  and 

m a t e r i a l s  a s  w e l l  a s  g e o m e t r i c s .  However, a  l ist o f  c u r r e n t  dlesign 

s t a n d a r d s  is i n c l u d e d  a t  t h e  end o f  e a c h  s e c t i o n  f o r  c o n v e n i e n c e .  

I t  is r e a d i l y  a p p a r e n t  t h a t  t h e r e  is  a  g r e a t  v a r i a t i o n  i n  t h e  

geomet ry  o f  d i f f e r e n t  h ighways.  A s  t h e  s e r v i c e  l e v e l  of  a  hig'hway 

r i s e s ,  g e o m e t r i c  s t a n d a r d s  become more s t r i n g e n t .  Thus ,  t h e  g e n e r a l  

t y p e s  o f  highways c a n  g e n e r a l l y  be  d i s t i n g u i s h e d  by t h e i r  gene:ra l  

g e o m e t r i c  c h a r a c t e r i s t i c s .  A l s o ,  between highways o f  t h e  same c l a s s ,  

e a c h  f a c i l i t y  h a s  its own e x c l u s i v e  geomet ry .  Thus e a c h  highway c a n  



b e  u n i q u e l y  d e f i n e d .  T h i s  w i l l  a l l o w  t h e  v e h i c l e  t o  be  p l a c e d  i n  any 

t y p e  o f  e x i s t i n g  o r  p r e d i c t e d  env i ronment  w i t h  highway g e o m e t r i c s  

s t r i c t l y  d e f i n e d ,  

The form o f  t h e  g e o m e t r i c  d e f i n i t i o n s  must  be  s u c h  t h a t  when 

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

model is  m e a n i n g f u l .  The g e o m e t r i c  d e f i n i t i o n s  must  be  s u c h  t h a t  

when a  v e h i c l e  is p l a c e d  on t h i s  g e o m e t r y ,  i t s  movement w i l l  be mea- 

s u r e d  by a n  i n t e r a c t i o n  o f  g e o m e t r i c  and v e h i c l e  c h a r a c t e r i s t i c s .  

I t  is b e l i e v e d  t h a t  t h e  b e s t  way t o  d e f i n e  highway g e o m e t r i c s  

is f i r s t  t o  l o c a t e  t h e  c e n t e r l i n e  w i t h  r e s p e c t  t o  a  b a s i c  x ,  y ,  z  

c o o r d i n a t e  s y s t e m .  Thus t h e  b e g i n n i n g  o f  a highway migh t  b e  con- 

s i d e r e d  t h e  o r i g i n  ( 0 , 0 , 0 ) .  T h i s  b a s e  c o o r d i n a t e  s y s t e m  s h o u l d  be 

o r i e n t e d  w i t h  t h e  x - a x i s  i n  a  w e s t - e a s t  d i r e c t i o n  and t h e  y - a x i s  i n  

a  s o u t h - n o r t h  d i r e c t i o n .  T h i s  c o n v e n t i o n  w i l l  f a c i l i t a t e  t h e  l o c a t i o n  

o f  c o o r d i n a t e  p o i n t s  s i n c e  t a n g e n t s  a r e  g i v e n  i n  b e a r i n g  n o t a t i o n .  

A f t e r  t h e  l o c a t i o n  o f  a  p o i n t  on t h e  c e n t e r l i n e  h a s  been de- 

f i n e d  i n  t h e  b a s i c  c o o r d i n a t e  s y s t e m ,  a  s e c o n d a r y  c o o r d i n a t e  s y s t e m  

( u ,  v ,  w) is d e f i n e d  a t  t h a t  p o i n t .  The u - a x i s  of  t h i s  s e c o n d a r y  

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

t a i n e d  i n  t h e  x-y p l a n e .  T h i s  a l l o w s  t h e  w-axis t o  be p e r p e n d i c u l a r  

t o  t h e  h o r i z o n t a l  x-y p l a n e ,  and p a r a l l e l  t o  t h e  z - a x i s  a t  a l l  p o i n t s .  

Thus ,  c r o s s - s e c t i o n a l  e l e m e n t s  c a n  be  d e f i n e d  i n  a  c o n t i n u o u s  way 

a l o n g  t h e  highway c e n t e r l i n e .  

Even though  t h e  two c o o r d i n a t e  s y s t e m s  c a n  be r e l a t e d  t o  e a c h  

o t h e r  a t  any p o i n t ,  i t  is  f e l t  t h a t  a  more s a t i s f a c t o r y  approach  

would be  t o  k e e p  them a s  i n d e p e n d e n t  s y s t e m s .  S i n c e  t h e  c r o s s - s e c -  

t i o n a l  e l e m e n t s  a r e  d e f i n e d  by a  s e c o n d a r y  c o o r d i n a t e  s y s t e m  f o r  e a c h  

p o i n t  of  t h e  c e n t e r l i n e ,  a  t o t a l  d e s c r i p t i o n  o f  any p o r t i o n  of  t h e  

highway c a n  be o b t a i n e d  by examin ing  t h e  e l e m e n t s  of t h e  s e c o n d a r y  

c o o r d i n a t e  s y s t e m  between ( x l ,  y l ,  z l )  and ( x 2 ,  y 2 ,  z 2 ) .  T h i s  w i l l  

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

I .  GEOMETRIC VARIABLES 

A .  L o n g i t u d i n a l  Element D e f i n i t i o n s  

1. Tangen t  

a .  I n  p l a n :  s t r a i g h t  s e c t i o n  of  highway 

b ,  I n  p r o f i l e :  s e c t i o n  o f  highway w i t h  c o n s t a n t  g r a d e  



2 .  G r a d e - - l o n g i t u d i n a l  s l o p e  o f  highway e x p r e s s e d  a s  a  p e r -  
c e n t  o f  gra.de 

P e r c e n t  o f  g r a d e  ( G )  = 
f e e t  o f  c h a n g e  i n  e l e v a t i o n  -- 

100  f e e t  
( S i g n  c o n v e n t i o n :  -t = r i s i n g  s l o p e  i n  d i r e c t i o n  of  s t u d y )  

3 .  C i r c u l a r  Curve 

a .  Degree  o f  c u r v e - - c e n t r a l  a n g l e  s u b t e n d e d  by a n  a r c  
100 f e e t  i n  l e n g t h  (D) 

P o s s i b l e  r a n g e :  

0  S D  

D e s i g n  p r a c t i c e s  :' 

Speed (mph) D ~ a x  - 

b .  Change i n  d i r e c t i o n - - a n g l e  between e x t e n d e d  incoming 
t a n g e n t  and o u t g o i n g  t a n g e n t  i n  d i r e c t i o n  o f  c u r v e  ( I )  

P o s s i b l e  r a n g e :  

0 5 1  

c .  ~ e n ~ t h *  = $ x 100  

4 .  T r a n s i t i o n - - c u r v e  l i n k i n g  a  t a n g e n t  and a  c i r c u l a r  c u r v e ,  
which  o b e y s  t h e  f o l l o w i n g  m a t h e m a t i c a l  r e q u i r e m e n t ; :  The 
r a d i u s  of  t h e  s p i r a l  a t  any  p o i n t  is  i n v e r s e l y  p ropor -  
t i o n a l  t o  i t s  l e n g t h .  

From t h i s  m a t h e m a t i c a l  r e q u i r e m e n t  t h e  f o l l o w i n g  s t a t e -  
ment c a n  b e  made: The d e g r e e  of  c u r v e  of  t h e  s p i r a l  i n -  
c r e a s e s  a t  a  u n i f o r m  r a t e  f rom z e r o  a t  i t s  c o n n e c t i o n  
w i t h  t h e  t a n g e n t  t o  t h e  d e g r e e  D of  t h e  c i r c u l a r  c u r v e  
t o  which i t  is  c o n n e c t e d .  

The c o n s t a n t  r a t e  of  i n c r e a s e  i n  D p e r  s t a t i o n  a l o n g  t h e  
s p i r a l  is  r e p r e s e n t e d  by k .  

k = -  looD where  L  = l e n g t h  o f  s p i r a l  i n  f t  . 
Ls S 

a .  L e n g t h - - d i s t a n c e  needed t o  go  f rom 0 = 0 t o  0 = D 

'American A s s o c i a t i o n  of S t a t e  Highway O f f i c i a l s ,  A P o l i c y  on -.--- 
Geomet r i c  Des ign  o f  R u r a l  Highways ( 1 9 6 5 ) ,  p .  1 7 0 ,  T a b l e  111-91. 

* A l l  l e n g t h s  a r e  p r o j e c t i o n s  on t h e  x-y p l a n e .  



b .  Design p r a c t i c e s  2  

Speed (mph) Min. Length of S p i r a l  ( f t )  

30 100 

5 .  V e r t i c a l  Curve--curve l i n k i n g  two g rade  t a n g e n t s ;  gener-  
a l l y  a  p o r t i o n  of  a  p a r a b o l a .  The s l o p e  a t  t h e  ends of 
t h e  v e r t i c a l  cu rve  a r e  i d e n t i c a l  t o  t h e  connec t ing  tan-  
g e n t s .  

2  
a .  d y/dx2 = c o n s t a n t  

- b .  P o s s i b l e  r ange  gl  = g2,  gl  - m ,  g2 - - -CO 

0  S dy/dx where g  is g rade  

c .  E x i s t i n g  r ange  

L = l e n g t h  i n  f e e t  of parabola  

V = speed i n  mph 

A = R =  G2 - 
L 

G1 = r a t e  of change of grade  per  100 f t  
s t a t i o n .  

B .  D e f i n i t i o n  of Cros s -Sec t iona l  Elements 

1. Rate  of  Supe re l eva t ion - -Cros s - sec t iona l  change i n  e l eva -  
t i o n  pe r  f o o t  of h o r i z o n t a l  wid th  of pavement. 

2 .  Pavement--That p o r t i o n  of t h e  highway provided w i t h  a 
wearing s u r f a c e  f o r  v e h i c l e  t r a v e l .  

3 .  Roadway--That p o r t i o n  of a  road  which is improved de- 
s i g n e d ,  a s  o r d i n a r i l y  i n t ended  f o r  v e h i c u l a r  u s e .  3 

4 .  Shoulder--The p o r t i o n  of t h e  roadway cont iguous  w i t h  t h e  
pavement f o r  accommodation of s topped  v e h i c l e s ,  f o r  emer- 
gency u s e ,  and f o r  l a t e r a l  s u p p o r t  of base  and s u r f a c e  
c o u r s e s .  4  

5 .  Lane--Pavement wid th  a l l o c a t e d  t o  one v e h i c l e .  

2 ~ b i d ,  p .  176,  Table  111-11. 

3 ~ i g h w a y  Capac i ty  Manual (1965) ,  Highway Research Board, S p e c i a l  
Report  87 ,  p .  9 .  

4 ~ m e r i c a n  A s s o c i a t i o n  of S t a t e  Highway O f f i c i a l s ,  A P o l i c y  on 
Geometric Design of Rura l  Highways, 1965, p .  234. 



6 .  Right  of Way--A g e n e r a l  term deno t ing  l a n d ,  p r o p e r t y ,  o r  
i n t e r e s t  t h e r e i n ,  u s u a l l y  i n  a s t r i p ,  acqu i r ed  f o r  o r  de- 
voted t o  a  highway.5 

7 .  Median--The p o r t i o n  of a  d iv ided  highway s e p a r a t i n g  t h e  
pavement f o r  t r a f f i c  i n  o p p o s i t e  d i r e c t i o n s  . 6  

8 .  Drainage Ditch--A p o r t i o n  of t h e  r o a d s i d e  shaped t o  c a r r y  
o f f  wa te r .  

9 .  S ide  Slope--A p o r t i o n  of t h e  r o a d s i d e  connect ing  t h e  
shou lde r  edge wi th  d r a i n a g e  d i t c h  edge o r  n a t u r a l  topog- 
raphy.  

10 .  L a t e r a l  Obs t ruc t ion - -Di scon t inu i ty  o r  a  break i n  a  smooth 
s u r f a c e .  

11. Crown--The a c t u a l  pe rpend icu la r  d i s t a n c e  from t h e  c e n t e r -  
l i n e  of t h e  pavement t o  a  l i n e  connec t ing  t h e  o u t e r  edges 
of t h e  pavement. 

12 .  Roadside--A g e n e r a l  term deno t ing  t h e  a r e a  a d j o i n i n g  t h e  
o u t e r  edge of t h e  roadway.7 

11. HIGHWAY GEOMETRY DESCRIBED BY CONIC SECTIONS 

The geometr ic  c h a r a c t e r i s t i c s  of t h e  h o r i z o n t a l  and v e r t i c a l  
a l ignment  of t h e  roadway c e n t e r l i n e  can  r e a d i l y  be de f ined  by t h e  
p l an  and p r o f i l e  i n  t h e  b a s i c  c o o r d i n a t e  system. These c h a r a c t e r i s -  
t i c s  i n c l u d e  c i r c u l a r  c u r v e s ,  s p i r a l s ,  t a n g e n t s ,  and v e r t i c a l  c u r v e s .  
The remain ing  e lements  a r e  of a  c r o s s - s e c t i o n a l  n a t u r e .  The re fo re ,  
they a r e  de f ined  i n  t h e  secondary c o o r d i n a t e  system. 

In e v a l u a t i n g  t h e  c r o s s - s e c t i o n a l  e l emen t s ,  i t  would be a  g r e a t  
convenience t o  be a b l e  t o  d e f i n e  a l l  t h e s e  elements  i n  a  s t a n d a r d  way. 
I t  is  f e l t  t h a t  t h i s  can be accomplished by c o n s i d e r i n g  a l l  c ros s -  
s e c t i o n a l  e lements  a s  p o r t i o n s  of c o n i c  s u r f a c e s .  By adopt ing  t h i s  
convent ion ,  t h e  g e n e r a l  con ic  equa t ion :  

2  
Ay + Byz + cz2  + Dy + Ez + F = 0  

a p p l i e s  t o  a l l  c r o s s - s e c t i o n a l  e lements .  Eech p o r t i o n  of t h e  c ros s -  
s e c t i o n  can  be de f ined  by s e l e c t i n g  f i v e  p o i n t s  w i t h i n  t h e  s e c t i o n  
and s o l v i n g  t h e  r e s u l t i n g  s imul taneous  e q u a t i o n s  t o  o b t a i n  t h e  de- 
f i n i n g  e q u a t i o n .  Of c o u r s e ,  t h e  number of e q u a t i o n s  ob ta ined  f o r  any 
g iven  c r o s s - s e c t i o n  w i l l  be a  f u n c t i o n  of t h e  number of d i s c o n t i n u i -  
t i e s  i n  t h a t  c r o s s - s e c t i o n .  In  o t h e r  words, t h e  d i s c o n t i n u i t y  p o i n t s  
would a c t  a s  t h e  upper and lower boundary p o i n t s  f o r  each d e f i n i n g  
con ic  s e c t  i o n .  

The major drawback of t h i s  method is t h a t  f i v e  p o i n t s  a r e  needed 
t o  d e f i n e  t h e  equa t ion  of t h e  c r o s s - s e c t i o n a l  e lement  i n  q u e s t i o n .  I f  
i t  were assumed, f o r  example, t h a t  a l l  c r o s s - s e c t i o n a l  e lements  were 
de f ined  a s  a  p o r t i o n  of a  pa rabo la ,  t h e  number of p o i n t s  necessary  f o r  
d e f i n i t i o n  would be reduced .  The g e n e r a l  c o n i c  equa t ion  g i v e s  more 
a c c u r a t e  r e s u l t s  than  t h e  pa rabo la .  Also o b t a i n i n g  f i v e  r e f e r e n c e  
p o i n t s  i n  any p a r t i c u l a r  s e c t i o n  should  pose no d i f f i c u l t y .  

5 ~ r n e r i c a n  A s s o c i a t i o n  of S t a t e  Highway O f f i c i a l s ,  A Pol i cy  on ,"...-- 
Geometric Design of Rura l  Highways (1954) ,  p .  639. 

 bid, p.  633. 



Following is a list of the cross-section structural elements 
with possible conic defining equations. 

1. Superelevation 

2 2 Av t Bwr + Cw + Dv + Ew + F = 0 

2. Shoulder 

2 2 Av + Bwr + Cw + Dv + Ew + F = 0 

3. Crown 

v 

2 2 Av + Bwv + Cw -t Dv + Ew t F = 0 



4 .  Outward S lope  

7 Aw"  -t Bwv -I- ew2 I- Dv -!- Evi -i- F - 0 

5. L a t e r a l  O b s t r u c t i o n s  

1 ;; sc@u-;,d bc zppa,.;ent .t"d.b 2 ,-omp] 2"a;e geome tu. i @ a l  ~ r . o : : ~ -  .,k.. ~ a ~ 1 - f  h, .- , .A 0~ a 

dei'lr:i";-o~ e:nii r:c: i ,n  -ier?u!.: 0:f Lhe suninat ion of eonseentiv: c:)rrbc 
. , , ~ equat-bane 4:~0511  dis(;c?n.tnr?u.l'i;y ta  :ii.st;!:i3ntiAxui-.L;:i,., i\Thc:.n these G , ~ c . , J s ~ - ~  

see.tions1 eJei.kefits 2,r.e ?!ufiyLe:j a long '(kSc? c , e ~ t z y l j p e ,  t 1 . 1 ~ :  '~!-~.ye~-d,ine:! - 
sional. gec;r;ei;rl.i: ~ r ' ! ~ , a r a . e ! ; e r k c t ~ e ~ ~  of tk.r h:i.gh.way a r e  w h ~ i 1 . g  d e f i n e d  by 
~o.;~Le slar;f.'ac/.s, 



B .  C r o s s - S e c t i o n a l  Width 

1. Width of pavement* 

2 .  Width of ~ a n e *  

3 .  Width of shou lde r*  

4 .  Width of Roadway* 

5 .  Right-of-way wid th*  

6 .  Median width* 

7 .  S i d e  S lope  width* 

8 .  Dra inage  D i t c h  width* 

C .  L a t e r a l  O b s t r u c t i o n s  ( d i s c o n t i n u i t i e s )  

1. R e g u l a t o r y ,  T r a f f i c  C o n t r o l ,  and Highway In fo rma t ion  

a .  Small  s i g n s  ( suppor t ed  on one p o s t )  

b .  Large s i g n s  ( suppor t ed  on one  o r  more p o s t s )  

c .  S i g n a l s  

d .  C h a n n e l i z a t i o n  i s l a n d s - - d e v i c e s  f o r  s e p a r a t i n g  
l i n e a r  f l ows  of t r a f f i c  

e .  B i l l b o a r d s  

2 .  Highway S e r v i c e  and Non-Serving S t r u c t u r e s  

a .  B r idges  

b .  Br idge  abutments  

c  . Bridge  p i e r s  

d .  Guard r a i l  

e .  L i g h t  p o l e s  

f .  Dra inage  s t r u c t u r e s  (head w a l l s ,  c u l v e r t s ,  e r o s i o n  
c o n t r o l  d e v i c e s )  

g .  U t i l i t y  p o l e s  and l i n e s  

h .  Other  t r a n s p o r t a t i o n  t y p e  s t r u c t u r e s  ( r a i l r o a d  
c r o s s i n g s  a t  g r a d e ,  a i r p o r t  runway l i g h t s )  

3 .  Landscaping 

a .  T r e e s  

b .  Bushes 

c .  Rocks and bou lde r s  

D .  L o n g i t u d i n a l  Elements:  I n t e r s e c t i o n s  of j o i n i n g  o r  c r o s s i n g  
s t r e a m s  of  t r a f f i c  

1. Number of Roads I n t e r s e c t i n g  a t  One P o i n t  

2 .  Angle of A t t ack  

* P o s s i b l e  r ange  i n  non-nega t ive .  



I V .  GEOMETRIC PERFORMANCE VARIABLES FOR A SECTION OF HIGHWAY 

A .  Long i tud ina l  Elements 

1. Tangent:  Hor i zon ta l  d i s t r i b u t i o n  of t angen t  azimuth 

2 .  Grade 

a .  T o t a l  t and - grade  

b.  Pe rcen t  of t o t a l  highway i n  g rade  (>.5% o r  <,-.50/0) 

c .  D i s t r i b u t i o n  of g rade  

3 .  C i r c u l a r  Curve 

a .  T o t a l  change i n  d i r e c t i o d u n i t  l e n g t h  

b. Number of r e v e r s a l s  o r  changes from r i g h t  t o  l e f t  
o r  l e f t  t o  r i g h t / u n i t  l e n g t h  

c .  T o t a l  number of c u r v e s / u n i t  l e n g t h  

d .  Pe rcen t  of s e c t i o n  t h a t  is curved 

e .  D i s t r i b u t i o n  of d i s t a n c e s  between curve  c e n t e r s  

f .  D i s t r i b u t i o n  of c e n t r a l  ang le s  of curve  

g .  D i s t r i b u t i o n  of degree  of curve  

4 .  T r a n s i t i o n  Curves 

a .  Pe rcen t  of c i r c u l a r  cu rves  w i th  t r a n s i t i o n  cu rves  

b. D i s t r i b u t i o n  by maximum D (change i n  D) per  ]LO0 f o o t  
s t a t i o n  

c .  Pe rcen t  of s e c t i o n  l e n g t h  i n  t r a n s i t i o n  curve  

d .  D i s t r i b u t i o n  of k 

5. V e r t i c a l  Curve 

a .  T o t a l  number of v e r t i c a l  cu rves  

b.  T o t a l  number of c r e s t s  (t t o  -) and s a g s  ( -  t o  t) 
c u r v e s  

c .  Pe rcen t  of l e n g t h  i n  v e r t i c a l  c u r v a t u r e  

d .  D i s t r i b u t i o n  of d i s t a n c e s  between c e n t e r s  of v e r t i c a l  
cu rves  

e .  D i s t r i b u t i o n  of cu rves  by change i n  grade  per 100- 
f o o t  s t a t i o n  

B.  Width Elements 

1. Pavement Width 

a .  T o t a l  change i n  width 

b. T o t a l  number of changes i n  width per  u n i t  l eng th  

c .  D i s t r i b u t i o n  of wid ths  

2 .  Width of Shoulder  

a .  T o t a l  change i n  width 

b. T o t a l  number of changes i n  width per  u n i t  l e n g t h  

c .  D i s t r i b u t i o n  of wid ths  



3 .  Median Width 

a .  T o t a l  change i n  wid th  

b .  T o t a l  number s f  changes i n  width per  u n i t  l e n g t h  

c .  D i s t r i b u t i o n  of wid ths  

4 .  Width o f  Roadway 

a.  Tota l  change i n  width 

b .  Tota l  number of changes i n  wid th  per  u n i t  l e n g t h  

c .  D i s t r i b u t i o n  of wid ths  

5 .  Width of Lane 

a .  T o t a l  change i n  wid th  

b. T o t a l  i n c r e a s e  i n  w id th /un i t  l e n g t h  

c .  T o t a l  i n c r e a s e  i n  w id th /un i t  l e n g t h  

d .  T o t a l  number of changes i n  width per  u n i t  l eng th  

e .  D i s t r i b u t i o n  of l a n e  wid ths  

6 .  Right  of Way Widths 

a .  T o t a l  change i n  wid th  

b. D i s t r i b u t i o n  of wid ths  

C .  Cross-Sec t iona l  Elements 

1. Pavement E l e v a t i o n  

a .  Pe rcen t  of f u l l  supe re l eva ted  l eng th  

b .  Pe rcen t  of s u p e r e l e v a t e d  t r a n s i t i o n  l e n g t h  

c .  Changes i n  crown/unit  l eng th  

d .  Average crown/unit  l e n g t h  of t angen t  

e .  D i s t r i b u t i o n  of maximum s u p e r e l e v a t i o n  

2 .  Shoulder  c r o s s - s e c t i o n a l  e l e v a t i o n s  

a .  J o i n t  d i s t r i b u t i o n  of c r o s s - s e c t i o n a l  l a t e r a l  changes 
i n  e l e v a t i o n  and ang le  of connec t ion  between t angen t  
t o  pavement edge and s h o u l d e r .  

b .  Long i tud ina l  d i s t r i b u t i o n  of ang le s  of connec t ion  

3 .  Side  S lopes  Cross -Sec t iona l  E l e v a t i o n s  

a .  J o i n t  d i s t r i b u t i o n  of c r o s s - s e c t i o n a l  changes i n  
e l e v a t i o n ,  and ang le  of connec t ion  wi th  t h e  o u t s i d e  
edge of t h e  shoulder  

b .  Long i tud ina l  d i s t r i b u t i o n  of a n g l e s  of connec t ion  

4 .  Drainage Di tch  Cross-Sec t iona l  E l e v a t i o n s  

a .  Percen t  of pavement t h a t  is p a r a l l e l e d  by d ra inage  
d i t c h e s  

b.  D i s t r i b u t i o n  of a n g l e s  y and 4 



c .  D i s t r i b u t i o n  of h ,  t h e  v e r t i c a l  d i f f e r e n c e  i n  e l e -  
v a t i o n  from t h e  bottom of t h e  d i t c h  t o  t h e  lowest  
l i p  o r  a d i s t a n c e  "b , "  whichever is s m a l l e r  

5 .  E l e v a t i o n  From Roadway Outward t o  t h e  Edge of Right  of 
way o r  a  Dis tance  " a , "  Whichever is Maximum 

a .  J o i n t  d i s t r i b u t i o n  of width and s l o p e  between inne r  
and o u t e r  l i m i t s  t o  y i e l d  average s l o p e  

b. D i s t r i b u t i o n  of t h e  connec t ion  ang le  between inne r  
edge of r o a d s i d e  and s i d e  s l o p e  o r  d ra inage  d i t c h  

c .  D i s t r i b u t i o n  of v a r i a n c e s  from t h e  average s l o p e  

6 .  Median Cross-Sec t iona l  E l e v a t i o n  

a .  Pe rcen t  of s e c t i o n  p a r a l l e l e d  by a  median 

b .  D i s t r i b u t i o n  of connec t ion  a n g l e s  between t h e  out-  
s i d e  edge of t h e  shoulder  and t h e  median 

7 .  Curb 

a .  Pe rcen t  of s e c t i o n  p a r a l l e l e d  by cu rb ing  

b.  J o i n t  d i s t r i b u t i o n  of cu rb  e l e v a t i o n  and l a t e r a l  
width of r i s e  

D .  L a t e r a l  O b s t r u c t i o n s  

1. Number of l a t e r a l  o b s t r u c t i o n s / u n i t  l eng th  

2 .  J o i n t  d i s t r i b u t i o n  of l o n g i t u d i n a l  d i s t a n c e s ,  and l a t e r a l  
d i s t a n c e s  between o b s t r u c t i o n  

3 .  L a t e r a l  d i s t r i b u t i o n  of d i s t a n c e s  from t h e  highway cen- 
t e r l i n e  t o  l a t e r a l  o b s t r u c t i o n  

4 .  D i s t r i b u t i o n  of wid ths  of l a t e r a l  o b s t r u c t i o n s  pierpen- 
d i c u l a r  t o  t h e  c e n t e r l i n e  

5. D i s t r i b u t i o n s  of v e r t i c a l  d i s t a n c e  from roadway t o  over- 
head o b s t r u c t i o n s  

E .  I n t e r s e c t i o n s  

1. Number of i n t e r s e c t i n g  s t r eams  per  u n i t  l eng th  

2 .  D i s t r i b u t i o n  of t ypes  of i n t e r s e c t i n g  roads  

3 .  D i s t r i b u t i o n  of d i s t a n c e  between t h e  c e n t e r s  of i n t e r -  
s e c t  i o n s  

4 .  D i s t r i b u t i o n  of t h e  s m a l l e s t  ang le  between i n t e r s e c t i n g  
s t r eam,  and highway under c o n s i d e r a t i o n  



PERFORMANCE CHARACTER ISTICS 

1. C i r c u l a r  C u r v e - - a b i l i t y  of  a  v e h i c l e  t o  change  d i r e c t i o n .  

2 .  S i g h t  D i s t a n c e - - a b i l i t y  of  a d r i v e r  t o  s e e  o b j e c t s  ahead i n  t h e  

roadway. S i g h t  d i s t a n c e  is n o t  u n i q u e  t o  highway g e o m e t r i c s ,  

b u t  i s  dominated by i t .  

3 .  Design Speed--speed a t  which v e h i c l e  w i l l  t r a c k  highway c e n t e r l i n e .  

4 .  Speed and A c c e l e r a t i o n - - a b i l i t y  of  a  v e h i c l e  t o  a c c e l e r a t e  and 

m a i n t a i n  s p e e d .  Speed and a c c e l e r a t i o n  a r e  n o t  u n i q u e  t o  h igh-  

way geometr  i c s  . 
T h e r e  a r e  s e v e r a l  v e h i c l e  pe r fo rmance  c h a r a c t e r i s t i c s  which a r e  

d i r e c t l y  a f f e c t e d  by highway g e o m e t r i c  i n p u t s .  These  v e h i c l e  p e r -  

formance c h a r a c t e r i s t i c s ,  d e n o t e d  a s  " y ' s f f  a r e  l i s t e d  below.  

Y1 Speed y5 Endurance 

y2 A c c e l e r a t i o n  y6 Headway main tenance  

y3 T u r n i n g  r a d i u s  y7 S i g h t  d i s t a n c e  ( p a s s a b i l i t y )  

Y4 
G r a d a b i l i t y  y8 S i g h t  d i s t a n c e  

The above v e h i c l e  pe r fo rmance  c h a r a c t e r i s t i c s  a r e  i n  p a r t  func-  

t i o n s  of t h e  highway g e o m e t r i c  c h a r a c t e r i s t i c s  ment ioned e a r l i e r  i n  

t h i s  c h a p t e r .  For  c o n v e n i e n c e  t h e s e  g e o m e t r i c  c h a r a c t e r i s t i c s  w i l l  

be l i s t e d  below and w i l l  be d e n o t e d  by " x ' s 1 ' .  

Degree  of c u r v e  

T r a n s i t i o n  c u r v e  

V e r t i c a l  c u r v e  

S u p e r e l e v a t i o n  

S h o u l d e r  w i d t h  

Pavement w i d t h  

Lane w i d t h  

D i s t a n c e  o f  l a t e r a l  
o b s t r u c t i o n  f rom pave 
ment edge 

Frequency of  l a t e r a l  ob- 
s t r u c t  i o n  

I n t e r s e c t i o n s  

A c c e s s i b i l i t y  

Median w i d t h  

Leng th  of  a c c e l e r a t i o n  l a n e  

C r o s s  walk 

S i g h t  d i s t a n c e  

R a i l r o a d  c r o s s i n g s  

The f u n c t i o n a l  r e l a t i o n  which e x i s t s  between t h e  v e h i c l e  pe r -  

formance c h a r a c t e r i s t i c s  and highway g e o m e t r i c  c h a r a c t e r i s t i c s  f o l l o w .  

Where 8 is a l l  o t h e r  nongeomet r i c  v a r i a b l e s .  



y4 = f ( n o n g e o m e t r i c  v a r i a b l e s  s u c h  a s  power ,  i n i t i a l  s p e e d ,  
r e s i s t a n c e s ,  e t c . )  

The v e h i c l e  pe r fo rmance  c h a r a c t e r i s t i c s  c a n  be e v a l u a t e d  i f  

two f a c t s  a r e  known a b o u t  t h e  g e o m e t r i c  f u n c t i o n s  i n v o l v e d .  F i r s t ,  

i f  t h e  g e o m e t r i c  c h a r a c t e r i s t i c  is known and d e f i n e d  i n  t e r m s  of t h e  

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

t h e  g e o m e t r i c  c h a r a c t e r i s t i c s  is known. 

I n  t h e  f i r s t  c a s e ,  most o f  t h e  g e o m e t r i c  c h a r a c t e r i s t i c s  have 

been d e f i n e d  i n  t e r m s  of v e h i c l e  pe r fo rmance  c h a r a c t e r i s t i c s .  The 

r e l a t i v e  w e i g h t  o f  e a c h  of t h e  g e o m e t r i c  c h a r a c t e r i s t i c s  however h a s  

n o t  been d e f i n e d .  T h i s  a r e a  must be pursued  i f  a c c u r a t e  f u n c t i o n a l  

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

E x i s t i n g  r e l a t i o n s h i p s  between highway g e o m e t r i c  and v e h i c l e  

pe r fo rmance  c h a r a c t e r i s t i c s  a r e  g i v e n  below: 

( 1 )  S t o p p i n g  S i g h t  ~ i s t a n c e 8  

where d r  = d i s t a n c e  t r a v e l e d  d u r i n g  p e r c e p t i o n - r e a c t i o n  t i m e  

db = b r a k i n g  d i s t a n c e  ( l o c k e d  w h e e l s )  

dr = 1 . 4 7  V t  

- - v2 
d b  3 0 ( f  t G) 

v2 Ds = 1 .47Vt  t 30( f  
G )  

where V = s p e e d  i n  m i l e s  p e r  hour 

d  = d i s t a n c e  i n  f e e t  

f  = c o e f f i c i e n t  o f  f r i c t i o n  

G = p e r c e n t  g r a d e  d i v i d e d  by 100 

t = p e r c e p t i o n - r e a c t i o n  t i m e  

( 2 )  P a s s i n g  S i g h t  ~ i s t a n c e g  

D = d 1 + d 2 + d  + d 4  
3  

8 ~ m e r i c a n  A s s o c i a t i o n  of S t a t e  Highway O f f i c i a l s ,  A Pol- icy ol? 
Geomet r ic  Des ign  of R u r a l  Highways ( 1 9 6 5 ) ,  p .  1 3 6 .  



where d  = p e r c e p t i o n ,  r e a c t i o n ,  and a c c e l e r a t i o n  from t r a i l i n g  speed 1 
t o  encroachment on l e f t  p a s s i n g  l a n e .  

t l  = time of p re l imina ry  de l ay  

a  = average  a c c e l e r a t i o n  r a t e  

V = average  speed of pas s ing  v e h i c l e  

m = d i f f e r e n c e  i n  speed of passed v e h i c l e  and pas s ing  v e h i c l e  

d2 = 1.47Vt2 - ( d i s t a n c e  i n  l e f t  l a n e )  

t2  = t ime v e h i c l e  pas s ing  occup ie s  l e f t  l a n e  

dg = c l e a r a n c e  l e n g t h  between t h e  opposing and pas s ing  v e h i c l e  

110 f t  t o  300 f t  

d4 = d i s t a n c e  t r a v e l l e d  by opposing v e h i c l e  

d4 = (2/3)d2 (assume opposing v e h i c l e  a t  same speed a s  

p a s s i n g  v e h i c l e )  

(3)  Hor i zon ta l  c u r v e l o  

V Dmax Supe re l eva t ion  - 
3 0  24.8' .10 

( 4 )  T r a n s i t i o n  s p i r a l s l 1  

v - Min. Length of S p i r a l  

3  0  100 ' 
40 125'  

l l l b i d ,  Table I11 11, p .  176 .  



( 4 )  T r a n s i t i o n  S p i r a l s  (Cont inued)  

Y - Min. Length of S p i r a l  - 
6 5  190 ' 
70 200 ' 
75  220'  

80 240 ' 

In  g e n e r a l ,  L = 100 f t  + (V-30) 2 . 5  

( 5 )  Max. Grade t o  Design speed12 

where HP = horsepower r e q u i r e d  

Rr = r o l l i n g  r e s i s t a n c e  

R a  = a i r  r e s i s t a n c e  

g  
= r e s i s t a n c e  of g r ade  

( a )  R o l l i n g  R e s i s t a n c e :  

Rr = 17 .9  W + (1.39V - 10 .2 )  ( i n  pounds) 

where V = speed (mph) 

W = g r o s s  v e h i c l e  weight  ( t o n s )  

( b )  A i r  R e s i s t a n c e :  

2  
a  

= CAV ( i n  pounds) 

( c )  Grade R e s i s t a n c e :  

l 2 ~ a y ,  Wil l iam W .  , An I n t r o d u c t i o n  t o  T r a n s p o r t a t i o n  Engineer ing  
(John Wiley & Sons,  I n c . ,  1961) ,  p .  1 7 7 .  



R = W s i n 8  = : W e  
g  

pounds/% g r a d e  f o r  1 t o n  

Rg 
= 2 , 0 0 0 ( . 0 1 )  = 20 pounds/ton/% g r a d e  

I( g  
= 20  pounds (W) % g r a d e  ( i n  pounds)  

Thus : 

V = f  (power and r e s i s t a n c e )  

v = 
375 HP ( i n  m i l e s  p e r  h o u r )  

Rr + Ra ' R 
g  

(6)  S u p e r e l e v a t i o n  

( a )  Case  I :  no s i d e  f r i c t i o n  ( e q u i l i b r i u m  s p e e d )  W P  = F P  

v 2  
f o r  s m a l l  a n g l e s  e  = -  where  v  is f p s  

gR 

t h u s  v  = &R Vmp, = J X e  
f PS 

( b )  Case  11: s i d e  f r i c t i o n  and 



2  v 2 ( l )  = v  /gR t a n  (o!  + (o) = - - 
g R1 w 

f o r  s m a l l  a n g l e s  

where v = speed ( f p s )  

g  = g r a v i t y  

R = r a d i u s  of cu rve  i n  f e e t  

e  = s u p e r e l e v a t i o n  

f  = s i d e  f r i c t i o n  

( 7 )  Length of V e r t i c a l  Curve 

where L  = l e n g t h  i n  f e e t  

V = speed i n  mph 

A = 
G2 - G1 

L 
= r a t e  of change of grade  per  100- f t  s t a t i o n  

Thus : 

(8 )  S i g h t  D i s t ance  on V e r t i c a l  Curves 13  

( a )  C r e s t  Curve: 

P. S i g h t  D i s t ance  2 Curve Length 

l 3 ~ r n e r i c a n  A s s o c i a t i o n  of S t a t e  Highway O f f i c i a l s  , A Po l i cy  on 
Geometric Design of Rura l  Highways (1965) ,  pp. 204-209. - 



( b )  S i g h t  D i s t a n c e  a t  Underpass  (where  t h e  r e s t r i c t i o n  f a l l s  

a t  t h e  PI  of t h e  v e r t i c a l  c u r v e )  

L LM s = z + -  2m 

2(G - G f ) S  - 100 = 2S - L = 
100 

(G - G 1 )  (G - G ' )  



( 9 )  I n t e r s e c t i o n  S i g h t   ist tan cell (Case I1 : Enabling Vehic le  t o  S top)  

141bid ,  pp. 392-395. 
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Of t h e  highway g e o m e t r i c  v a r i a b l e s  ment ioned e a r l i e r  i n  t h i s  

c h a p t e r ,  most  have been s t u d i e d  e x t e n s i v e l y  i n  t e r m s  of  v e h i c l e - h i g h -  

way geometry  i n t e r a c t i o n .  T h e r e  a r e  some e l e m e n t s ,  however,  t h a t  w i l l  

need a  g r e a t  d e a l  of work. ( V e r t i c a l  c r o s s - s e c t i o n a l  e l e m e n t s  which 

need f u r t h e r  work i n c l u d e  s i d e  s l o p e s  and r o a d s i d e  s l o p e s .  The prob- 

lem of  i n t e r a c t i o n  between v e h i c l e ,  s i d e  a r e a ,  and m a t e r i a l s  on t h e  

r o a d s i d e  is v e r y  i m p o r t a n t  t o  v e h i c l e  e s c a p e . )  

L a t e r a l  o b s t r u c t i o n s  a l s o  need e x t e n s i v e  s t u d y .  For  example ,  

s i g n  s u p p o r t s ,  p o l e s ,  and b r i d g e s  need t o  be a n a l y z e d  i n  c o n n e c t i o n  

w i t h  v e h i c l e  impac t .  L i k e w i s e ,  g u a r d  r a i l s  and d r a i n a g e  s t r u c t u r e s  

need more t e s t i n g  and improved d e s i g n  s t a n d a r d s .  

The e n v i r o n m e n t a l  geometry  d e s c r i b e d  i n  t h i s  c h a p t e r  h a s  been 

d e f i n e d  i n  s u c h  a  way t h a t  i t  w i l l  l e n d  i t s e l f  t o  i n t e r a c t  w i t h  ve- 

h i c l e  and m a t e r i a l  submodels .  

HIGHWAY MATERIALS 

A per fo rmance  measure  f o r  a  highway s y s t e m  component u s u a l l y  

d e s c r i b e s  t h e  a b i l i t y  of  t h a t  component t o  pe r fo rm a  f u n c t i o n .  Fre-  

q u e n t l y  i t  is n e c e s s a r y  t o  d e s c r i b e  component pe r fo rmance  i n  t e r m s  of 

s e v e r a l  s u c h  m e a s u r e s .  B e f o r e  any pe r fo rmance  measure  of  a  s y s t e m  is  

s e l e c t e d  and e v a l u a t e d  i t  is n e c e s s a r y  t o  d e t e r m i n e  t h e  p r e c i s e  func-  

t i o n  of  t h e  component i n  q u e s t i o n .  

The main f u n c t i o n  o f  m a t e r i a l s  i n  a  highway s y s t e m  a r e :  

1. To s u p p o r t  a  l o a d  

2 .  To r e f l e c t  o r  e m i t  l i g h t  and p r o v i d e  c o n t r a s t  

3 .  To p r o v i d e  f r i c t i o n a l  f o r c e s  

4 .  To p r o v i d e  b a r r i e r s  c o n t r o l  v e h i c u l a r  e n e r g y  d i s s i p a t i o n  

( d e s i r a b l e  o r  u n d e s i r a b l e )  

A t t e n t i o n  h a s  been g i v e n  t o  t h e  f i r s t  two i t e m s  above ,  a s  d e s c r i b e d  

below. 



LOAD BEARING (1tem 1 )  

The f u n c t i o n  of l oad  b e a r i n g  is t o  p rov ide  a  r e a c t i o n  f o r c e  t o  

moving o r  s t a t i o n a r y  o b j e c t s .  The q u a l i t y  of t h i s  f u n c t i o n  clr s e r v i c e  

f o r  a  moving v e h i c l e  is r e l a t e d  t o  t h e  amount of dynamic d is t .u rbance  

caused  by s u r f a c e  i n e q u a l i t i e s  and m a t e r i a l  compression which r e s u l t  

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

t r a j e c t o r y .  

In  o r d e r  t o  d e s c r i b e  t h i s  performance q u a l i t y  we must s e l e c t  

means which can  be a t  l e a s t  e m p i r i c a l l y  r e l a t e d  t o  d i s t u r b a n c e s  i n  

v e h i c l e  t r a j e c t o r y .  Two p o s s i b l e  performance means a r e :  

1. D e f l e c t i o n  f o r  some f i x e d  load  per  u n i t  a r e a  

2 .  Spectrum f o r  s u r f a c e  i r r e g u l a r i t i e s  

S ince  most models f o r  t h e  suspens ion  system of v e h i c l e s  a r e  de- 

s c r i b e d  i n  terms of  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s ,  i t  seems reason-  

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

form which can  be used i n  t u r n  t o  de te rmine  t h e  t o t a l  t ime average  

k i n e t i c  energy  i n  t h e  sys tem.  S i n c e  s u r f a c e  i r r e g u l a r i t i e s  a r e  a  s t o -  

c h a s t i c  p roces s  over  a  d i s t a n c e  parameter  each  random s u r f a c e  can  have 

a  d i f f e r e n t  s u r f a c e  c h a r a c t e r .  However, i f  it is assumed t h a t  t h e  s u r -  

f a c e  i r r e g u l a r i t i e s  i n  a  wide s e n s e  a r e  s t a t i o n a r y  over  t h e  d i s t a n c e  

pa rame te r ,  i t  is p o s s i b l e  t o  e s t i m a t e  t h e  power spectrum from one 

r a t h e r  long s u r f a c e  sample from t h e  ensemble of p o s s i b l e  samples .  

Let t h e  e s t i m a t e  of t h e  a u t o c o r r e l a t i o n  f u n c t i o n  be R ( t ) ,  then  an 

e s t i m a t e  f o r  t h e  power spectrum is 

and t h e  energy spectrum f o r  t h e  suspens ion  system w i t h  t r a n s f e r  func-  

t i o n  ~ ( w )  is  

From t h i s  e q u a t i o n  we can  de termine  e i t h e r  t h e  average  k i n e t i c  energy 

i n  t h e  suspens ion  system of t h e  v e h i c l e  o r  t h e  energy i n  any f r e -  

quency i n t e r v a l .  

LIGHT REFLECTION AND EMISSION ( I tem 2)  

D i r e c t i o n a l  R e f l e c t a n c e .  D i r e c t i o n a l  r e f l e c t a n c e  is used t o  

d e s c r i b e  t h e  o p t i c a l  energy  t r a n s f e r  a t  a  p l ane  s u r f a c e  f o r  i nc remen ta l  



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

b i t r a r y .  The d i s t r i b u t i o n  f u n c t i o n  depends  upon t h e  o p t i c a l  wave- 

l e n g t h  A ,  t h e  i n c i d e n c e  d i r e c t i o n  a z i m u t h  and z e n i t h  a n g l e s  ( x ,  y) 

and t h e  a z i m u t h  and  z e n i t h  a n g l e s  ( x ' ,  y ' )  o f  t h e  r e f l e c t i o n  d i r e c t i o n .  

From t h i s  f u n c t i o n  one  c a n  d e t e r m i n e  t h e  power o r  e n e r g y  i n  t h e  r e -  

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

The above d i s t r i b u t i o n  h a s  n o t  been measured f o r  many m a t e r i a l s  a l -  

though i t  p r o v i d e s  a n  a l m o s t  c o m p l e t e  c h a r a c t e r i z a t i o n  o f  t h e  r e f l e c t -  

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

t r o m a g n e t i c  f i e l d .  

I f  t h i s  f u n c t i o n  r ( A ,  x ,  y ,  x ' ,  y ' )  is known one  c a n  d e t e r m i n e  

any r e f l e c t a n c e  per fo rmance  measure .  O t h e r  more a p p r o x i m a t e  r e f l e c -  

t i o n  per fo rmance  measures  a r e  : 

T o t a l  d i f f u s e  r e f l e c t a n c e  

S p e c u l a r  r e f l e c t a n c e :  o c c u r s  i n  s p e c u l a r  r e f l e c t i o n w h e r e  t h e  

d i r e c t i o n s  o f  i n c i d e n c e  and r e f l e c t i o n  form a  p l a n e  which i n -  

c l u d e s  t h e  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  of t h e  m a t e r i a l  and 

which i n t e r s e c t s  t h e  a n g l e  between t h e  two d i r e c t i o n s  ( a l s o  a  

f u n c t i o n  o f  A ) .  

C o n t r a s t .  The main r o l e  of r e f l e c t e d  l i g h t  i n  t h e  d r i v e r ' s  

s e e i n g  o p e r a t i o n s  is b o t h  t h e  d e t e c t i o n  and d i s c r i m i n a t i o n  o f  o b j e c t s .  

The d e t e c t i o n  of a n  o b j e c t  is u s u a l l y  r e l a t e d  t o  t h e  t o t a l  amount of 

e n e r g y  r e f l e c t e d  by t h i s  o b j e c t .  The d i s c r i m i n a t i o n  o p e r a t i o n  de- 

pends  upon t h e  geometry  o f  t h e  o b j e c t  and t h e  s p e c t r a l  d i s t r i b u t i o n  

o f  l i g h t .  

A per formance  measure  f o r  c o n t r a s t  c a n  be :  

L1 and L2 b e i n g  t h e  luminance  o f  t h e  two m a t e r i a l s .  



Another way t o  measure c o n t r a s t  can  be a s  f o l l o w s .  Consider  t h e  

r f u n c t i o n s  of m a t e r i a l s  1 and 2  f o r  t h e  same angu la r  c h a r a c t e r i s t i c s  

(xl  = X2Y1 = Y 2 ,  e t c . 1  

D iv id ing  t h e  v i s i b l e  spec t rum i n  i n t e r v a l s  o r  c o l o r s  one o b t a i n s  

a  dimension v e c t o r  Rn whose c o o r d i n a t e s  a r e  t h e  r ( X i )  and whose con- 

t r a s t  can  be measured by 

HIGHWAY INFORMATION AND CONTROL DEVICES 

An impor tan t  i n p u t  t o  t h e  i n t e r a c t i o n  of v e h i c l e ,  highway, and 

m a t e r i a l s  is  t h e  u s e  of t r a f f i c  c o n t r o l  and in fo rma t ion .  Man.y of 

t h e s e  c o n t r o l  and in fo rma t ion  i n p u t s  a r e  of a  geometr ic  n a t u r e  a s  f a r  

a s  s u p p o r t  and p h y s i c a l  presence  is concerned .  The geometr ic  char -  

a c t e r i s t i c s  of t h e s e  d e v i c e s  have been cons ide red  under Highway Geom- 

e t r y .  

T h i s  s e c t i o n  is d i v i d e d  i n t o  f o u r  g e n e r a l  c a t e g o r i e s :  s i g n s ,  

markings,  s i g n a l s ,  and i s l a n d s .  

S igns  a r e  of t h r e e  g e n e r a l  t y p e s :  r e g u l a t o r y  s i g n s ,  wa.rning 
P 

s i g n s ,  and gu ide  s i g n s .  These t y p e s  a r e  de f ined  a s  fol lows:15 

Regula tory  signs-,  g i v i n g  t h e  highway u s e r  n o t i c e  
of t r a f f i c  laws o r  r e g u l a t i o n s ,  t h a t  apply  a t  a  g iven  
p l a c e  o r  on a  g iven  highway, d i s r e g a r d  of which is pun- 
i s h a b l e  a s  an  i n f r a c t i o n ,  v i o l a t i o n ,  o r  misdemeanor. 

1 5 ~ a t i o n a l  J o i n t  Committee on Uniform T r a f f i c  Con t ro l  Devices 
Manual on Uniform T r a f f i c  Con t ro l  Devices  f o r  S t r e e t s  and Highways, 
U .  S .  Department of Commerce (1961) ,  p.  10 .  



Warning s i g n s ,  c a l l i n g  a t t e n t i o n  t o  c o n d i t i o n s  
i n  and a d j a c e n t  t o  a  highway o r  s t r e e t  t h a t  a r e  poten-  
t i a l l y  hazardous  t o  t r a f f i c  o p e r a t i o n s .  

Guide s i g n s ,  showing r o u t e  d e s i g n a t i o n s ,  d e s t i -  
n a t i o n s ,  d i r e c t i o n s ,  d i s t a n c e s ,  p o i n t s  of i n t e r e s t ,  and 
o t h e r  g e o g r a p h i c a l  o r  c u l t u r a l  i n f o r m a t i o n .  

F u r t h e r ,  t h e  c l a s s i f i c a t i o n  of r e g u l a t o r y  s i g n s  is a s  follows:16 

1. Right-of-way s e r i e s :  
( a )  S t o p  s i g n  
( b )  Y ie ld  s i g n  

2 .  Speed s e r i e s  
3 .  Movement s e r i e s :  

( a )  Turning 
(b )  Alignment 
( c  ) Exclus ion  
( d )  One way 

4 .  Pa rk ing  s e r i e s  
5 .  P e d e s t r i a n  s e r i e s  
6 .  Misce l l aneous  s e r i e s  

For d e s c r i p t i v e  pu rposes ,  s i g n s  w i l l  be d e s c r i b e d  i n  t h e  fo l low-  

i n g  terms: 

1. Small  s i g n s  ( s i g n s  suppor t ed  on one p o s t )  

2 .  Large s i g n s  ( s i g n s  suppor t ed  on more t h a n  one p o s t )  

3 .  Lighted  s i g n s  

a .  Small  

b .  Large 

4 .  B i l l b o a r d s  

The i n t e r a c t i o n  model of s i g n s  can  b e s t  be exp re s sed  i n  t h e  

f o l l o w i n g  performance c h a r a c t e r i s t i c s .  

I .  Number of s i g n s / u n i t  l e n g t h  

2 .  L o n g i t u d i n a l  d i s t r i b u t i o n  of  d i s t a n c e s  between s i g n s  

3 .  D i s t r i b u t i o n  of  s i g n  s i z e  

4 .  D i s t r i b u t i o n  of s i g n  shape  

5. L a t e r a l  d i s t r i b u t i o n  of  s i g n s  

6 .  D i s t r i b u t i o n  of methods of i n fo rma t ion  t r a n s f e r  

7 .  D i s t r i b u t i o n  of t y p e  of l e t t e r s ,  p i c t u r e s ,  symbols ,  and 

l e t t e r  s p a c i n g .  

Markings can  be g e n e r a l l y  d i v i d e d  i n t o  t h r e e  groups :  pavement 

mark ings ,  hazard  marke r s ,  and o b j e c t  mark ings .  These groups  can be 

f u r t h e r  d i v i d e d  i n t o  s e v e r a l  s u b c a t e g o r i e s  a s  f o l l o w s :  17 



1. Pavement Markings 
a .  Cen te r  l i n e s  
b .  IJane l i n e s  
c , No-passing-zone markings 
d .  Pavement edge l i n e s  
e  . Paved-shoulder markings 
f .  Pavement-width t r a n s i t i o n s  
g .  Channel iz ing  l i n e s  
h .  Approaches t o  o b s t r u c t i o n s  
i . :['urn markings 
4 .  S t o p  l i n e s  
k. Crosswalk l i n e s  
1. Approaches t o  r a i l r o a d  c r o s s i n g s  
m a  Parking  s p a c e  l i m i t s  
n .  Word and symbol markings 
o  . Lane-use c o n t r o l  markings 

2. Curb Markings f o r  Park ing  R e s t r i c t  i o n s  
3 .  Objec t  Markings 

a .  (Objects  w i t h i n  t h e  roadway 
b .  O b j e c t s  a d j a c e n t  t o  t h e  roadway 

4. R e f l e c t o r  Markers 
a .  Hazard markers  
b  . D e l i n e a t o r s  

A s  w i th  s i g n s ,  pavement marking performance v a r i a b l e s  can  be de- 

s c r i b e d  a s  fo l lows :  

1. P e r c e n t  of  pavement w i t h  each  t y p e  of marking d e s c r i b e d  

above.  

2 .  D i s t r i b u t i o n s  of pavement markings d e s c r i b e d  above .  

S i , gna l s  can  be d e s c r i b e d  a s  i n c l u d i n g  " a l l  power-operated t r a f -  

f i c  c o n t r o l  d e v i c e s ,  excep t  f l a s h e r s ,  s i g n s ,  and markings,  by which 

t r a f f i c  is warned o r  d i r e c t e d  t o  t a k e  some s p e c i f i c  a c t i o n .  1118 

T r a f f i c  s i g n a l s  can  g e n e r a l l y  be c l a s s i f i e d  i n  f o u r  ways:'' 
1. T r a f f i c  Con t ro l  S i g n a l s  (Stop-and-Go): 

( a )  Pret imed s i g n a l s  
( b )  T r a f f i c - a c t u a t e d  s i g n a l s  

(1 )  F u l l  t r a f f i c - a c t u a t e d  s i g n a l s  
(2 )  S e m i - t r a f f i c - a c t u a t e d  s i g n a l s  
( 3 )  T r a f f i c - a d j u s t e d  s i g n a l s  

2 .  P e d e s t r i a n  S i g n a l s  
3 .  S p e c i a l  T r a f f i c  S i g n a l s  

( a )  F l a s h i n g  beacons 
( b )  Lane -d i r ec t ion -con t ro l  s i g n a l s  
( c )  T r a f f i c  s i g n a l s  a t  drawbridges 

4 .  Train-Approach S i g n a l s  and Gates  



Performance c h a r a c t e r i s t i c s  of t r a f f i c  s i g n a l s  can  be d e f i n e d  

a s  f o l l o w s :  

1. Number of  s i g n a l s / u n i t  l e n g t h  

2 .  L o n g i t u d i n a l  d i s t r i b u t i o n  of  d i s t a n c e s  between s i g n a l s  

3 .  D i s t r i b u t i o n  of s i g n a l  t y p e  

4 .  J o i n t  d i s t r i b u t i o n  of l a t e r a l  d i s t a n c e  and v e r t i c a l  d i s -  

t a n c e  t o  s i g n a l s  

F i n a l l y ,  t r a f f i c  c o n t r o l  i s l a n d s  can  be d e f i n e d  a s  "a d e f i n e d  

a r e a  between t r a f f i c  l a n e s  f o r  c o n t r o l  of  v e h i c l e  movements o r  f o r  

p e d e s t r i a n r e f u g e .  Wi th in  an i n t e r s e c t i o n  a r e a ,  a  median o r  an o u t e r  

s e p a r a t i o n  is  c o n s i d e r e d  t o  be an i s l a n d .  An i s l a n d  may be d e s i g n a t e d  

by p a i n t ,  r a i s e d  b a r s ,  mushroom b u t t o n s ,  c u r b s ,  g u i d e p o s t s ,  pavement 

edge ,  o r  o t h e r  d e v i c e s .  1120 

I s l a n d s  can  be f u r t h e r  subd iv ided  in to :21  

1. P e d e s t r i a n  r e f u g e  i s l a n d s  
2 .  T r a f f i c  d i v i s i o n a l  i s l a n d s  
3 .  T r a f f i c  c h a n n e l i z i n g  i s l a n d s  

Performance c h a r a c t e r i s t i c s  f o r  t r a f f i c  i s l a n d s  can  be d e f i n e d  

a s  f o l l o w s :  

1. P e r c e n t  of  Length w i t h  t r a f f i c  c o n t r o l  i s l a n d s  

2 .  D i s t r i b u t i o n  of t ype  o f  i s l a n d s  

3 *  J o i n t  d i s t r i b u t i o n  of h e i g h t  and wid th  of d i f f e r e n t  t y p e s  

of  is l a n d s .  

RECOMMENDED RESEARCH I N  HIGHWAYS 

A comple te  r ev i ew  of a v a i l a b l e  l i t e r a t u r e  r e l a t i n g  t h e  highway 

subsystem t o  t h e  o t h e r  subsys tems  was n o t  unde r t aken  and should  be 

done a t  an e a r l y  d a t e  t o  ex t end  t h e  sys tems  approach .  Appendix 3-A 

p r e s e n t s  a  r ev i ew  of l i t e r a t u r e  completed;  t h e  views of t h e  i n v e s t i -  

g a t o r s  a r e  p r e s e n t e d  below. 

Wi th in  t h e  a r e a  of t h e  highway envi ronment ,  t h e  p h y s i c a l ,  geo- 

m e t r i c ,  and t r a f f i c  i n f o r m a t i o n  and c o n t r o l  d e v i c e  subsys tems ,  t h e  

recommended r e s e a r c h  program shou ld  be d i r e c t e d  towards t h e  i n t e r -  

a c t i o n s  w i t h  o t h e r  subsys tems .  Within t h e  a r e a  i t s e l f  meaningful  r e -  

s e a r c h  i n  m a t e r i a l s  a p p e a r s  p o s s i b l e  w i t h  p a r t i c u l a r  emphasis on 



b e t t e r  unde r s t and ing  of t h e  s i g n i f i c a n t  p r o p e r t i e s  of pavements con- 

t r i b u t i n g  t o  t h e  t i r e - r o a d  subsystem c o e f f i c i e n t  of f r i c t i o n ,  and in -  

v e s t i g a t i o n s  of improved energy-absorbing and d e f l e c t i n g  subsystems 

f o r  r o a d s i d e  o b s t a c l e s .  S t r e e t - l i g h t i n g  subsystems need r e s e a r c h .  

T r a f f i c  i n f o r m a t i o n a l  and c o n t r o l  d e v i c e s  r e q u i r e  r e s e a r c h  as -  

s o c i a t e d  w i t h  t h e i r  v i s i b i l i t y .  

A t  t h e  subsystem l e v e l  t h e  geometr ic  environment must be b e t t e r  

d e s c r i b e d  and i t  is recommended t h a t  t h e  performance measures i d e n t i -  

f i e d  i n  t h e  c h a p t e r  be f u r t h e r  exp lo red .  



APPENDIX 3-A 

SELECTED BIBLIOGRAPHY AND SUMMARIES 

Ackroyd, R icha rd ,  "Highway Shou lde r s  a s  Re la t ed  t o  Su r face  Dra inage , "  
HRB B u l l e t i n  151 ,  Symposium on Highway Shou lde r s ,  1957. 

Su r face  d r a i n a g e  a f f e c t s  t h e  s t a b i l i t y  and d u r a b i l i t y  of 
s h o u l d e r s .  The a u t h o r  b r i e f l y  d e s c r i b e d  f o u r  s i t u a t i o n s :  

(1) When t h e  roadway is of a  s u b s t a n t i a l  g r a d e ,  l o n g i t u d i n a l  
f low of wa te r  w i l l  e rode  t h e  s h o u l d e r ,  u s u a l l y  a t  t h e  pavement edge ,  
making a  s m a l l  channel  a t  f i r s t ,  t hen  ove r f lowing  t h e  shou lde r  
s l o p e  and r e s u l t i n g  i n  g u l l i e s .  The t h r e e  d e s i g n s  ske t ched  below 
a r e  f r e q u e n t l y  used t o  handle  t h i s  problem; a l l  of them a r e  i n -  
tended t o  c a r r y  t h e  runoff  l o n g i t u d i n a l l y  t o  an i n l e t ,  Yet t h e r e  
is  s t i l l  a  need f o r  more e f f i c i e n t  and economic d e s i g n .  

PAVED SHOULDER / /DIKE 

/ VALLEY GUTTER 

(2 )  The poor d e s i g n  p r a c t i c e  shown below p e r m i t s  water  ( i n c l u d i n g  
d r a i n a g e  from t h e  shou lde r )  and d e b r i s  t o  be r e t a i n e d  on t h e  pave- 
ment where i t  i n t e r f e r e s  w i th  t r a f f i c .  In  w i n t e r ,  t h e  s h e e t  f low 
of i c e  a c r o s s  t h e  pavement s l a b  i s  a  p o t e n t i a l  danger  t o  t r a f f i c .  

( 3 )  Where r o a d s  a r e  f r e q u e n t l y  overf lowed by f l o o d  w a t e r ,  
some k ind  of p r o t e c t i o n  t o  t h e  shou lde r  i s  needed, P i p e s ,  sod ,  o r  
paving on t h e  shou lde r  may be a n  economical p r o t e c t i o n  depending 
on t h e  d i f f e r e n c e  i n  e l e v a t i o n  of water  s u r f a c e s  on both  s i d e s  of 
t h e  r o a d .  Research was be ing  unde r t aken  (1957) t o  e v a l u a t e  t h i s  
r e l a t i o n s h i p .  

(4 )  Another common cause  of shou lde r  f a i l u r e  i s  poor and 
inadequate  d e s i g n  of c u l v e r t s .  I n  t h i s  c a s e  water  b u i l d s  up a t  
t h e  e n t r a n c e  t o  c u l v e r t s  and o v e r t o p s  t h e  s h o u l d e r ,  caus ing  e r o s i o n  
o r  s l i d e .  



B r a n t ,  Frank H . ,  "Highway Shoulder  Design from t h e  Roadside Develop- 
ment Viewpoin t , "  HRB B u l l e t i n  151 ,  Symposium on Highway Shou lde r s .  
1957. 

The a u t h o r  s t a t e s  t h e  r e a s o n s  and advantages  of t u r f  s t a b i l i z e d  
s h o u l d e r s  when p e r m e a b i l i t y  is not  r e q u i r e d  and economy is  t h e  
govern ing  f a c t o r .  The fo l lowing  p o i n t s  a r e  emphasized, 

(1) Turf can be e a s i l y  grown on s t a b i l i z e d  compacted s o i l -  
agg rega te  m a t e r i a l s .  Top-so i l  is not  n e c e s s a r y .  Turf reduces  
t h e  e f f e c t  of weather ing  by wind o r  w a t e r .  I t  a l s o  p rov ides  
some s h e a r i n g  r e s i s t a n c e  f o r  o c c a s i o n a l  t r a f f i c ,  

(2)  The maintenance c o s t  is lowest  f o r  t u r f  s t a b i l i z e d  
s h o u l d e r s .  Some of t h e  problems y e t  t o  be so lved  a r e  a l s o  
p o i n t e d  o u t ,  

( a )  How s t e e p  can  a  t u r f  s t a b i l i z e d  shou lde r  be?  Is 
t h e  p r e s e n t  recommended 1 inch / foo t  t o o  s t e e p ?  

(b) Should s h o u l d e r s  have a  degree  of s t a b i l i t y  cons ide r -  
ed neces sa ry  24 hours  a  day ,  365 days a  year?  

( c )  What i s  t h e  a c c e p t a b l e  degree  of shou lde r  r u t t i n g ?  

(d)  What width of t h e  shou lde r  should  be s t a b l e ?  Should, 
t h e  e n t i r e  width be s t a b l e  a t  a l l  t i m e s ,  o r  o n l y  a  p o r t i o n  
of i t  a s  r e q u i r e d  t o  w i ths t and  more f r e q u e n t  t r a f f i c  swerving 
o f f  t h e  pavement edge? 

Burg, A l b e r t ,  and Slade  F .  H u l b e r t ,  " P r e d i c t i n g  t h e  E f f e c t i v e n e s s  of 
Highway S i g n s , "  HRB B u l l e t i n  324, F r e e  Opera t ions ,  1962. 

The e f f e c t i v e n e s s  and adequacy of a  newly i n s t a l l e d  s i g n  is 
d i f f i c u l t  t o  e v a l u a t e  u n t i l  a f t e r  a  p e r i o d  of s e v e r a l  months o r  
y e a r s  when compla in t s  and a c c i d e n t  expe r i ence  have been accumulat- 
e d .  A l f s h o r t - c u t l f  method i s  t h e r e f o r e  neces sa ry  t o  e v a l u a t e  and 
choose among s e v e r a l  a l t e r n a t i v e s  of s i g n  d e s i g n s  and t h e i r  
l o c a t i o n s  on t h e  highway p r i o r  t o  a c t u a l l y  p l a c i n g  them on1 t h e  
highway. 

Four s i g n  c o n f i g u r a t i o n s  were f i r s t  des igned . (See  i l l u . s t r a t i o n . )  
A f i f t h  s i g n  was added l a t e r  f o r  l i m i t e d  e v a l u a t i o n  o n l y .  

The s i g n s  were i n s t a l l e d  i n  a  s t a n d a r d  manner. Motion p i c t u r e s  
were t aken  from t h e  d r i v e r ' s  p o s i t i o n  i n  a  moving v e h i c l e .  Each 
s i g n  was i n s t a l l e d  and f i lmed  i n  t u r n .  The r e s u l t i n g  f i l m s  were 
then  p r o j e c t e d  on a  s c r e e n  t o  o b s e r v e r s .  

Three  groups of o b s e r v e r s  were s e l e c t e d .  The f i r s t  group was 
made up of 560 s t u d e n t s  i n  Los Angeles.  The second group was 
composed of 273 a t t e n d e e s  a t  t h e  Western S a f e t y  Congress i n  Los 
Angeles.  A t h i r d  group of 47 pe r sons  was t e s t e d  i n  Washington, 
D.C. i n  an e f f o r t  t o  d e t e c t  any r e g i o n a l  d i f f e r e n c e s  i n  r e sponses  
t o  s i g n s .  Each group was f u r t h e r  d iv ided  i n t o  subgroups c o n s i s t -  
i n g  of d r i v e r s  of bo th  s e x e s ,  wi th  a  c o n s i d e r a b l e  range i n  both 
age and d r i v i n g  e x p e r i e n c e .  

Before  t h e  f i l m  was shown, t h e  exper imenter  s t a t e d  t o  t h e  
groups  t h a t  t hey  were about  t o  s e e  some s h o r t  f i l m s  of t r a f f i c  
s i g n s ,  fo l lowing  each of which t h e y  would be asked t o  ansvrer 
some q u e s t i o n s .  





F o r  e v e r y  g r o u p ,  t h e  o r d e r  o f  p r e s e n t a t i o n  o f  t h e  s i g n s  was 
s e l e c t e d  a t  random. A f t e r  t h e  f i r s t  f i l m  had been  shown, t h e  
o b s e r v e r s  were  a s k e d  t o  r e c o r d  t h e i r  f i r s t  i m p r e s s i o n s .  T h i s  
p r o c e d u r e  was r e p e a t e d  f o r  e a c h  f i l m .  A f t e r  t h e  l a s t  f i lm! ,  t h e y  
were  a s k e d  t o  i n d i c a t e  L h e i r  p e r s o n a l  p r e f e r e n c e s  among t h e  
s i g n s .  

Because  of l i m i t e d  t i m e  on some o c c a s i o n s ,  o n l y  p a r t  o f  t h e  
s e r i e s  of f i l m s  was shown. 

The o b s e r v e r l s '  f i r s t  i m p r e s s i o n s ,  t h e i r  c l a r i l y   rating:^, and 
t h e i r  p r e f e r e n c e s  were  a n a l y z e d .  A c o n s i s t e n t  r e s u l t  was o b t a i n e d :  
" I n  e v e r y  g r o u p  S i g n  D was p r e f e r r e d  o v e r  t h e  o t h e r  t h r e e  s i g n s  
by a  wide  m a r g i n ,  S i g n  A was a l w a y s  l a s t  c h o i c e ,  and S i g n s  B  and 
C f e l l  somewhere in -be tween  . 

A marked d i f f e r e n c e  o f  r e s p o n s e  was o b s e r v e d  between tihe 
s t u d e n t  gro 'up and t h e  g r o u p  o f  a t t e n d e e s  a t  t h e  s a f e t y  m e e t i n g .  
Because  of t h e  d i f f e r e n c e  i n  s i z e s  of  t h e  two g r o u p s  (560 s t u d e n t s  
and 273 a t t e n d e e s )  no  f i r m  c o n c l u s i o n  c o u l d  be drawn. 

The Washington g r o u p  d i f f e r e d  f rom t h e  Los Ange les  g r o u p s  i n  
r e s p o n s e  t o  S i g n  A ,  r a n k i n g  i t  t h i r d  w h i l e  t h e  Los Ange les  g r o u p s  
r a n k e d  i t  f i r s t .  

F u r t h e r  s t u d i e s  seem needed i n  a t  l e a s t  two a r e a s .  

( 1 )  How do  t h e  f a c t o r s  ( f a m i l i a r i t y ,  e d u c a t i o n )  i n f l u e n c e  
p r e f e r e n c e s ?  To what d e g r e e  c a n  t h e  t r u e  e f f e c t i v e n e s s  of  a  
s i g n  be  d e t e r m i n e d  f rom t h e  s u b j e c t i v e  o p i n i o n s  of o b s e r v e r s ?  

( 2 )  The method d e s c r i b e d  i n  t h i s  p a p e r  r e q u i r e s  c h o o s i n g  
among s e v e r a l  a l t e r n a t i v e s .  Can d a t a  c o l l e c t e d  f rom s u c h  a n  
e x p e r i m e n t  be  g e n e r a l i z e d  t o  some b a s i c  p r i n c i p l e s  of  s i g n  d e s i g n ?  

B y i n g t o n ,  S t a n l e y  R . ,  " I n t e r s t a t e  System A c c i d e n t  R e s e a r c h , "  P u b l i c  
Roads ,  V o l .  32  ( l l ) ,  December 1963 ,  p .  256-266.  

The s t u d y  c o n d u c t e d  i n  1960 was an i n t r o d u c t o r y  a n a l y s i s  
u s i n g  a v a i l a b l e  d a t a  f rom 16  s l a t e s .  I t  i n v o l v e d  a  t o t a l  o f  
1 , 0 0 0  miles o f  e x i s t i n g  highways,  1 , 1 3 0  m i l e s  of  I n t e r s t a t e  
h ighways ,  and 114 m i l e s  o f  c o n t r o l  h ighways.  C o n t r o l  highways 
were  t h o s e  r o u t e s  h a v i n g  d e s i g n  and t r a f f i c  c h a r a c t e r i s t i c s  
s i m i l a r  to. t h e  o b l i t e r a t e d  highways.  These  t h r e e  t y p e s  o f  h igh-  
ways were  d i v i d e d  i n t o  homogeneous s e c t i o n s  f o r  s t u d y .  The 
d a t a  c o l l e c t e d  i n c l u d e d  highway d e s i g n  f e a t u r e s ,  t r a f f i c  c h a r a c -  
t e r i s t i c s ,  and a c c i d e n t  r e c o r d s .  

Two t y p e s  o f  a n a l y s i s  were  u s e d .  I n  t h e  g r o u p  a n a l y s i s ,  
c o m p a r i s o n s  of  a c c i d e n t  d a t a  were  made between highway s e c t i o n s  
h a v i n g  s i m i l a r  t r a f f i c  vo lumes .  FoY example ,  a c c i d e n t s  on 
e x i s t i n g  highway s e c t i o n s  h a v i n g  t r a f f i c  volumes between 4 , 0 0 0  
and 8 , 0 0 0  v e h i c l e s  p e r  day were  compared w i t h  t h o s e  on I n t e r -  
s t a t e  s e c t i o n s ,  r e g a r d l e s s  of l p c a t i o n ,  which c a r r i e d  s i m l l a r  
t r a f f i c  vo lumes .  I n  t h e  i n d i v i d u a l  a n a l y s i s ,  c o m p a r i s o n s  were  
made o n l y  on a c c i d e n t  d a t a  c o l l e c t e d  f o r  e x i s t i n g  highways and 
t h e  n e a r b y  I n t e r s t a t e  s t u d y  s e c t i o n s .  F o r  example ,  a c c i d l z n t s  
on e x i s t i n g  highway s e c t i o n s  were  compared w i t h  t h o s e  on p a r a l l e l  
I n t e r s t a t e  s e c t i o n s  r e g a r d l e s s  o f  t h e  d e s i g n  c h a r a c t e r i s t i c s  of  
t h e  two t y p e s  of  h ighways .  W i t h i n  t h e s e  two t y p e s  of  a n a l y s i s ,  
t h r e e  c o m p a r i s o n s  were  made on a c c i d e n t  r a t e s :  



( 1 )  e x i s t i n g  highway s e c t i o n s  " b e f o r e , "  compared w i t h  I n t e r -  
s t a t e  System s e c t i o n s ;  

( 2 )  t y b e f o r e T t  compared w i t h  " a f t e r v  f o r  e x i s t i n g  highway 
s e c t i o n s  ; 

( 3 )  e x i s t i n g  highway s e c t i o n s  "be fo rev  compared w i t h  " a f t e r t t  
f o r  I n t e r s t a t e  p l u s  e x i s t i n g  highway s e c t i o n s .  

Accident  r a t e s  i n  t h e  comparisons were exp res sed  a s  t h e  number of 
a c c i d e n t s  per  100 m i l l i o n  v e h i c l e - m i l e s .  The r e s u l t s  showed t h a t  
a c c i d e n t  r a t e s  of I n t e r s t a t e  highways were 43% and 48% below 
t h o s e  of t h e  e x i s t i n g  highways "be fo re t t  and " a f t e r t t  r e s p e c t i v e l y .  

In  c a l c u l a t i n g  t h e  a c c i d e n t ,  i n j u r y ,  and f a t a l i t y  r a t e s ,  two 
methods were used .  In  t h e  summation method, t h e  mean a c c i d e n t ,  
i n j u r y ,  and f a t a l i t y  r a t e s  were computed by d i v i d i n g  t o t a l  
a c c i d e n t s ,  i n j u r i e s ,  and f a t a l i t i e s  o c c u r r i n g  on each  t y p e  of 
highway by t h e  t o t a l  veh ic l e -mi l e s  t r a v e l e d  on t h e  r e s p e c t i v e  
highways. In  t h e  average  method, " the  s m a l l e s t  d a t a  breakdown 
p o s s i b l e  was employed a s  a  s i n g l e  s t u d y  s e c t i o n  f o r  one y e a r . "  
A Chi Square t e s t  showed t h a t  t h e  a c c i d e n t ,  i n j u r y ,  and f a t a l i t y  
r a t e s  f o r  t h e  I n t e r s t a t e  highway were s i g n i f i c a n t l y  lower than  
f o r  e x i s t i n g  highways " b e f o r e , "  bo th  i n  r u r a l  and urban a r e a s .  
For t h e  t l b e f o r e l t  and a f t e r "  of  e x i s t i n g  highway s e c t i o n s  on ly  
t h e  f a t a l i t y  r a t e s  were s i g n i f i c a n t l y  d i f f e r e n t .  I n j u r y  r a t e s  
d e c l i n e d  on e x i s t i n g  highways a f t e r  t h e  c o n s t r u c t i o n  of I n t e r -  
s t a t e  r o u t e s ,  excep t  i n  urban  a r e a s  having p o p u l a t i o n ~  from 
5 ,000  t o  50,000.  I t  was noted  t h a t  t h e  g r e a t e r  t h e  popu la t ion  
d e n s i t y ,  t h e  g r e a t e r  t h e  b e n e f i t s  i n  a c c i d e n t  r e d u c t i o n .  I n j u r y  
r a t e  r e d u c t i o n s  were g r e a t e s t  i n  t h e  l a r g e  m e t r o p o l i t a n  a r e a s  
and i n  r u r a l  a r e a s .  In  r u r a l  a r e a s ,  f a t a l i t y  r a t e s  dropped from 
1 1 . 3  t o  3 . 3 .  In  urban  a r e a s  t h e  n e t  r e d u c t i o n  was 1 . 2  f a t a l i t i e s  
per  100 m i l l i o n  v e h i c l e - m i l e s .  

F ind ings  on t h e  c o n t r o l l e d - a c c e s s  s t u d y  i n d i c a t e d  t h a t  p a r t i a l  
a c c e s s  c o n t r o l  on urban  highways c o n t r i b u t e d  l i t t l e  t o  s a f e t y .  
Th i s  meant t h a t  f u l l  c o n t r o l  of a c c e s s  should  be used wherever 
p o s s i b l e  t o  minimize a c c i d e n t s .  F a t a l i t y  r a t e s  on highways w i t h  
f u l l  c o n t r o l  of a c c e s s  dec reased  by 2/3 i n  r u r a l  a r e a s  and 1/2 
i n  urban  a r e a s  a s  compared t o  t h o s e  having no c o n t r o l  of a c c e s s .  
These d a t a  p o i n t  t o  t h e  conc lus ion  t h a t  c o n t r o l  of a c c e s s  is t h e  
most impor tan t  f a c t o r  on s a f e t y .  However, o t h e r  e lements  of 
roadway d e s i g n ,  such  a s  wide medians,  f l a t  c u r v e s ,  e t c . ,  a r e  a l s o  
impor t an t .  For example, i n  r u r a l  a r e a s  t h e  I n t e r s t a t e  highways 
had lower a c c i d e n t s  and i n j u r y  r a t e s  t han  e x i s t i n g  highways both 
"be fo reT t  and " a f t e r , J T  and r e g a r d l e s s  of t h e  degree  of a c c e s s  
c o n t r o l .  

T e s t s  of Independence and L i n e a r i t y  of Regress ion  f o r  r e -  
g r e s s i o n  c o e f f i c i e n t s ,  a c c i d e n t  r a t e s ,  and ADT were made f o r  each  
t y p e  of highway. The r e s u l t s  showed t h a t  a c c i d e n t  r a t e s  were 
dependent  on t h e  ave rage  d a i l y  volumes f o r  a l l  t y p e s  of highways 
( excep t  3- lane  e x i s t i n g  T t b e f o r e l l ,  highways) . 

  ear-end and same-d i r ec t ion  s ideswipe  c o l l i s i o n s  dec reased  
by about  50% on I n t e r s t a t e  highways compared t o  e x i s t i n g  highways 
"be fo re"  and " a f t e r . "  F ixed -ob jec t  c o l l i s i o n s  and n o n c o l l i s i o n  
a c c i d e n t s  remained about  t h e  same. Angle c o l l i s i o n s  on e x i s t i n g  
highways were i n c r e a s e d  by more than  50% a f t e r  t h e  I n t e r s t a t e  
highways were opened t o  t r a f f i c ,  b u t  head-on, s ideswipe  and non- 
c o l l i s i o n  a c c i d e n t s  reduced by about  one h a l f .  



A S p e c t r a - P r i t c h a r d  p h o t o m e t e r  was u s e d  f o r  t h e  measurement  
a s  i l l u s t r a t e d  a b o v e .  The s i g n a l  l i g h t  p a s s i n g  t h r o u g h  t h e  
o b j e c t i v e  l e n s  and t h e  a p e r t u r e  o f  m i r r o r  M ,  i s  r e c e i v e d  by t h e  
p h o t o m u l t i p l i e r  t u b e  which  m e a s u r e s  i t s  l u m i n a n c e .  The o b s e r v e r  
v i e w i n g  t h r o u g h  t h e  e y e p i e c e  c a n  s e e  t h e  s i g n a l  and i ts  back- 
g round  and make a d j u s t m e n t s .  R a d i o a c t i v e  phosphor  o f  60 micro-  
c u r i e s  is u s e d  a s  a  r e l e r e n c e  s o u r c e  f o r  c a l i b r a t i n g  t h e  i n s t r u m e n t  
The p h o t o m e t e r  is a l s o  s t a n d a r d i z e d  f o r  r e d  l i g h t  by i n t e r p o s i n g  
a  r e d  W r a t t e n  f i l t e r  between a  s t a n d a r d  lamp and a  t e s t  p l a t e  
and m e a s u r i n g  t h e  l u m i n a n c e s  of  t h e  p l a t e .  

Measurements  a r e  made i n  t h e  f i e l d  o f  v i e w i n g  t h r o u g h  t h e  
i n s t r u m e n t  f rom t h e  r e a r  window of  a  v a n .  Measur ing d i f f i c u l t y  
i n  a l i g n i n g  t h e  pho tomete r  r e q u i r e s  t h a t  t h e  d i s t a n c e  o f  t h e  
i n s t r u m e n t  f rom t h e  s i g n a l  be  37 m s o  t h a t  t h e  sampled a r e a  o f  
t h e  s i g n a l  is  6 . 3 5  i n .  i n  d i a m e t e r .  The nomina l  a i m i n g  p o i n t ,  A ,  
is  l o c a t e d  a s  t h e  m i d p o i n t  o f  t h e  r o a d  s e c t i o n  150  f e e t  f rom t h e  
s i g n a l .  The g e n e r a l  l a y o u t  is i l l u s t r a t e d  below.  

MIRROR, hl, 
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A t o t a l  of  34 s i g n a l s  a r e  measured w i t h  3 r e a d i n g s  f o r  e a c h  s i g n a l  
i n d i c a t i o n .  No a t t e m p t s  a r e  made t o  e n s u r e  t h a t  t h e  sample  s e l e c t -  
ed  is u n b i a s e d  d u e  t o  d i f f i c u l t y  w i t h  t r a f f i c  and c o m p l e x i t y  of  
some i n t e r s e c t i o n s .  O t h e r  s o u r c e s  o f  e r r o r  e x p e c t e d  a r e :  

( 1 )  E r r o r s  i n  l a y i n g  o u t  t h e  p o s i t i o n s  of t h e  pho tomete r  
and t h e  nomina l  a i m i n g  l i n e - - u n l i k e l y  t o  e x c e e d  +lo. 

( 2 )  E r r o r  i n  v e r t i c a l  a l i g n m e n t  o f  a i m i n g  l i n e - - l e s s  t h a n  
0.5'. 

( 3 )  E r r o r  due  t o  nonun i fo rm luminance  o f  s i g n a l - - t h e  sampled 
a r e a  of t h e  s i g n a l  is  supposed  t o  be  l a r g e  e n o u g h t o  i n t r o d u c e  
o n l y  s m a l l  e r r o r s .  

( 4 )  E r r o r  due  t o  v a r i a t i o n  i n  s i g n a l  a r e a - - l e s s  t h a n  &0.5%.  

( 5 )  E r r o r  due  t o  o b l i q u e  o b s e r v a t i o n - - l e s s  t h a n  10.57; f o r  
a n g l e  o f  o b s e r v a t i o n  u p  t o  20° f rom t h e  n o r m a l .  

Measurements a r e  made a t  n i g h t  t o  min imize  e r r o r  due  t o  
s t r a y  l i g h t .  

The r e s u l t s  show a n  a v e r a g e  of o n - a x i s  i n t e n s i t y  much lower  
t h a n  t h e  optimum a r g u e d  by many. About 1/3 of  measured i n - s e r v i c e  
s i g n a l s  have  i n t e n s i t i e s  s o  low t h a t  t h e y  l e a d  t o  h i g h  u n c e r t a i n t y  
w h e t h e r  t h e y  c a n  be  s e e n  a g a i n s t  a  b r i g h t  s k y .  They seem t o  be 
a d e q u a t e  b u t  a f f o r d  no marg in  o f  s a f e t y  u n d e r  a d v e r s e  c o n d i t i o n s .  



A s  more d a t a  became a v a i l a b l e ,  t h e  a u t h o r  i n t e n d e d  t o  i n c l u d e  
f u r t h e r  a n a l y s e s  i n  t h i s  s t u d y ,  s u c h  a s :  

" ( 1 )  C o r r e l a t i o n s  of two o r  more v a r i a b l e s ;  

( 2 )  An e x p a n s i o n  o f  t h e  d i f f e r e n t  highway s y s t e m ' s  a c c i -  
d e n t s ,  i n j u r y ,  and f a t a l i t y  r a t e  t r e n d s ;  

( 3 )  A more c o m p r e h e n s i v e  c o s t  a n a l y s i s  a s  a c c i d e n t  c o s t  
s t u d y  d a t a  a r e  r e f i n e d ;  and 

( 4 )  Development of  a c c i d e n t ,  i n j u r y ,  f a t a l i t y ,  and c o s t  
e q u a t i o n s  i n  c o n j u n c t i o n  w i t h  f u t h e r  t r a v e l  f o r c a s t s . "  

C o l e ,  B.  L . ,  and B .  Brown, " I n t e n s i t y  o f  I n - S e r v i c e  Road T r a f f i c  
S i g n a l  L i g h t s , "  A u s t r a l i a n  Road R e s e a r c h ;  J o u r n a l  of  t h e  
A u s t r a l i a n  Road R e s e a r c h  B o a r d ,  V o l .  2 ( 6 ) ,  December 1965 .  

The c o l o r  of a  t r a f f i c  s i g n a l  s e e n  a g a i n s t  a  b r i g h t  s k y  i s  
l e s s  e a s i l y  d i s t i n g u i s h e d  t h a n  t h a t  o f  one  s e e n  a g a i n s t  a  d a r k e r  
background .  The r e d  s i g n a l  l e n s ,  p r o b a b l y  more i m p o r t a n t  t h a n  
t h e  o t h e r s ,  h a s  lower  t r a n s m i t t a n c e  t h a n  t h e  g r e e n  o r  y e l l o w  
l e n s e s .  T h e r e  a r e  d i f f e r i n g  o p i n i o n s  a b o u t  s t a n d a r d s  o f  minimum 
i n t e n s i t y  f o r  t h e  r e d  l i g h t  a g a i n s t  a  b r i g h t  s k y .  The h i g h e s t  
s k y  luminance  c i t e d  by B o i s s o n  and Pages  is l o 4  cd/m2 n e a r  t h e  
h o r i z o n  on a  c l e a r ,  b r i g h t  d a y .  F o r  a  s k y  luminance  o f  3000 cd/m2 
a n  i n t e n s i t y  o f  200 cd  is c o n s i d e r e d  s u f f i c i e n t l y  s t r i k i n g .  The 
same v a l u e  is a l s o  recommended by t h e  ITE. T h i s  r e p r e s e n t s  a  
minimum i n t e n s i t y  f o r  a  c l .ean and p r o p e r l y  a d j u s t e d  s i g n a l .  
C o n s i d e r a t i o n  must  b e  g i v e n  t o  misaimed s i g n a l s ,  damage, d i r t ,  
t a r n i s h i n g  o f  t h e  r e f l e c t o r ,  and a g i n g  of  t h e  lamp.  Because  
a b o u t  2% o f  a l l  ma le  d r i v e r s  c a n  be  e x p e c t e d  t o  e x h i b i t  e i t h e r  
p r o t a n o p i a  o r  p r o t a n o m a l y ,  a  h i g h e r  minimum i n t e n s i t y  f o r  t h e  
r e d  s i g n a l  seems d e s i r a b l e .  A v a l u e  o f  800  c d  is s u g g e s t e d ,  b u t  
t h i s  w i l l  c r e a t e  g l a r e  a t  n i g h t ,  and t h u s  would n e c e s s i t a t e  t h e  
u s e  of  d u a l - i n t e n s i t y  s i g n a l s .  

I n  s p i t e  of a l l ,  e x i s t i n g  s i g n a l s  a r e  p roved  t o  c o n t r o l  t r a f f i c  
movements ' r e a s o n a b l y  w e l l . '  From t h i s  i t  is s e e n  t h a t  a  know- 
l e d g e  o f  t h e  p h o t o m e t r i c  c h a r a c t e r  i s t i c s  of  t h e s e  s i g n a l s  may 
p r o v i d e  c e r t a i n  v a l u a b l e  i n f o r m a t i o n .  



. e ,  B .  L . ,  A .  M .  F o r b e s ,  H .  J .  Turne r ,  and J .  H .  Leeve r s ,  f f T r a n s p o r t  
L i g h t i n g , "  A u s t r a l i a n  Road Resea rch ;  J o u r n a l  of t h e  A u s t r a l i a n  
Road Research  Board,  Vo l .  2 ( 6 ) ,  December 1965. 

T h i s  a r t i c l e  i s  a  summary of a  r e p o r t  on t r a n s p o r t  l i g h t i n g  
a t  t h e  23rd o r d i n a r y  meet ing of t h e  A u s t r a l i a n  N a t i o n a l  Committee 
on I1Tu.mination. 

The a c t i v i t i e s  and aims of t h o s e  f o u r  commit tes  of t h e  
I n t e r n a t i o n a l  Commission on I l l u m i n a t i o n  concerned w i t h  t r a n s p o r t  
l i g h t i n g  a r e  r e p o r t e d .  Work on t r a n s p o r t  l i g h t i n g  i n  A u s t r a l i a  
is a l s o  sunmarlzed i n  t h e  r e p o r t .  The a c t i v i t i e s  of  t h e  f o u r  
commit tees  a r e  l i s t e d  below. 

1. STREET LIGHTING 

The work of t h i s  commit tee  i n c l u d e s :  

( 1 )  I n t e r n a t i o n a l  recommendation on s t r e e t  l i g h t i n g  

( 2 )  C l a s s i f i c a t i o n  of road  s u r f a c e s  from t h e  s t a n d p o i n t  
of photometr i e  c h a r a c t e r s  

( 3 )  Problems of l i g h t i n g  of motorways 

( 4 )  Luminous i n t e n s i t y  of s t r e e t  l a n t e r n s ,  i ts  d i s t r i b u t i o n ,  
measurement, and r e l a t i o n  t o  t y p e  of s u r f a c e  

( 5 )  Measurement of  luminance of s t r e e t - l i g h t i n g ,  t h e  d e s i g n  
of luminance me te r s  and t h e i r  p r e c i s i o n  

( 6 )  Study of s p e c i a l  i n s t a l l a t i o n s ,  e s p e c i a l l y  t h o s e  o p e r a t i n g  
a t  h i g h  o r  low l e v e l s  and j u n c t i o n s  a t  s p l i t  l e v e l s  

( 7 )  Compi la t ion  of r e f e r e n c e s  

I n  a d d i t i o n  t o  t h e  above,  t h e  work i n  A u s t r a l i a  a l s o  i n c l u d e s :  

( 1 )  Study of t h e  i n f l u e n c e  of wet weather  on s t r e e t  l i g h t i n g  
t e c h n i q u e s  

( 2 )  C l a s s i f i c a t i o n  of road  s u r f a c e s  f o r  s t r e e t - l i g h t i n g  by 
s i m p l i f i e d  measurements 

( 3 )  Acc ident  s t a t i s t i c s  
( 4 )  E n t r i e s  and e x i t s  t o  motorways and t r a n s i t i o n  zones 

(5 )  Head l igh t  performance i n  b u i l t - u p  a r e a s  

(6 )  F i e l d  t e s t s  of l a n t e r n  performance f o r  a  r e p r e s e n t a t i v e  
b i tuminous  c o n c r e t e  pavement. 

2 .  VEHICLE HEADLIGHTS AND SIGNAL LIGHTS 

The work i n c l u d e s  : 

( 1 )  Research  of t h e  s imp le  r e f l e x  r e f l e c t o r :  c o l o r ,  i n t e n -  
s i t y ,  d i s t r i b u t i o n  of r e f l e c t e d  l i g h t ,  arid main tenance .  The 
h e i g h t  of r e f l e c t o r  i s  recommended n o t  t o  exceed 90 cm. 

( 2 )  Research  of t u r n i n g  d i r e c t i o n a l  i n d i c a t o r s :  i ts  d i s -  
t r i b u t i o n  of l i g h t  v e r t i c a l l y  and h o r i z o n t a l l y ;  i t s  i n t e n s i t y ,  
and t h e  adop t ion  of a  two- leve l  sys tem f o r  u s e  i n  dayt ime and a t  
n i g h t ;  i ts mounting h e i g h t ;  i t s  l o c a t i o n  w i t h  r e s p e c t  t o  o t h e r  
l i g h t s ;  i ts  f l a s h i n g  c h a r a c t e r i s t i c s  and c o l o r ;  and its s t a n d a r d -  
i z a t i o n  f o r  road  s a f e t y .  



3 .  FUNDAMENTALS OF TRAFFIC SIGNAL LIGHTS 

( 1 )  S t u d y  of t h e  p h y s i o l o g i c a l  and p s y c h o l o g i c a l  o b s e r v a t i o n s  
which i n f l u e n c e  t h e  r e c o g n i t i o n  o f  s i g n a l s ,  e . g . ,  background 
luminance  and t h e  e f f e c t  o f  background s c r e e n s ;  and a n g l e  o f  
o b s e r v a t i o n  and movement of t h e  d r i v e r ,  and t h e  e f f e c t s  of  t h e  
d e g r e e  of  a t t e n t i o n t h e  o b s e r v e r  c a n  g i v e  t h e  s i g n a l .  

( 2 )  P r e p a r a t i o n  o f  recommended s i g n a l  t h r e s h o l d  v a l u e s  a s  
f u n c t i o n s  of  background luminance  and a n g u l a r  s u b t e n s e  of  t h e  
s i g n a l .  The p u b l i s h e d  recommenda t ions  g i v e  t h r e s h o l d  v a l u e s  
m o d i f i e d  by a  s a f e t y  f a c t o r .  T h i s  s a f e t y  f a c t o r  is i l l - d e f i n e d ,  
and f u r t h e r  r e s e a r c h  is needed  f o r  a  more p r e c i s e  s p e c i f i c a t i o n  

( 3 )  S t u d y  o f  t h e  optimum i n t e n s i t y  and luminance  o f  a  r e d  
s i g n a l  a s  a  f u n c t i o n  of a n g u l a r  s u b t e n s e ,  background l u m i n a n c e ,  
and node of a t t e n u a t i o n .  

4 .  AVIATION GROUND LIGHTING 

( 1 )  Examina t ion  o f  t h e  r e s u l t s  of a c t u a l  o p e r a t i o n s  u s i n g  
v a r i o u s  s y s t e m s  o f  v i s u a l  a i d s ;  

( 2 )  Format ion  of a  method f o r  c a l c u l a t i o n  of c o n s p i c u i t y  and 
g l a r e  o f  f l a s h i n g  l i g h t s ,  exchange  o f  i n f o r m a t i o n ,  p a r t i c u l a r l y  
on l a n d i n g  m a t s ;  

( 3 )  Methods o f  i n d i c a t i n g  a n g l e s  of a i r c r a f t  a p p r o a c h ;  

( 4 )  Development and a s s e s s m e n t  o f  t h e  " v i s u a l  a p p r o a c h  s l o p e  
i n d i c a t o r .  " 

Crosby ,  J .  R . ,  "Acc iden t  E x p e r i e n c e  on t h e  New J e r s e y  T u r n p i k e ,  
T r a f f i c  E n g i n e e r i n g ,  V o l .  2 9 ,  F e b r u a r y  1959 ,  p .  18-23,  3 4 .  

The a c c i d e n t  s t u d y  on t h e  New J e r s e y  T u r n p i k e  c o v e r e d  a 
s i x - y e a r  p e r i o d  f rom 1952 t o  1957 d u r i n g  which 6 , 0 0 0  motor  
v e h i c l e  a c c i d e n t s  o c c u r r e d .  

I n  t h e  a n a l y s i s  of  a c c i d e n t  d a t a ,  a l l  v e h i c l e s  a r e  b roken  
down i n t o  s e v e n  c l a s s e s .  The number of a c c i d e n t s ,  v e h i c l e  m i l e a g e ,  
and t h e  f r e q u e n c y  r a t i o  of  e a c h  c l a s s  is t a b u l a t e d .  The f r e q u e n c y  
r a t i o  is c a l c u l a t e d  a s  t h e  r a t i o  o f  t h e  number o f  C l a s s  I v e h i c l e s  
( p a s s e n g e r  c a r s  and s i n g l e - t i r e  t r u c k s )  i n v o l v e d  i n  a c c i d e n t s  
t o  t h e  t o t a l  number o f  v e h i c l e s  i n v o l v e d  i n  a c c i d e n t s  d i v i d e d  by 
t h e  r a t i o  o f  t h e  v e h i c l e - m i l e s  t r a v e l e d  by C l a s s  I v e h i c l e s  
d i v i d e d  by t h e  t o t a l  v e h i c l e - m i l e s  f o r  a l l  c l a s s e s .  F requency  
i n d i c e s  a r e  t h e n  c a l c u l a t e d  by d i v i d i n g  t h e  f r e q u e n c y  r a t i o s  
of e a c h  c l a s s  by t h e  C l a s s  I r a t i o .  The f r e q u e n c y  i n d e x  f o r  
C l a s s  I i t s e l f  i s  1 . 0 .  The f r e q u e n c y  i n d e x  f o r  t h e  Truck and 
Truck  Combina t ions  C l a s s  is  1 . 7 ,  which means t h a t  70% more 
t r u c k s  a r e  i n v o l v e d  i n  a c c i d e n t s  a s  compared t o  p a s s e n g e r  c a r s  
( C l a s s  I ) ,  h a v i n g  t a k e n  i n t o  a c c o u n t  d i f f e r e n c e s  i n  m i l e a g e .  
S i n c e  t r u c k  t r a f f i c  a c c o u n t s  f o r  o n l y  10% of  t h e  v e h i c l e s  u s i n g  
t h e  T u r n p i k e  and 9 .8% o f  t h e  t o t a l  v e h i c l e - m i l e s ,  t h i s  means t h a t  
t r u c k s  s h a r e  a  p r o p o r t i o n a t e l y  h i g h e r  number of  a c c i d e n t s .  

F u r t h e r  s t u d y  i n t o  t h e  s t a t i s t i c s  of  t r u c k  a c c i d e n t s  r e v e a l s  
some d e t a i l s .  The a v a i l a b l e  d a t a  i n d i c a t e  t h a t  t r u c k s  s h a r e  25% 
of  a l l  a c c i d e n t s ,  25% o f  i n j u r y  a c c i d e n t s ,  and 39% o f  a l l  f a t a l  
a c c i d e n t s .  The s e v e r i t y  o f  t r u c k  a c c i d e n t s  is a l s o  g r e a t e r ,  
a v e r a g i n g  1 . 4  f a t a l i t i e s  p e r  a c c i d e n t  a s  compared t o  1 . 2  f o r  
f a t a l  a c c i d e n t s  n o t  i n v o l v i n g  t r u c k s .  Rear-end c o l l i s i o n s  i n v o l v -  
i n g  t r u c k s  a c c o u n t  f o r  65 .5% of f a t a l  a c c i d e n t s ,  75% of  which 



i n v o l v e  a  v e h i c l e  s t r i k i n g  t h e  r e a r  of a  t r u c k ,  and t h e  o ' ther  
25% is due t o  t r u c k s  s t r i k i n g  o t h e r  v e h i c l e s .  75% of t h e  r e a r -  
end f a t a l  a c c i d e n t s  occu r r ed  d u r i n g  hour s  of  d a r k n e s s .  Some 
of t h e  f a t a l i t i e s  were caused  by t h e  s h i f t i n g  of  t r u c k  loiad which 
c rushed  t h e  occupan t s  of t h e  t r u c k  cab .  I n  t h e s e  i n s t a n c e s  i t  
was found t :ha t  t h e  t r u c k s  d i d  n o t  comply w i t h  t h e  I n t e r s t i a t e  
Commerce Commission r e q u i r e m e n t s  f o r  s e c u r i n g  t h e  l o a d  o r  f o r  a  
s u b s t a n t i a l .  backboard between t h e  l o a d  and t h e  d r i v e r  com:partment. 
Many severe! a c c i d e n t s  have r e s u l t e d  from slow-moving v e h i c l e s  
p u l l i n g  i n t o  s p e e d i n g  t r a f f i c .  Many t r u c k  d r i v e r s  involved  i n  
a c c i d e n t s  r e p o r t e d  t hey  b lacked  o u t  o r  f e l l  a s l e e p  i n  nig:ht  
d r i v i n g  under  s c h e d u l e .  T e s t s  made on t r u c k  t a i l  l i g h t s  on t h e  
Turnpike  showed t h a t  8 8 . 5 %  of  them were below 3 . 0  ca.ndle-:power. 
A l a r g e  number of t r u c k s  had t a i l  l i g h t s  of 1/4 candle-power 
o n l y .  

I t  is concluded t h a t  t h e  h ighe r  p r o p o r t i o n  of t r u c k  a c c i d e n t s  
a s  r e v e a l e d  from t h e  a c c i d e n t  s t a t i s t i c s  may be due t o  thle fo l low-  
i n g  c a u s e s  : 

( 1 )  Inadequa te  r e a r  l i g h t  equipment ,  e s p e c i a l l y  t h e  c l e a r a n c e  
and t a i l  l i g h t s  

( 2 )  Lack of s u i t a b l e  r ea rward  warning equipment f o r  d i s t i n -  
q u i s h i n g  sl.ow-moving v e h i c l e s  from v e h i c l e s  which a r e  sto:pped 

( 3 )  Lack of adequa te  d e s i g n  of r e a r  and f r o n t  bumpers of 
t r u c k s  

( 4 )  Lack of  enforcement  and c o n t r o l  over  t r u c k  s e r v i c e  
s c h e d u l e  a t  n i g h t  

( 5 )  Poor o p e r a t i n g  c h a r a c t e r i s t i c s  of t r u c k s  

(6)  Improper l oad ing  and s e c u r i n g  of t r u c k  l o a d s  

Dent ,  George H . ,  "Design of Shou lde r s  f o r  F l e x i b l e  Pavements ,"  HRB 
B u l l e t i n  151 ,  Symposium on Highway S h o u l d e r s ,  1957. 

The a u t h o r s  of t h i s  a r t i c l e  emphasized t h a t  f o r  heavy-duty 
highways, s h o u l d e r s  shou ld  c o n s i s t  of e i t h e r  hot-mix a s p h a l t i c  
c o n c r e t e  o r  p e n e t r a t i o n  macadam. The minimum width  shoul~d  be 
5 f t .  o r  more w i t h  p l a c e s  of  r e f u g e  f o r  d i s a b l e d  v e h i c l e s .  For 
secondary  r o a d s ,  s h o u l d e r s  may be s u r f a c e  t r e a t e d  o r  c o n s i s t  of 
mixed-in-place s u r f a c e  c o u r s e s .  

There a r e  s e v e r a l  ways t o  d e l i n e a t e  t h e  s h o u l d e r s  froin t r a f f i c  
l a n e s :  ( 1 )  by a  p a i n t e d  s t r i p e ,  ( 2 )  by u s i n g  d i f f e r e n t  c o l o r s ,  
( 3 )  by u s i n g  a  c o a r s e r  t e x t u r e  o r  s u r f a c e  f o r  t h e  shoulde:rs ,  
c r e a t i n g  a  drumming sound when v e h i c l e s  t r a v e l  on them, aind ( 4 )  by 
u s i n g  3/4 a g g r e g a t e  i n  a  t h i n  r i d g e  o r  l i n e  a l o n g  t h e  pav~ement 
edge .  

The base  c o u r s e  w id th  of  r o a d s  v a r i e s  from s t a t e  t o  s t a t e .  
Some u s e  f u l l  w id th  of s e c t i o n ,  o r  from d i t c h  l i n e  t o  d i t c h  l i n e ,  
and some ex t end  0 .25  t o  1 . 5  f t .  beyond t h e  t r a f f i c  l a n e s .  Other  
d e s i g n  p r a c t i c e s  a l s o  vary  from s t a t e  t o  s t a t e ;  d e t a i l s  a:re 
r e p o r t e d  i n  HRB SR 22 and WASH0 Road T e s t ,  P a r t  2 :  T e s t  Data ,  
A n a l y s i s ,  F i n d i n g s .  



F r y e ,  F red ,  "The E f f e c t  of an Expressway on an Area , ' '  Acc iden t s  
CATS Research  News, Vol .  4  ( 3 ) ,  December 1, 1961, p .  9-12. 

The paper  summarizes t h e  r e s u l t s  of i n v e s t i g a t i o n s  on t h e  
e f f e c t s  of expressways upon a c c i d e n t  r a t e s  and t y p e s .  

The Congress  Expressway Area under  s t u d y  comprised 12 
Chicago P o l i c e  D i s t r i c t s .  The two y e a r s  chosen f o r  comparison 
were t h e  yea r  b e f o r e  t h e  f i r s t  segment of t h e  expressway was 
opened (1955) and t h e  yea r  a f t e r  i t  was open f o r  i ts  f u l l  l e n g t h  
(1959) .  Acc iden t s  were c l a s s i f i e d  a s  p r o p e r t y  damage o n l y ,  
i n j u r y ,  o r  f a t a l .  The r e s u l t s  showed t h a t  of t h e  t o t a l  number 
of a c c i d e n t s  i n  t h e  c i t y  a s  a  whole,  t h e  pe rcen tage  of a c c i d e n t s  
of a11  t h r e e  t y p e s  i n  t h i s  s t u d y  a r e a  dec reased  from 1955 t o  1959,  
w h i l e  t h e  p e r c e n t a g e  i n c r e a s e d  i n  remain ing  a r e a s  of t h e  c i t y .  
Be fo re  t heopen ing  of  t h e  Northwest  Expressway, t h e  a c c i d e n t  r a t e  
i n  t h e  Northwest a r e a  was i n c r e a s i n g  a t  a  r a t e  of abou t  14%, 
s i m i l a r  t o  o t h e r  a r e a s  of t h e  c i t y .  A f t e r  t h e  expressway was opened 
i t  was reduced  t o  3 .8%.  

A comparison of a c c i d e n t  e x p e r i e n c e s  f o r  p e r i o d s  of f o u r  months 
b e f o r e  and a f t e r  t h e  opening  of  t h e  suburban s e c t i o n  of  t h e  
expressway showed a  6 .5% r e d u c t i o n .  An a t t e m p t  was made t o  r e l a t e  
t h e  t y p e s  of s t r e e t s :  a  p r e l i m i n a r y  su rvey  r e v e a l e d  8 .4% and 
12 .1% r e d u c t i o n s  on l o c a l  s t reets  and on a r t e r i a l s ,  r e s p e c t i v e l y .  

F rye ,  F r e d e r i c k  F . ,  "Eisenhower Expressway Study Area , "  CATS Research  
News, Vol .  6 ( 4 ) ,  October 1964,  p.  7-13. 

A s t u d y  was made on t h e  e f f e c t  of expressway c o n s t r u c t i o n  on 
t r a f f i c  f l ow  and a c c i d e n t s .  The d a t a  c o l l e c t e d  were compared w i t h  
t h r e e  c o n t r o l  a r e a s  w i t h o u t  expressways .  The r e s e a r c h  a r r i v e s  
a t  t h e s e  c o n c l u s i o n s :  

( 1 )  The s h i f t i n g  and rear rangement  of t r a f f i c  t o  t h e  exp re s s -  
way reduced  a c c i d e n t s  by 25% i n  t h e  s t u d y  a r e a .  Acc ident  r a t e s  
on a r t e r i a l s  a l s o  d e c r e a s e d .  

( 2 )  A r e d u c t i o n  i n  t r a f f i c  on t h e  a r t e r i a l  network r e s u l t e d  
i n  a  g r e a t e r  pe rcen tage  r e d u c t i o n  i n  a c c i d e n t s .  I n  t h e  s t u d y  
a r e a  t r a f f i c  i n c r e a s e d  21% w h i l e  t h e  a c c i d e n t  r a t e  dec reased  8%; 
b u t  i n  t h e  t h r e e  c o n t r o l  a r e a s ,  a c c i d e n t s  i n c r e a s e d  14% whi l e  
t r a f f i c  i n c r e a s e d  14%. 

( 3 )  F i f t y  p e r c e n t  of t h e  21% i n c r e a s e  i n  t r a f f i c  i n  t h e  
s t u d y  a r e a  was a  r e s u l t  of  t r a f f i c  d i v e r t e d  from o t h e r  a r e a s .  
Another 20% of t h e  21% i n c r e a s e  was caused  by adve r se  t r a v e l  
n e c e s s a r y  t o  g a i n  a c c e s s  t o  t h e  expressway.  The remainder  of 
t h e  i n c r e a s e  was due t o  n a t u r a l  growth of t r a f f i c  and was a t  
t h e  same r a t e  (3&) a s  t h e  observed  t r e n d  from 1953 t o  1959. 

(4 )  The h o u r l y  d i s t r i b u t i o n  of t r a f f i c  on an ave rage  weekday 
showed a  marked d i f f e r e n c e  between 1961 and 1964. The peak hour 
of t r a f f i c  remained c o n s t a n t  wh i l e  t h e  of f -peak  p e r i o d s  accounted  
f o r  t h e  i n c r e a s e  i n  t o t a l  t r a f f i c .  A g r e a t e r  p r o p o r t i o n  of t h e  
t o t a l  t r a f f i c  was c a r r i e d  i n  1964 t h a n  i n  1961. 

(5 )  The change i n  t h e  h o u r l y  d i s t r i b u t i o n  of t r a f f i c  i n  a 
day between 1961 and 1964 ( i n c r e a s e  o c c u r r i n g  d u r i n g  t h e  non-peak 
hours  of  t r a f f i c )  r e s u l t e d  i n  an i n c r e a s e  i n  a c c i d e n t s  of about  
7% even though t r a f f i c  volumes i n c r e a s e d  10%. The number of f a t a l  
a c c i d e n t s  doubled from 1959 t o  1963 i n  t h e  c o n t r o l  a r e a s ,  bu t  i n  
t h e  s t u d y  a r e a ,  it remained a lmos t  c o n s t a n t .  



L i n d ,  B r u c e  A . ,  Hyoungkey Hong, " T r a f f i c  A c c i d e n t  S t u d y  on Milwaukee 
E x p r e s s w a y , "  J o u r n a l  of  t h e  Highway D i v i s i o n ,  P r o c e e d i n g s  o f  t h e  
American S o c i e t y  o f  C i v i l  E n g i n e e r s ,  V o l .  9 1  (I), J a n u a r y  1965 ,  
13. 25-48. 

The p u r p o s e  of  t h i s  s t u d y  was t o  e s t a b l i s h  some r e l a t i o n s h i p  
between v a r i o u s  t y p e s  of  t r a f f i c  a c c i d e n t s  and v a r i o u s  g e o m e t r i c  
e l e m e n t s  o f  t h e  e x p r e s s w a y ,  and t o  make n e c e s s a r y  impa'ove:ments i n  
t h e  g e o m e t r i c  d e s i g n  f e a t u r e s .  

The s t u d y  c o v e r e d  a  t o t a l  of  8 . 5  m i l e s  of  t h e  Milwaukee County  
Expressway .  A c c i d e n t s  were r e c o r d e d  f rom J a n u a r y  1962 t o  O c t o b e r  
1963 .  

The f i r s t  p a r t  o f  t h e  a c c i d e n t  a n a l y s i s  a p p l i e s  Chi  S q u a r e  t e s t s  
t o  t h e  a c c i d e n t  d a t a  t o  t e s t  t h e  independency  of  v a r i a t e s .  These  
v a r i a t e s  w e r e :  t y p e s  of  a c c i d e n t s ;  w e a t h e r ;  pavement s u r f a c e  and 
l i g h t  c o n d i t i o n s ;  c a u s e s  of  a c c i d e n t s ;  p r o p e r t y  damages;  and 
a c c i d e n t  d i s t r i b u t i o n s  . 

The most  p r o m i n e n t  t y p e  o f  a c c i d e n t  u n d e r  a l l  w e a t h e r  c o n d i -  
t i o n s  was t h e  r e a r - e n d  c o l l i s i o n .  F i x e d - o b j e c t  c o l l i s i o n s  o c c u r r e d  
more f r e q u e n t l y  i n  snowy w e a t h e r  whereas  i n  c l e a r  w e a t h e r  s i d e -  
s w i p e  c o l l i s i o n s  were  more f r e q u e n t .  I n  r a i n y  w e a t h e r  t h e y  were  
e q u a l l y  f r e q u e n t .  T h i s  s u g g e s t s  t h a t  s l i p p e r y  pavements  r e s u l t i n g  
f rom f o u l  w e a t h e r  c o n d i t i o n s  c a u s e d  more f i x e d - o b j e c t  c o l l i s i o n s .  

The d a t a  a l s o  showed t h a t  many f i x e d - o b j e c t  a c c i d e n t s  o c c u r r e d  
d u r i n g  o r  a f t e r  s n o w f a l l ,  i n d i c a t i n g  t h e  d e s i r a b i l i t y  o f  e a r l y  
snow remova l  o r  d e - i c i n g  m e a s u r e s .  Rear-end c o l l i s i o n s  d .u r ing  
r a i n  were  o n l y  h a l f  a s  many a s  on wet  pavements .  The same was 
t r u e  f o r  runn ing-of f - roadway  a c c i d e n t s .  These  i n d i c a t e  t h e  
need f o r  c a r e f u l  d r i v i n g .  The a u t h o r s  c o n c l u d e  t h a t  pave.ment 
c o n d i t i o n s ,  r a t h e r  t h a n  w e a t h e r  c o n d i t i o n s ,  would be  a  b e t t e r  
measure  of  a c c i d e n t  l i k e l i h o o d .  

I t  is n o t e d  t h a t  d u r i n g  t h e  n i g h t  f i x e d - o b j e c t  and r u n n i n g -  
o f f - roadway  a c c i d e n t s  were  o b s e r v e d  more f r e q u e n t l y .  A l s o ,  41% 
of  t h e  t o t a l  a c c i d e n t s  o c c u r r e d  a t  n i g h t  f o r  o n l y  29% o f  f r e e w a y  
u s a g e ,  i n d i c a t i n g  t h a t  i n  s p i t e  of  lower  v e h i c l e - m i l e a g e ,  t h e r e  were  
more n i g h t  a c c i d e n t s .  The C h i  S q u a r e  t e s t  a l s o  showed t h a t  
t h e r e  were  more f i x e d - o b j e c t  and runn ing-of f - roadway  a c c i d e n t s  
t h a n  e x p e c t e d .  

The c h i e f  c a u s e  of  a c c i d e n t s  was " f o l l o w i n g  t o o  c l o s e l y . ' '  
O t h e r  c a u s e s  were  h i g h  s p e e d ,  improper  o v e r t a k i n g ,  i n a t t e n t i v e -  
n e s s ,  and s l i p p e r y  pavement .  

A s  a  s e c o n d  p a r t  o f  t h e  a n a l y s i s ,  l o c a t i o n s  w i t h  h i g h  a c c i d e n t  
f r e q u e n c y  were examined and t h e  t y p e s  of a c c i d e n t s  were  c o r r e l a t e d  
w i t h  v a r i o u s  g e o m e t r i c  d e s i g n  f e a t u r e s .  

I t  was found t h a t  on t h e  t h r o u g h  l a n e s  of t h e  e x p r e s s w a y ,  
b o t t l e n e c k s  r e s u l t i n g  f rom n a r r o w i n g  o f  r i g h t - o f - w a y  o r  f rom heavy 
merg ing  o r  d i v e r g i n g  maneuvers  i n  s h o r t  d i s t a n c e s ,  s i d e s w i p e s ,  
and r e a r - e n d  c o l l i s i o n s  were  s i g n i f i c a n t l y  f r e q u e n t .  T h e r e  was 
no c l e a r  i n d i c a t i o n  of  any c o r r e l a t i o n  between t y p e s  of a c c i d e n t  
w i t h  e i t h e r  h o r i z o n t a l  o r  v e r t i c a l  a l i g n m e n t s .  However, i t  
a p p e a r e d  t h a t  many s i d e s w i p e s  and r e a r - e n d  and f i x e d - o b j e c t  
c o l l i s i o n s  o c c u r r e d  b e c a u s e  d r i v e r s  f a i l e d  t o  s t a y  i n  t h e i r  own 
l a n e s  on s h a r p  h o r i z o n t a l  r e v e r s e  c u r v e s ,  and b e c a u s e  c a r s  
e i t h e r  f o l l o w e d  t o o  c l o s e l y  o r  t h e  l e a d  v e h i c l e  r e d u c e d  s p e e d  
a b r u p t l y  on t h e  downgrades  o f  v e r t i c a l  c u r v e s .  



Acc iden t s  i n  t h e  i n t e r c h a n g e  a r e a  were mainly f i x e d - o b j e c t ,  
s i d e s w i p e ,  run-off-roadway, and rear -end  c o l l i s i o n ,  r e v e a l i n g  
some problems i n  t h e  geometr ic  d e s i g n  of i n t e r c h a n g e s .  Three 
of t h e  i n t e r c h a n g e  ramps had a  r a t i o  of r a d i i  of 3 s o  t h a t  
d r i v e r s  had t o  reduce  speed by 5 t o  10 mph t o  n e g o t i a t e  t h e  
s h a r p e r  c u r v e s  of t h e  ramps, c o n t r a s t i n g  t o  t h e  35  mph speed  
s i g n  which i n d i c a t e d  only  a  uniform speed .  Some noses  were n o t  
c l e a r l y  v i s i b l e  and c o n t r i b u t e d  t o  some a c c i d e n t s .  Some a c c i d e n t s  
cou ld  be a t t r i b u t e d  t o  con fus ing  geometr ic  l a y o u t s .  For example, 
where r i g h t  and l e f t  ramps were c l o s e l y  l o c a t e d ,  and where t h e  
j u n c t i o n  of  th rough l a n e s  w i t h  i n t e r c h a n g e  ramps was l o c a t e d  
near  t h e  downgrade s i d e  of a  v e r t i c a l  c u r v e ,  o r  l o c a t e d  on a  
h o r i z o n t a l  c u r v e ,  a c c i d e n t s  f r e q u e n t l y  o c c u r r e d .  

Twenty-one pe rcen t  of t h e  t o t a l  a c c i d e n t s  occurred  a t  t h e  en- 
t r a n c e s  t o  ramps. Width of t h e  ramp noses  and l a n e  wid th  were 
s i g n i f i c a n t  f a c t o r s .  S ideswipes  and rear -end   collision:^ were 
o f t e n  noted  where a  two-lane ramp narrowed down t o  a  s i n g l e  l a n e  
w h i l e  t h e  s i g n  "Follow S i n g l e  Linef1  d i d  n o t  c l e a r l y  i n d i c a t e  
who shou ld  y i e l d  t h e  r ight-of-way i n  merging maneuvers. The 
ramp l e n g t h ,  and h o r i z o n t a l  a l ignment  of e n t r a n c e  ramp d i d  no t  
show any d i r e c t  c o r r e l a t i o n  w i t h  a c c i d e n t s .  

D i r e c t  e n t r y  and s h o r t  t a p e r  a c c e l e r a t i o n  l a n e s  were s u b j e c t  
t o  c o n s i d e r a b l e  c o n f l i c t s .  The d i r e c t  e n t r y  a c c e l e r a t i o n  l a n e  
( l e s s  t han  200 f t . )  was t h e  pr imary cause  of rear -end  c o l l i s i o n s ,  

E x i t  ramps accounted f o r  16% of t h e  t o t a l  a c c i d e n t s .  Width 
and l e n g t h  of e x i t  ramps d i d  n o t  i n d i c a t e  any c o r r e l a t i o n  w i t h  
t h e  t y p e  of a c c i d e n t s .  Shor t  ramps ( l e s s  t han  400 f t . )  caused 
s l u g g i s h  t r a f f i c  o p e r a t i o n  d u r i n g  t h e  peak p e r i o d .  

There was no i n d i c a t i o n  of any s p e c i f i c  c o r r e l a t i o n  between 
d i r e c t - e x i t  d e c e l e r a t i o n  l a n e s  and a c c i d e n t  t y p e s .  The observa-  
t i o n  agreed  w i t h  t h e  p r o p o s i t i o n  t h a t  d i r e c t - e x i t  d e c e l e r a t i o n  
l a n e s  were more e f f i c i e n t  than  p a r a l l e l  d e c e l e r a t i o n  l a n e s .  

No r e l a t i o n s h i p  between v e r t i c a l  a l ignment  of e x i t  ramps and 
a c c i d e n t s  could  be found.  I t  was noted t h a t  51% of a l l  e x i t  
ramp a c c i d e n t s  occu r red  on s h a r p  v e r t i c a l  c u r v e s  on e x i t  ramps. 

Other  geometr ic  f e a t u r e s  of e x i t  ramps o r  e n t r a n c e  ramps, 
such  a s  h o r i z o n t a l  c u r v e ,  r e l a t i v e  g r a d i e n t  between ramp and 
f reeway,  d i f f e r e n c e  between e l e v a t i o n  of ramps and freeway,  and 
l o c a t i o n  of  s t r u c t u r e  r e l a t i v e  t o  t h e  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  
l a n e s ,  d i d  n o t  i n d i c a t e  any d i r e c t  r e l a t i o n s h i p  w i t h  any p a r t i -  
c u l a r  t y p e  of a c c i d e n t s .  

The c o n c l u s i o n s  drawn by t h e  a u t h o r s  a r e  a s  f o l l o w s :  

Geometric Design 

1. Inadequate  wid th  of e n t r a n c e  ramp f o r  two-lane 
o p e r a t i o n  i n d i c a t e d  c o r r e l a t i o n  mainly w i t h  s ideswipe  
a c c i d e n t s .  

2 .  For two-lane o p e r a t i o n  t h e  e n t r a n c e  ramp width  
a t  t h e  nose was no t  s u f f i c i e n t ,  r e s u l t i n g  i n  s ideswipe  
a c c i d e n t s .  

3 .  The l e n g t h  of e n t r a n c e  ramp d i d  no t  i n d i c a t e  
any c o r r e l a t i o n  w i t h  any p a r t i c u l a r  t y p e  of a c c i d e n t .  
However, a  r e l a t i v e l y  long  e n t r a n c e  ramp (b700 f t . )  was 
b e n e f i c i a l  i n  r e d u c i n g  s l u g g i s h  t r a f f i c  o p e r a t i o n  on 
t h e  ramp, where on ly  one column of t r a f f i c  was al lowed 
t o  e n t e r  t h e  through l a n e s .  



18. Because  of  s h a r p  compound c u r v e s  on i n t e r c h a n g e  
ramps ,  d r i v e r s  had d i f f i c u l t y  a d j u s t i n g  s p e e d  and d i r -  
e c t i o n  on t h e  ramps .  A s  a  r e s u l t ,  s t r i k i n g - f i x e d - o b j e c t  
a c c i d e n t s  were  t h e  most  cormnon. 

1 9 .  I n  d e s i g n i n g  a  f r e e w a y  w i t h  r e s p e c t  t o  a d e q u a t e  
v i s i b i l i t y ,  e s p e c i a l l y  a t  p o i n t s  of  i n g r e s s  and e g r e s s ,  
a  r e v i s e d  c o n c e p t  of  v i s i b i l i t y  is n e e d e d .  The conven- 
t i o n a l  c o n c e p t  of v i s i b i l i t y  o n  a  v e r t i c a l  o r  h o r i z o n t a l  
c u r v e  is  i n  t e r m s  o f  a  d i s t a n c e  ( s i g h t  d i s t a n c e ) .  All- 
t hough  s i g h t  d i s t a n c e  is a n  i m p o r t a n t  f a c t o r  t o  c o n s : ' i d e r ,  
i t  is no% s u f f i c i e n t  enough f o r  p r o v i d i n g  a d e q u a t e  
v i s i b i l i t y  on u r b a n  f r e e w a y s .  I n  a d d i t i o n  t o  how f a r  
a  d r i v e r  c a n  s e e ,  what  a  d r i v e r  c a n  and c a n n o t  s e e  w i t h  
r e s p e c t  t o  v a r i o u s  g e o m e t r i c  f e a t u r e s  ( low o r  h i g h ,  
s m a l l  o r  l a r g e )  is  a n  i m p o r t a n t  f a c t o r  t o  c o n s i d e r  i n  
d e f i n i n g  and e s t a b l i s h i n g  s a f e  v i s i b i l i t y .  

T r a f f i c  A c c i d e n t s  

1. On e n t r a n c e  ramps ,  t h e  most  p redominan t  t y p e  of  
a c c i d e n t  was s i d e s w i p e ;  r e a r - e n d  c o l l i s i o n s  r e p r e s e n t e d  
t h e  second  h i g h e s t  i n  f r e q u e n c y .  

2 .  On f reeway  t h r o u g h  l a n e s  and e x i t  r amps ,  t h e  
r e a r - e n d  c o l l i s i o n  was t h e  most  p redominan t  t y p e  of  
a c c i d e n t ;  s i d e s w i p e  was t h e  second  h i g h e s t  i n  f r e q u e n c y .  

3 .  I n  a l l  w e a t h e r  c o n d i t i o n s ,  t h e  r e a r - e n d  c o l l i -  
s i o n  was t h e  most  f r e q u e n t .  I n  snowy w e a t h e r ,  more f i x e d -  
o b j e c t  a c c i d e n t s  t h a n  s i d e s w i p e s  were  o b s e r v e d ,  whereas  
i n  c l - e a r  w e a t h e r  t h e  r e v e r s e  was t r u e .  

4 .  The f r e q u e n c y  o f  f i x e d - o b j e c t  a c c i d e n t s  on 
snowy o r  i c y  pavement was t w i c e  a s  h i g h  a s  t h a t  i n  
snowy w e a t h e r .  

5. The f r e q u e n c y  o f  r e a r - e n d  a c c i d e n t s  i n  r a i n y  
w e a t h e r  was o n l y  o n e - h a l f  a s  many a s  t h a t  on wet pave- 
ment .  

6 .  The p r o b a b i l i t y  of  b e i n g  i n v o l v e d  i n  a c c i d e n t s  
on snowy o r  i c y  pavement d u r i n g  t h e  n i g h t  was o n l y  
s l i g h t l y  h i g h e r  t h a n  t h a t  f o r  d u r i n g  t h e  d a y .  

7 .  D r i v i n g  on wet  pavement c a u s e d  by r a i n  r e q u i r e s  
c a u t i o n  r e g a r d l e s s  of  day  and n i g h t .  The p r o b a b i l i t y  of  
g e t t i n g  i n t o  a c c i d e n t s  on wet pavement was n e a r l y  t h e  
same f o r  day  and n i g h t .  

8 .  The most  p redominan t  c a u s e  o f  a c c i d e n t s  was 
l l f o l l o w i n g  t o o  c l o s e l y . "  O t h e r  c a u s e s  were ,  i n  de- 
s c e n d i n g  o r d e r ,  e x c e s s i v e  s p e e d ,  improper  o v e r t a k i n g ,  
and i n a t t e n t i v e  d r i v i n g .  

L o u t z e n h e i s e r ,  D .  W . ,  "Geometr ic  Des ign  of  Highway S h o u l d e r s , "  
HRB B u l l e t i n  1 5 1 ,  Symposium on Highway S h o u l d e r s ,  1957.  

The d e s i g n  o f  s h o u l d e r s  s h o u l d  be  s u c h  t h a t  e f f i c i e n c y ,  
s a f e t y ,  and m o b i l i t y  a r e  e n s u r e d  b o t h  where  t r a f f i c  is 
f l o w i n g  smooth ly  and when e m e r g e n c i e s  a r i s e .  S e v e r a l  gea8- 
m e t r i c  r e q u i r e m e n t s  have  t o  be met ,  i . e .  w i d t h ,  c o n t i n u i t y ,  
d i s t i n c t i v e n e s s ,  d i r e c t i o n  and amount o f  c r o s s - s l o p e ,  



4 .  D i r e c t  e n t r y  and s h o r t  t a p e r  t y p e s  of  a c c e l e r -  
a t i o n  l a n e  were  s u b j e c t  t o  a  c o n s i d e r a b l e  i n t e r n a l  
c o n f l i c t - - m a i n l y  r e a r - e n d  and s i d e s w i p e  c o l l i s i o n s .  

5.  Long t a p e r  and a u x i l i a r y  t y p e s  of a c c e l e r a t i o n  
l a n e s  were  f a v o r a b l e ,  e s p e c i a l l y  when t h e  e n t r a n c e  v o l -  
ume was r e l a t i v e l y  h i g h .  

6 .  For  two-lane  o p e r a t i o n  on some o f  t h e  e x i t  
r amps ,  t h e  w i d t h  o f  t h e  ramp was n o t  a d e q u a t e ,  o f t e n  
r e s u l t i n g  i n  s i d e s w i p e  a c c i d e n t s .  

7 .  Long e x i t  ramps were  f a v o r a b l e  f o r  h i g h  e x i t  
volume,  s o  t h a t  t r a f f i c  would n o t  back i n t o  t h e  t h r o u g h  
l a n e s  t o  h i n d e r  t h r o u g h  movement. 

8 .  D i r e c t  e x i t  d e c e l e r a t i o n  l a n e s  were  t h e  most  
e f f i c i e n t  i n  o p e r a t i o n ,  b e c a u s e  t h e y  f o l l o w  t h e  g e n e r a l  
t r a v e l  p a t h  o f  t h e  m a j o r i t y  of  e x i t i n g  v e h i c l e s .  

9 .  I t  was o b s e r v e d  t h a t  t h e  m a j o r i t y  o f  e x i t i n g  
d r i v e r s  would n o t  u s e  t h e  f i r s t  o n e - t h i r d  of  a  l o n g  
d e c e l e r a t i o n  l a n e ,  u n l e s s  t h e  e x i t  t r a f f i c  was heavy 

1 0 .  A s h a r p  summit v e r t i c a l  c u r v e  on a n  e x i t  ramp 
was more r e s p o n s i b l e  f o r  r e a r - e n d  c o l l i s i o n s  b e c a u s e  
o f  l i m i t e d  v i s i b i l i t y  t h a n  any o t h e r  g e o m e t r i c  f e a t u r e .  

11. I t  is  d e s i r a b l e  t h a t  t h e  ramp n o s e s  o f  b o t h  
e x i t  and e n t r a n c e  ramps be w e l l  marked a t  a l l  t i m e s .  

1 2 .  Improvement o f  weaving s e c t i o n  d e s i g n  is de- 
s i r a b l e ,  E x i s t i n g  d e s i g n  methods  a r e  u n r e a l i s t i c  w i t h  
r e s p e c t  t o  o p e r a t i n g  s p e e d .  

1 3 .  I n c o r p o r a t i o n  of  a r e v e r s e  c u r v e  on t h r o u g h  l a n e s  
r e q u i r e s  some c a u t i o n .  The optimum h o r i z o n t a l  c u r v a t u r e  
and c u r v e  l e n g t h  must  be  d e t e r m i n e d  i n  r e l a t i o n  t o  t h e  
v e h i c l e  s p e e d .  

1 4 .  I n  a  d i r e c t i o n a l  i n t e r c h a n g e ,  where  t h e  i n t e r -  
c h a n g e  ramps b r a n c h  o f f  b o t h  l e f t  and r i g h t  a t  approx-  
i m a t e l y  t h e  same l o c a t i o n ,  a  c o n s i d e r a b l e  amount of  
c o n f u s i o n  and i n t e r n a l  c o n f l i c t  of  d i v e r g i n g  t r a f f i c  
was o b s e r v e d .  I t  is  d e s i r a b l e  t o  o f f s e t  t h e s e  d i v e r g i n g  
ramps by some d i s t a n c e .  

1 5 .  A t  t h e  merg ing  end o f  t h e  i n t e r c h a n g e ,  i t  is 
d e s i r a b l e  t o  o f f s e t  t h e  l e f t  and r i g h t  a c c e l e r a t i o n  l a n e s  
o f  i n t e r c h a n g e  ramps s o  a s  t o  r e d u c e  p o s s i b l e  i n t e r n a l  
c o n f l i c t s  . 

1 6 .  I t  is d e s i r a b l e  t h a t  t h e  j u n c t i o n  o f  t h r o u g h  
l a n e s  and i n t e r c h a n g e  ramps ( i n  t h e  immediate  v i c i n i t y  
o f  ramp n o s e )  be l o c a t e d  s o  a s  t o  be  s e e n  by t h e  d r i v e r s  
a p p r o a c h i n g  t h e  i n t e r c h a n g e .  One of  t h e  u n d e s i r a b l e  
l o c a t i o n s  of  t h i s  ramp n o s e  would be on t h e  down g r a d e  
s i d e  of  a  summit v e r t i c a l  c u r v e ,  where t h e  nose  c a n n o t  
be  s e e n  u n t i l  t h e  v e h i c l e  is  n e a r l y  a t  t h e  summit.  

1 7 .  
change  
is  on a 

When t h e  j u n c t i o n  o f  t h r o u g h  l a n e s  and i n t e r -  
ramps ( t h e  immediate  v i c i n i t y  of  t h e  ramp n o s e )  
. h o r i z o n t a l  t h r o u g h  l a n e  c u r v e  g r e a t e r  t h a n  3') 

c o n s i d e r a b l e  c o n f u s i o n  was o b s e r v e d  a s  a  r e s u l t  o f  
o p t i c a l  i l l u s i o n s  c r e a t e d  by t h e  h o r i z o n t a l  c u r v a t u r e s  
o f  b o t h  t h r o u g h  l a n e s  and i n t e r c h a n g e  ramps .  I t  is 
d e s i r a b l e  t o  p r o v i d e  a  t a n g e n t  s e c t i o n  o r  a  f l a t  h o r i -  
z o n t a l  c u r v e  f o r  t h r o u g h  l a n e s  a p p r o a c h i n g  a n  i n t e r c h a n g e .  



i n c l u s i o n  of c u r b s  and d r a i n a g e  i n l e t s ,  o u t e r  edge rounding ,  and 
t h e  s l o p e s  beyond. Our b a s i c  q u e s t i o n  conce rn ing  t h e  wid th  and 
c o n t i n u i t y  of s h o u l d e r s  a s  s e t  f o r t h  by t h e  a u t h o r  i s ,  "Under 
what t r a f f i c  volumes and o p e r a t i n g  c o n d i t i o n s  a r e  non-cont inuous 
and p a r t i a l  wid th  s h o u l d e r s  adequate?" T h i s  is a  probl.em of 
economy. One proposed method is t o  p rov ide  a  con t inuous  b u t  
p a r t i a l  width (4-7 f t )  s h o u l d e r  where h igh  expenses  f o r  s h o u l d e r s  
a r e  i nvo lved .  The o t h e r  method is t o  p rov ide  a  d iscont ; inuous  
shou lde r  w i t h  emergency pa rk ing  bays  a t  i n t e r v a l s .  A t h i r d  
method i s  t o  combine t h e  p reced ing  two. 

The a u t h o r  a s k s  whether  any of t h e s e  can  be s a t i s f a c t o r y  
wi th  r e g a r d  t o  t r a f f i c  o p e r a t i o n s  and s a f e t y .  I f  s a t i s f a c t o r y ,  
what t h e n  w i l l  t h e  r e q u i r e d  dimensions be? He commented on t h e  
need f o r  such r e s e a r c h  s t u d i e s .  

Shoulders  on h e a v i l y  t r a v e l e d  r o u t e s  have been used a s  
e x t r a  l a n e s  d u r i n g  peak hours  of f l ow.  S e v e r a l  methods have 
been used  t o  c o r r e c t  t h i s  m a l p r a c t i c e ,  y e t  more r e s e a r c h  is need- 
ed .  For  example, t h e  a u t h o r  wonders whether  such m a l p r a c t i c e  
is a  g e n e r a l  problem of  any magnitude on expressways o r  whether  
i t  o c c u r s  on ly  i n  s p e c i a l  c a s e s .  I f  t h e  problem is  g e n e r a l ,  
t hen  what could  be done t o  t h e  s h o u l d e r s  t o  d i scourage  t h i s  mal- 
p r a c t i c e  wh i l e  r e t a i n i n g  adequate  d r a i n a g e  f u n c t i o n s ?  

The a u t h o r  a l s o  r a i s e d  q u e s t i o n s  a s  t o  t h e  r e q u i r e d  width of 
t h e  l e f t  s h o u l d e r .  

Problems a l s o  e x i s t  a s  how t o  p rov ide  d i s t i n c t i o n  a long  
con t inuous  s t a b i l i z e d  s h o u l d e r s  a t  t h e  ends  of a c c e l e r a t i o n  and 
d e c e l e r a t i o n  l a n e s .  

" P a r t i c u l a r l y  l a c k i n g  a r e  s t u d i e s  on v e h i c l e  breakdowns, 
f requency  and e x t e n t  of u s e  of  s h o u l d e r s ,  t h e  r e s u l t a n t  e f f e c t s  
on t r a f f i c  o p e r a t i o n  and c a p a c i t y . "  S t a t emen t s  of r e s e a r c h  on 
highway s h o u l d e r s  a r e  c o n t a i n e d  i n  HRB SR 1 2 ,  No. 1 3 .  

Moore, R .  L . ,  and V .  J .  J ehu ,  " S a f e t y  Fences , "  T r a f f i c  Engineer ing  and 
C o n t r o l ,  Road Research Labora to ry ,  Vol.  6  ( 3 ) ,  J u l y ,  1964, p .  180-183 

S a f e t y  f e n c e s  a r e  used t o  p reven t  v e h i c l e s  from c r o s s i n g  t h e  
median of a  two-way r o a d ,  t o  p reven t  t h e  v e h i c l e  from l e a v i n g  
t h e  road a t  s h a r p  bends and s t e e p  s l o p e s ,  and/or  t o  p r o t e c t  v i t a l  
roadway s t r u c t u r e s  such a s  b r i d g e  p i e r s .  T h e i r  f u n c t i o n s  a r e  t o  
keep v e h i c l e s  on t h e  road  ( a s  on a  b r i d g e ) ;  t o  s t o p  v e h i c l e s  from 
rebounding o n t o  t h e  road ;  t o  s t o p  v e h i c l e s  from d e s t r o y i n g  them- 
s e l v e s  and t h e i r  0ccupan t s ; and  t o  s e r v e  a s  a n t i - d a z z l e  d e v i e e s .  
" B a s i c a l l y  a  v e h i c l e  s a f e t y  f e n c e  c o n s i s t s  of a  con t inuous  h o r i -  
z o n t a l  r a i l  which p r e s e n t s  a  smooth f a c e  t o  an impact ing v e h i c l e  
such t h a t  i t  i s  r e d i r e c t e d ,  w i thou t  o v e r t u r n i n g ,  t o  a  cou r se  
n e a r l y  p a r a l l e l  t o  t h e  r a i l ,  and w i t h  a  l a t e r a l  d e c e l e r a t i o n  t h a t  
is  t o l e r a b l e  t o  t h e  occupan t s . "  

L a t e r a l  d e c e l e r a t i o n  i s  determined by t h e  average  d i s t a n c e  t h e  
c e n t e r  of g r a v i t y  moves upon impact .  The e f f e c t i v e  h e i g h t  of t h e  
g u a r d r a i l  must be equa l  t o  t h e  h e i g h t  of t h e  c e n t e r  of g r a v i t y  
i f  t h e  v e h i c l e  is not  t o  o v e r t u r n .  A 2 f t  h e i g h t  is s u f f i c i e n t  
f o r  passenger  c a r s .  The g r e a t e r  t h e  l a t e r a l  a c c e l e r a t i o n  t h e  
more l i k e l y  i t  is  t o  o v e r t u r n .  The h o r i z o n t a l  f o r c e  t h a t  
r e s u l t s  from t h e  f o r c e s  p e r p e n d i c u l a r  t o  t h e  f e n c e ,  s l i d i n g  



f r i c t i o n ,  and o t h e r  e f f e c t s ,  must  be  d i r e c t e d  ahead of  t h e  c e n t e r  
of  g r a v i t y  of  t h e  v e h i c l e  i f  t h e  v e h i c l e  is t o  be  smooth ly  r e -  
d i r e c t e d .  The maximum l i k e l y  a n g l e  o f  impac t  is 300 w i t h  20° 
b e i n g  t h e  most  r e p r e s e n t a t i v e .  

A r e i n f o r c e d  c o n c r e t e  g u a r d r a i l  w i t h  a  12- inch  d e e p  convex 
beam o v e r t u r n e d  a  3000- lb  t e s t  c a r  a t  46 mph. The r a i l ' s  lower  
edge  was 1 0  i n .  above g round ;  t h e  v e h i c l e ' s  c e n t e r  of  g r a v i t y  
23 i n .  above g r o u n d .  

C o r r u g a t e d  s t e e l  r a i l ,  b o l t e d  d i r e c t l y  t o  p o s t s ,  p o c k e t e d  
upon impac t  from a  4000- lb  c a r  a t  60 mph, 30° impac t  a n g l e .  
T h i s  p u l l e d  t h e  r a i l  below t h e  v e h i c l e ' s  c e n t e r  o f  g r a v i t y ,  
c a u s i n g  i t  t o  r o l l  o v e r .  T h i s  f e n c e  is e f f e c t i v e  u p  t o  3 5  mph, 
200 ,  w i t h  100 f t  minimum l e n g t h  of  r a i l  i n s t a l l a t i o n .  

Double - s ided  s t e e l  g u a r d r a i l s  f o r  na r row medians ,  3 0  i n .  h i g h ,  
b locked  o u t  8  i n .  f rom t h e  p o s t s ,  w i t h s t o o d  60 mph, 320 i m p a c t .  
B l o c k i n g  o u t  from t h e  p o s t s  i n c r e a s e s  v e h i c l e  c l e a r a n c e  f rom 
p o s t s  and m a i n t a i n s  r a i l  h e i g h t  when p o s t s  a r e  d r i v e n  b a c k .  

S t e e l  c a b l e s  clamped t o  I - s e c t i o n  p o s t s ,  30  i n .  h i g h ,  c o v e r -  
ed  w i t h  c h a i n  l i n k  mesh, c u s h i o n s  i m p a c t :  p o s t s  ahead of  v e h i c l e  
a r e  b e n t  back w h i l e  t h e  mesh c r u m p l e s  ahead  t o  p r o v i d e  r e s i s t a n c e  
and makes a  b a r r i e r  between v e h i c l e  and p o s t .  I t  i s  most e f f e c t -  
i v e  a t  l a r g e  e n t r y  a n g l e s .  A t  h i g h  s p e e d s  and a n g l e s  t h e  v e h i c l e  
s p i n s  o u t  o n t o  t h e  r o a d .  

Moore, R .  L . ,  " S i n g l e - V e h i c l e  A c c i d e n t s  i n  R e l a t i o n  t o  S t r e e t  
F u r n i t u r e , ' l  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 ,  Vol .  4 ( 7 ) ,  
November 1962 ,  pp.  410-417. 

A s p e c i a l  s t u d y  of  c o l l i s i o n s  w i t h  l i g h t i n g  columns was done 
t o  test  t h r e e  t y p e s .  A p r e s t r e s s e d  c o n c r e t e  beam, t u b u l a r  s t e e l ,  
and t h i n  s h e e t  s t e e l  l i g h t i n g  columns,  e a c h  p l a t e d  4  f t  i n t o  
t h e  ground w i t h  75 f t  mount ing h e i g h t ,  were  s u b j e c t e d  t o  head-on 
c o l l i s i o n s  a t  a p p r o x i m a t e l y  22 mph by 1750- lb  pre-war 8-hp c a r s  
a d a p t e d  f o r  t h e  i n i t i a l  towing  t o  t h e  d e s i r e d  s p e e d  and f o r  
d a t a  r e c o r d i n g .  The d e g r e e  o f  d e c e l e r a t i o n  o f f e r e d  by e a c h  o f  
t h e  t h r e e  t y p e s  of columns d e c r e a s e d  f rom c o n c r e t e  down t o  t h i n  
s h e e t  s t e e l .  Car damage was most  s e v e r e  w i t h  t h e  c o n c r e t e ,  de- 
c r e a s i n g  down t o  t h e  t h i n  s h e e t  s t e e l  t y p e .  A l l  t h r e e  column 
t y p e s  r e q u i r e d  r e p l a c e m e n t .  The r e s i s t a n c e  o f  a  column t o  impac t  
i s  dependen t  upon t y p e  of  a n c h o r a g e  t o  t h e  g round .  

The i m p o r t a n t  v a r i a b l e s  f o r  t h e s e  t e s t s  were t h e  v e l o c i t y  
immedia te ly  b e f o r e  i m p a c t ,  t h e  d e c e l e r a t i o n  o f  t h e  c a r s  a s  a  
f u n c t i o n  of t i m e ,  and t h e  p o s i t i o n  o f  t h e  c a r  a s  shown by h igh-  
s p e e d  f i l m .  D i s t o r t i o n  o f  t h e  s t r u c t u r e  was d e t e r m i n e d  by b e f o r e  
and a f t e r  t h e  t e s t s .  

P e t t y ,  D .  I?., M i c h a e l ,  H .  L . ,  "An A n a l y s i s  o f  T r a f f i c  A c c i d e n t s  on 
County Roads , "  T r a f f i c  S a f e t y  R e s e a r c h  Review, Vol .  1 0  ( 2 ) ,  
J u n e  1966 ,  p .  4 4 .  

The p u r p o s e  of  t h e  i n v e s t i g a t i o n  was t o  f i n d  t h e  major  c a u s e s  
of  a c c i d e n t s  a t  low a c c i d e n t  f r e q u e n c y  l o c a t i o n s  and t o  d e t e r m i n e  
p o s s i b l e  r e m e d i e s  f o r  t h e  r i s i n g  number of c o u n t y  r o a d  a c c i d e n t s  
i n  I n d i a n a .  A 1 1  c o u n t y  r o a d  a c c i d e n t s  i n  a  sample  o f  1 0  c o u n t i e s  
were  a n a l y s e d  from a c c i d e n t  r e p o r t s  c o v e r i n g  a  p e r i o d  of two y e a r s  
(1960-61) .  



The d a t a  showed t h a t  19% of t h e  t o t a l  a c c i d e n t s  were caused  
by road  d e f e c t s  ( l o o s e  s u r f a c e  m a t e r i a l s ,  g r a v e l s ,  h o l e s ,  r u t s ,  
bumps, d e f e c t i v e  s h o u l d e r s ,  e t c . ) .  Skidding  was shown t o  be 
an impor t an t  f a c t o r  i n  road  a c c i d e n t s  on bo th  hard and g r a n u l a r  
s u r f a c e s .  The f requency  of  a c c i d e n t s  was t h e  same f o r  bo th  t y p e s  
of s u r f a c e s .  Th i s  i nd ica ' t ed  t h a t  i f  a  g r a n u l a r  s u r f a c e  were con- 
v e r t e d  i n t o  a  ha rd  s u r f a c e ,  no r e d u c t i o n  i n  a c c i d e n t s  cou ld  be 
ach ieved .  The a n a l y s i s  a l s o  i n d i c a t e d  a  g r e a t e r  number of 
a c c i d e n t s  a t  h ighe r  speeds  on ha rd - su r f ace  r o a d s  than  on g r a n u l a r -  
s u r f a c e  r o a d s .  The d i f f e r e n c e s  i n  mean speeds  on curved and t an -  
g e n t  s e c t i o n s  of t h e  hard and g r a n u l a r  s u r f a c e s  r e s p e c t i v e l y  
were 4 . 6  and 1 . 2  mph; t h u s  i t  was concluded t h a t  a c c i d e n t s  happened 
a t  s i g n i f i c a n t l y  h ighe r  speeds  on c u r v e s  t han  on t angen t  hard- 
s u r f a c e  s e c t i o n s ,  bu t  n o t  on g r a n u l a r - s u r f a c e  s e c t i o n s .  :In 
o t h e r  words, t h i s  i n d i c a t e d  t h a t  d r i v e r s  were t r a v e l i n g  a t  speeds  
t o o  h igh  on c u r v e s  on ha rd - su r f ace  r o a d s .  Acc iden t s  due t o  v i s i o n  
obscurernents a t  i n t e r s e c t i o n s  t o t a l l e d  on ly  0.5% o u t  of t h e  t o t a l  
2 ,600  a c c i d e n t s .  Veh ic l e  obscurernents accounted f o r  9 .3%.  The 
s a f e t y  r a t i o s  ( a c c i d e n t s  d i v i d e d  by i n t e r s e c t i o n s )  were r e s p e c t i v e l y  
0 .055  and 0 .220  f o r  3-way (T  and Y )  i n t e r s e c t i o n s  and 4-way 
i n t e r s e c t i o n s ,  i n d i c a t i n g  t h a t  3-way i n t e r s e c t i o n s  were about  
4 t imes  s a f e r  t han  4  way i n t e r s e c t i o n s .  (Even d i f f e r e n c e s  i n  
t r a f f i c  volumes could  no t  acco'unt f o r  t h e  t o t a l  d i f f e r e n c e s  i n  
a c c i d e n t s .  ) 

Of a l l  a c c i d e n t s ,  85 .4% occur red  a t  county  road  i n t e r s e c t i o n s  
wi thou t  any t r a f f i c  cont ro l - -an  ev idence  t h a t  t r a f f i c  c o n t r o l s  
were n o t  s u f f i c i e n t l y  u t i l i z e d  on t h e  county  r o a d s .  Three t y p e s  
of a c c i d e n t s  were more f r e q u e n t  on county  r o a d s  than  o t h e r  high- 
ways and s t r e e t s .  They were t h e  s ideswipe  c o l l i s i o n s ,  driveway 
a c c i d e n t s ,  and running-off  roadway a c c i d e n t s  on c u r v e s .  Dr ive r  
v i o l a t i o n s  were c h i e f l y  t h a t  of "did n o t  g i v e  r igh t -of -way,"  
"fol lowed t o o  c l o s e l y , "  "drove t o  l e f t  of c e n t e r , "  and "e?rceeded 
l e g a l  o r  s a f e  speed .  l1 Owing t o  lower volumes on county  r o a d s ,  
t h e  f i r s t  two t y p e s  of v i o l a t i o n s  were l e s s  f r e q u e n t  t han  compared 
w i t h  t h e  s t a t e  a s  a  whole.  The t h i r d  t y p e  was considerabl ly h ighe r  
and t h e  f o u r t h  t y p e  only  s l i g h t l y  h ighe r  on county r o a d s  than  t h e  
ave rages  fo r  t h e  whole s t a t e .  Reported speeds  showed that;  50% 
of t h e  a c c i d e n t s  occu r red  below 22 .5  mph, 90% a t  l e s s  t han  45 mph, 
10% above 45  mph, bu t  on ly  1% above 60 mph. Inclement  weather  
was shown t o  have no s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t  on Elccident 
f r equency .  I n s t e a d ,  t h e  a n a l y s i s  showed t h a t  snow, f o g ,  and 
s l e e t  c o n d i t i o n s  r e s u l t e d  i n  fewer a c c i d e n t s ,  and r a i n  had no 
e f f e c t .  I n  t h e  a n a l y s i s  t h e  a u t h o r s  used t h e  P e r c e n t  A/H r a t i o  
which they  d e f i n e d  a s  " the  pe rcen tage  of t h e  t o t a l  number of 
a c c i d e n t s  i n  a g i v e n  t y p e  of weather  ( c l e a r  and c loudy ;  r a i n ;  
snow and s l e e t ;  and f o g )  d i v i d e d  by t h e  pe rcen tage  of t h e  t o t a l  
number of hours  of t h e  t y p e  of wea the r . "  The r a t i o s  f o r  t h e  f o u r  
t y p e s  of weather  c o n d i t i o n s  were: 

C lea r  and c loudy 1 . 1 2  
Rain 1.11 
Snow and s l e e t  0 .73  
Fog 0 .20  

S t a t i s t i c a l  a n a l y s i s  of t h e  d a t a  a l s o  showed t h a t  t h e  t y p e  of 
t ime (Dayl ight  Saving Time and C e n t r a l  S tandard  Time) i n  t ,hese 
c o u n t i e s  had a  s i g n i f i c a n t  e f f e c t  on t h e  d i s t r i b u t i o n  of a c c i d e n t s  
over  t h e  e n t i r e  day ,  and a l s o  on t h e  d i s t r i b u t i o n  d u r i n g  t h e  
p e r i o d s  of t h e  day when both  l i g h t  and t r a f f i c  c o n d i t i o n s  were 
most v a r i a b l e .  There was no ev idence  of any change i n  t o t a l  
a c c i d e n t s  a s s o c i a t e d  w i t h  t h e  t y p e  of  t i m e .  



The a v e r a g e s  of  r e p o r t e d  p r e - a c c i d e n t  s p e e d s  were  3 5 . 3 ,  
2 7 . 9 ,  and 23 .0  mph f o r  f a t a l ,  n o n f a t a l - i n j u r y ,  and proper ty-damage-  
o n l y  a c c i d e n t s  r e s p e c t i v e l y .  These  a v e r a g e s  showed s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e s .  I t  was a l s o  s i g n i f i c a n t  t h a t  f ewer  
f a t a l  a c c i d e n t s  p e r  100 a c c i d e n t s  o c c u r r e d  on c o u n t y  r o a d s  t h a n  
on s t a t e  r u r a l  r o a d s .  

The a u t h o r s  c o n c l u d e  t h a t  "The a n a l y s i s  of  t h e  d a t a .  . .  
emphas ized  t h e  well-known f a c t  t h a t  t h e  d r i v e r  is r e s p o n s i b l e  
f o r  a  ma jor  s h a r e  of  c o u n t y  r o a d  a c c i d e n t s . "  They recommend t h a t  
"more a t t e n t i o n  be  g i v e n  i n  c o u n t y  s a f e t y  programs t o  t h e  d r i v e r  
and t h a t  he be  c o n t i n u a l l y  in fo rmed  and e d u c a t e d  c o n c e r n i n g  
a c c i d e n t  c a u s i n g  c o n d i t i o n s  and t h e  p e r s o n a l  impac t  o f  h a v i n g  a n  
a c c i d e n t .  I '  

S h e p a r d ,  C. H . ,  "Highway S h o u l d e r s  C o n s t r u c t i o n  P r a c t i c e s , "  HRB 
B u l l e t i n  1 5 1 ,  Symposium on Highway S h o u l d e r s ,  1957 .  

The p o l i c y  f o r  new c o n s t r u c t i o n  p r o v i d e s  f o r  s h o u l d e r s  a l o n g  
t h e  o u t s i d e  pavement edge  of a l l  d i v i d e d  pavement h ighways,  and 
a l o n g  e a c h  edge  of  a l l  two- lane  pavements w i t h  more t h a n  200 
commercia l  v e h i c l e s  p e r  d a y .  

P r e s e n t  d e s i g n  p r a c t i c e  r e q u i r e s  a  4 - f t  s t a b i l i z e d  a g g r e g a t e  
s h o u l d e r  of  6 - i n .  compacted d e p t h ,  f i n i s h e d  f l u s h ,  w i t h  t h e  
pavement s u r f a c e  s l o p i n g  3/4 i n .  p e r  f o o t .  

Some c u r r e n t  c o n s t r u c t i o n  methods a r e  d e s c r i b e d ,  w i t h  t h e  
f o l l o w i n g  p o i n t s  emphas ized :  C o n t i n u o u s  i n s p e c t i o n  and c o n t r o l  
a r e  needed t o  e n s u r e  t h a t  s h o u l d e r s  a r e  a d e q u a t e l y  compacted.  
S i d e  d i t c h e s  s h o u l d  be  p r o p e r l y  s h a p e d .  T r e n c h e s  a c r o s s  s h o u l d e r s  
s h o u l d  be  c o n s t r u c t e d  t o  d r a i n  s u r f a c e  w a t e r  f rom t r e n c h e d  pave- 
ment and s h o u l d e r  s e c t i o n s .  C o n s i d e r a t i o n  s h o u l d  be  g i v e n  t o  
highway t r a f f i c  on s h o u l d e r s  d u r i n g  c o n s t r u c t i o n  which i n t e r f e r e s  
w i t h  t h e  m a i n t e n a n c e  o f  t h e s e  t r e n c h e s  and c r e a t e s  r u t t i n g  of  
s h o u l d e r s .  

Solomon, Dav id ,  " T r a f f i c  S i g n a l s  and A c c i d e n t s  i n  M i c h i g a n , "  
P u b l i c  Roads ,  V o l .  30  ( l o ) ,  pp .  234-237. 

A c c i d e n t s  were  r e c o r d e d  i n  Michigan a t  89 i n t e r s e c t i o n s  
o f  a l l  r o a d  t y p e s  f rom 1946 t o  1957 .  S t u d i e s  were  made one  
o r  two y e a r s  b e f o r e  t h e  i n s t a l l a t i o n  of  t r a f f i c  s i g n a l s  and 
f o r  a n  e q u i v a l e n t  p e r i o d  a f t e r  i n s t a l l a t i o n .  T r a f f i c  s i g n a l s  
s t u d i e d  were  t h e  s top-and-go and beacons  which f l a s h e d  y e l l o w  
on t h e  main highways and r e d  on t h e  minor  h ighways.  The r e s u l t s  
were  r a t h e r  s u r p r i s i n g ,  c o n t r a d i c t i n g  what might  be e x p e c t e d :  

( I )  A c c i d e n t  R a t e .  Where s t o p - a n d  go  s i g n s  had been i n -  
s t a l l e d ,  t h e  s i m p l e r  t h e  i n t e r s e c t i o n  t h e  g r e a t e r  t h e  i n c r e a s e  
i n  a c c i d e n t s .  On t h e  o t h e r  hand ,  i n s t a l l a t i o n  of  f l a s h i n g  bea- 
c o n ' s  r e d u c e d  a c c i d e n t s  f o r  a l l  t y p e s  o f  i n t e r s e c t i o n s .  

( 2 )  I n , i u r i e s .  The number of  p e r s o n s  i n j u r e d  d e c r e a s e d  by 
20% w i t h  s top-and-go s i g n a l s  and by 50% i n  t h e  c a s e  o f  f l a s h i n g  
beacon i n s t a l l a t i o n s .  The number of  f a t a l i t i e s  i n  b o t h  c a s e s  
d e c r e a s e d .  



( 3 )  Type of Acc iden t .  With stop-and-go s i g n a l s  r ea r - end ,  
head-on and s ideswipe  c o l l i s i o n s  inc reased  200%, 157%, and 74% 
r e s p e c t i v e l y .  Angle c o l l i s i o n s  dec reased .  With beacons,  a l l  
t ypes  of c o l l . i s i o n s  dec reased  by 25%. The head-on c o l l i s i o n  is 
s t i l l  t h e  predominant t y p e .  

( 4 )  L igh t  and 'Weather Cond i t i ons .  With t h e  stop-and--go ---- 
t h e  number of a c c i d e n t s  du r ing  inc lement  weather  i nc reased  
by a  f a c t o r  of 4 compared wi th  a c c i d e n t s  du r ing  a l l  weather  
c o n d i t i o n s ,  both in daytime and a t  n i g h t .  With beacons dayt ime 
a c c i d e n t s  decreased  by I /5  du r ing  both  inc lement  and a l l  weather  
c o n d i t i o n s .  Night t ime a c c i d e n t s  du r ing  inclement  weather decreas-  
ed 1/6,  and by 1/3 f o r  a l l  weather  c o n d i t i o n s .  

(5)  T r a f f i c  Volume. The g r e a t e s t  r e d u c t i o n  of a c c i d e n t  
r a t e s  occurred  a t  t h e  higher-'volume i n t e r s e c t i o n s  f o r  stop-and- 
go s i g n a l s  and a t  t h e  lower-volume i n t e r s e c t i o n s  f o r  f l a s h i n g  
beacons.  I n s t a l 1 a . t  i on  of bo'th s i g n a l s  i n c r e a s e d  t h e  volunie by 
about  11%. T r a f f i c  volumes a t  stop-and-go s i g n a l s  were an average  
of 2 t o  3  t imes  g r e a t e  t han  t h e  volume a t  i n t e r s e c t i o n s  having 
f l a s h i n g  beacons.  

(6)  The E f f e c t  of Number of I n t e r s e c t i n g  Legs. For stop-and- 
go s i . g n a l s ,  t h e  g r e a t e s t  i n c r e a s e  i n  a c c i d e n t s  is a t  t h e  3- o r  
4- leg  undiv ided  i n t e r s e c t i o n s .  There is  no change on t h e  
4- leg d iv ided  and on t h o s e  ha.ving 5  o r  more l e g s  a c c i d e n t s  
dec reased .  With beacons t h e  a c c i d e n t  r e d u c t i o n  is  d i r e c t l y  pro- 
p o r t i o n a l  'to t h e  number of i n t e r s e c , t i n g  l e g s .  

S tonex ,  K .  A . ,  "Vehicle  Data ;  Dr ive r  Eye Height and Vehic le  Performance 
i n  R e l a t i o n  t o  C r e s t  S i g h t  D i s t ance  and Length of No-Passing Zones, 
HRB B u l l e t i n  195,  R e l a t i o n  Between Veh ic l e  C h a r a c t e r i s t i c s ;  and 
Highway Design,  a  symposium, 1958. 

The f a c t s  p re sen ted  by t h e  paper can  be summarized a s  f o l l o w s .  

(1)  The t r e n d  t o  reduce  t h e  o v e r a l l  h e i g h t  of v e h i c l e s  
tends  t o  move t h e  des ign  eye  h e i g h t  t o  a  lower l e v e l ,  thus  i n v a l i d -  
a t i n g  t h e  p r e s e n t  des ign  c r i t e r i a  f o r  v e r t i c a l  cu rves .  

( 2 )  Obse rva t ions  by Genera l  Motors i n  1936 showed t h a t  
( a )  t h e  s e a t e d  eye he igh t  of males was about  284-in.  r i g i d  
s e a t ,  and ( b )  t h e  s e a t  cushion  was depressed  an average  of 
2 i n c h e s .  The same measurements were cont inued  t o  1957. 
The f l e e t  of t e s t  c a r s  c o n s i s t e d  of passenger  c a r s  from each 
make and model each  y e a r ,  excep t  s p o r t s  c a r s  and f o r e i g n  
c a r s .  

(3)  S e v e r a l  phases  of s t y l i n g  changes from 1939 t o  1957 were 
noted  t o  have s i g n i f i c a n t l y  changed t h e  median va lue  of eye 
h e i g h t ,  t h e  lowes t  va lue  being 51 inches  (1957) and t h e  h i g h e s t ,  
57 inches  (1936-1939). 

( 4 )  S e a t  cushion  d e p r e s s i o n  v a r i e d  wide ly .  Its median 
v a l u e  ranged from 44 i nches  (1956) t o  4 . 2  i nches  (1957).  

(5)  P r e d i c t i n g  f u t u r e  r e d u c t i o n  of eye  h e i g h t  is  d i f f i c u l t  
because of t h e  dependance on customer acceptance  and des ign  s k i l l .  

(6 )  On t h e  ave rage ,  t h e  d r i v e r ' s  eyes  a r e  approximately 
10 inches  below t h e  h i g h e s t  p o i n t  of t h e  c a r .  



(7 )  Ten y e a r s  from 1957, t h e  p r a c t i c a l  u l t i m a t e  h e i g h t  of 
GM c a r s  may be j u s t  53 inches .  However, t h e  au tho r  be l i eved  
t h a t  t h e  t r e n d  of h e i g h t  r e d u c t i o n  was nea r ing  an end. He 
po in t ed  o u t  t h a t  t h e  r e d u c t i o n  i n  h e i g h t  was be ing  compensated 
f o r  by b e t t e r  o p e r a t i n g  performance, g r e a t e r  r a t e d  horsepower, 
and g r e a t e r  t r ansmis s ion  f l e x i b l i t y .  

Taragin ,  A . ,  "Role of Highway Shoulders  i n  T r a f f i c  O p e r a t i ~ n , ' ~  
HRB B u l l e t i n  151,  Symposium on Highway Shou lde r s ,  1957. 

Th i s  r e s e a r c h  on t h e  e f f e c t  of highway s h o u l d e r s  on t r a f f i c  
o p e r a t i o n s  is summarized a s  fo l lows .  

(1)  E f f e c t  of shoulder  width and type  on t r a f f i c  when 
shoulder  is not  occupied by parked v e h i c l e s  o r  o t h e r  o b j e c t s :  
Extens ive  s t u d i e s  i n  1 5  s t a t e s  showed t h a t  t h e  speed and 
l a t e r a l  p o s i t i o n  of v e h i c l e s  a r e  not  a f f e c t e d  by shou lde r  
wid th  i f  it is c l e a r  and a t  l e a s t  6  f t  wide. Bi tuminous- t rea ted  
s h o u l d e r s  4  f t  i n  wid th  i n c r e a s e  t h e  e f f e c t i v e  s u r f a c e  width 
of a d j a c e n t  two-lane c o n c r e t e  roads  l e s s  t han  20 f t  wide by 
about  2 f t .  Shoulders  a t  l e a s t  4 f e e t  wide have no s u b s t a n t i a l  
e f f e c t .  

( 2 )  When t h e  shoulder  is occupied by parked v e h i c l e s  o r  
o t h e r  o b j e c t s  ( p a r a p e t s ,  b r idge  p i e r s ,  abutments ,  g u a r d r a i l s ,  
u t i l i t y  p o l e s )  a  c l e a r  d i s t a n c e  of 4 f t  is r e q u i r e d  from pave- 
ment edge t o  o b j e c t .  The c a p a c i t y  is a f f e c t e d  i n v e r s e l y  a s  t h e  
width is decreased  from 6  f e e t .  Without s h o u l d e r s ,  one d i s a b l e d  
v e h i c l e  can  reduce  t h e  c a p a c i t y  by more than  t h e  c a p a c i t y  of one 
l a n e .  

(3 )  There i s  y e t  l i t t l e  i n fo rma t ion  on t h e  e x t e n t  of shou lde r  
u se  by parked v e h i c l e s ,  Informat ion  of t h i s  t ype  is needed t o  
de te rmine  t h e  frequency of parked v e h i c l e s  per  mi le  of highway 
a t  v a r i o u s  t r a f f i c  volumes and on d i f f e r e n t  t ypes  of  highways. 
The author s u g g e s t s  s e v e r a l  q u e s t i o n s  f o r  r e s e a r c h :  

1. How is t h e  frequency of park ing  r e l a t e d  t o  
t r i p  l e n g t h  and t o  d i s t a n c e  from urban a r e a s ?  

2 .  Do tu rn -ou t s  on a  highway dec rease  t h e  f r e -  
quency of shoulder  u s e ?  

3 .  Do d r i v e r s  t a k e  advantage of wider  and b e t t e r  
s t a b i l i z e d  shou lde r s  t o  a  g r e a t e r  e x t e n t  t han  they  
do narrow and unpaved shou lde r s?  

4 .  Can t h e  parked v e h i c l e  be u l t i m a t e l y  r e l a t e d  
t o  a c c i d e n t  c a u s a t i o n ?  

(4 )  I n t e n s i v e  s t u d i e s  by s e v e r a l  s t a t e s  on t h e  r e l a t i o n  
between shoulder  width and type  and motor v e h i c l e  a c c i d e n t s  pro- 
duced c o n t r a d i c t o r y  r e s u l t s .  More in fo rma t ion  was being sought  
by s e v e r a l  s t a t e s .  

Waldram, J .  M . ,  9 tVisua l  Problems on Motorways," I l l u m i n a t i n g  Engineer- 
i ng  Soc ie ty  Transac t ions ,  London, Vol. 26,  1961, pp, 66-75. 

Th i s  s tudy  a t t e m p t s  t o  answer two q u e s t i o n s :  

(1)  What does t h e  d r i v e r  need t o  s e e ?  With what emphasis? 



( 2 )  By what means is t h i s  i n fo rma t ion  p re sen ted  t o  d r i v e r s  
i n  d a y l i g h t  o r  a r t i f i c i a l  l i g h t ?  

For t h e  f i r s t  p a r t  of t h e  s t u d y ,  a  v e h i c l e  was d r i v e n  on 
t h e  roadway a s  u s u a l  and a  con t inuous  account  of t h e  d r i v e r ' s  
v i s u a l  a t t e n t i o n  and road  f e a t u r e s  is reco rded .  

I n  t h e  second p a r t ,  t h e  d r i v e r  comments on road  f e a t u r e s  
and o b s t r u c t i o n s ,  t h e i r  v i s i b i l i t y  (whether c l e a r l y  o r  badly 
r e v e a l e d )  and t h e  r e a s o n s  f o r  i t  t o g e t h e r  w i th  comments on t h e  
e f f e c t s  of background, c o l o r ,  d e t a i l s ,  and s o  f o r t h .  

Both s e r i e s  of r e c o r d s  a r e  supplemented wi th  f i l m s  taken  
from t h e  d r i v e r ' s  viewpoint  and synchronized  w i t h  t h e  d r i v e r ' s  
comments. The d r i v e r ' s  o p e r a t i o n  of c o n t r o l s  is a l s o  f i lmed .  

F u r t h e r  s tudy  is  made of t h e  movement of t h e  d r i v e r ' s  eyes  
under v a r i o u s  t r a f f i c  and weather  c o n d i t i o n s ,  and du r ing  both  
day and n i g h t .  

Fi lms a r e  a l s o  taken  on t h e  M 1  motorway by day and a t  n i g h t  
by t h e  l i g h t  of headlamps. 

The a u t h o r  emphasizes t h a t  headlamps a lone  a r e  inadequate  
f o r  n i g h t  d r i v i n g .  The d r i v e r  cannot  s e e  d i s t i n c t l y  and e a s i l y  
t h e  road  f e a t u r e s  ahead.  D e l i n e a t o r s  a r e  no t  e f f i c i e n t  e:nough t o  
gu ide  t h e  d r i v e r  t r a v e l i n g  a t  h igh  speed .  T a i l l i g h t s  of pre-  
ced ing  v e h i c l e s  may be confus ing  and in t e rming led .  The c l o s i n g  
r a t e  and speed changes of l e a d i n g  v e h i c l e s  a r e  d i f f i c u l t  t o  
e s t i m a t e .  G la re  of headlamps a t  i n t e r s e c t i o n s  and on g rades  
p r e s e n t s  a  problem. Rear m i r r o r s  o r  wing m i r r o r s  cannot  provide  an 
e s t i m a t i o n  of t h e  c l o s i n g  r a t e  of o v e r t a k i n g  v e h i c l e s ,  and may 
a l s o  r e f l e c t  h e a d l i g h t s ,  caus ing  b l i n d i n g  and d iscomfor t  g l a r e .  

The au tho r  emphasizes t h a t  v e h i c l e  h e a d l i g h t s  a r e  i nadequa te .  
T a i l  l i g h t s  a r e  i n s u f f i c i e n t l y  s t a n d a r d i z e d  i n  r e l a t i v e  p o s i t i o n s  
of s i g n a l  and r e a r  l i g h t s .  The v a r i a b i l i t y  of i n t e n s i t y  i s  t oo  
g r e a t .  V a r i a t i o n  of o b l i g a t o r y  s i g n a l s  i n  h e i g h t  causes  con- 
f u s i o n .  Color and f l a s h i n g  c h a r a c t e r i s t i c s  a r e  not s t a n d a r d i z e d .  
Brake l i g h t s  provide  no d i s t i n c t i o n  between a  s lowing dowin and 
an emergency s t o p .  

The au tho r  concludes  t h a t  f i x e d  l i g h t i n g  is needed a s  t h e  
d e n s i t y  and speed of t r a f f i c  i n c r e a s e s ,  and t h a t  f i x e d  l i g h t i n g  
i s  adequate  t o  p rov ide  n i g h t - d r i v i n g  w i t h  a s  much s a f e t y  and 
speed a s  dayt ime d r i v i n g .  He s u g g e s t s  p o i n t s  on l i g h t i n g  
r equ i r emen t s  and v e h i c l e  s i g n a l  improvements. 

Westland, J .  G . ,  "Some P r i n c i p l e s  and Problems of T r a f f i c  S i g n a l  
Design,"  A u s t r a l i a n  Road Research;  J o u r n a l  of t h e  A u s t r a l i a n  
Road Research Board, Vol.  2 ( 6 ) ,  December 1965. 

Th i s  paper o u t l i n e s  t h e  f u n c t i o n s  of t r a f f i c  s i g n a l  i n s t a l l a -  
t i o n s  and d i s c u s s e s  some of t h e  management and t e c h n i c a l  d e c i s i o n s  
involved  i n  des ign ing  l o c a l  and system i n s t a l l a t i o n s .  Some 
p o i n t s  of i n t e r e s t  a r e  noted below. 

( 1 )  A minimum t r a f f i c  volume of 600 vph is  adopted by t h e  
V i c t o r i a n  S t a t e  T r a f f i c  Commission 2.s t h e  warran t  f o r  p e d e s t r i a n  
and schoo l  c r o s s i n g  s i g n a l s .  

( 2 )  The de t e rmina t ion  of p r i o r i t y  of a  p a r t i c u l a r  s i g n a l  
i n s t a l l a t i o n  is based on a  "delay index" which measures t h e  c o s t s  
of de l ay  incu r red  v s .  a c c i d e n t s  prevented by i n s t a l l i n g  s i . gna l s .  



( 3 )  The a iming  of  s i g n a l s  a f f e c t s  t h e  o b s e r v e d  i n t e n s i t y  
of  t h e  s i g n a l s  s e e n  by t h e  d r i v e r .  The a iming  r u l e s  u s e d  i n  
A u s t r a l i a  a r e  a s  f o l l o w s :  

LANTERN LOCATION A I M I N G  POINT 

A t  l e f t  of  s t o p  l i n e  A t  d r i v e r s  150 f t  f rom s t o p  l i n e .  

A t  r i g h t  o f  s t o p  l i n e  A t  d r i v e r s  a t  a  d i s t a n c e  which would 
be t r a v e l e d  i n  1 0  s e c  a t  t h e  8 5  
p e r c e n t i l e  a p p r o a c h  s p e e d .  

A t  a  f a r  r i g h t  l o c a t i o n  A t  d r i v e r s  s t o p p e d  a t  t h e  s t o p  l i n e  
i f  no f a r  l e f t  s i g n a l  is p r o v i d e d ;  
i f  one  is p r o v i d e d ,  aim a s  a t  
r i g h t  o f  s t o p  l i n e  l o c a t i o n .  

F a r  l e f t  A t  d r i v e r s  150 f t  from s t o p  l i n e .  

Over head A s  f o r  s i g n a l s  a t  t h e  r i g h t  of  a  
s t o p  l i n e .  

( 4 )  Measurement o f  luminous  i n t e n s i t y  t h r o u g h  a  c l e a r  g l a s s  
r e f r a c t o r  is compared t o  one o f  c l e a r  p l a s t i c  m a t e r i a l .  The 
fo rmer  h a s  a  s p e c i f i c  luminous  i n t e n s i t y  o f  1 . 7 0  on t h e  a x i s  
w h i l e  t h e  l a t t e r  y i e l d s  a  v a l u e  of 1 . 3 5 .  However, f o r  a n g l e s  
of  o b s e r v a t i o n  away from t h e  o p t i c a l  a x i s ,  t h e y  show approx imat -  
e l y  t h e  same s p e c i f i c  luminous  i n t e n s i t y .  

( 5 )  The i n t e n s i t y  of s i g n a l  is s u c h  t h a t  i t  is r e c o g n i z a b l e  
a t  a  d i s t a n c e  c o r r e s p o n d i n g  t o  a  p e r i o d  of  1 0  s e c o n d s  a t  t h e  
d e s i g n  a p p r o a c h  s p e e d .  For  example ,  i f  t h e  s p e e d  is 40 mph, 
s i g n a l s  s h o u l d  b e  r e c o g n i z a b l e  a t  a  d i s t a n c e  of  600 f e e t .  

( 6 )  With sodium vapor  l a n t e r n s  f o r  l i g h t i n g ,  t h e  r e d  and 
amber s i g n a l s  become d i f f i c u l t  t o  d i s t i n g u i s h .  Mercury l u m i n a i r e s  
c r e a t e  s i m i l a r  problems w i t h  g r e e n  s i g n a l s .  

( 7 )  The u s e  of amber and r e d  a r r o w s  i n  p l a c e  o f  c i r c u l a r  
s h a p e s  was b e i n g  i n v e s t i g a t e d  by t h e  A u s t r a l i a n  Road R e s e a r c h  
Board i n  1965.  

(8)  A problem is p r e s e n t  when s i g n a l s  f a c e  a  low w i n t e r  
s u n  o r  when t h e y  f a c e  a  low morning o r  e v e n i n g  s u n  d u r i n g  t h e  
summer. Long v i s o r s  and h o r i z o n t a l  l o u v r e s  a r e  g e n e r a l l y  needed .  

( 9 )  The g r e e n  s i g n a l  p e r i o d  f o r  p e d e s t r i a n s  is c a l c u l a t e d  
a c c o r d i n g  t o  t h e  V i c t o r i a n  r u l e ,  a s  f o l l o w s :  ( a )  To c a l c u l a t e  
t h e  'walk  i n t e r v a l , '  t a k e  4 /5  t h e  d i s t a n c e  between c u r b s  t o  be 
c r o s s e d  i n  one  bound, d i v i d e  by t h e  w a l k i n g  s p e e d  4  f t / s e c ,  and 
add 2 s e c  s t a r t i n g  l a g .  I f  a  r e f u g e  is l e s s  t h a n  8 f e e t  w i d e ,  
p e d e s t r i a n s  a r e  supposed  t o  c r o s s  t h e  r o a d  i n  a  s i n g l e  bound. 
( b )  To c a l c u l a t e  t h e  ' c l e a r i n g  i n t e r v a l , '  t a k e  4 /5  of t h e  d i s -  
t a n c e  between c u r b s  t o  t h e  n e a r e s t  r e f u g e  and d i v i d e  by a  walk- 
i n g  d i s t a n c e  of  5 f t / s e c .  

( 1 0 )  I n  Sydney a  m a s t e r - c o n t r o l l e d  l i n e a r  p r o g r e s s i o n  s y s t e m  
is u s e d  t o  s u p e r v i s e  and e n s u r e  t h a t  a d j a c e n t  c o n t r o l l e r s  o p e r a t e  
w i t h  a  u n i f o r m  c y c l e  l e n g t h ,  e a c h  commencing a t  a  s p e c i f i e d  
o f f s e t  from t h e  n e x t  c o n t r o l l e r  i n  t h e  s y s t e m .  The s p l i t  and 
s e q u e n c e  a t  e a c h  i n t e r s e c t i o n  c a n  be  v a r i e d  from t h e  c e n t r a l  
s t a t i o n  a s  p a r t  of t h e  program b e i n g  t i m e d .  I n  a d d i t i o n  t o  t h i s ,  
t e l e v i s i o n  m o n i t o r s  a l s o  e n a b l e  c e r t a i n  s e l e c t e d  a p p r o a c h e s  t o  
be s u p e r v i s e d  and manual a d j u s t m e n t s  t o  be made. A t o t a l  o f  50 
programs c a n  be  s e t  u p  and s e l e c t e d  a t  w i l l  by t i m e  s w i t c h .  A 



program s e l e c t s  one  of  a  c o n t i n u o u s  s e r i e s  of a c c u r a t e l y  t imed  
p u l s e s  produced a t  2-sec  i n t e r v a . 1 ~ .  These  p u l s e s  a r e  t h e n  t r a n s -  
m i t t e d  t o  a  l o c a l  c o n t r o l l e r ,  e i t h e r  t e r m i n a t i n g  t h e  l o c a l  g r e e n  
o r  i n i t i a t e s  a l o c a l  f u n c t i . o n .  C a b l e  l i n k i n g  a l l o w s  t h e  r e s p o n s e  
of  e a c h  l o c a l  c o n t r o l l e r  t o  be  i n d i c a t e d  a t  t h e  m a s t e r  s t a t i o n .  
The u l t i m a t e  c a p a c i t y  of  t h e  s y s t e m  is  200 i n t e r s e c t i o n s  
is p r e s e n t l y  u s e d ) .  

W e b s t e r ,  F .  V . ,  and P .  B .  E l l s o n ,  " T r a f f i c  S i g n a l s  f o r  High-Speed 
R o a d s , ' '  Road R e s e a r c h  T e c h n i c a l  Paper  #74, Road R e s e a r c h  
L a b o r a t o r y ,  Harmondsworth, Eng land ,  1965 .  

A t  s i g n a l i z e d  h igh-speed  r o a d  i n t e r s e c t i o n s ,  d a n g e r o u s  s i t u -  
a t i o n s  somet imes  o c c u r  b e c a u s e  v e h i c l e s  t r a v e l i n g  a t  h i g h  :speed 
a r e  u n a b l e  t o  s t o p .  A d r i v e r  s e e i n g  a  y e l l o w  s i g n a l  and u n a b l e  
t o  s t o p  may n o t  have t i m e  t o  c l e a r  t h e  i n t e r s e c t i o n  b e f o r e  t h e  s i g n a l  
c h a n g e s  t o  p e r m i t  t r a f f i c  from t h e  i n t e r s e c t i n g  r o a d  t o  p roceed  
t h r o u g h ,  

S e v e r a l  p r o p o s a l s  have been s u g g e s t e d  t o  e l i m i n a t e  t h i s  
d i f f i c u l t y :  

( 1 )  Reduce t h e  s p e e d  of a p p r o a c h  v e h i c l e s .  

( 2 )  Give  advance w a r n i n g  t i m e  o r  e x t r a  warn ing  of  a n  impend- 
i n g  change o f  r i g h t - o f - w a y .  

( 3 )  P r o v i d e  l o n g e r  g r e e n  t i m e .  

( 4 )  Modify t h e  s i g n a l  s y s t e m  s o  t h a t  t h e  d r i v e r  c a n  e i t h e r  
s t o p  s a f e l y  o r  d r i v e  on s a f e l y .  

S i n c e  t h e  l a s t  method a p p e a r e d  t o  be most  p r a c t i c a l ,  t h e  
Road R e s e a r c h  L a b o r a t o r y  c a r r i e d  o u t  t h e  f o l l o w i n g  i n v e s t i g a t i o n  
o f  t h i s  p o s s i b i l i t y .  

F i r s t ,  d a t a  were  c o l l e c t e d  t o  show what p e r c e n t a g e  of  d r i v e r s  
s t o p  a t  t h e  s t o p - l i n e  when t h e y  s e e  t h e  amber s i g n a l  appear  a t  
a c e r t a i n  d i s t a n c e  f rom t h e  i n t e r s e c t i o n .  Da ta  were  r e c o r d e d  
a s  t o  t h e  speed  of v e h i c l e s  and t h e i r  d i s t a n c e s  f rom t h e  s t o p -  
l i n e  when amber a p p e a r e d ,  and whe the r  t h e y  s t o p p e d  s a t i s f a c t o r i l y  
a t  t h e  s t o p - l i n e .  

From t h e  d a t a  t h e  d r i v e r s '  b e h a v i o r  c o u l d  be a n a l y z e d .  I t  
was p o s s i b l e  t o  l o c a t e  d i s t a n c e s  f rom t h e  s t o p - l i n e  a t  which 
a  v e h i c l e  t r a v e l i n g  a t  a  g i v e n  s p e e d  would f a i l  t o  s t o p  s a t i s -  
f a c t o r i l y ,  o r  t o  c l e a r  t h e  i n t e r s e c t i o n  b e f o r e  t h e  r e d  s i g n a l  
a p p e a r e d .  T h i s  is  i l l u s t r a t e d  below.  

H 

4 
'- I n t e r v a l  i n  which --. 

I n t e r v a l  i n  which d r i v e r  c a n n o t  d r i v e r  f a i l s  t o  c l e a r  
r e d u c e  speed  f o r  a  s a t i s f a c t o r y  intersect ion w i t h i n  

s t s o p  i f  amber a p p e a r s .  amber p e r i o d .  



I t  can  be s e e n  t h a t  any v e h i c l e  t r a v e l i n g  a t  t h e  g iven  speed  
w i l l  f a i l  t o  s t o p  s a f e l y  o r  t o  c l e a r  t h e  i n t e r s e c t i o n  i f  t h e  
v e h i c l e  is w i t h i n  t h e  shaded p o r t i o n  AB when amber a p p e a r s .  

T h e r e f o r e ,  t h e  problem is reduced  t o  one of d e t e c t i n g  whether  
o r  no t  a  v e h i c l e  t r a v e l i n g  a t  i ts  speed  is i n  such  a  c r i t i c a l  
p o s i t i o n  and d e c i d i n g  what t o  do about  i t .  

F ive  d i f f e r e n t  makes of c a r s  ave rag ing  3  y e a r s  o l d  w i t h  good 
h y d r a u l i c  b rakes  were used .  The t e s t  d r i v e r s  were s e l e c t e d  from 
t h e  age group 23-49 having v a r y i n g  d e g r e e s  of d r i v i n g  e x p e r i e n c e .  

The i n s t r u c t i o n  g iven  t o  t h e  d r i v e r  was: 

"Drive a t  t h e  s e t  speed u n t i l  e i t h e r  t h e  amber s i g n a l  appea r s  
o r  you have passed  t h e  i n t e r s e c t i o n .  When you s e e  t h e  amber 
s i g n a l ,  a c t  a s  i f  you were d r i v i n g  on a  p u b l i c  r o a d .  Some- 
t imes  you w i l l  have p l e n t y  of t ime t o  s t o p ;  a t  o t h e r  t imes  you 
w i l l  be t o o  near  t o  t h e  j u n c t i o n  t o  s t o p .  'Emergency' o r  ' c r a s h '  
s t o p s  a r e  n o t  r e q u i r e d . "  

The speed  and amber-dis tance ( t h e  d i s t a n c e  of a  v e h i c l e  from 
t h e  s t o p - l i n e  when amber s i g n a l  a p p e a r s )  f o r  each  t e s t  r u n  was 
s e l e c t e d  a t  random. P h o t o - e l e c t r i c  v e h i c l e  d e t e c t o r s  l o c a t e d  
a t  t h e  prede termined  amber-d is tances  change t h e  t r a f f i c  s i g n a l  
t o  amber when v e h i c l e s  p a s s  them. The number of ' s a t i s f a c t o r y '  
s t o p s  were r e c o r d e d .  

The amber-dis tance co r r e spond ing  t o  a  p r o b i t  Y and neces sa ry  
f o r  a  s a t i s f a c t o r y  s t o p  is expres sed  by t h e  formula :  

l o g  d  = 0.017 V + 0.080 Y -t 1 .12  i f  30 S V S 70 mph 

where d  is t h e  amber d i s t a n c e  i n  f e e t  

V is t h e  speed  i n  mph 

Y is p r o b i t  (a  t a b l e  of conve r s ion  from pe rcen tage  t o  
p r o b i t  is provided  on page 7 ,  Table  3 ) .  

From t h e  f i n d i n g s  on d r i v e r s '  performance i t  was confirmed 
t h a t  c r i t i c a l  s e c t i o n s  on t h e  roadway d i d  e x i s t  w i t h i n  which 
t h e  v e h i c l e  t r a v e l i n g  a t  t h a t  p a r t i c u l a r  speed w i l l  be i n  a  d i l -  
emna when a r r i v i n g  a t  t h e  i n t e r s e c t i o n .  These c r i t i c a l  s e c t i o n s  
were d e f i n e d  a s  t h e  p o r t i o n s  of t h e  roadway between t h e  9 0 t h  
p e r c e n t i l e  v a l u e  of amber-d is tances  f o r  s a t i s f a c t o r y  s t o p s  a t  
t h e  g iven  speeds  and t h e  d i s t a n c e s  from t h e  s t o p - l i n e  such  t h a t  
t h e  v e h i c l e  cou ld  c l e a r  t h e  i n t e r s e c t i o n  i n  t h e  s e t  amber pe r iod  
These v a l u e s  a r e  l i s t e d  on page 11, Table  5 .  

S e v e r a l  methods a r e  examined i n  p a r t  I1 t o  a l l e v i a t e  t h e  
d i f f i c u l t i e s  of d r i v e r s  t r a v e l i n g  a t  moderate  and high s p e e d s .  
One of t h e  methods is t o  l o c a t e  t h e  d e t e c t o r  f a r t h e r  away from 
t h e  s t o p - l i n e ,  bu t  t h i s  w i l l  c ause  unnecessary  d e l a y  due t o  l onge r  
g reen  t ime .  Another method is t o  p rov ide  doub le -de t ec t ion  bu t  
i t  a l s o  i n c r e a s e s  de l ay  t o  c r o s s - t r a f f i c .  A l t e r n a t i v e l y  a  number 
of d e t e c t o r s  cou ld  be i n s t a l l e d  a t  s h o r t  i n t e r v a l s  w i t h  each  
d e t e c t o r  s o  a r ranged  t h a t  i t  r e sponds  on ly  t o  v e h i c l e s  w i t h i n  
c e r t a i n  speed  r a n g e s .  But t h i s  is f a r  from be ing  p r a c t i c a l .  The 
Labora tory  proposes  a  method by which o n l y  one a d d i t i o n a l  d e t e c t o r  
is  r e q u i r e d .  I n  t h i s  p roposa l  d e t a i l s  o f  t e c h n i q u e s ,  d e s i g n ,  of 
speed -as ses so r  and t i m e r  a r e  i l l u s t r a t e d ,  c h a r t s  and d e s i g n  graphs  
a r e  p rov ided ,  and problems on e r r o r s  i n  d e t e c t i o n ,  change of speed 
v e h i c l e s ,  and t o l e r a n c e  of equipment d e s i g n  a r e  d i s c u s s e d .  A t  t h e  
t ime of  p u b l i c a t i o n  of t h e  p r o p o s a l ,  p r o t o t y p e  models were be ing  
c o n s t r u c t e d .  



CASUALTY RECOVERY 

INTRODUCT ION 

THE EXISTING SYSTEM 

A t  p r e s e n t ,  i n i t i a l  t r ea tmen t  and t r a n s p o r t a t i o n  f o r  t r a f f i c  ac- 

c i d e n t  v i c t i m s  i s  u s u a l l y  provided  by motorized ambulance s e r v i c e .  

The h i s t o r y  of t h e  ambulance goes back t o  t h e  Napoleonic Wars when i t  

was g iven  i ts  name, meaning "mobile h o s p i t a l , "  by a  French army su r -  

geon.  

Present-day ambulance s e r v i c e  is  provided  by a  v a r i e t y  of s o u r c e s .  

Ambulances a r e  ope ra t ed  by both  p u b l i c  and p r i v a t e  a g e n c i e s ,  e . [g . ,  

p o l i c e  depar tments ,  munic ipa l  h o s p i t a l s ,  h e a l t h  depar tments ,  f i r e  de- 

pa r tmen t s ,  f u n e r a l  homes, p r i v a t e  ambulance companies.  Althouglh t h e  

q u a l i t y  of equipment and s e r v i c e  v a r i e s  s i g n i f i c a n t l y  among t h e s e  

a g e n c i e s ,  b a s i c  o p e r a t i n g  procedures  seem t o  fo l low a  g e n e r a l l y  con- 

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

t u r e  of t h e  s e r v i c e .  The ambulance is  g e n e r a l l y  on c a l l  24 hours  a  

day o r  a t  l e a s t  some s p e c i f i e d  p o r t i o n  of t h e  day.  C a l l s  f o r  ambu- 

l ance  s e r v i c e  seem t o  o r i g i n a t e  from two b a s i c  sou rces :  t e l ephone  

c a l l s  from w i t n e s s e s  o r  bys t ande r s  a t  t h e  a c c i d e n t  s c e n e ,  and r a d i o  

communication from p o l i c e  u n i t s  on t h e  scene .  The n a t u r e  of t h e  com- 

munica t ion  system involved  i n  ambulance s e r v i c e s  depends upon t h e  type  

o r  o r g a n i z a t i o n ;  f o r  example, p o l i c e  ambulances u s u a l l y  o p e r a t e  w i t h i n  

t h e  p o l i c e  depa r tmen t ' s  communication network. 

Ambulance des ign  v a r i e s  widely both i n  t h e  medical  equipment ca r -  

r i e d  and i n  t h e  v e h i c l e  i t s e l f .  Nonuniform laws r e g u l a t e  des ign  capa- 

b i l i t y ,  t r a i n i n g  of c rews ,  s i z e  of crews,  a r e a  of coverage ,  e t c . ,  per-  

m i t t i n g  g r e a t  d i s p a r i t i e s  from one l o c a l e  t o  ano the r  i n  t h e  type  of 

emergency t r ea tmen t  and t r a n s p o r t a t i o n  a v a i l a b l e .  Some a r e a s ,  f o r  ex- 

ample, do not  r e q u i r e  ambulance crews t o  have f i r s t - a i d  t r a i n i n g  and 

do not  r e q u i r e  ambulances t o  c a r r y  a  minimum complement of medical  

t r ea tmen t  equipment.  

In  d i s c u s s i n g  p r e s e n t  c a s u a l t y  recovery  sys tems,  i t  i s  in t i e r e s t -  

i ng  t o  c o n s i d e r  t h e  analogy between t h e  t r a f f i c  c a s u a l t y  problem and 



t h e  m i l i t a r y  b a t t l e f i e l d  c a s u a l t y  recovery  problem, The r a t i o n a l e  

f o r  t h i s  analogy i s  q u i t e  s t r a i g h t f o r w a r d :  a s  a  m o t o r i s t  moves along 

a  network of roads  and highways ( t h e  b a t t l e  zone) a t  any g iven  time 

he is f a c e d  wi th  t h e  p o s s i b i l i t y  of an acc iden t  (enemy t h r e a t ) .  I f  

involved i n  an a c c i d e n t  (enemy engagement) t h e  odds of h i s  i n j u r y  and/ 

o r  s u r v i v a l  ( b a t t l e  outcome) w i l l  depend on many v a r i a b l e s ,  such a s  

t h e  type  o r  l o c a t i o n  of t h e  acc iden t  ( c o n f l i c t  l e v e l ) .  I f  he i s  in-  

j u r e d ,  an a s s i s t a n c e  procedure must be i n i t i a t e d  (medical  t r ea tmen t  

and e v a c u a t i o n ) ,  and t h e  p r o b a b i l i t y  of h i s  s u r v i v a l  w i l l  depend not  

on ly  upon t h e  type  of i n j u r y  but  a l s o  upon t h e  e f f e c t i v e n e s s  of t he  

t r ea tmen t  and t r a n s p o r t a t i o n  system a v a i l a b l e  t o  him. 

I t  is i n t e r e s t i n g  t o  no te  t h a t  i n  t h e  m i l i t a r y  a r e a  t h e  c a s e  

f a t a l i t y  r a t i o 1  has  dropped by a  f a c t o r  of 0 . 5  i n  each of t h e  l a s t  

f o u r  major c o n f l i c t s  (World War I ,  World War 11 ,  Korea, and Vie t  Nam). 

Thus, a t  l e a s t  a t  f i r s t  g l a n c e ,  i t  would appear  t h a t  t h e r e  may be 

some m e r i t  i n  s tudy ing  t h e  m i l i t a r y  c a s u a l t y  recovery  system. However, 

i t  should  be noted t h a t  i n j u r y  types  i n  t h e  m i l i t a r y  s i t u a t i o n  may be 

s i g n i f i c a n t l y  d i f f e r e n t  from automobile  acc iden t  i n j u r i e s .  I t  would 

a l s o  appear  t h a t ,  a t  l e a s t  i n  Korea and Vie t  Nam, t h e  r a p i d  t r anspor -  

t a t i o n  provided by t h e  h e l i c o p t e r  has  played a  key r o l e  i n  lowering 

case  f a t a l i t y  r a t i o s .  

There is a t  p r e s e n t  no u n i f i e d  "medical corps" f o r  t r ea tmen t  of 

c r a sh  i n j u r i e s .  J u s t  a s  t h e  m i l i t a r y  e s t ab l i shmen t  would not  cons ide r  

a  b a t t l e f i e l d  campaign wi thout  a  medical  c o r p s ,  i t  seems r easonab le  

t h a t  a  system a n a l y s i s  of t r a f f i c  s a f e t y  must i nc lude  c a s u a l t y  recov- 

e r y  a s  a  s i g n i f i c a n t  f a c t o r  i n  system des ign  and o p e r a t i o n .  A s  long 

a s  t r a f f i c  a c c i d e n t s  r e s u l t  i n  i n j u r i e s ,  recovery  and t r ea tmen t  sys- 

tems w i l l  be neces sa ry .  

The fo l lowing  s e c t i o n s  p r e s e n t  (1) a  g e n e r a l  d e s c r i p t i o n  of t h e  

problems,  ( 2 )  t h e  r e l e v a n t  v a r i a b l e s  involved i n  a n a l y s i s ,  ( 3 )  a pos- 

s i b l e  model, (4 )  a  l i t e r a t u r e  rev iew,  and (5)  r e s e a r c h  recommendations. 

I 

The c a s e  f a t a l i t y  r a t i o  is de f ined  a s  t h e  number of d e a t h s  per  
100 i n j u r i e s  s u s t a i n e d  i n  v e h i c l e  a c c i d e n t s .  



CASUALTY RECOVERY: A RESEARCH PROBLEM 

THE INJURY PROCESS 

The occurrence  of an automobile acc iden t  o f t e n  r e s u l t s  i n  per-  

sona l  i n j u r y . 2  The trauma3 t h a t  r e s u l t s  from a  v e h i c u l a r  a c c i d e n t  is 

p r i m a r i l y  a  f u n c t i o n  of an energy exchange between occupant and v e h i c l e  

o r  occupant and e x t e r n a l  environment .  

In  t h e  t ime immediately fo l lowing  an a c c i d e n t ,  t h e  v i c t i m s  may 

be i n  any one of many p o s s i b l e  s t a t e s  of t rauma.  D e f i n i t i o n  of t h e s e  

s t a t e s  is somewhat a r b i t r a r y  and depends upon t h e  p a r t i c u l a r  s e t t i n g  

wi th  which we a r e  concerned.  The l i m i t i n g  o r  bounding s t a t e s  a r e  

dea th  ( o r  f a t a l  trauma) and nonin jury .  

Thus, i n  t h e  pe r iod  fo l lowing  t h e  a c c i d e n t  epoch ( t h e  a c c i d e n t  

epoch d e s i g n a t e s  t h e  p o i n t  a t  which i n j u r y  may occur)  t h e r e  i s  a prob- 

a b i l i t y  of 1 . 0  t h a t  t h e  occupants  of t h e  v e h i c l e  w i l l  be i n  some a s  

y e t  undef ined  s t a t e  of t rauma.  I t  is r e a d i l y  apparent  t h a t  any g iven  

s t a t e  of trauma i s  s u b j e c t  t o  t r a n s i t i o n  wi th  t ime ,  and t h a t  i n  t h e  

absence of t r ea tmen t  t h i s  t r a n s i t i o n  is most l i k e l y  t o  be i n  t h e  d i r e c -  

t i o n  of i n c r e a s i n g  trauma l e v e l  and dec reas ing  p r o b a b i l i t y  of s u r v i v a l .  

Thus i t  may be s t a t e d  t h a t  t h e  degree of trauma v a r i e s  with t ime ,  and 

t h a t  t he  t r a n s i t i o n  may be cont inuous .  

PROBLEM STATEMENT: ASSUMPTIONS AND HYPOTHESIS 

We a r e  now ready t o  s t a t e  more formal ly  one of t h e  major ques- 

t i o n s  t o  which t h i s  s tudy  w i l l  add res s  i t s e l f :  Given an i n d i v i d u a l  

who has been involved i n  a  v e h i c l e  a c c i d e n t ,  and who is  i n  an i n i t i a l  

s t a t e  of trauma (exc luding  dea th )  r e s u l t i n g  from t h i s  e v e n t ,  what a r e  

t h e  v a r i o u s  r e l a t i o n s h i p s  of f a c t o r s  t h a t  w i l l  determine whether he 

e v e n t u a l l y  r ecove r s  o r  s u f f e r s  p o s s i b l e  permanent damage? 

Our f i r s t  assumption is t h a t  f o r  c a s u a l t y  recovery  systems t h e  

major measure of e f f e c t i v e n e s s  i s  t h e  case  f a t a l i t y  r a t i o .  Pf we 

were d e a l i n g  wi th  a  model of t h e  recovery  p r o c e s s ,  we would speak of 

2 ~ n  1964, t h e r e  were 1 ,200 ,000  a c c i d e n t s  r e s u l t i n g  i n  47,000 
d e a t h s  and 1 ,700 ,000  i n j u r i e s .  

3 ~ r a u m a  is  de f ined  a s  a  s t a t e  o r  c o n d i t i o n  of i n j u r y  v i o l e n t l y  
produced. 



t h e  f a t a l i t y - i n j u r y  p r o b a b i l i t y  a s  a  measure of  e f f e c t i v e n e s s  and de- 

f i n e  i t  a s  t h e  c o n d i t i o n a l  p r o b a b i l i t y  of dea th  g iven  t h e  occurrence  

of an i n j u r y .  

From t h e  d i s c u s s i o n  of  t h e  i n j u r y  p roces s  i n  t h e  preceding  sec-  

t i o n ,  we make t h e  fo l lowing  major hypotheses:  two major v a r i a b l e s  

which a f f e c t  t h e  c a s e  f a t a l i t y  r a t i o  a r e  t ime and medical  t r e a t m e n t .  

A s  w i l l  be shown i n  t h e  next  s e c t i o n ,  two major f a c t o r s  i n  t ime a r e  

impor tan t  i n  de te rmining  t h e  c a s e  f a t a l i t y  r a t i o :  t h e  response  t ime 

of t h e  recovery  system and t h e  s u r v i v a l  t ime a s s o c i a t e d  wi th  a  g iven  

trauma l e v e l ,  

B a s i c a l l y ,  t h i s  type of a n a l y s i s  assumes a  t ime-varying random 

f u n c t i o n  H which d e s c r i b e s  t h e  p h y s i c a l  h e a l t h  of a  human a t  a  g iven  

t ime .  There a r e  then  s e v e r a l  p roces ses  which govern t h e  t ime-evolu- 

t i o n  of t h e  H a s s o c i a t e d  wi th  a  p a r t i c u l a r  human: 

The normal d i s t r i b u t i o n  of h e a l t h  

The i n j u r y  p r o c e s s  a s s o c i a t e d  wi th  an a c c i d e n t  

The p o s t - i n j u r y ,  p re - t r ea tmen t  p roces s  

The t r ea tmen t  p roces s  

The f i n a l  recovery  p r o c e s s .  

The i n j u r y  p roces s  a s s o c i a t e d  wi th  an a c c i d e n t  i s  desc r ibed  i n  

t h e  a c c i d e n t  p r e d i c t i o n  model ( f o r  t iming)  and t h e  c r a s h  dynamics 

model ( f o r  type  of i n j u r y ) .  The t ime t o  t r ea tmen t  i s  t h e  response  

time of t h e  recovery  system. The t r ea tmen t  p roces s  is dependent on 

t h e  medical  and equipment d e s c r i p t i o n  of t h e  recovery  system. 

T h i s  H-process is a  f u l l  d e s c r i p t i o n ,  i n  s t o c h a s t i c  t e rms ,  of 

t h e  i n j u r y  and recovery  p r o c e s s e s .  The c a s e  f a t a l i t y  r a t i o  and a l l  

o t h e r  measures of i n t e r e s t  may be pu t  i n  terms of p r o b a b i l i t i e s  asso-  

c i a t e d  wi th  t h e  p r o c e s s .  S p e c i f i c a l l y ,  t h e  ca se  f a t a l i t y  r a t i o  (CFR) 

i s :  

CFR = P ~ { H  i n  dea th  s t a t e  a f t e r  t ,  H never i n  normal 

h e a l t h  s t a t e  a f t e r  t i a c c i d e n t  a t  t ime t) 

RECOVERY SYSTEM ANALYSIS: A PRELIMINARY MODEL AND RELATIONSHIPS 

In  t h i s  s e c t i o n ,  we s h a l l  exp res s  t h e  two major t ime f a c t o r s ,  

recovery  system response  t ime and i n j u r y  s u r v i v a l  t ime ,  i n  f u n c t i o n a l  



form and r e l a t e  them t o  t h e  e f f e c t i v e n e s s  measures ,  t h e  performance 

measures ,  and (where p o s s i b l e )  t h e  hardware c h a r a c t e r i s t i c s  of t h e  

recovery  system. 

Recovery system response t ime i s  de f ined  a s  t h e  t ime i n  which 

an o p e r a t i o n a l  recovery system d e t e c t s ,  r eaches ,  and t r e a t s  o r  t r a n s -  

p o r t s  t o  t r e a t m e n t ,  an i n d i v i d u a l  who i s  i n  a  trauma s t a t e  a s  t h e  r e -  

s u l t  of a  t r a f f i c  a c c i d e n t .  A t  t h i s  p o i n t ,  we should note  t h a t  i n  

examining response t ime of e x i s t i n g  o r  f u t u r e  recovery systems,  two 

major response  s t r a t e g i e s  must be cons idered:  t r a n s p o r t a t i o n  of t h e  

i n d i v i d u a l  t o  a  t r ea tmen t  c e n t e r ,  and t r ea tmen t  of t h e  i n d i v i d u a l  on 

t h e  scene of t h e  a c c i d e n t ;  a s  we l l  a s  numerous combinations of t'he 

two s t r a t e g i e s  ( e . g . ,  p rovide  t rea tment  on scene [and/or  en r o u t e ]  

and/or t r a n s p o r t  t o  a  h ighe r - l eve l  t rea tment  c e n t e r ) .  

Response Time. The system response  t ime i s  taken  t o  be a  random 

v a r i a b l e  and i s  expressed a s :  

where Td = t h e  t ime t o  d e t e c t  t h e  acc iden t  event  a f t e r  i t  has  occurred  

Tr = t h e  t ime t o  r e p o r t  o r  communicate t h e  d e t e c t i o n  

Ts = t h e  t ime r equ i r ed  t o  search  f o r ,  l o c a t e ,  and a c t i v a t e  a  

mobile u n i t  f o r  d i s p a t c h  t o  t h e  event  scene 

Tt = t h e  time r e q u i r e d  f o r  t h e  mobile u n i t  t o  reach t h e  scene  

T = t h e  t ime t h e  u n i t  spends a t  t h e  scene e x t r i c a t i n g ,  t r e a t -  a  
i n g ,  and loading  v i c t im  

Tf = t h e  t ime r equ i r ed  t o  reach a  h ighe r - l eve l  t r ea tmen t  c e n t e r  

( i f  necessary)  

Note t h a t  f o r  systems i n  which t h e  mobile u n i t  has  a  high o r  

s u f f i c i e n t  l e v e l  of on-scene t r ea tmen t  c a p a b i l i t y ,  loading  and t r a n s -  

p o r t i n g  t h e  v i c t i m  would be unnecessary and the  response time might 

be r ep re sen ted  a s  

where T '  = t ime r e q u i r e d  f o r  eva lua t ion  and/or t r e a t m e n t .  a  



I n j u r y  S u r v i v a l  Time. The i n j u r y  s u r v i v a l  t i m e  t i s  d e f i n e d  a s  
s 

t h e  t i m e  a n  a c c i d e n t  v i c t i m  c a n  s u r v i v e  ( i . e . ,  r emain  i n  any b u t  t h e  

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

w i t h o u t  t r e a t m e n t ,  where t r e a t m e n t  i s  d e f i n e d  a s  any a c t i o n  by t h e  

r e c o v e r y  s y s t e m  t o  d e a l  w i t h  t h e  i n j u r y  o r  t o  t r a n s p o r t  t h e  v i c t i m  t o  

a  t r e a t m e n t  f a c i l i t y .  

I t  seems r e a s o n a b l e  t o  r e g a r d  i n j u r y  s u r v i v a l  t i m e  a s  a  f u n c t i o n  

of b o t h  t h e  t y p e  and d e g r e e  of  i n j u r y ,  a n  approach  which s u g g e s t s  t h e  

c o n s t r u c t i o n  o f  a  taxonomy of i n j u r i e s .  F o r  t h e  p u r p o s e  o f  a n a l y s i s ,  

i t  may be  h e l p f u l  t o  e x p r e s s  i n j u r y  d e g r e e  i n  a  p a r t i c u l a r  way: we 

d e f i n e  t h e  i n j u r y  l e v e l ,  f o r  a  g i v e n  t y p e  of  i n j u r y ,  a s  t s ,  t h e  s u r -  

v iva .1  t i m e  d e f i n e d  above .  I t  is now p o s s i b l e  t o  r e l a t e  t h e  d e g r e e  of  

i n j u r y  t o  s u r v i v a l  t i m e  and t h u s  e s t a b l i s h  one  of  t h e  m a j o r  v a r i a b l e s  

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

T h i s  s u r v i v a l  t i m e  t must be  presumed t o  be  a  s t o c h a s t i c  func-  
S 

t i o n  of t h e  a c t u a l  p h y s i c a l  d e s c r i p t o r s  of t h e  i n j u r y ,  i . e . ,  t y p e  and 

d e g r e e .  I f  t h i s  i s  t h e  c a s e ,  t h e n  i n j u r y  s u r v i v a l  t i m e  c a n  be  ex- 

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

e t e r s  ( i n  some form) I and 8 ( I  = t y p e ,  8 = d e g r e e ) .  

I n  F i g .  4-1,  f o r  a  f i x e d  { I ,  8 )  t h e  d e n s i t y  f u n c t i o n  o f  ts is 

shown c o n c e p t u a l l y .  

Ana lyz ing  E f f e c t i v e n e s s .  Thus f a r ,  we have s t r u c t u r e d  a  p r e l i m -  

i n a r y  model of t h e  a c c i d e n t  i n j u r y  p r o c e s s  and t h e  r e c o v e r y  sys tem 

r e s p o n s e .  We have assumed t h a t  t h e  p r o c e s s e s  g o v e r n i n g  t h e  i n j u r y  

e v e n t  and r e c o v e r y  r e s p o n s e  a r e  s t o c h a s t i c  i n  n a t u r e  and t h e r e f o r e  

t h a t  i n j u r y  s u r v i v a l  t i m e  and r e c o v e r y  r e s p o n s e  t i m e  a r e  random v a r i -  

a b l  e s .  

E a r l i e r ,  i t  was assumed t h a t  t h e  measure  of  e f f e c t i v e n e s s  f o r  

r e c o v e r y  s y s t e m s  is t h e  c a s e  f a t a l i t y  r a t i o .  l We a l s o  h y p o t h e s i z e d  

t h a t  r e c o v e r y  sys tem r e s p o n s e  t i m e  T and i n j u r y  s u r v i v a l  t i m e  t R s 
were two m a j o r  f a c t o r s  i n  d e t e r m i n i n g  c a s e  f a t a l i t y  r a t i o .  We w i l l  

now i n t r o d u c e  one  a d d i t i o n a l  v a r i a b l e  t o  t h e  a n a l y s i s  and t h e n  d e v e l o p  

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

t h e  t h r e e  sys tem per fo rmance  m e a s u r e s .  



FIGURE 4-1. CONCEPTUAL ILLUSTRATION OF THE SURVIVAL TIME 

DENSITY FUNCTION 

The t h i r d  performance f a c t o r  i s  concerned wi th  t h e  a b i l i t y  of 

t h e  recovery  system t o  g i v e  medical  t r ea tmen t  f o r  i n j u r i e s  of a  g iven  

type  and deg ree .  T h i s  medical  t r ea tmen t  l e v e l ,  M, may be thouglht of 

i n  te rms  of t h e  equipment and personnel  q u a l i f i c a t i o n s  neces sa ry  t o  

t r e a t  a  g iven  i n j u r y  l e v e l  and type .  Whether o r  no t  t h e  v a r i a b l e  A4 

is s t o c h a s t i c  is not  c l e a r .  For e v a l u a t i n g  e x i s t i n g  sys t ems ,  one can  

probably  de termine  e x p l i c i t l y  t h e  l e v e l s  of hl t h a t  t h e  recovery  system 

i s  capab le  of p rov id ing .  For t h e  fo l lowing  d i s c u s s i o n ,  we w i l l ,  how- 

e v e r ,  t r e a t  M a s  a  random v a r i a b l e .  

Given t h e  c o n d i t i o n  t h a t  an a c c i d e n t  has  o c c u r r e d ,  t h e  p r o b a b i l -  

i t y  of s u r v i v a l  is  then  t h e  j o i n t  p r o b a b i l i t y  of two e v e n t s :  t h e  

p r o b a b i l i t y  of s u s t a i n i n g  a  s p e c i f i c  type  and degree  of i n j u r y  and - 
t h e  p r o b a b i l i t y  of s u r v i v a l  g iven  t h i s  i n j u r y  l e v e l  and type  h a s  oc- 

c u r r e d .  I f  we sum t h i s  j o i n t  p r o b a b i l i t y  over  a l l  p o s s i b l e  deg rees  

and t y p e s  of i n j u r y ,  we w i l l  o b t a i n  P ~ { s \ A ) ,  t h e  p r o b a b i l i t y  of s u r -  

v i v a l  g iven  an a c c i d e n t  has  occu r red .  In  mathematical  t e rms ,  ule have: 



The l e f t -hand  s i d e  of t h e  exp res s ion  i s  t h e  d e s i r e d  c o n d i t i o n a l  prob- 

a b i l i t y  of s u r v i v a l ,  and t h e  r igh t -hand s i d e  i s  a s  desc r ibed  above. 

In  developing an expres s ion  f o r  t h e  recovery  system e f f e c t i v e n e s s  

measure i n  terms of performance measures ,  we w i l l  cons ide r  t h e  condi-  

t i o n a l  p r o b a b i l i t y  of s u r v i v a l  g iven  an i n d i v i d u a l  has  been involved 

i n  an a c c i d e n t .  Note t h a t  we must now d e a l  wi th  p r o b a b i l i t i e s  r a t h e r  

than  f a t a l i t y  r a t i o s .  In  a d d i t i o n ,  t h e  p r o b a b i l i t y  of s u r v i v a l  i s  

simply 1 - Pd,  t h e  p r o b a b i l i t y  of d e a t h .  Thus, t h e  measure of e f f e c -  

t i v e n e s s  i n  our  model becomes a  p r o b a b i l i t y  of l i v i n g  g iven  an a c c i -  

dent  has  occuilred, r a t h e r  than  a  r a t i o  of dea th  per  100 i n j u r i e s .  

The mathematical  formula t ion  is g iven  i n  Appendix 4-A. The r e s u l t a n t  

exp res s ion  is :  

where bI i s  t h e  l e a s t  M which s u c c e s s f u l l y  t r e a t s  i n j u r y  l e v e l  
( I l ,O i )  

I1 and degree 0  Refinement of t h e  model w i l l  a l low t h e  medical  
i ' 

l e v e l  M t o  have p r o b a b i l i s t i c  r a t h e r  than  b ina ry  ( s a v e - f a i l )  e f f e c t .  

The r igh t -hand term expres ses  t h e  performance c a p a b i l i t y  of t h e  

recovery  system (T,, 11) and t h e  s u r v i v a l  t ime t s .  

SUBSYSTEhl PERFORlllANCE MEASURES, 
HARDWARE CHARACTERISTICS, ENVIRONMENTAL PARAMETERS, 

AND OTHER ANALYSIS VARIABLES 

RECOVERY SYSTEhI VARIABLES AND PARAMETERS 

In t h e  p rev ious  s e c t i o n ,  an expres s ion  f o r  subsystem e f f e c t i v e -  

nes s  was developed.  Evalua t ion  of t h i s  exp res s ion  r e q u i r e s  i n p u t s  

t h a t  d e s c r i b e  t h e  phys i ca l  and performance c h a r a c t e r i s t i c s  of t h e  r e -  

covery system, t h e  environment i n  which i t  o p e r a t e s ,  and  i t s  opera-  

t i o n a l  s t r a t e g i e s .  I n  t h i s  s e c t i o n ,  t h e s e  elements  w i l l  be (where 

p o s s i b l e )  i d e n t i f i e d  and  d i scussed  i n  r e l a t i o n  t o  subsystem e f f e c t i v e  

n e s s .  



Recovery System E f f e c t i v e n e s s .  Under I n j u r y  Surv iva l  Time t h e  

recovery  system e f f e c t i v e n e s s  measure (el)  = P ~ { s \  1 ~ ~ 9  A )  and i t s  

r e l a t i o n s h i p  t o  t h e  o v e r a l l  s u r v i v a l  f u n c t i o n  P ~ { s ] A )  was discu!ssed. 

I t  is  aga in  noted  t h a t  P ~ ( s \  I;8,.A) is r e l a t e d  t o  t h e  case  f a t a l i t y  
- I L  

p r o b a b i l i t y  by t h e  exp res s ion  1 - P ~ { D ( I ~ ~ ~ ~ ~ A }  where P ~ { D I  I 1 . e i . ~ }  

i s  t h e  condit iona.1 p r o b a b i l i t y  of dea th  g iven  an a c c i d e n t  and i n j u r y  

has  occu r red .  

Recovery System D e s c r i p t o r s .  The major measures a r e :  - 
TR = recovery  system response  t ime (y ) 1 

h1 = medical  c a p a b i l i t y  l e v e l  (y2)  

I1 = i n j u r y  l e v e l  ( i n  terms of s u r v i v a l  t ime) (yg )  

O i  = i n j u r y  type  (y4) 

There a r e ,  of c o u r s e ,  many o t h e r  parameters  t h a t  r e l a t e  t o  t h e  fou r  

major t y p e s  g iven  above. These measures mainly a f f e c t  Tr: 

hIobile u n i t  r e l i a b i l i t y  (y5) 

Alobile u n i t  speed (y6) 

Communication channel  performance: e . g . ,  r ange ,  r e l i a b i l i t y ,  
e t c .  ( Y ~ ~ )  

Accident d e t e c t i o n  and r e p o r t i n g  performance: e . g , ,  s ea rch -a rea  
coverage ,  scan  r a t e ,  r e s o l u t i o n  l e v e l ,  d i s c r i m i n a t i o n  capa- 
b i l i t y ,  e t c .  (yg j )  

Mobile u n i t  n a v i g a t i o n a l  performance: e . g , ,  p o s i t i o n  accuracy ,  
beam r e c e i v i n g  a b i l i t y ,  e t c .  (ygl) 

Mobile u n i t  handl ing  o r  maneuverabi l i ty  (ylO) 

Payload c a p a b i l i t y  of mobile u n i t  ( i n  terms of number of a.ccident 
v i c t i m s )  (yl l )  

Accident l o c a t i o n  c o o r d i n a t e s  (y12) 

Mobile u n i t  l o c a t i o n  c o o r d i n a t e s  (y13) 

Opera t iona l  - S t r a t e g i e s .  Opera t iona l  s t r a t e g i e s  a c t  upon t h e  per -  

formance c a p a b i l i t i e s  of t h e  subsystem and thus  a f f e c t  t h e  va lue  of 

e f f e c t i v e n e s s  f o r  t h e  subsystem. Parameters  of o p e r a t i o n a l  s t r a t e g i e s  

a r e  : 

Accident -de tec t ion  sea rch  r a t e  (S1) 

Mobile u n i t  p a t r o l  assignment (S2) 

Receiving h o s p i t a l  assignment p o l i c y  ( S  ) 
3 

Mobile u n i t  r e a d i n e s s  s t a t u s  ( S  ) 4 



Regional  coverage p o l i c i e s  ( i nvo lv ing  o t h e r  recovery  systems) 
(S6) 

Mobile u n i t  v e l o c i t y  mode (S6) 

Replacement p o l i c y  f o r  mobile u n i t  ( S T )  

Locat ion of mobile  u n i t  garage  (S8) 

Hardware Performance C h a r a c t e r i s t i c s .  These c h a r a c t e r i s t i c s  a r e  

measures of t h e  p h y s i c a l  component e lements  of t h e  subsystem i n  r e l a -  

t i o n  t o  subsystem performance. 

Mobile u n i t  engine  horsepower o r  t h r u s t  (XI) 

Mobile u n i t  weight (XZ) 

Mobile u n i t  volume ( X 3 )  

T r a c t i o n  f a c t o r  of mobile u n i t  (X4) 

Moment of i n e r t i a  (X5) 

Other v e h i c l e  hardware c h a r a c t e r i s t i c s  r e l a t e d  t o  performance 
(x,) 

Environmental Parameters  

V i s i b i l i t y  (01) 

P r e c i p i t a t i o n  (02) 

T e r r a i n  c h a r a c t e r i s t i c s ,  g rade ,  s o i l - b e a r i n g  c h a r a c t e r i s t i c s ,  
e t c .  (03) 

Humidity ( r o t a t i n g  o r  f i x e d  wing u n i t s )  (04) 

Temperature (0 ) 5 

SUBSYSTERI RELATIONSHIPS 

A s  de sc r ibed  i n  Chapter 1 v a r i o u s  parameters ,  c h a r a c t e r i s t i c s ,  

and performance measures must be e s t a b l i s h e d  i n  o r d e r  t o  determine 

system e f f e c t i v e n e s s .  T h i s ,  of c o u r s e ,  is t r u e  i n  each of t h e  h i e r -  

a r c h i a l  subsystem s t u d i e s .  I n  t h e  s e c t i o n  on Analyzing E f f e c t i v e n e s s ,  

a  r e l a t i o n  f o r  recovery  system e f f e c t i v e n e s s  was g iven  i n  terms of 

t h e  major performance measures (Eq. 2 and 3 ) .  Each of t h e  performance 

measures can be expressed  i n  terms of t h e  environmental  parameter ,  

and hardware and p h y s i c a l  c h a r a c t e r i s t i c s .  

Thus, f o r  example, t h e  system response  time TR ( E q ,  1 )  is depen- 

dent  on t h e  recovery  system d e s c r i p t o r s  y l i s t e d  above, s i n c e  each of 

t h e  v a r i o u s  elements  of TR is d i r e c t l y  a f f e c t e d  by t h e  y  v a r i a b l e s .  



Each of t h e  y  v a r i a b l e s  is a  f u n c t i o n  of a  s u b s e t  of hardware char-  

a c t e r i s t i c s .  The c o n t r o l  s t r a t e g i e s  a r e  f u n c t i o n s  of environmen.ta1 

parameter ,  performance v a r i a b l e s ,  and hardware c h a r a c t e r i s t i c s .  

INTERSECTION WITH OTHER SUBSYSTEM OUTPUTS 

The o p e r a t i o n a l  and performance c h a r a c t e r i s t i c s  of t h e  v a r i o u s  

o t h e r  subsystems w i l l  a f f e c t  t h e  recovery subsystem e f f e c t i v e n e s s .  

The b e s t  i l l u s t r a t i o n  of t h i s  can  be seen  i n  Eq. ( 3 ) ,  where t h e  term 

P ~ { I ~ * B ~ / A )  is  t h e  p r o b a b i l i t y  of s u s t a i n i n g  an i n j u r y  s t a t e  (I1,  e i )  

g iven  t h e  occurrence  of an a c c i d e n t .  Severa l  f a c t o r s  e n t e r  i n t o  t h e  

e v a l u a t i o n  of t h i s  term. We assume t h a t  a  taxonomy of i n j u r y  types  

and l e v e l s  has  been e s t a b l i s h e d .  The r e s u l t s  of v a r i o u s  o t h e r  sub- 

system s t u d i e s ,  p a r t i c u l a r l y  t h e  ones dea l ing  w i t h  v e h i c l e  des ign  and 

c r a s h  dynamics, w i l l  t e l l  u s  what t ypes  of i n i t i a l  c o l l i s i o n s  produce 

second-co l l i s ion  f o r c e s  t h a t  r e s u l t  i n  t h e  given i n j u r y  types  and 

l e v e l s .  An acc iden t  p r e d i c t i o n  model w i l l  g i v e  t h e  d i s t r i b u t i o n  i n  

t ime and t h e  s p a t i a l  c o o r d i n a t e s  of t h e  c o l l i s i o n  t y p e s .  With t h i s  

in format ion  we can eva lua t e  t h e  p r o b a b i l i t y  of s u s t a i n i n g  ( I1 ,  Ri) i n  

any g iven  a c c i d e n t .  Thus, v e h i c l e  and highway des ign  w i l l  have a  d i -  

r e c t  bea r ing  on Pr[ I l n ~ i l  A ] .  

Another i n t e r e s t i n g  k ind  of subsystem i n t e r a c t i o n  i s  t h a t  i n  

which mod i f i ca t ion  t o  improve t h e  s a f e  performance of one subsystem 

element r e s u l t s  i n  a  heav ie r  demand upon any of t h e  o t h e r s .  For ex- 

ample, a  mod i f i ca t ion  of v e h i c l e  des ign  which reduces  ins tan tar leous  

f a t a l i t i e s  may produce an inc reased  number of n o n f a t a l  i n j u r i e s  r e -  

q u i r i n g  medical  t rea tment  by t h e  recovery system. 

In  g e n e r a l ,  t h e  most s i g n i f i c a n t  of t h e  i n t e r a c t i o n s  which w i l l  

concern u s  a r e  t hose  i n  which i n c r e a s i n g  t h e  " sa fe ty"  of one subsystem 

a f f e c t s  t h e  performance of t h e  c a s u a l t y  recovery system. For example, 

i n  highway des ign ,  t h e  i n t r o d u c t i o n  of e l e c t r o n i c a l l y  c o n t r o l l e d  l ane  

occupancy wi thout  p r o v i s i o n  f o r  t h e  r a p i d  passage of emergency vehi-  

c l e s  such an ambulance would s e r i o u s l y  a f f e c t  t h e  performance of t h e  

c a s u a l t y  recovery  system. 

A recovery subsystem e f f e c t i v e n e s s  measure and r e l a t e d  p e r f o r -  

mance measures have been d i scussed .  Each c l a s s  of performance v a r i -  

a b l e s  r e l a t e s  d i r e c t l y  t o  recovery system des ign  and o p e r a t i o n .  The 



performance of t h e  recovery  system de termines  i n  t u r n  t h e  worth of 

t h e  subsystem. Note t h a t  t h e  e f f e c t i v e n e s s  measure of t h e  recovery  

system becomes a  performance measure of t h e  t o t a l  highway s a f e t y  

a n a l y s i s .  

The purpose of t h i s  c h a p t e r  is t o  form a  l o g i c a l  framework t o  

de te rmine  what a  "good" recovery system i s ,  and what v a r i a b l e s  a f f e c t  

i t s  "goodness."  For example, how f a s t  i s  f a s t  enough f o r  e f f e c t i v e  

r ecove ry ;  how a r e  o t h e r  subsystems r e l a t e d  t o  recovery  e f f e c t i v e n e s s ;  

and how might new technology ( e . g . ,  new a c c i d e n t - d e t e c t i o n  t echn iques )  

r e l a t e  t o  recovery  system performance. 

Other measures of recovery  system e f f e c t i v e n e s s  no doubt e x i s t  

and could  be cons ide red ;  however, t hose  p re sen ted  he re  appear  physi-  

c a l l y  l o g i c a l  a s  we l l  a s  i n t u i t i v e l y  r ea sonab le .  The concept  of r e -  

ducing t h e  case  f a t a l i t y  r a t i o  (o r  i n c r e a s i n g  t h e  number of i n j u r y  

s u r v i v a l s )  i s  c o n s i s t e n t  wi th  t h e  g e n e r a l  goa l  of highway s a f e t y ;  t o  

save l i v e s .  Other c o n s i d e r a t i o n s  might i nc lude  t h e  degree  t o  which 

p h y s i c a l  d i s a b i l i t i e s  and human s u f f e r i n g  a r e  prevented  o r  reduced.  

I t  should be emphasized t h a t  a  recovery  system i s  not  concerned wi th  

t h e  p reven t ion  of a c c i d e n t s  o r  t h e  r e d u c t i o n  of i n s t a n t a n e o u s  f a t a l i -  

t i e s ,  except  a s  they  r e l a t e  t o  demand on t h e  system, and a f f e c t  t h e  

system response .  Thus, t h e i r  des ign  and o p e r a t i o n  a r e  not  p o s i t i v e  

i n  t h e  sense  of a c c i d e n t  p reven t ion  a s  a r e  o t h e r  e lements  i n  t h e  high- 

way s a f e t y  a n a l y s i s .  

In  t h e  fo l lowing  two s e c t i o n s  t h e  l i t e r a t u r e  on recovery  systems 

and some recommended a r e a s  of r e s e a r c h  a r e  d i scussed .  

THE LITERATURE 

A g e n e r a l  s ea rch  was made i n  t h e  l i t e r a t u r e  cover ing  ambulance 

s e r v i c e s ,  c a s e  f a t a l i t y  r a t i o  s t a t i s t i c s ,  and o t h e r  t o p i c s  r e l a t e d  t o  

t r a f f i c  c a s u a l t y  r ecove ry .  Th i s  s ea rch  i s  not  complete ,  bu t  i t  i s  

f e l t  t h a t  t h e  sample i s  r e p r e s e n t a t i v e  of t h e  g e n e r a l  f i e l d .  S p e c i f i c  

r e f e r e n c e s  a r e  l i s t e d ,  and a  b ib l iog raphy  of a d d i t i o n a l  m a t e r i a l  is 

a l s o  p re sen ted .  

THE AhIBULANCE: SERVICE AND UTILIZATION 

Few s t u d i e s  of ambulance s e r v i c e  have been made. Waller (1964; 

1965; 1966a,b)  has  publ i shed  a  number of c o n s t r u c t i v e  r e p o r t s  on t h e  



ambulance; t h e  second of t h e s e  (1965) c o n t a i n s  an e x c e l l e n t  survey  of 

c u r r e n t  ambulance p r a c t i c e s ,  o r g a n i z a t i o n a l  s t r u c t u r e ,  equipment and 

crew t r a i n i n g ,  f i n a n c i a l  c o n s i d e r a t i o n s ,  speeding  ambulance p o l i c i e s ,  

e t c .  The major problem a r e a s  r e p o r t e d  i n  c u r r e n t  ambulance s e r v i c e  

were: 

1. Lack of t r a i n i n g  and low s a l a r i e s  f o r  ambulance p e r s o n n e l ;  

absence of s t a t e  r e g u l a t i o n s  governing pe r sonne l .  

2 .  Equipment d e f i c i e n c i e s ,  i n  terms of minimum requirements  by 

law (cor responding  t o  ou r  )II 6 ) ;  l a c k  of r e g u l a t i o n  of ambulance de- 
1 i 

s i g n  v a r i a t i o n s .  

3 .  F i n a n c i a l  p a t t e r n s ,  a  major problem c o n t r i b u t i n g  t o  l a c k  of 

adequate  ambulance s e r v i c e .  I t  has  been e s t ima ted  (Wal le r ,  1966a) 

t h a t  a  minimum of 750 t o  1000 c a l l s  per  year  a r e  r e q u i r e d  be fo re  an 

ambulance can f u l l y  s u s t a i n  i t s e l f  f i n a n c i a l l y  wi thout  v o l u n t e e r  per -  

s o n n e l .  Th i s  may r e p r e s e n t  t h r e e  t o  f i v e  t imes  t h e  annual  ca se load  

of t h e  average r u r a l  u n i t .  I n  a d d i t i o n ,  b i l l s  f o r  long ambulance 

r u n s ,  p a r t i c u l a r l y  t hose  invo lv ing  n o n r e s i d e n t s ,  a r e  l e s s  o f t e n  p a i d .  

I t  has  been f u r t h e r  e s t ima ted  t h a t  i t  would c o s t  most r u r a l  conmuni- 

t i e s  about $20,000 t o  $25,000 annual ly  per  ambulance t o  run  t h e i r  own 

s e r v i c e ,  bu t  t h a t  they  can improve e x i s t i n g  p r i v a t e  o r  voluneary s e r -  

v i c e s  wi th  an annual  subs idy  of $3,000 t o  $5,000 pe r  u n i t .  

4 .  Regula t ion  of ambulance o p e r a t i n g  procedures  is  i n c o n s i s t e n t  

and has  not  been s u f f i c i e n t l y  s t u d i e d .  

A s i g n i f i c a n t  and i n t e r e s t i n g  problem was brought  o u t  by Waller 

(1966 ) i n  h i s  d i s c u s s i o n  of t h e  u t i l i z a t i o n  of ambulances. I n  t h a t  
b 

s t u d y ,  on ly  33% of t h e  ambulance t r i p s  i n v e s t i g a t e d  were r e l a t e d  t o  

t r a f f i c  a c c i d e n t s .  Thus, i n  any a n a l y s i s  aimed a t  improving recovery  

systems f o r  t r a f f i c  a c c i d e n t  v i c t i m s ,  o t h e r  p a t t e r n s  of ambulance use  

must be cons ide red ,  p a r t i c u l a r l y  when o p e r a t i o n a l  s t r a t e g i e s  a:re 

involved .  

Irma West (1964) p re sen ted  a  s tudy  of 5000 ambulance t r ip i s  which 

shows t h e  same g e n e r a l  t r e n d  i n  ambulance u t i l i z a t i o n ,  and a l s o  pro-  

v i d e s  some i n t e r e s t i n g  i n s i g h t s  i n t o  t h e  q u e s t i o n  of speed ,  n a t u r e  of 

emergency, e t c .  The in fo rma t ion  ga the red  inc luded:  t ime of day,  

o r i g i n ,  d e s t i n a t i o n ,  m i l e s  t r a v e l e d ,  speed l i m i t s  i n  e f f e c t ,  maximum 



speed over  t h e s e  l i m i t s , c i r c u m s t a n c e s  r e q u i r i n g  e x t r a  speed ,  a u t h o r i -  

z a t i o n  f o r  speed ,  number of ambulance a c c i d e n t s .  Her f i n d i n g s  a r e  

summarized below. 

1. For about  8% of t h e  p a t i e n t s  c a r r i e d  by ambulances a t  speeds  

above p r e v a i l i n g  l i m i t s ,  t h e  a t t e n d i n g  phys i c i an  f e l t  t h e  t ime saved 

was of b e n e f i t ,  I n  most of t h e s e  c a s e s ,  t h e  p a t i e n t  was s e r i o u s l y  

poisoned.  

2 .  The average ambulance t r i p  r e p o r t e d  was 8  m i l e s  and t h e  aver -  

age time saved by exceeding t h e  speed limits was 2 . 7  minu te s .  In  

about  80% of t h e  t r i p s ,  t h e  speed l i m i t  was exceeded by l e s s  than  16 

m i l e s  pe r  hour .  

3 .  P o l i c e  d i r e c t e d  t h e  ambulance t o  exceed t h e  speed l i m i t  f o r  

36% of t h e  t r i p s ,  t h e  ambulance crew f o r  34%, phys i c i ans  f o r  17%, and 

o t h e r s  f o r  13%. 

4 .  About two- th i rds  of C a l i f o r n i a ' s  ambulance o p e r a t o r s  d i d  not  

r e p o r t  any t r i p s  where speed limits were exceeded wh i l e  p a t i e n t s  were 

t r a n s p o r t e d .  

5 ,  Most of t h e  p a t i e n t s  c a r r i e d  by ambulances exceeding t h e  

speed l i m i t  were s e r i o u s l y  ill o r  had been s e r i o u s l y  i n j u r e d .  About 

one- four th  of them were too  ill t o  s u r v i v e .  

6 .  Almost h a l f  of t h e  p a t i e n t s  c a r r i e d  by ambulances exceeding 

t h e  speed l i m i t  had been i n j u r e d ,  u s u a l l y  i n  t r a f f i c  a c c i d e n t s ;  about  

17% were t o o  badly i n j u r e d  t o  s u r v i v e .  Head i n j u r i e s  were t h e  most 

f r e q u e n t  k ind  of s e r i o u s  i n j u r y .  

7 .  About 15% of t h e  p a t i e n t s  c a r r i e d  by ambulances exceeding 

t h e  speed l i m i t  were h e a r t  c a s e s  and almost 60% of them were too  ill 

t o  s u r v i v e .  

8 .  In  most i n s t a n c e s ,  ambulance personnel  were a c c u r a t e  i n  de- 

c i d i n g  t h e  s e r i o u s n e s s  of t h e  p a t i e n t ' s  c o n d i t i o n .  

9 .  During t h e  s i x  months of t h e  s tudy  61 t r a f f i c  a c c i d e n t s  oc- 

c u r r e d  t o  ambulances. Seventy-eight  people were i n j u r e d  and one 

k i l l e d .  The m a j o r i t y  occurred  a t  i n t e r s e c t i o n s .  However, none of 

t h e  i n j u r i e s  occurred  a s  a r e s u l t  of ambulances exceeding t h e  speed 

limits whi le  c a r r y i n g  p a t i e n t s .  



In r ega rd  t o  t h e  e f f e c t  of demand on ambulance s e r v i c e  i n  terms 

of  a c c i d e n t  i n j u r y  d i s t r i b u t i o n s ,  Waller (1963) p rov ides  a  comparison 

of urban v e r s u s  r u r a l  environments .  In  h i s  r e p o r t ,  an a n a l y s i s  by 

t h e  C a l i f o r n i a  Department of P u b l i c  Heal th  of r e p o r t s  f i l e d  by t h e  

Highway P a t r o l  i n  1961, i t  was s t a t e d  t h a t  t r a f f i c  a c c i d e n t s  i n j u r e d  

one and one-half t imes  a s  many people per  1000 popu la t ion  i n  r u r a l  

C a l i f o r n i a  c o u n t i e s  (under 50,000 people)  a s  i n  urban c o u n t i e s  (over  

500,000 p e o p l e ) ,  and t h a t  persons  i n j u r e d  i n  r u r a l  c o u n t i e s  were a l -  

most f o u r  t imes  a s  l i k e l y  t o  d i e  of t h e i r  i n j u r i e s  a s  t hose  i n j u r e d  

i n  urban c o u n t i e s .  

A dea th  c e r t i f i c a t e  s tudy  was undertaken of 782 t r a f f i c  
d e a t h s  (exc luding  p e d e s t r i a n s )  occu r r ing  i n  r u r a l  and urban 
C a l i f o r n i a  c o u n t i e s  dur ing  1961. Accidents  occu r r ing  i n  
r u r a l  c o u n t i e s  tended t o  be s i n g l e  v e h i c l e  a c c i d e n t s  which 
r e s u l t e d  i n  l e s s  s e v e r e  i n j u r i e s ,  whi le  those  i n  urban couri- 
t i e s  tended t o  be two v e h i c l e  and m u l t i p l e  v e h i c l e  a c c i d e n t s  
r e s u l t i n g  i n  more s e r i o u s  i n j u r i e s .  The anatomical  d i s t r i - -  
bu t ion  of i n j u r i e s  was t h e  same f o r  bo th  urban and r u r a l  ac- 
c i d e n t s .  However, people dying i n  r u r a l  a c c i d e n t s  more f r e -  
quen t ly  d i ed  a t  t h e  scene  of t h e  a c c i d e n t ,  d i ed  sooner  a f t e r  
i n j u r y ,  and d i ed  of l e s s  s e r i o u s  i n j u r i e s  t han  d i d  those  in -  
j u red  i n  urban a c c i d e n t s .  For i n j u r i e s  where t h e o r e t i c a l l y  
few l i v e s  could  be sa lvaged  by prompt emergency c a r e ,  t h e  
t ime between i n j u r y  and dea th  was about t h e  same i n  urban  a s  
i n  r u r a l  c o u n t i e s .  Where such c a r e  should de l ay  o r  p reven t  
dea th  because t h e  i n j u r y  was p o s s i b l e  o r  probably sa lvage-  
a b l e ,  t hose  i n j u r e d  i n  r u r a l  c o u n t i e s  d i ed  more qu ick ly  [ s i c ] .  

Thir ty- two pe rcen t  of f a t a l i t i e s  i n  r u r a l  c o u n t i e s  ha,p- 
pened t o  urban  and o u t - o f - s t a t e  r e s i d e n t s ,  whi le  only  12  per -  
c e n t  of  f a t a l i t i e s  i n  urban  c o u n t i e s  were t o  r u r a l  o r  out- 'of- 
s t a t e  r e s i d e n t s ,  sugges t ing  t h a t  t r a f f i c  a c c i d e n t s  t o  non- 
r e s i d e n t s  may p l ace  an excess ive  load  upon medical  c a r e  
r e s o u r c e s  i n  r u r a l  a r e a s  (Wal le r ,  1963) .  

INJURY INVESTIGATIONS 

The measure of e f f e c t i v e n e s s  f o r  recovery  sys tems,  a s  d i scussed  

i n  p rev ious  s e c t i o n s ,  w i l l  r e q u i r e  q u a n t i f i c a t i o n  of i n j u r y  l e v e l  and 

t y p e .  A p re l imina ry  sea rch  of t h e  l i t e r a t u r e  f o r  a  "taxonomy of in-  

j u r i e s f T  showed t h a t  l i t t l e  has  been publ i shed  i n  t h i s  a r e a .  Braun- 

s t e i n  (1957) a t t empt s  a  s e m i s c i e n t i f i c  c a t e g o r i z a t i o n  of t r a f f i c  i n -  

j u r i e s  bu t  does not i n d i c a t e  any q u a n t i t a t i v e  r e l a t i o n  between i n j u r y  

s e v e r i t y  l e v e l  and chance of s u r v i v a l .  There a r e  numerous o t h e r  

pape r s  f i l l e d  with s t a t i s t i c s  on v a r i o u s  c l a s s e s  of i n j u r y  and t h e i r  

f r e q u e n c i e s ;  none, however, would seem t o  be of u se  i n  ou r  model. 



Most of t h e  medical  a r t i c l e s  d e a l i n g  w i t h  i n j u r i e s  d i s c u s s  t r ea tmen t  

of i n j u r i e s  i n  terms of t echn iques  of t r e a t m e n t ,  bu t  aga in  do not  i n -  

d i c a t e  a  r e l a t i v e  urgency of t r ea tmen t  f o r  s p e c i f i c  i n j u r i e s  ( t ype  

and l e v e l )  except  t o  note  t h a t  " t r ea tmen t  should be g iven  a s  soon a s  

p o s s i b l e . "  The b ib l iog raphy  c i t e s  s e v e r a l  of t h e s e  a r t i c l e s .  

I t  was concluded from t h e  p re l imina ry  l i t e r a t u r e  s e a r c h  c a r r i e d  

o u t  i n  t h i s  s tudy  t h a t  t h e r e  have been r e l a t i v e l y  few u s e f u l  s t u d i e s  

of c a s u a l t y  recovery  a s  an i n t e g r a l  p a r t  of t r a f f i c  s a f e t y .  By use-  

f u l ,  i t  i s  meant t h a t  no a t t empt  has  been made t o  ana lyze  t h e  r e -  

covery problem i n  t h e  con tex t  of a  g e n e r a l  systems approach t o  d e t e r -  

mine t h e  unde r ly ing  c h a r a c t e r i s t i c s  of t h e  recovery  problem, and t o  

e s t a b l i s h  t echn iques  t h a t  w i l l  p rovide  answers t o  such q u e s t i o n s  a s  

posed p rev ious ly  i n  t h i s  r e p o r t .  I t  seems, i n  f a c t ,  t h a t  t h e r e  has  

been s u r p r i s i n g l y  l i t t l e  a c t i v i t y  i n  de te rmining  whether we have ade- 

qua te  ambulance s e r v i c e ,  o r  i n  d e f i n i n g  what adequate  s e r v i c e  i s .  

The major p o i n t s  covered i n  t h e  l i t e r a t u r e  a r e  concerned w i t h  

b e t t e r  crew t r a i n i n g ,  s t a n d a r d i z e d  laws f o r  r e g u l a t i n g  ambulances,  

and equipment f o r  ambulances. Discuss ions  of new t echn iques  proposed 

f o r  recovery  system o p e r a t i o n  a r e  o f f e r e d  i n  Maynard (1965) and Lee 

(no d a t e  a v a i l a b l e ) ;  t h e s e  t echn iques  inc lude  e l e c t r o n i c  i n t e r s e c t i o n  

a c c i d e n t  d e t e c t i o n  systems and t r a f f i c  s i g n a l  dev ices  f o r  passage of 

emergency v e h i c l e s .  

The l i t e r a t u r e  had l i t t l e  t o  o f f e r  i n  t h e  a r e a  of r e l a t i n g  in -  

j u r y  l e v e l  t o  s u r v i v a b i l i t y .  No a t tempt  seems t o  have been made by 

t h e  medical  p r o f e s s i o n  t o  q u a n t i f y  t h e  r e l a t i o n s h i p  between t rauma,  

s u r v i v a l ,  and t r ea tmen t  l e v e l .  

While exces s ive  speed i n  c u r r e n t  ambulances has been r e p o r t e d  

a s  g e n e r a l l y  unnecessary ,  t h i s  does not  imply t h a t  t ime is a  secondary 

f a c t o r .  I n  many c a s e s ,  t h e  f a c t  t h a t  t h e  ambulance a r r i v e d  a t  t h e  

scene  and p o s s i b l y  admin i s t e r ed  some "de lay ing  ac t ion"  t r ea tmen t  was 

a  t ime element i t s e l f ,  and is  compat ib le  with ou r  model i n  which TR 

and hII  both c o n t r i b u t e  t o  s u r v i v a l .  - 
1 i 



One of t h e  most s i g n i f i c a n t  e x i s t i n g  problems p o i n t e d  ou t  i n  t h e  

l i t e r a t u r e  is  t h e  sha rp  d i f f e r e n c e  i n  c a s e  f a t a l i t y  r a t i o s  between 

urban  and r u r a l  a r e a s .  T h i s  would seem t o  be a  c u r r e n t  problem where 

a t t e n t i o n  might be focused .  

In  a d d i t i o n  t o  a c t i v i t i e s  r e p o r t e d  i n  t h e  pub l i shed  l i t e r a t u r e ,  

t h e r e  a r e  some c u r r e n t  p r o j e c t s  underway t h a t  d i r e c t l y  r e l a t e  tlo ca-  

s u a l t y  r ecove ry .  One of t h e s e  is  a  s tudy  being conducted by t h e  

Na t iona l  Research Counci l  (NRC) of t h e  Nat iona l  Academy of Sc iences  

under D r .  S .  See ley .  T h i s  e f f o r t  i s  a  survey  and commentary on emer- 

gency t r a n s p o r t a t i o n  and medical  t r ea tmen t  f a c i l i t i e s  i n  a  n a t i o n a l  

s e t t i n g .  The NRC w i l l  r e l e a s e  a  "white  paperf '  r ega rd ing  t h i s  s u b j e c t  

and w i l l  p o i n t  up a r e a s  where improvements a r e  needed,  

I t  was r e c e n t l y  noted i n  Automotive News t h a t  t h e  U n i v e r s i t y  of 

North C a r o l i n a  has  r e c e i v e d  a  $400,000 g r a n t  t o  s tudy  a c c i d e n t  de t ec -  

t i o n  and emergency c e n t e r s ,  A t  t h i s  w r i t i n g ,  no f u r t h e r  i n fo rma t ion  

was a v a i l a b l e .  

In  a d d i t i o n  t o  t h e  l i s t e d  r e f e r e n c e s ,  a  g e n e r a l  b ib l iog raphy  is 

p re sen ted  a t  t h e  end of t h i s  c h a p t e r .  F u r t h e r  d a t a  and a  more com- 

p l e t e  d i s c u s s i o n  of t h e  t o p i c s  d e s c r i b e d  above may be found i n  t h e s e  

sou rce  c i t a t i o n s .  

CONCLUSIONS AND POSSIBLE AREAS OF RESEARCH 

CONCLUSIONS 

The a b i l i t y  t o  provide  medical  t r ea tmen t  and t r a n s p o r t a t i o n  f o r  

t r a f f i c  a c c i d e n t  v i c t i m s  is  a  major element i n  t h e  h e a l t h  r e s o u r c e s  

of a  r e g i o n .  In  view of t h i s  need, i t  i s  s u r p r i s i n g  t h a t  s o  few pro- 

f e s s i o n a l s  i n  t h e  h e a l t h  f i e l d s  have a c t i v e l y  concerned themselves 

wi th  t h e  problems of c a s u a l t y  r ecove ry ,  and p a r t i c u l a r l y  ambulance 

s e r v i c e ,  hledical d o c t o r s  a r e  seldom c a r r i e d  on ambulance r u n s ;  indeed ,  

i f  o t h e r  emergency s e r v i c e  personnel  were adequate ly  t r a i n e d  f o r  t h i s  

s e r v i c e ,  t h e  p h y s i c i a n ' s  s k i l l s  would be b e t t e r  u t i l i z e d  i n  t h e  t r e a t -  

ment c e n t e r  s e t t i n g .  However, t h e  f a c t  remains t h a t  i n  g e n e r a l  t h e  

h e a l t h  p r o f e s s i o n s  have not  expressed  an a c t i v e  concern wi th  develop- 

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

I t  is r easonab le  t o  s t a t e  t h a t  t h e r e  is  m e r i t  i n  a  systems ap- 

proach t o  t h e  c a s u a l t y  recovery  problem. A t  p r e s e n t ,  t h e  s i t u a t , i o n  



i s  not c l e a r  i n  terms of system performance,  f o r  t h e r e  a r e  no p e r f o r -  

mance c r i t e r i a  by which t o  judge emergency s e r v i c e .  Various w r i t e r s  

i n  t h e  p r o f e s s i o n a l  and p u b l i c  p r e s s  have c a l l e d  f o r  improved ambu- 

l a n c e  s e r v i c e ,  y e t  few seem t o  have e v a l u a t e d ,  i n  any s c i e n t i f i c a l l y  

sound s e n s e ,  t h e  performance of e x i s t i n g  s e r v i c e s .  The q u e s t i o n  of 

what c o n s t i t u t e s  good emergency s e r v i c e  has  not  been answered. Most 

of t h e  d i f f i c u l t y  i n  t h e  p r e s e n t  system seems t o  r e s t  i n  a  l o o s e  and 

i l l - d e f i n e d  s t r u c t u r e  of ambulance s e r v i c e s  o p e r a t i n g  under a  m u l t i t u d e  

of r e g u l a t i o n s  and s i t u a t i o n s .  P r i n c i p l e s  of management s c i e n c e  and 

new technology have a p p a r e n t l y  not  been a p p l i e d  t o  t h e  des ign  and op- 

e r a t i o n  of ambulance s e r v i c e s ,  and t h e  e n t i r e  system o p e r a t e s  under 

l i m i t i n g  f i n a n c i a l  c o n s t r a i n t s .  

I t  is concluded t h a t  i n  o r d e r  t o  determine t h e  e f f e c t i v e n e s s  of 

p r e s e n t  emergency medical  recovery  o p e r a t i o n s ,  and t o  e v a l u a t e  des ign  

of f u t u r e  sys tems,  performance c r i t e r i a  must be e s t a b l i s h e d .  

PROPOSED RESEARCH AREAS 

The p r e s e n t  i n v e s t i g a t i o n  has a t tempted  t o  o u t l i n e  some b a s i c  

approaches f o r  ana lyz ing  t h e  c a s u a l t y  recovery  problem. Some assump- 

t i o n s  r ega rd ing  system e f f e c t i v e n e s s  and performance have been made 

i n  terms of v a r i o u s  recovery  system c h a r a c t e r i s t i c s .  In  o r d e r  t o  t e s t  

t h e  v a l i d i t y  of t h e s e  assumptions and t h e  major hypotheses  t h a t  ac- 

companied them, some s p e c i f i c  a r e a s  of r e s e a r c h  a r e  sugges t ed .  In  

a d d i t i o n ,  more g e n e r a l  r e s e a r c h  t o p i c s ,  p a r t i c u l a r l y  concern ing  t h e  

o p e r a t i o n s  of p r e s e n t  systems,  a r e  d i scussed .  

In  o u t l i n i n g  t h e  r e s e a r c h  a r e a s ,  t h e  major o b j e c t i v e  i s  twofold:  

(1) t o  develop t h e  p rope r  d a t a  and r e l a t i o n s h i p s  f o r  t e s t i n g  t h e  hy- 

p o t h e s e s ,  and ( 2 )  t o  u s e  t h e  composite hypo thes i s  ( i f  accep ted ;  i f  

n o t ,  hope fu l ly  t o  g e n e r a t e  a  new one) f o r  e v a l u a t i n g  p r e s e n t  recovery  

systems and f o r  des igning  new ones .  

R e l a t i o n s h i p  Between Response Time and Case F a t a l i t y  R a t i o .  A 

hypo thes i s  was made t h a t  t h e  ca se  f a t a l i t y  r a t i o  was r e l a t e d  t o  r e -  

covery response  t ime.  In  a d d i t i o n ,  i t  was s t a t e d  t h a t  c a s e  f a t a l i t y  

r a t i o  is a l s o  r e l a t e d  t o  a c c i d e n t  type  and medical  t r ea tmen t  l e v e l .  

T e s t i n g  t h e s e  hypotheses  would be a  major element i n  a  c a s u a l t y  r e -  

covery r e s e a r c h  program. 



Two s e p a r a t e  bu t  r e l a t e d  approaches p r e s e n t  themselves .  The 

f i r s t  might be viewed a s  macroscopic,  t h e  second a s  mic roscop ic .  

(1)  Sample Measurement of Case F a t a l i t y  R a t i o  and Response Time. 

T h i s  s tudy  would e f f e c t i v e l y  be r e s e a r c h  i n t o  t h e  M-process i n  t h e  

p o s t - i n j u r y ,  p re - t r ea tmen t  p r o c e s s ,  c o n d i t i o n a l  on a  s p e c i f i c  t ime 

l a p s e  ( T R )  I f  TR has  s t r o n g  i n f l u e n c e  on t h e  va lue  of H a t  t h e  t ime 

( i n j u r y  t ime + TR) ,  TR has  an e f f e c t  on t h e  CFR, which is determined 

wholly by H ( i n j u r y  time + TR) and h!, t h e  t r ea tmen t  provided .  

For  s e v e r a l  p r e s e n t l y  o p e r a t i n g  ambulance s e r v i c e s ,  t h e  response  

t ime TR d i s t r i b u t i o n  and case  f a t a l i t y  r a t i o  would be determined e i -  

t h e r  from reco rd  d a t a ,  i f  a v a i l a b l e ,  o r  from a c t u a l  o n - s i t e  measure- 

ment,  i f  p o s s i b l e .  D i f f e r e n t  t y p e s  of ambulance s e r v i c e s  would be 

s t u d i e d  ( e . g . ,  t h o s e  ope ra t ed  by p r i v a t e  f i r m s ,  by p o l i c e ,  by volun- 

t e e r s ,  e t c . )  i n  an a t t empt  t o  o b t a i n  a  wide v a r i a t i o n  i n  response  t ime ,  

i f  one e x i s t s .  

I n  o r d e r  t o  i s o l a t e  t h e  e f f e c t  of a c c i d e n t  type  d i s t r i b u t i o n s ,  

systems wi th  comparable d i s t r i b u t i o n s  would be s t u d i e d .  The e f f e c t  

of comparing two a r e a s  where t h e  number of ambulances a r e  d i f f e r e n t  

would be r e f l e c t e d  i n  response-t ime measurement. 

From t h e  l i t e r a t u r e ,  i t  was noted t h a t  a  s i g n i f i c a n t  d i f f e r e n c e  

i n  CFR e x i s t e d  between i n j u r i e s  i n c u r r e d  i n  an urban environment a s  

compared t o  a  r u r a l  s e t t i n g .  I t  we l l  may be t h a t  he re  t h e  major e f f e c t  

of t ime is most appa ren t ,  e . g , ,  u rban  recovery  systems might a l l  f a l l  

w i t h i n  t h e  same response-t ime i n t e r v a l  and CRF l e v e l ,  whereas r u r a l  

systems may f a l l  w i t h i n  a  h i g h e r  T i n t e r v a l  and comparably higlner R 
CFR l e v e l .  

The e f f e c t s  of d i f f e r e n t  "on-board1' t r ea tmen t  l e v e l s  w i l l  :have 

t o  be determined.  A t  p r e s e n t ,  i t  i s  b e l i e v e d  t h e s e  e f f e c t s  can  be 

ignored ,  a t  l e a s t  f o r  f i r s t - o r d e r  e f f e c t s .  I n  a d d i t i o n ,  t h e  i n f l u e n c e  

of v a r i a t i o n  i n  h o s p i t a l  emergency r e c e i v i n g  f a c i l i t i e s  must be ac- 

counted f o r .  

In  r ega rd  t o  t h e  response-t ime model, t h e  v a r i o u s  t ime elements  

i n  t h e  model ( E q .  1 )  form t h e  b a s i s  f o r  t h e  da t a -ga the r ing  t a s k .  T h i s  

i s  no t  t o  say  in fo rma t ion  w i l l  be r e a d i l y  a v a i l a b l e  f o r  a l l  e lements ;  

f o r  example, d e t e c t i o n  t ime may be a  problem, p a r t i c u l a r l y  f o r  r u r a l  



environments .  I t  is  thought  t h a t  t r i p  t imes  t o  and from t h e  scene  

and t h e  t ime spen t  on scene  might be a v a i l a b l e  from ambulance f i r m s  

and p o l i c e  r e c o r d s .  The d i f f i c u l t y  i n  t h i s  approach i s ,  of c o u r s e ,  

t h a t  one must be extremely c a r e f u l  i n  i n t e r p r e t i n g  CFR and T d a t a  
R 

f o r  two d i f f e r e n t  a r e a s  due t o  p o s s i b l e  hidden e f f e c t s  i n  t h e  d a t a  

such a s  t h e  i n j u r y  l e v e l  and type  d i s t r i b u t i o n .  A r e g r e s s i o n  a n a l y s i s  

of t h e  d a t a  would only  i n d i c a t e  a  t r e n d ,  and not  n e c e s s a r i l y  a  cause  

and e f f e c t ,  i n  t h e  r e l a t i o n .  Th i s  l e a d s  u s  t o  t h e  second p o s s i b l e  

a r e a  of i n v e s t i g a t i o n .  

( 2 )  Medical Es tab l i shment  of I n j u r y - S u r v i v a b i l i t y  Times. The 

a c t u a l  e f f e c t  of t ime upon s u r v i v a b i l i t y  of an i n j u r e d  person i s  a  

medical  problem. Aside from s u p e r f i c i a l  c u t s  and a b r a s i o n s ,  most ac- 

c i d e n t  i n j u r i e s  r e q u i r e  some medical  a t t e n t i o n  t o  ensure  s a t i s f a c t o r y  

r ecove ry .  

I t  is sugges ted  he re  t h a t  a  medical  e v a l u a t i o n  of t h e  e f f e c t  of 

t ime on v a r i o u s  i n j u r y  t y p e s  be c a r r i e d  o u t .  A taxonomy of a c c i d e n t  

i n j u r y  t y p e s ,  r e l a t i n g  t o  body a r e a ,  w i l l  be neces sa ry ,  Next,  an ex- 

pe r imen ta l  program t o  determine medical  r e l a t i o n s h i p s  i nvo lv ing  i n j u r y  

l e v e l  and time f o r  g iven  types  would have t o  be conducted.  An e x p e r i -  

mental  program i n  t h i s  a r e a  may be very  d i f f i c u l t .  

One p o s s i b l e  approach might be t o  survey  q u a l i f i e d  p h y s i c i a n s  t o  

o b t a i n  e s t i m a t e s  of s u r v i v a l  t ime f o r  a  taxonomy of i n j u r y  t y p e s .  

Such a  su rvey ,  of c o u r s e ,  would be based on t h e  p h y s i c i a n ' s  i n d i v i d u a l  

exper ience  wi th  au to  a c c i d e n t  v i c t i m s  and would a t  b e s t  be approxi -  

mate.  However, i t  could  provide  c o r r e l a t i o n  t o  a  s tudy  of t h e  type  

desc r ibed  a t  t h e  o u t s e t  of t h i s  s e c t i o n ,  where i n j u r y  type  d i s t r i b u -  

t i o n  could  be ob ta ined  a long  wi th  TR and CRF. 

In  Appendix 4-A t h e  r e l a t i o n s h i p  between i n j u r y  l e v e l  and impact 

l e v e l  i s  developed i n  a f u n c t i o n a l  form. The r e q u i r e d  r e l a t i o n s h i p  

f o r  e v a l u a t i n g  t h e  i n j u r y  l e v e l  from a c c i d e n t  " typev  is desc r ibed  by 

t h e  f u n c t i o n a l  e q u a t i o n .  

Design and Opera t ions  Or ien ted  Research.  Add i t iona l  a r e a s  of 

r e s e a r c h  necessary  f o r  c a s u a l t y  recovery  systems a n a l y s i s  a r e  l i s t e d  

below. 



(1)  Determine u s e f u l  techniques  f o r  s tudy ing  t h e  l o c a t i o n  of 

ambulance s e r v i c e s  and emergency c l i n i c s :  T r e a t i n g  t h e  recovery  sys-  

tem a s  a  r e s o u r c e ,  a l l o c a t i o n  s t u d i e s  t o  meet a  p r e d i c t e d  demand 

might r e v e a l  more e f f i c i e n t  p a t t e r n s  of ambulance c e n t e r  l o c a t i o n  and 

d i s t r i b u t i o n .  Cons ide ra t ion  of a v a i l a b l e  h o s p i t a l  emergency t r ea tmen t  

f a c i l i t i e s  would be an important  element i n  de te rmining  l o c a t i o n  of 

ambulance s e r v i c e s .  

Close ly  r e l a t e d  t o  t h e  des ign  of an e f f e c t i v e  system is t h e  hos- 

p i t a l ' s  o r g a n i z a t i o n  of r e s o u r c e s  f o r  t h e  a r r i v i n g  emergency p a t i e n t .  

Although i n  most a r e a s  t h e  h o s p i t a l  is adequate ly  prepared  t o  meet 

t h e  p a t i e n t s '  needs a s  soon a s  he a r r i v e s ,  t h i s  is not always t h e  

c a s e ,  and r a p i d  and e f f i c i e n t  d e t e c t i o n ,  r ecove ry ,  and t r a n s p o r t a t i o n  

may end a t  t h e  h o s p i t a l  wi th  a  long wait f o r  proper  d i a g n o s i s  and 

t r e a t m e n t .  Thus h o s p i t a l  response  must be i n t e g r a t e d  wi th  t h e  r e -  

covery system i f  t h e  o v e r a l l  goa l  is t o  be achieved .  

( 2 )  Analyze r e g i o n a l  d i s t r i b u t i o n  of a c c i d e n t  i n j u r y  demand i n  

terms of t h e  p o s s i b i l i t y  of p rov id ing  r e g i o n a l  ambulance coverage wi th  

a  s i n g l e  c e n t r a l i z e d  communication c e n t e r  t o  provide  opt imal  schedul-  

ing :  A l loca t ion  of t h e  ambulance s e r v i c e  t o  o t h e r  demand sou rces  

would undoubtedly be a  s i g n i f i c a n t  f a c t o r ,  s i n c e  t r a f f i c  a c c i d e n t s  

a r e  only  a  p o r t i o n  of t o t a l  demand. S t u d i e s  of t h e  c o s t  e f f e c t i v e n e s s  

of i nc lud ing  s e v e r a l  communities w i t h i n  a  s i n g l e  ambulance coverage 

a r e a  p o l i c y  would be r e q u i r e d .  The development of o b j e c t i v e  f u n c t i o n s  

t h a t  r e l a t e  f i x e d  and o p e r a t i o n a l  c o s t s  t o  some d e s i r e d  performance 

l e v e l  would be necessary  t o  determine opt imal  coverage a r e a s  and 

equipment a c q u i s i t i o n .  

( 3 )  I n v e s t i g a t e  t h e  f e a s i b i l i t y  of apply ing  new t echno log ie s  

t o  t h e  c a s u a l t y  recovery  problem. For example: 

( a )  F e a s i b i l i t y  s t u d i e s  of c r e a t i n g  mobile f i e l d  emergency 
h o s p i t a l s  such a s  t h e  Army's Mobile Unit f o r  S u r g i c a l  
Treatment (MUST) . 

(b) D e t a i l e d  c o s t  e f f e c t i v e n e s s  s t u d i e s  of r e p l a c i n g  ambulances 
wi th  h e l i c o p t e r s  i n  c e r t a i n  a r e a s .  

( c )  F e a s i b i l i t y  s t u d i e s  of u s ing  e l e c t r o n i c  o r  o t h e r  s ens ing  
dev ices  f o r  acc iden t  d e t e c t i o n  and r e p o r t i n g .  

The r e s e a r c h  s t r a t e g y  sugges ted  i n  t h i s  c h a p t e r  is i l l u s t r a t e d  

by a  developmental flow s k e t c h  p re sen ted  i n  F i g .  4-2.  





Appendix 4-A 

PROBABILISTIC STRUCTURE FOR RECOVERY SYSTEh1 MODEL 

The r e l a t i o n s h i p  between s u r v i v a l  and r e c o v e r y  sys tem per fo rmance  

i s  deve loped  a s  f o l l o w s :  

P ~ { s ;  11-0 - A)  = t h e  c o n d i t i o n a l  p r o b a b i l i t y  of s u r v i v a l s  g i v e n  a.n 
a c c i d e n t  h a s  o c c u r r e d  and i n j u r y  l e v e l  I1 and i n j u r y  
t y p e  O i  have been s u s t a i n e d .  

~r {I1.O 1 A) = t h e  c o n d i t i o n a l  p r o b a b i l i t y  o f  s u s t a i n i n g  i n j u r y  
l e v e l  I1 and t y p e  B i .  

The m a r g i n a l  p r o b a b i l i t y  o f  s u r v i v a l  g i v e n  an  a c c i d e n t  is found  by 

summing t h e  j o i n t  c o n d i t i o n a l  p r o b a b i l i t y  o f  s u r v i v a l  o v e r  a l l  p o s s i -  

b l e  v a l u e s  o f  I1 and €Ii. 

For  a  g i v e n  i n j u r y  t y p e  B i ,  i t  i s  assumed t h a t  s u r v i v a l  t i m e  

( w i t h o u t  t r e a t m e n t )  is a  f u n c t i o n  o f  11, and t h u s  i n j u r y  l e v e l  c o u l d  

be  d e f i n e d  by s u r v i v a l  t i m e .  I f  we t r e a t  i n j u r y  l e v e l  a s  a  c o n t i n u o u s  

f u n c t i o n ,  we c a n  w r i t e  t h e  f o l l o w i n g ,  assuming an  i n v e r s e  r e l a t i o n  

w i t h  s u r v i v a l  t i m e :  

where ts = s u r v i v a l  t i m e  

t = t i m e  

y  = a  f i x e d  i n j u r y  l e v e l .  

Using TR a s  t h e  random v a r i a b l e  f o r  r e c o v e r y  sys tem r e s p o n s e  

t i m e  and M a s  m e d i c a l  t r e a t m e n t  c a p a b i l i t y ,  we c a n  w r i t e  t h e  f o l l o w -  

i n g  : 

e q u i v a l e n t l y  we c a n  w r i t e  

Note t h a t  we a r e  n o t  c o n s i d e r i n g  t h o s e  i n j u r y  l e v e l s  where t h e  prob-  

a b i l i t y  o f  s u r v i v a l  w i t h o u t  t r e a t m e n t  is  1 . 0 ,  o r  where t h e  p r o b a b i l i t y  
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of  d e a t h  w i t h  t r e a t m e n t  i s  0 .  These  s t a t e s  r e p r e s e n t  e l e m e n t s  i n  t h e  

s e t  o f  p o s s i b l e  s t a t e s  t h a t  a r e  l i m i t i n g  i n  n a t u r e  and a r e  n o t  t r e a t e d  

i n  t h e  model .  

To r e l a t e  i n j u r y  l e v e l  I t o  a n  a c c i d e n t  impac t  mode l ,  t h e  f o l -  
1 

lowing  i s  p r e s e n t e d .  

L e t :  

A = a c c i d e n t  e v e n t  

I1 = l t h  l e v e l  of i n j u r y  

tk = k t h  l e v e l  of  f o r c e  t r a n s m i t t e d  t o  p a s s e n g e r  

x = i t h  l e v e l  of  t o t a l  impact  f o r c e  i 

t h e n :  

where ,  

t h u s ,  

Thus ,  we c a n  now s e e  t h e  c o n t r i b u t i o n  r e q u i r e d  t o  e v a l u a t e  t h e  i n j u r y  

l e v e l  s u s t a i n e d  i n  a n  a c c i d e n t  A .  

P r  ( I ~  ( A .  t k )  i s  a  b i o m e c h a n i c a l  measure  r e l a t i n g  p h y s i c a l  i n j u r y  t o  

t h e  f o r c e s  s u s t a i n e d  by a  p a s s e n g e r  i n  a n  a c c i d e n t .  

p r  (x i  1 A) i s  a  m e c h a n i c a l  measure  r e l a t i n g  t o  t h e  m a g n i t u d e  of 

f o r c e s  i n c u r r e d  i n  a n  a c c i d e n t .  

p r ( t g l  A - x i )  i s  a  m e c h a n i c a l  measure  of  f o r c e s  s u s t a i n e d  by a  p a s s e n -  

g e r  when f o r c e  xi i s  a p p l i e d  t o  t h e  v e h i c l e .  
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DEGRADATION 

INTRODUCT ION 

The g e n e r a l  d i f f i c u l t y  w i t h  a  d e s c r i p t i o n  of performance degra-  

d a t i o n  i s  t h a t  t h e  v a r i o u s  c a p a b i l i t i e s  and performance measures  of 

t h e  highway t r a n s p o r t a t i o n  system a r e  complex s t o c h a s t i c  f u n c t i o n s  of 

t ime and usage .  To de termine  how degrada t ion  a f f e c t s  a c c i d e n t s ,  t h e n ,  

one must know t h e  e x t e n t  t o  which a  subsystem has  been degraded.  The 

r e l a t e d  problem of maintenance and c o n t r o l  is then  expressed  i n  t h e  

fo l lowing  te rms:  g iven  a  p a r t i c u l a r  deg rada t ion  p r o c e s s ,  we may r e -  

b u i l d  o r  o the rwi se  a l t e r  t h e  p h y s i c a l  system a t  t imes  determined by 

age ,  usage ,  o r  p o s s i b l y  by some measure of performance deg rada t ion  

( a n  i n s p e c t i o n  problem) .  Research i n  t h i s  a r e a  should  answer such 

q u e s t i o n s  a s  What would be t h e  outcome of such c o n s i d e r a t i o n s ?  and 

What i s  t h e  b e s t  way t o  implement them? Various p o r t i o n s  of t h e  

mathematical  model necessary  t o  s tudy  t h e s e  problems a r e  o u t l i n e d  i n  

t h e  fo l lowing  s e c t i o n s .  Some d i s c u s s i o n  of t h e  v a r i o u s  components 

and subsystems of a  t r a n s p o r t a t i o n  system and a s s o c i a t e d  deg rada t ion  

p r o c e s s e s  a r e  p r e s e n t e d .  

hlost deg rada t ion  s t u d i e s  a r e  a c t u a l l y  s t u d i e s  of hardware and 

performance measures f o r  i n d i v i d u a l  components o r  component g roups .  

The only  g e n e r a l  t o p i c  needing a d d i t i o n a l  r e s e a r c h  is t h e  r e l a t i o n  

of subsystem performance deg rada t ion  t o  component deg rada t ion .  T h i s  

a r e a  has  had almost  no s tudy  f o r  any bu t  t h e  s i m p l e s t  subsystems i n  

which performance i s  r a t e d  e i t h e r  adequate  o r  inadequate  and i n  which 

t h e  f a i l u r e  of any component means t h e  e n t i r e  subsystem f a i l s .  

STOCHASTIC MODELS FOR DEGRADATION 

A very  g e n e r a l  n o t a t i o n  f o r  t h e  temporal  behavior  of component 

performance deg rada t ion  is t h e  r ea l -va lued  f u n c t i o n  y ( t ) .  Such func- 

t i o n s  may be thought  of a s  gene ra t ed  by a  s t o c h a s t i c  p r o c e s s .  The 

p roces s  a s s o c i a t e s  wi th  an event  ( i . e . ,  ag ing  o r  o p e r a t i o n ) ,  a  func- 

t i o n  y ( t )  . The va lue  of  y ( t )  f o r  any t i s  t h u s  randomly gene ra t ed  

by t h e  p rocess .  I n  o r d e r  t o  d e s c r i b e  comple te ly  t h e  r e a l i z a t i o n  of 

t h e  event  we must s p e c i f y  t h e  e n t i r e  f u n c t i o n  y ( t ) ;  i . e . ,  t h e  'ensemble 



of v a l u e s  gene ra t ed  f o r  t h e  t ime domain over  which t h e  p r o c e s s  is de- 

f i n e d .  S ince  t h e  f u n c t i o n  i s  random t h e  l i k e l i h o o d  of a  p a r t i c u l a r  

va lue  y ( t i )  a t  t ime t may be d e s c r i b e d  by some d i s t r i b u t i o n ,  e . g . ,  i 

The l i k e l i h o o d  of a  p a r t i c u l a r  v a l u e  y ( t i )  a t  t i  and a  p a r t i c u l a r  

va lue  y ( t . )  a t  t may be d e s c r i b e d  by a j o i n t  d i s t r i b u t i o n :  
J j 

One could  con t inue  i n  t h i s  f a s h i o n  t o  develop d i s t r i b u t i o n s  of any 

o r d e r  

Within t h i s  g e n e r a l  framework t h e r e  a r e  s p e c i a l  p r o c e s s e s  which have 

been s t u d i e d  i n t e n s i v e l y  i n  connec t ion  wi th  r e l i a b i l i t y  and o t h e r  

eng inee r ing  problems. 

THE GAUSSIAN PROCESS 

The d i s t r i b u t i o n  [ y ( t l ) ,  . . . y ( t i ) ?  . . . , y ( t h ) l  is m u l t i -  

v a r i a t e  normal and is comple te ly  c h a r a c t e r i s t e d  by E[ Y ( t i )  ] , where 

i = l ,  . . . ,  n .  

The wide a p p l i c a b i l i t y  of t h i s  p roces s  d e r i v e s  from two i n h e r e n t  

p r o p e r t i e s :  

(1)  The j o i n t  d i s t r i b u t i o n  f o r  y l ,  . . . y i ,  . . 1 Y, can  be 

c o n s t r u c t e d  knowing on ly  t h e  p a i r w i s e  d i s t r i b u t i o n s  f o r  a l l  combina- 

t i o n  ( y i l  y j ) .  

( 2 )  P roces ses  c o n s t r u c t e d  from l i n e a r  f u n c t i o n s  of y ( t l ) ,  . . . , 
y ( t n )  a r e  themselves Gauss ian .  

The Gaussian p roces s  i n  i t s  f u l l  g e n e r a l i t y  is of l i m i t e d  prac-  

t i c a l  importance s i n c e  one cannot  e s t i m a t e  t h e  i n f i n i t e  number of 

parameters  



I n s t r u m e n t a t i o n  and c o n t r o l  e n g i n e e r s  began work on t h e  wide-sense 

s t a t i o n a r y  v e r s i o n  of t h e  p r o c e s s  i n  t h e  y e a r s  s h o r t l y  b e f o r e  World 

War 11. 

~ { ~ ( t . ) ]  = p  f o r  a l l  t 
J j 

The p r o c e s s  i n  t h i s  form has  l i m i t e d  a p p l i c a t i o n  t o  r e l i a b i l i t y  be- 

cause  t h e  performance measure ,  y ,  does  no t  degrade  wi th  t ime .  

Some work by C .  Hamilton (1963) i n d i c a t e s  t h a t  t h e  n o n s t a t i o n a r y  

p r o c e s s  

i s  u s e f u l  f o r  p r e d i c t i n g  degrading  performance measures .  

Gauss ian  Markov P r o c e s s  (Au to reg res s ive  P roces ses )  

y ( t . 1  = A y ( t i )  t Z ( t . )  
J J 

where Z ( t . )  i s  Gauss ian  
J 

A is a r e g r e s s i o n  c o e f f i c i e n t  f o r  t h e  sequence t = to,  tl ' 
, , . , t i '  t . . . 

j ' 
P r o p e r t i e s  

(1)  y ( t i )  i s  a con t inuous  random v a r i a b l e  

(2) p r { Y ( t j )  < y l y ( t i ) ,  i = 0 ,  1, . . . , j - 1) 

T h i s  p r o c e s s  has  been assumed f o r  many s i g n a l  d e t e c t i o n  and s a l e s  f o r e -  

c a s t i n g  problems.  I t  might  be worth i t s  s a l t  f o r  modeling some of 

t h e  con t inuous  performance measures  which a r e  p e r i o d i c a l l y  i n s p e c t e d .  

Hamilton (1963) found t h i s  t o  be t h e  c a s e  f o r  e l e c t r o n i c  components. 

P o s s i b l e  a p p l i c a t i o n s  i n  highway maintenance cou ld  be t o  bea r ing  wear 

and b rake  shoe wear .  



Semi-Markov P rocesses  

y ( t i ) :  ha s  a  f i n i t e  number of v a l u e s ,  each of which is c a l l e d  

a  s t a t e .  

F . . ( t )  : is t h e  wa i t i ng  time d i s t r i b u t i o n  f o r  t h e  p r o c e s s  t o  
1 J 

p a s s  from s t a t e  i t o  s t a t e  j .  

'ij : 
is t h e  p r o b a b i l i t y  t h a t  a  system i n  s t a t e  i p a s s e s  t o  

s t a t e  J .  

H e u r i s t i c a l l y ,  t h e  p roces s  begins  i n  s t a t e  i and p a s s e s  t o  s t a t e  j 

i n  t ime t - t i  wi th  p r o b a b i l i t y  P d F . . ( t ) ,  t = t j  - t i .  A r e a l i z a -  
j i j  IJ 

t i o n  f o r  such a  p roces s  would look l ike-Diagram A .  

Diagram A .  

T h i s  p r o c e s s  has  t h e  important  p rope r ty  t h a t  

and t h e r e f o r e  t h e  p r o b a b i l i t y  of a  t r a n s i t i o n  from i+j  is  dependent 

on ly  on t h e  s t a t e  i and not  upon p r i o r  s t a t e s .  

Po i s son  P roces s .  There a r e  a  number of count ing  p r o c e s s e s  o r  

p o i n t  p r o c e s s e s  which have been used i n  maintenance models.  The 

p r o c e s s e s  g e n e r a t e  even t s  o r  epochs a t  s p e c i f i c  t i m e s ,  s ay  t l ,  . . . , 

t n '  
, , . , I n  t h e  maintenance problem t h e s e  might be equipment 

breakdown t imes .  For t h e  Poisson  p r o c e s s e s ,  t h e  i n t e r v a l s  between 

t h e s e  epochs a r e  independent and i d e n t i c a l l y  d i s t r i b u t e d  accord ing  t o  



DEGRADATION MEASURES 

The measures g iven  i n  t h i s  s e c t i o n  a r e  f u n c t i o n s  of s t o c h a s t i c  

p roces s  r e a l i z a t i o n s  o r  d i s t r i b u t i o n s .  The p roces ses  under c s n s i d e r -  

a t i o n  depend upon t h e  parameters  age o r  usage .  Both t h e  range  of 

t h e s e  f u n c t i o n s  ( t h e  sample space)  and parameter  may be e i t h e r  d i s -  

c r e t e  o r  cont inuous .  

The purpose of t h e s e  measures is  t o  provide  an o r d e r i n g  of s t o -  

c h a s t i c  p roces ses  which i n d i c a t e s  how component s e r v i c e  may vary wi th  

one of t h e  two parameters .  In  t h i s  way one is a b l e  t o  compare t h e  

deg rada t ion  of d i f f e r e n t  t ypes  of components a s  we l l  a s  t h e  r e s i s t a n c e  

t o  deg rada t ion  provided by d i f f e r e n t  maintenance p o l i c i e s .  

I t  should a l s o  be p o s s i b l e  t o  r e l a t e  t h e s e  measures t o  c o l l i s i o n  

o r  breakdown f r e q u e n c i e s .  U l t ima te ly  i t  may even be p o s s i b l e  t o  pre-  

d i c t  c o l l i s i o n s  o r  breakdowns us ing  such measures .  The cho ice  of 

t h e s e  measures f o r  each t a s k  w i l l  no doubt be based upon t r i a l  and 

e r r o r .  

A b r i e f  d e s c r i p t i o n  of s p e c i a l  s t o c h a s t i c  p roces ses  t h a t  gener-  

a t e  t h e  random f u n c t i o n s  y ( t )  was g iven  i n  t h e  preceding  s e c t i o n .  

MEANS 

(1)  Expected Poin twise  Performance, EPP 

A measure of t h e  average performance of i d e n t i c a l  componerits a t  

a  g iven  age ,  t .  

( 2 )  Expected I n t e r v a l  Average Performance, EIAP 

For each member of a  c l a s s  of degrading components i t s  t ime aver -  

age performance over  t h e  i n t e r v a l  [ a ,  b ]  i s  t h e  random v a r i a b l e ,  

1 b  
''(t)'ab = - b - a  1 a  ~ ( t )  d t  

which w i l l  be c a l l e d  t h e  i n t e r v a l  average performance, IAP, T:he ex- 

p e c t a t i o n  of t h i s  random v a r i a b l e  is a  measure of t h e  average over  a l l  

members of t h e  c l a s s  of t h e  IAP. 



(3 )  I n t e r v a l  Average EPP, IAEPP 

The d i s t i n c t i o n  between IAEPP and EIAP should  be made. The f o r -  

mer i s  t h e  i n t e r v a l  average  of a p r o c e s s  measure a l r e a d y  d e f i n e d .  

Hence f o r  some c l a s s  of degrading  components we have i t s  EPP. The 

average  of EPP ove r  t h e  i n t e r v a l  i a ,  b ]  f o r  t h i s  c l a s s  i s  t h e  IAEPP. 

Only  i n  s p e c i a l  c a s e s  w i l l  IAEPP = EIAP. 

VARIANCES 

(1) Var iance  of Po in twi se  Performance,  VPP 

The component performance f o r  a  s p e c i f i c  t ime t i s  t h e  random 

v a r i a b l e  y ( t ) .  The v a r i a n c e  of t h i s  random v a r i a b l e  measures  t h e  

performance sp read  among members of t h e  c l a s s  of components. 

( 2 )  Variance  of IAP, VIAP 

LOSSES 

Up t o  now t h e  measures  have n o t  s t r i c t l y  d e s c r i b e d  t h e  l o s s  i n  

s e r v i c e .  I t  i s  a s imp le  m a t t e r  t o  d e f i n e  o t h e r  f u n c t i o n s  of t h e  f o r -  

mer d e g r a d a t i o n  measures  which do .  

(1)  EPP Loss R a t i o ,  EPPR 

The numerator i s  t h e  d i f f e r e n c e  between t h e  EPP's f o r  a  c l a s s  of 

degrading  components a t  two p o i n t s  i n  t ime ,  a ,  b .  The D(a,  b) f o r  a  

component c l a s s  has  an i n t e r p r e t a t i o n  q u i t e  s i m i l a r  t o  t h e  f a i l u r e  

r a t e  d i s c u s s e d  l a t e r  under  F a i l u r e  D i s t r i b u t i o n s .  Cons ider  a  c l a s s  

where y ( t )  0 f o r  a l l  t .  Then D ( 0 ,  b) is  t h e  f r a c t i o n a l  l o s s  i n  t h e  

expec ted  po in twi se  performance f u n c t i o n  of t ime b .  



(2)  EIAP Loss R a t i o ,  EIAPR' 

where a <  b <  c  < d .  

RELIABILITY FUNCTIONS 

W i t h  t h e  excep t ion  of t h e  l o s s  r a t i o s  d e f i n e d  above,  t h e  measures  

g iven  s o  f a r  do no t  n e c e s s a r i l y  measure l o s s  b u t  r a t h e r  c e r t a i n  aver-  

age p r o p e r t i e s  of degrad ing  performance.  A common method of measuring 

l o s s  r e q u i r e s  a p a r t i t i o n  of t h e  PM sample space  i n t o  two r e g i o n s ,  

s a t i s f a c t o r y  performance,  S ,  and u n s a t i s f a c t o r y  performance,  S f .  T h i s  

p a r t i t i o n  is d e f i n e d  ma thema t i ca l l y  by what is termed a  r e l i a b i l i t y  

f u n c t i o n ,  g ,  The f u n c t i o n  has  t h e  p r o p e r t y  t h a t  

The r e l i a b i l i t y  f u n c t i o n  t r ans fo rms  a  con t inuous  o r  d i s c r e t e  Phj pro- 

c e s s  i n t o  a  two- s t a t e  p r o c e s s .  Of c o u r s e ,  t h e r e  a r e  many n a t u r a l  two- 

s t a t e  p r o c e s s e s  i n  a  highway sys tem;  f o r  example,  a l l  l i g h t  b u l b s  

which a r e  cons ide red  f u n c t i o n a l  i f  t hey  s h i n e  a t  a l l .  For  t h e s e  pro- 

c e s s e s  t h e r e  i s  no need t o  d e f i n e  a  r e l i a b i l i t y  f u n c t i o n .  

POINTWISE RELIABILITY. PR 

T h i s  measure i s  sometimes c a l l e d  po in twi se  a v a i l a b i l i t y  s i n c e  

i t  is t h e  p r o b a b i l i t y  a t  t ime ,  t ,  t h a t  a  component i s  i n  S. 

RELIABILITY 

I n  o t h e r  words, t h e  p r o b a b i l i t y  t h a t  y ( t )  is i n  S  f o r  t h e  i n t e r v a l  

( t l ,  t Z )  ; u s u a l l y ,  T1 = 0 .  

COhlPONENT LIFE 

When one is i n t e r e s t e d  i n  component l i f e ,  t h e  above measures  do 

not  s u f f i c e .  Suppose i n i t i a l l y  t h e  component i s  o p e r a t i n g  s a t i s f a c -  

t o r i l y ,  i . e . ,  y ( 0 )  S .  I f  we watch t h e  component u n t i l  i t  f a i l s ,  



Al 

y ( t )  E S '  , we may c o n s t r u e  t a s  t h e  random component l i f e  and g ( y )  a s  

t h e  l i f e  f u n c t i o n .  Note t h a t  

and expected l i f e  may be de f ined  a s  

There a r e  c e r t a i n l y  o t h e r  deg rada t ion  measures t h a t  can be con- 

s t r u c t e d  a s  t h e  need a r i s e s .  U l t i m a t e l y ,  however, t h e  importance of 

each of t hose  mentioned w i l l  depend upon t h e  r o l e  of t h e  component i n  

t h e  o p e r a t i o n s  model, upon t h e  a c t u a l  c h a r a c t e r  of t h e  unde r ly ing  

p r o c e s s e s ,  and upon t h e  ease  wi th  which they  can be e s t i m a t e d  and 

manipula ted .  

To i l l u s t r a t e  t h e  u s e  of t h e s e  deg rada t ion  measures ,  c o n s i d e r  a s  

t h e  PM t h e  c o e f f i c i e n t  of f r i c t i o n ,  p ,  of a  pneumatic t i r e  wi th  dry 

c o n c r e t e .  Assume p v a r i e s  wi th  t i r e  mileage t ,  a  usage pa rame te r .  

and t h a t  t i r e s  a r e  cons ide red  dangerous o r  u n s a t i s f a c t o r y  i f  p < 0 . 1 .  

When a ba tch  of t i r e s  has  j u s t  r o l l e d  o f f  t h e  assembly l i n e ,  one 

might be i n t e r e s t e d  i n  d e s c r i b i n g  t h e  i n i t i a l  performance c h a r a c t e r -  

i s t i c s  of t h e  b a t c h .  To accomplish t h i s ,  one could  use1 pm o r  t h e  

average p over  t h e  new b a t c h .  One may a l s o  d e s c r i b e  t h e  q u a l i t y  con- 

t r o l  of t h e  manufactur ing p roces s  by t h e  PR of new t i r e s ,  r ( 0 ) .  T h i s  

measures t h e  pe rcen tage  of new t i r e s  which a r e  s a t i s f a c t o r y .  

Af t e r  t h e  t i r e s  have been pu t  t o  u s e ,  deg rada t ion  could  be mea- 

su red  i n  many ways. For  example, one might measure t i r e s  f o r  a  pe r iod  

of 20,000 m i l e s  ( b  = 20,000 mi l e s )  and d e s c r i b e  deg rada t ion  by 

e s t i m a t i n g  

- 
EPPR , P (0)  - p  (20 ,000)  

p  (0)  

-- 
' a c t u a l l y ,  t h e  e s t i m a t e  of ~ ( 0 ) .  



and r e l i a b i l i t y ,  r ( 3 ,  2 0 , 0 0 0 ) .  Notice t h a t  an e s t i m a t e  f o r  r ( a ,  

20,000) is t h e  pe rcen tage  of t i r e s  which performed s a t i s f a c t o r i l y  f o r  

20,000 m i l e s .  F i n a l l y ,  i f  one observed a l l  t i r e s  u n t i l  p " 0 . 1 ,  one 

could  e s t i m a t e  t h e  expected l i f e ,  3, 

PREDICTION AND STATISTICAL hlODELING 

The i d e a  of model b u i l d i n g  is t o  a b s t r a c t  a r e a l  p h y s i c a l  e n t i t y  

o r  phenomena s o  t h a t  i t  might be s t u d i e d  more conven ien t ly .  The mod- 

e l i n g  procedure i s  more of an a r t  t han  a  s c i e n c e  s i n c e  i t  s t r i v e s  f o r  

s i m p l i c i t y  wi thout  s a c r i f i c i n g  t h e  e s s e n t i a l  c h a r a c t e r  of t h e  rieal 

e n t i t y .  By modeling a  r e a l  t h i n g  one hopes t o  expose t h e  important  

c h a r a c t e r i s t i c s  whi le  suppres s ing  t h e  unimportant  d e t a i l s .  

The s t a t i s t i c a l  modeling of component deg rada t ion  has  two ,major 

u s e s :  

1. To provide  inpu t  d a t a  f o r  t h e  c o l l i s i o n  model and t r a f f i c  

f low model v i a  s i m u l a t i o n  o r  t o  e s t i m a t e  t h e  measures of component 

deg rada t ion  f o r  them. I t  would of cou r se  be p o s s i b l e  t o  t r e a t  t h e s e  

models a s  p a r t  of t h e  l a r g e r  models.  

2 .  To become p a r t  of t h e  models f o r  maintenance o p t i m i z a t i o n .  

For any subsystem which c o n t a i n s  more than  one degrading  hard-  

ware component t h e  modeling t a s k  can be approached i n  t h r e e  b a s i c  

ways. In  each of t h e s e  t h e  f i r s t  s t e p  is t o  d e f i n e  t h e  PIT. 

Procedure 1 

A .  S e l e c t  a Dhl f o r  t h e  e n t i r e  subsystem which d e s c r i b e s  what is 

thought  t o  be an impor tan t  c h a r a c t e r i s t i c  of i t s  deg rada t ion .  

B .  Es t imate  t h i s  Dhl by b u i l d i n g  t h e  s e v e r a l  subsystems and ob- 

s e r v i n g  t h e i r  temporal  deg rada t ion .  

C .  Ilost of t h e  D M ' s  g iven  i n  t h e  s e c t i o n  on Degradat ion a r e  

s t a t i s t i c s  of t h e  r e a l i z a t i o n s  ( i . e . ,  t h e  observed PM's v s ,  t i m e ) .  

Provided t h e  number of subsystems sampled is  s u f f i c i e n t l y  l a r g e ,  good 

e s t i m a t e s  of t h e  D M ' s  w i l l  be a v a i l a b l e  by averaging  over  t h e  r e a l i -  

z a t i o n s .  When t h e  samples a r e  smal l  i t  may be necessary  t o  hypothe- 

s i z e  t h e  s t o c h a s t i c  p roces s  t o  g e t  good e s t i m a t e s .  T h i s  procedure  

p rov ides  l i t t l e  i n s i g h t  i n t o  t h e  o p e r a t i o n  of i n d i v i d u a l  components 

of t h e  subsystem and has l i t t l e  p r e d i c t i v e  v a l u e .  



Procedure 2 

Th i s  procedure  i s  e s s e n t i a l l y  t h e  same a s  t h e  f i r s t  except  t h a t  

t h e  e n t i r e  s t o c h a s t i c  PM process  is  sought  ( o r  perhaps  t h e  d i s t r i b u -  

t i o n  of some random v a r i a b l e  such a s  subsystem l i f e ) .  

A .  Hypothesize a s t o c h a s t i c  p roces s  f o r  t h e  PJ7 

B .  Design an experiment t o  e s t i m a t e  t h e  unknown parameters  of 

t h e  p roces s  

C .  Sample t h e  temporal  deg rada t ion  f o r  s e v e r a l  f a b r i c a t e d  sys-  

t ems 

D .  Es t imate  t h e  unknown parameters  and perform t e s t s  t o  d e t e r -  

mine t h e  v a l i d i t y  of t h e  o r i g i n a l  hypo thes i s  

The procedure  o u t l i n e d  i s  q u i t e  h e u r i s t i c  s i n c e  i t  beg ins  by hy- 

p o t h e s i s  and ends wi th  a  t e s t .  There is no gua ran tee  t h a t  t h i s  pro-  

cedure  w i l l  ever  converge t o  a  s u i t a b l e  model, bu t  i t  i s  t h e  s t a n d a r d  

approach.  In g e n e r a l  t h i s  procedure w i l l  r e q u i r e  more d a t a  t han  t h e  

f i r s t ;  however, i t  a l s o  p rov ides  more in fo rma t ion .  I n  f a c t ,  any of 

t h e  D h l ' s  can be p r e d i c t e d  ( e s t ima ted )  from t h e  model p r o c e s s .  How- 

e v e r ,  s i n c e  we have only  modeled t h e  PI! p roces s  f o r  t h e  subsystem 

t h e r e  i s  no way t o  r e l a t e  t h i s  model t o  i n d i v i d u a l  components. 

Procedure 3 - 
In some i n s t a n c e s  t h e  deg rada t ion  of an ensemble of components 

i s  d e s i r e d  when only  t h e  deg rada t ion  of i n d i v i d u a l  components i s  

known. Th i s  would be t h e  c a s e  b e f o r e  t h e  des ign  o r  change i n  a  com- 

p l e x  system. The s t e p s  i n  t h i s  procedure a r e :  

A .  Spec i fy  t h e  components of a  system, s e l e c t  t h e i r  PII 's ,  de- 

ve lop  f u n c t i o n a l ,  p r o b a b i l i s t i c ,  o r  l o g i c a l  q u a l i t a t i v e  r e l a t i o n s  

among them ( i . e . ,  f i n d  t h e  paper  subsystems model) .  

B .  Carry o u t  procedure 1 o r  2 f o r  each component. 

C .  S imula t e ,  u s ing  A and B ,  d a t a  d e s c r i b i n g  t h e  subsystem PhI 

d e g r a d a t i o n .  

D .  Carry ou t  procedures  1 and 2 f o r  t h e  s imu la t ed  d a t a .  There 

a r e  a l t e r n a t i v e s  t o  s t e p s  C and D which have been employed f o r  s imple  

system s t r u c t u r e s .  The f i r s t  i s  t o  f i n d  a n a l y t i c a l l y  t h e  r e l a t i o n  



between subsys tem DM and component d e g r a d a t i o n .  T h i s  h a s  been  done ,  

a s  w i l l  be  d i s c u s s e d ,  f o r  s e r i e s  and p a r a l l e l  " b l o c k  box" models  u s i n g  

t h e  r e l i a b i l i t y  DhI. The second  i s  t o  f i n d  a n a l y t i c a l l y  t h e  subsys tem 

PI1 p r o c e s s  i n  t e r m s  o f  t h e  component p r o c e s s e s .  T h i s  is p o s s i b l e  f o r  

some of t h e  s o - c a l l e d  c o h e r e n t  models  o f  Birnbaum, e t  a l .  ( 1 9 6 1 ) .  The 

p r e d i c t i v e  v a l u e  o f  p r o c e d u r e  3 is  q u i t e  l a r g e  i n d e e d ,  s i n c e  we mea- 

s u r e  t h e  d e g r a d a t i o n  of components and deduce t h e  d e g r a d a t i o n  f o r  t h e  

subsys tem.  

A t y p i c a l  box model is d i s c u s s e d  by R o s e n b l a t t  ( 1 9 5 7 ) .  Her model 

assumes i n d e p e n d e n t  f a i l u r e  i n  models  of a  s e r i e s  of components such  

t h a t  t h e  f a i l u r e  o f  any component c a u s e s  f a i l u r e  of t h e  e n t i r e  s y s t e m .  

I n  a d d i t i o n ,  s h e  a l l o w s  e n v i r o n m e n t a l l y  induced  f a i l u r e s  of t h e  e n t i r e  

s y s t e m .  I f  a l l  components have an  i n d i v i d u a l  r e l i a b i l i t y ,  r ,  and i n -  

duced f a i l u r e  p r o b a b i l i t y ,  t ,  t h e  r e l i a b i l i t y  f o r  a  s e r i e s  c h a i n  of 

n  components i s  

where 0  < r t t < 1 

The p a p e r s  of Von Neumann ( 1 9 5 6 ) ,  Moore and Shannon ( 1 9 5 6 ) ,  Birnbaum 

e t  a l .  (1961) d e v e l o p  a  t h e o r y  f o r  what h a s  been c a l l e d  c o h e r e n t  s y s -  

t e m s .  The t h e o r y  r e s u l t s  i n  r e l i a b i l i t y  bounds on t h e  c o h e r e n t  

s t r u c t u r e .  These  s y s t e m s  have components which e x i s t  a s  u s u a l ,  i n  

o n l y  two s t a t e s ,  X .  = 0 ,  1. The sys tem i t s e l f  a l s o  e x i s t s  i n  o n l y  
1 

two s t a t e s ,  0 ,  and 1. The r e l a t i o n  between t h e  components and t h e  

sys tem i s  g i v e n  by a  s t r u c t u r e  f u n c t i o n  o(X1, . . . , Xn) w i t h  t h e  

p r o p e r t i e s  

c p ( i >  = 1 

P ( 0 )  - = 0  

q(X) - 4 (Y)whenever - xi ' yi 

f o r  a l l  i 

The l a s t  p r o p e r t y  i n d i c a t e s  t h a t  o p e r a t i n g  components do n o t  h i n d e r  

t h e  o p e r a t i o n  o f  t h e  s y s t e m .  One o f  t h e  bounds deve loped  f o r  t h i s  

s t r u c t u r e  i s  



- u p i  - t /P i  
g (e  , .  . . , e  . . . ,  e  

where g(P1, . . . , P i  . . . , Pn) = ~ ( m ( ~ 9 1 ,  - 
- t'pn )i 

t < min , . . , P i ,  . . . , p n l ,  

F .  is a  IFR f a i l u r e  d i s t r i b u t i o n  f o r  component i .  
1 

There  e x i s t  s e v e r a l  o t h e r  bounds and theorems on cohe ren t  s t r u c -  

t u r e s  (Barlow and P roschan) ,  no t  t h e  l e a s t  of which is a  theorem on 

t h e  S-shaped n a t u r e  of system r e l i a b i l i t y  f o r  i d e n t i c a l  components 

( s e e  Diagram B) 

Lower Bound 

Actua l  System 

1 . 0  

COhlPONENT REL LAB1 LITY 

Diagram I3 

A s p e c i a l  c a s e  of t h e  cohe ren t  s t r u c t u r e  has  r e c e i v e d  some a t t e n t i o n  

because  i n  t h e  c a s e  of independent  and i d e n t i c a l  components t h e  system 

r e l i a b i l i t y  can  be found a n a l y t i c a l l y .  T h i s  is c a l l e d  t h e  k o u t  of  

n  s t r u c t u r e  ( a  b inomia l  s t r u c t u r e )  where t h e  system f a i l s  i f  k compo- 

n e n t s  f a i l .  The system r e l i a b i l i t y  is g iven  by t h e  b inomia l  d i s t r i -  

b u t  i o n .  

An impor t an t  f a c e t  of p r e d i c t i o n ,  comple te ly  over looked  i n  most 

p a p e r s  on r e l i a b i l i t y ,  is t h e  r o l e  of p r e d i c t o r s  o t h e r  t h a n  h i s t o r i c a l  

u s a g e ,  a g e ,  and system s t a t u s .  A p r e d i c t o r  is a  measurable  f a c t o r  

o r  v a r i a b l e  which is somehow r e l a t e d  t o  d e g r a d a t i o n .  More s p e c i f i c a l l y ,  

any parameter  of t h e  d i s t r i b u t i o n s  a s s o c i a t e d  wi th  a  d e g r a d a t i o n  pro-  

c e s s  t h a t  can  be expres sed  a s  a  f u n c t i o n  of o t h e r  v a r i a b l e s  can  be 

e s t i m a t e d  o r  p r e d i c t e d  i n  te rms  of  t h e  l a t t e r  v a r i a b l e s  ( t h e  p r e d i c -  

t o r s ) .  



Environmental v a r i a b l e s  such a s  t empera tu re ,  a tmospheric  water  

vapor  c o n t e n t ,  audio  no i se  l e v e l ,  i r r a d i a t i o n  l e v e l s  e t c . ,  may i n f l u -  

ence deg rada t ion .  Knowing t h e  v a l u e s  of such v a r i a b l e s  may a l low 

more a c c u r a t e  p r e d i c t i o n  of d i s t r i b u t i o n  pa rame te r s .  

The h e u r i s t i c  s e a r c h  f o r  t h e s e  parameters  is  we l l  d e s c r i b e d  i n  

most t e x t s  on s t a t i s t i c a l  l i n e a r  models o r  exper imenta l  d e s i g n .  

FAILURE DISTRIBUTIONS 

T h i s  s e c t i o n  d e a l s  wi th  two-s t a t e  p r o c e s s e s  o n l y .  However, u s i n g  

t h e  no t ion  of a  r e l i a b i l i t y  f u n c t i o n ,  t h i s  r e s t r i c t i o n  does not  se -  

v e r e l y  l i m i t  t h e  a p p l i c a t i o n  of t h e  i d e a s .  I f  a  component i s  found 

i n i t i a l l y  t o  be i n  t h e  s a t i s f a c t o r y  s t a t e ,  

a  n a t u r a l  q u e s t i o n  t o  ask  is "how long w i l l  t h e  component remain i n  

t h a t  s t a t e ? "  T h i s  t ime is  s a i d  t o  be t h e  component l i f e  o r  t ime t o  --- 
f a i l u r e ,  and i s  a  random v a r i a b l e  denoted by ? .  Commonly hypothes ized  - 
d i s t r i b u t i o n s  f o r  f a i l u r e  t imes  a r e  

Exponent ia l  : 

Weibull :  

Trunca ted  Normal: 

Geometric:  

Po i s son :  



Other  d i s t r i b u t i o n s  which have been used a r e :  

Gamma P a s c a l  

Extreme Value Binomial 

Log Normal 

An impor t an t  n o t i o n  which can be exp re s sed  i n  te rms  of t h e s e  d i s t r i -  

b u t i o n s  is t h a t  of f a i l u r e  r a t e  o r  hazard  r a t e  

h ( t )  = f ( t ) / l  - F ( t )  (15)  

h ( t ) d t  i s  i n t e r p r e t e d  a s  t h e  f a i l u r e  p r o b a b i l i t y  i n  t h e  i n t e r v a l  

I t ,  t t d t l .  The f a i l u r e  r a t e  f u n c t i o n  p l a c e s  some d i s t r i b u t i o n s  

i n t o  two impor t an t  g roups :  monotone i n c r e a s i n g  f a i l u r e  r a t e ,  IFR, 

and monotone d e c r e a s i n g ,  DFR. 

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

used f o r  components whose f a i l u r e  is i n  no way r e l a t e d  t o  p a s t  s e r v i c e  

o r  age .  The gamma is  used when f a i l u r e  i s  t h e  r e s u l t  of  a  s p e c i f i e d  

number of Po i s son  epochs.  For  example,  a  v e h i c l e  s u p p l i e s  no l i g h t  

when f o u r  f i l a m e n t s  have f a i l e d .  

The Weibull  f ami ly  (IFR f o r  a > 1)  has  been used t o  d e s c r i b e  

f a t i g u e  f a i l u r e s  (Weibul l ,  1939) ,  vacuum tube  f a i l u r e s  (Kao, 1958) 

and b a l l - b e a r i n g  f a i l u r e s  ( L i e b l e i n  and Zelen ,  1956) .  

The normal (IFR) h a s  been used  (Dav i s ,  1952) t o  d e s c r i b e  e l e c -  

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

The importance of t h e s e  d i s t r i b u t i o n s  is enormous f o r  i f  one of 

them can be f i t  t o  component f a i l u r e  d a t a ,  t hen  d e g r a d a t i o n  measures  

such  a s  expec ted  l i f e  can be e s t i m a t e d .  Also,  t h e s e  laws a r e  u sed  

f o r  sys tems  s i m u l a t i o n  t o  p r e d i c t  a c c i d e n t s  and t r a f f i c  p a t t e r n s  and 

a r e  used f o r  economic maintenance d e s i g n .  

The s t a t i s t i c a l  p rocedures  f o r  f i t t i n g  t h e s e  d i s t r i b u t i o n s  t o  

f a i l u r e  d a t a  w i l l  no t  be d i s c u s s e d .  Be a s s u r e d ,  however, t h a t  f o r  

t h e  s imple  f a i l u r e  d i s t r i b u t i o n s  mentioned,  good parameter  e s t i m a t o r s  

a r e  a v a i l a b l e ,  a s  a r e  s t a t i s t i c a l  methods f o r  t e s t i n g  t h e  goodness  

of a  f i t .  

A SYSTEM FAILURE DISTRIBUTION 

For  a  system c o n t a i n i n g  degrad ing  components where t h e  f a i l u r e  

of  any one causes  f a i l u r e  i n  t h e  system ( n o t  s t r i c t l y  a  v a l i d  assump- 

t i o n  f o r  highway systems)  and where components a r e  immediately 



r e p l a c e d ,  t h e  s t e a d y - s t a t e  t ime between f a i l u r e s  f o r  t h i s  system i s  

d i s t r i b u t e d  e x p o n e n t i a l l y  under  t h e  fo l l owing  c o n d i t i o n s :  

(1)  The p o i n t  p roces s  f o r  each component, i ,  Ni ( t )  i s  a  s t a -  

t i o n a r y  renewal p r o c e s s .  

( 2 )  The p roces s  obeys s u p e r p o s i t i o n ,  i . e . ,  

where 

and F . ( t )  is t h e  f a i l u r e  d i s t r i b u t i o n  f o r  component i .  The r e s u l t i n g  
1 

t ime t o  f a i l u r e  i s  

T h i s  theorem, due t o  Ososkov (1956) ,  might f i n d  s u b s t a n t i a l  a p p l i c a -  

t i o n  i n  bo th  t r a f f i c  flow and c o l l i s i o n  p r e d i c t i o n .  For  example, sup- 

pose t h e  number of c o l l i s i o n s  ove r  a  s t r e t c h  of road f o r  some t ime 

i n t e r v a l  i s  due t o  t h e  number of blowouts  and h e a d l i g h t  f a i l u r e s .  I f  

t h e  number of v e h i c l e s  i n  t h e  system a t  any t ime is c o n s t a n t  and i f  

t i r e s  and h e a d l i g h t s  a r e  r ep l aced  w i t h i n  s h o r t  p e r i o d s  a f t e r  f a i l u r e ,  

t h e  system may q u a l i f y .  S ince  t h e r e  a r e  many v e h i c l e s  each of which 

cou ld  independent ly  cause  an a c c i d e n t  o r  t r a f f i c  t i e - u p ,  t h e  s,ystem 

w i l l  q u a l i f y  i f  t h e  f a i l u r e  d i s t r i b u t i o n s  f o r  each t i r e  and l i g h t  

have t h e  a p p r o p r i a t e  p r o p e r t i e s .  

A s i m i l a r  theorem has  been developed by Grumel (1958) f o r  s u r -  

v i v a l  p r o b a b i l i t i e s .  Under c e r t a i n  c o n d i t i o n s  i f  components f a i l  a s  



where n is t h e  number of components and G is t h e  f a i l u r e  d i s t r i b u t i o n  

f o r  system. Using t h i s  theorem one might d e s c r i b e  t h e  s u r v i v a l  of a 

s i n g l e  v e h i c l e  having many components. 

The above two theorems i n t u i t i v e l y  supply  an approach t o  highway 

system degrada t ion  based on s u p e r p o s i t i o n .  I f  t h e  two o u t p u t s  of t h e  

highway system, t r a f f i c  flow and c o l l i s i o n s ,  can be desc r ibed  a s  p o i n t  

p roces ses  and i f  t h e  epochs of each p roces s  a r e  f u n c t i o n a l l y  o r  prob- 

a b i l i s t i c a l l y  r e l a t e d  t o  t h e  degrading p o i n t  p r o c e s s e s ,  one should 

i n v e s t i g a t e  t h e  p r o p e r t i e s  of a system having an i n f i n i t y  of compo- 

n e n t s .  Such an approach may provide  a f a i l u r e  law f o r  t h e  e n t i r e  

system which i s  r e l a t e d  t o  t h e  components. 

MAINTENANCE POLICIES 

The s p e c i a l  problem of replacement  i n  t h e  o v e r a l l  maintenance 

a c t i v i t y  ( d e s i g n ,  i n s p e c t i o n ,  repa i r - rep lacement )  has  been r e c e n t l y  

s t u d i e d  by F leh inge r  (1962a) ,  Weiss (1956),  Herd (1955) .  There a r e  

t h r e e  p o l i c i e s  which have been thoroughly t r e a t e d :  

1. Age replacement  

2 .  Random age replacement  

3 .  Block replacement  

The age replacement  p o l i c y  c a l l s  f o r  component replacement  immediately 

upon f a i l u r e  o r  when a component r eaches  a c e r t a i n  a g e ,  T. I f  we 

a l low T t o  be a random v a r i a b l e ,  t hen  t h e  p o l i c y  is c a l l e d  random age 

rep lacement .  F i n a l l y ,  i f  we have a system of components, we can r e -  

p l a c e  them on an i n d i v i d u a l  b a s i s  o r  i n  b locks .  I f  replacement  i n -  

vo lves  more than  one component, t h e  p o l i c y  i s  c a l l e d  a block r e p l a c e -  

ment p o l i c y .  

An important  f a c t  about such p o l i c i e s  is t h a t  t h e i r  u s e  i s  p ro f -  

i t a b l e  i n  terms of improving r e l i a b i l i t y  only  when t h e  f a i l u r e  p roces s  

i s  IFR. (That i s ,  f a i l u r e  i s  more l i k e l y  a s  t h e  component a g e s ;  i f  

t h e  component f a i l u r e  p roces s  is DFR, then  o l d e r  components a r e  more 

r e l i a b l e  t han  new o n e s . )  



Another c h a r a c t e r i s t i c  about  each p o l i c y  is  t h a t  t h e  p o i n t  pro- 

c e s s  of replacement  t imes  i s  a renewal  p r o c e s s .  Roughly, t h i s  means 

t h a t  j u s t  a f t e r  any r ep lacemen t ,  t h e  t ime t o  t h e  next  rep lacement  i s  

d i s t r i b u t e d  i d e n t i c a l  t o  a l l  rep lacement  epochs.  

A g e n e r a l  s t a t e m e n t  can be made concern ing  t h e s e  replacement  

p o l i c i e s  (Barlow and Proschan ,  1965) .  For  any system of components 

having an IFR, b lock  replacement  r e q u i r e s  a  l a r g e r  number of r e p l a c e -  

ments b u t  p r o v i d e s  fewer i n - s e r v i c e  f a i l u r e s  t han  does  i n d i v i d u a l  r e -  

p lacement .  Also ,  age rep lacement  r e q u i r e s  a  l a r g e r  number of r e p l a c e -  

ments  and p r o v i d e s  fewer i n - s e r v i c e  f a i l u r e s  t han  random rep lacemen t .  

AGE REPLACEMENT 

Some of t h e  impor tan t  c h a r a c t e r i s t i c s  of an age rep lacement  

p o l i c y  a t  T a r e  determined from t h e  renewal  p r o c e s s  t h a t  i t  d e f i n e s .  

Consider  a  component wi th  f a i l u r e  d i s t r i b u t i o n  F ( t )  . The average  t ime 

t o  rep lacement  i s  

where PT = d F ( t )  i s  t h e  p r o b a b i l i t y  t h a t  t h e  next  replacemen~t  is  J 0 
an i n - s e r v i c e  rep lacement .  

The s t e a d y - s t a t e  expec ted  t ime t o  an i n - s e r v i c e  f a i l u r e  i s  

A s  T -+ 0 ,  pT + 0 ,  -fT4 m, which i s  t o  be expec ted  s i n c e  components 

a r e  be ing  r e p l a c e d  ex t remely  o f t e n .  

RAND017 REPLACEMENT 

One form of random replacement  i s  t o  r e p l a c e  only  when an i tem 

has  f a i l e d .  T h i s  is  d e s c r i b e d  by t h e  above e q u a t i o n s  when T+ a .  

Comparing random replacement  t o  p e r i o d i c  replacement  



These e q u a t i o n s  show t h a t  random replacements  r e q u i r e  fewer r e p l a c e -  

ments b u t  t h e  t ime t o  i n - s e r v i c e  f a i l u r e  is g r e a t e r .  

BLOCK REPLACEMENT 

I n  complex systems t h e r e  a r e  many t y p e s  of b lock  r ep lacemen t .  

For  t h i s  r e p o r t  we s h a l l  on ly  c o n s i d e r  t h e  s e r i e s  system where any 

component f a i l u r e  c a u s e s  system f a i l u r e ,  a l l  components have i d e n t i c a l  

f a i l u r e  d i s t r i b u t i o n s ,  and t h e  e n t i r e  system is  r e p l a c e d  when a  com- 

ponent f a i l s .  For such an  n-component sys tem,  t h e  f a i l u r e  d i s t r i b u -  

t i o n  i s :  

w i t h  mean 

If components f o r  such a  system are r e p l a c e d  on an i n d i v i d u a l  b a s i s  

I t  can be shown t h a t  f o r  any T 

which shows t h a t  t h e  system f a i l s  l e s s  o f t e n  i f  a l l  components a r e  

r e p l a c e d .  To f i n d  t h e  e x a c t  g a i n ,  E q .  27 must be u s e d .  

OPT I bIUM MAINTENANCE 

I n  t h i s  s e c t i o n  we w i l l  s eek  in fo rma t ion  on t h e  t r a d e o f f s  i n  

maintenance which minimize c o s t .  Beginning w i t h  t h e  i n - s e r v i c e  

f a i l u r e  c o s t s  Cf and a  planned rep lacement  c o s t ,  C r ,  t h e  t o t a l  c o s t  

f o r  L O ,  tl is  

Barlow and P roschan( l965)  show t h a t  planned age rep lacement  i s  always 

s u p e r i o r  t o  random replacement  f o r  IFR d i s t r i b u t i o n s .  The neces sa ry  

c o n d i t i o n  t h a t  must be s a t i s f i e d  f o r  t h e  op t ima l  i n t e r v a l  i s  



Weiss e s t a b l i s h e d  a n  i m p o r t a n t  r e s u l t  c o n c e r n i n g  p l a n n e d  r e p l a c e m e n t  

when F is n o t  known. Suppose we want t o  min imize  t h e  maximum e x p e c t e d  

c o s t  of  m a i n t e n a n c e .  I f  we know o n l y  t h e  mean f a i l u r e  t i m e ,  we s h o u l d  

r e p l a c e  o n l y  when f a i l u r e  o c c u r s .  Hence,  f o r  t h e  highway p rob lem,  

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

b u t i o n  h a s  been  e s t a b l i s h e d  a s  IFR. Another  theorem s t a t e s  t h a t  t h e  

optimum i n t e r v a l  i s  f i n i t e  i f  and o n l y  i f  f o r  t h e  F  d i s t r i b u t i o n  

FINITE TIME SPAN 

Up t o  now we have assumed t-3 a, b u t  t h e r e  may be  i n s t a n c e s  when 

a  highway subsys tem such  a s  a  r o a d  w i l l  be  r e t i r e d  p e r m a n e n t l y .  I n  

t h i s  c a s e ,  t h e  above remarks  do n o t  a p p l y .  Barlow and Proschan  (1962) 

have a p p l i e d  dynamic programming t o  a c h i e v e  o p t i m a l  ma in tenance  p o l i -  

c i e s  f o r  f i n i t e  p l a n n i n g  h o r i z o n s .  

IKSPECT ION 

I n  most  r e a l i s t i c  sys tem models  d e t e c t i o n  of  a  f a i l u r e  d o e s  n o t  

o c c u r  i n s t a n t a n e o u s l y ,  n o r  is i t  f r e e  ( B r e n d e r ,  1 9 6 3 ) .  C o n s i d e r  t h e  

problem when t h e r e  is a  c o s t  o f  i n s p e c t i o n ,  C l ,  a  c o s t  p e r  u n i t ;  t i m e  

f o r  a n  u n d e t e c t e d  f a i l u r e ,  C 2 ,  and a n  a v e r a g e  r e p a i r - r e p l a c e m e n t  c o s t ,  

A f t e r  r e p l a c e m e n t  (assumed t o  be  a renewal  p o i n t )  h i s  p o l i c y  

c o n s i s t s  o f  a  s e t  o f  c h e c k i n g  t i m e s ,  T = ( t l ,  . , . , t i ,  t j ) ,  t > - j 

t i  
, The e x p e c t e d  c o s t  p e r  c y c l e  is  

m 

The e x p e c t e d  c y c l e  l e n g t h  i s  



where Tr = r e p a i r  t ime 

p = mean component l i f e  

Brender  p rov ides  a  numerical  a lgo r i thm f o r  t h i s  problem. 

MAINTENANCE POLICIES FOR MARKOV DEGRADATION 

I n  t h e  l a s t  s e c t i o n  t h e  PM was al lowed t o  t a k e  on only  two v a l -  

u e s .  Here we w i l l  a t t empt  g r e a t e r  accuracy  by a l lowing  t h e  Ph7 any 

one of a  f i n i t e  number of v a l u e s  o r  s t a t e s ,  Z = 1, . . . m .  When 

Z = 1, t h e  system is new and when Z = m ,  t h e  system has  f a i l e d  and 

must be r e p l a c e d .  The parameter  of t h e  Markov p r o c e s s ,  t n ,  w i l l  be 

d i s c r e t e ,  t n = T ,  . . . nT, . . . . 
I t  w i l l  be assumed t h a t  f o r  any tn  one i n s p e c t s  t h e  system and 

can  e i t h e r  r e p l a c e  t h e  component o r  do no th ing .  The p o l i c y  i s  denoted 

by X(Z), where X(Z) = 1 i f  replacement  and X(Z) = 0 o t h e r w i s e .  

Using t h e  n o t a t i o n  from P r e d i c t i o n  and S t a t i s t i c a l  Modeling 

The n o t i o n  of a  c o n d i t i o n a l  p e r i o d  r e l i a b i l i t y  can be d e f i n e d  a s  

r ( i )  = 1 - n  'im (35)  

which is t h e  p r o b a b i l i t y  t h a t  t h e  system w i l l  f a i l  du r ing  t h e  i n t e r v a l  

' tn '  t n + l  
) when it  is found i n  s t a t e  i a t  t . I f  t h e  s t a t e  p robab i l -  n  

i t i e s ,  ll:"), f o r  t a r e  known, t h e  uncond i t i ona l  r e l i a b i l i t y  i s  de f ined  n  
by 

An example of such a system could  be t h e  b r a k e s ,  which c o n t a i n  

many components, e . g . ,  Z1, . . . , Zq.  By d i v i d i n g  t h e  s t a t e s  of each 

component i n t o  t h r e e  s t a t e s  ( e s s e n t i a l l y  new, marg ina l ,  and f a i l e d ) ,  

t h e r e  would be a t o t a l  of 3q s t a t e s .  A t  any s t e p  i n  o u r  c h a i n  l e t  

t h e  s t a t e  of t h e  system be d e s c r i b e d  by g t u p l e  Z = (Z1, . . . t z i j  
. . . , Z ) where Zi = 1, 2, 3 .  

'=l 

I n  terms of t h e  t o t a l  system, one could  d e f i n e  c l a s s e s  of s t a t e s  

s i m i l a r  t o  t h e  t h r e e  mentioned by u s i n g  t h e  fo l lowing  r u l e s .  I f  a l l  



components a r e  e s s e n t i a l l y  new, t hen  t h e  system is new; i f  one compo- 

nent  has  f a i l e d ,  t h e n  t h e  system has  f a i l e d .  A l l  o t h e r  s t a t e s  a r e  

margina l  s t a t e s .  Note t h a t  of t h e  3q  s t a t e s ,  one would be new, 22 - 1 

would be marg ina l ,  and 3q - 2q would be f a i l i n g .  By renumberin,g t h e s e  

s t a t e s  we de f ined  f o r  any n  (Zn = 1, . . . , 3q) such t h a t  Zn = 1 

i m p l i e s  a  new system 

Z n  = i ,  i = 2 ,  . . . , 2q i m p l i e s  a  margina l  system 

Z = i ,  i > 2q i m p l i e s  f a i l u r e .  
n  

With t h e  a i d  of a  s t r u c t u r e  f u n c t i o n ,  t h e  r u l e s  r e l a t i n g  t h e  

s y s t e m ' s  s t a t e  t o  t h e  s t a t e s  of t h e  q  components, t h e  hTarkov p roces s  

f o r  t h e  system can be de f ined  i n  terms of t h e  blarkov component pro-  

c e s s e s .  Such models have been used t o  de te rmine  t h e  p o l i c y  Xn(:Z) 

which minimizes t h e  expec ted  c o s t  f o r  bo th  s t e a d y - s t a t e  and f i n i t e  

p l ann ing  h o r i z o n s .  

The Jlarkov maintenance models uncovered i n  t h e  l i t e r a t u r e  seem 

somewhat s i m p l i f i e d  f o r  t h e  highway systems problem. F l e h i n g e r  

(1962b) t r e a t s  a  system which is i n  one of m + 1 s t a t e s  ( 0 ,  1, . . . , 
m). When t h e  system e n t e r s  s t a t e  m ,  i t  i s  immediately r e p l a c e d  wi th  

a  new one i n  s t a t e  0 .  He f i n d s  a  s e t  of op t ima l  s t a t e s  ( K ,  K == 1, 

. . . , m - 1)  c a l l e d  margina l  s t a t e s  where t h e  component is a l s o  r e -  

p l a c e d .  T h i s  s e t  minimizes t h e  expec ted  c o s t  pe r  p e r i o d  when t h e  

c o s t  of i n - s e r v i c e  f a i l u r e  exceeds t h e  planned rep lacement .  Along 

t h e  same l i n e s  Derman (1962) has  proven t h a t  f o r  IFR t r a n s i t i o n  ma- 

t r i c e s ,  an op t ima l  c o n t r o l  r u l e  indeed e x i s t s .  

Drenick (1960) t r e a t e d  t h e  problem of f i n d i n g  t h e  op t ima l  check- 

i ng  i n t e r v a l  f o r  a  margina l  t e s t .  Using dynamic programming he was 

a b l e  t o  f i n d  an a lgo r i thm which s e l e c t s  bo th  t h e  op t ima l  margina l  

s t a t e s  and op t ima l  checking i n t e r v a l  f o r  minimizing t h e  expectled 

c o s t .  The c o s t s  cons ide red  a r e  such t h a t  i n s p e c t i o n  c o s t  is lless 

t h a n  planned replacement  c o s t  which i s  l e s s  t han  i n - s e r v i c e  f a i l u r e  

c o s t .  

A c o s t - o r i e n t e d  maintenance problem has  been formula ted  by 

Derman (1962) .  H i s  model a g a i n  assumes system degrada t ion  t o  'be a  

f i n i t e  d i s c r e t e  parameter  Markov p roces s  wi th  i n s p e c t i o n  a t  every  



s t e p  i n  t h e  c h a i n  and c o n s i d e r s  a  randomized repa i r - rep lacement  r u l e  

dependent upon t h e  c u r r e n t  system s t a t e .  Let  

Xik = P r  ( Z  = k l f .  and immediate r e p a i r )  ( 3 7 )  

with  c o s t  C i k .  Since t h e r e  a r e  m t I s t a t e s  be fo re  r e p a i r  and m + 1 

a f t e r  r e p a i r ,  t h e r e  a r e  a  t o t a l  of (n t l)mtl p o l i c i e s  even i f  X = 
i k  

0 ,  1. For  each p o l i c y  ma t r ix  X t h e r e  i s  a  new t r a n s i t i o n  m a t r i x  

For any p o l i c y  t h e  s t e a d y - s t a t e  p r o b a b i l i t i e s ,  T i ,  a r e  de f ined  by 

m 

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

The expected c o s t  pe r  i n t e r v a l  of a  p o l i c y  is 

i k  

The t a s k  of f i n d i n g  t h e  opt imal  p o l i c y  may be approached by Howard's 

p o l i c y  space  method o r  by t h e  l i n e a r  programming method of Derman 

(1960).  

AN EXTENDED MARKOV MAINTENANCE MODEL 

An ex tens ion  of Derman's model p rov ides  a  mathematical  formula- 

t i o n  which is more a p p r o p r i a t e  f o r  t h e  highway system. T h i s  extended 

model y i e l d s  a  mathematical  fo rmula t ion  f o r  t h e  opt imal  maintenance 

p o l i c y  t h a t  minimizes t h e  expected combined c o s t s  of d e s i g n ,  inspec-  

t i o n ,  r e p a i r  and replacement  f o r  e i t h e r  f i n i t e  o r  i n f i n i t e  p lanning  

ho r i zons ,  wi th  r e l i a b i l i t y  c o n s t r a i n t s .  Hence, f o r  a  f i x e d  l e v e l  of 

r e l i a b i l i t y  we seek t h e  c o n t r o l  p o l i c y  which minimizes t o t a l  ( f i n i t e  

hor izon)  o r  pe r iod  average c o s t s  ( i n f i n i t e  h o r i z o n ) .  The model i s  

based on t h e s e  assumptions: 

1. A p lanning  hor izon  of N p e r i o d s  f o r  a  new subsystem 

2 .  A d i s c r e t e  parameter  space  



3 .  A d i s c r e t e  s t a t e  space ,  Z = 1, . . , , a ,  , , , , b ,  . . . , 
m such t h a t  t h e  component f a i l s  i n  any s t a t e  b ,  . . . , m 
and i s  new i n  any s t a t e  0 ,  . . . , a  

4. Markov d e g r a d a t i o n  wi th  t r a n s i t i o n  m a t r i x  (P i j )  

The c o s t  of -- r e p a i r  and replacement  i n  t h i s  model w i l l  be denoted  by 

'ik . The c o s t  is i n c u r r e d  when t h e  system i n  i n s p e c t e d ,  found t o  be 

i n  s t a t e  i ,  and i s  r e p a i r e d  o r  r e p l a c e d  t o  s t a t e  k .  The p o l i c y ,  'ik 

which is  al lowed t o  be random, is  t h e  p r o b a b i l i t y  t h a t  t h e  system is  

r e p a i r e d  o r  r e p l a c e d  t o  s t a t e  k when it  is found t o  be i n  s t a t e  i .  

For any p e r i o d ,  whether  . o r  . no t  t h e  component i s  i n s p e c t e d ,  t h e r e  i s  

a  p r o b a b i l i t y  v e c t o r  n'") f o r  t h e  s t a t e  p r o b a b i l i t i e s  a t  t h e  beginning  

of any p e r i o d .  Applying t h e  p o l i c y  x'"), t h e  expec ted  c o s t  of r e p l a c e -  

ment and r e p a i r  f o r  t h e  p e r i o d  is ( E q .  40) :  

The c h o i c e  of t h e  i n i t i a l  des ign  is  a c t u a l l y  no d i f f e r e n t  t han  

t h e  c h o i c e s  of rep lacement  a f t e r  t h e  system h a s  reached  a  f a i l u r e  

s t a t e .  I f  t h e r e  is a  c h o i c e  among (1 ,  , . . , a)  new d e s i g n s ,  t h e n  
a  

0 
assume n = ( 1 ,  0 ,  . , . , 0)  and r e s t r i c t  x ik  = 1 f o r  a l l  i. I n  

k= 0 

t h i s  way, a t  t h e  beginning  of o p e r a t i o n  o n l y  replacement  ( i n i t i a l  de- 

s i g n )  is  p o s s i b l e  a l though s p e c i f i c  d e s i g n  can be s e l e c t e d  wi th  prob- 

a b i l i t y  l e s s  t h a n  1. 

The i n s p e c t i o n  c o s t  w i l l  be  assumed t h e  same f o r  each p e r i o d  

( excep t  perhaps  f o r  t h e  f i r s t  p e r i o d )  and w i l l  be denoted  by 0 .  Let  

t h e  i n s p e c t i o n  p o l i c y  f o r  p e r i o d  n  be  random and denote  i t s  p r o b a b i l -  

i t y  by Yn. The expec ted  c o s t  f o r  p e r i o d  n  would be qY,. Therle might 

be an advantage i n  a l l owing  t h i s  p r o b a b i l i t y  t o  depend on t h e  s t a t u s  

of t h e  system a f t e r  t h e  l a s t  i n s p e c t i o n .  For  t h e  t ime b e i n g ,  t h i s  

w i l l  be  i gnored .  

The t o t a l  c o s t  of i n s p e c t i o n ,  r ep l acemen t ,  r e p a i r ,  and des ign  

can  now be w r i t t e n  f o r  n  p e r i o d s ,  To compute t h e  s t a t e  p r o b a b i l i t i e s  

f o r  t h e  beginning  of  any p e r i o d ,  a  new t r a n s i t i o n  m a t r i x  w i l l  be 

d e f i n e d .  



The e lements  of t h i s  m a t r i x  a r e  

L i t e r a l l y ,  t h e  p r o b a b i l i t y  i n  p e r i o d  n  t h a t  t h e  system w i l l  p a s s  from 

s t a t e  i t o  s t a t e  j i s  t h e  sum of two p r o b a b i l i t i e s .  The f i r s t  is t h e  

j o i n t  p r o b a b i l i t y  t h a t  t h e  system w i l l  be  i n s p e c t e d  and t h a t  t h e  sys -  

tem r i l l  p a s s  t o  j u s i n g  p o l i c y  (Xik) wh i l e  t h e  second is t h e  proba- 

b i l i t y  t h a t  t h e  system w i l l  no t  be i n s p e c t e d  and t h a t  i t  w i l l  p a s s  t o  

j n a t u r a l l y .  The s t a t e  p r o b a b i l i t y  v e c t o r  f o r  any n i s  

T h i s  t r a n s i t i o n  m a t r i x  d e f i n e s  a  modi f ied  Markov P r o c e s s  which depends 

on t h e  p o l i c y  c h o i c e .  

The expec ted  c o s t  f o r  p e r i o d  n  i s  

r 1 

Oyn 'j k X j  (n>  k  
i =  1 j  component 

and t h e  sum f o r  N p e r i o d s  i s  

- - 
j k L  J j  component 

The r e l i a b i l i t y  c o n s t r a i n t  is based upon a  s p e c i a l  form of r e l i a b i l i t y  

f u n c t i o n .  S ince  s t a t e s  b  + 1, . . . , m a r e  f a i l i n g  s t a t e s ,  t h e  

f a i l u r e  event  i s  t h e  occu r rence  of any s t a t e  i n  t h i s  c l a s s .  Hence a  

po in twi se  r e l i a b i l i t y  c o n s t r a i n t  can  be de f ined  by 

The s i m p l e s t  c o n s t r a i n t  is  



The o p t i m i z a t i o n  problem f o r  f i n i t e  ho r i zons  i s  s p e c i f i e d  bly 

(") f o r  a l l  n  s u b j e c t  t o  t h e  con- minimizing E q .  45 by choosing Y n ,  Xil 

s t r a i n t  s p e c i f i e d  i n  E q .  47 .  A good-approach t o  t h i s  problem is ;  t h a t  

of numerical  s o l u t i o n  by dynamic programming. 

The o p t i m i z a t i o n  problem f o r  an i n f i n i t e  p lanning  ho r i zon  c:ould 

be s t a t e d  a s  

min q ~  t LIIicikxik 
Y , X i k  i k  

s u b j e c t  t o  

Howard's p o l i c y  space  method should p rov ide  a  good approach t o  t h e  

numerical  s o l u t i o n  of t h i s  problem. 

There a r e  o t h e r  fo rmula t ions  of r e l a t e d  problems worthy of n o t e .  

One of t h e s e  was mentioned i n  p a s s i n g ,  namely a  randomized i n s p e c t i o n  

p o l i c y  dependent upon t h e  s t a t e  a t  t h e  l a s t  i n s p e c t i o n .  One might 

argue i n t u i t i v e l y  t h a t  t h i s  should  be p r o f i t a b l e  s i n c e  when t h e  system 

is found t o  be i n  good shape t h e  t ime t o  t h e  next  i n s p e c t i o n  sh.ould 

be g r e a t e r  t han  i f  t h e  system was found t o  be i n  poor shape (assuming 

t h a t  i n  both  c a s e s  no a c t i o n  was t a k e n ) .  

There a r e  o t h e r  r e l i a b i l i t y  c o n s t r a i n t s  which f o r  some problems 

would be more r e a l i s t i c .  Suppose one is i n t e r e s t e d  i n  c o n s t r a i n i n g  

t h e  r e l i a b i l i t y  f o r  each of s e v e r a l  t ime i n t e r v a l s  i n s t e a d  of one in-  

t e r v a l .  Th i s  would c o n s t r a i n  t h e  sum of t h e  f i r s t - p a s s a g e - t o - f a i l u r e  

p r o b a b i l i t i e s  r a t h e r  t han  c o n s t r a i n i n g  t h e  s t a t e  p r o b a b i l i t i e s  them- 

s e l v e s .  
5-25 



Another fo rmula t ion  worthy of no te  is  t h a t  of minimizing mainte- 

nance c o s t  when e i t h e r  t h e  expec ted  component l i f e  o r  f i r s t - p a s s a g e - t o -  

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

The p o l i c i e s  d i scussed  s o  f a r  a r e  a l l  randomized p o l i c i e s  which 

admit a s  s p e c i a l  c a s e s  d e t e r m i n i s t i c  i n s p e c t i o n  and r e p a i r  p o l i c i e s .  
(n> An i n t e r e s t i n g  problem is  t o  determine under what c o n d i t i o n s  X i j  = 

0 ,  1. 

The Markov p roces s  emphasized s o  f a r  assumes a  d i s c r e t e  parameter .  

I t  may be necessary  t o  i n t roduce  t h e  no t ion  of semi-Markov p roces ses  

when such an assumption is not  warran ted .  

Appendix 5-A 
DEGRADING HIGHWAY COMPONENTS 

A t r a n s i t  system which cove r s  even moderate geograph ica l  r e g i o n s  

i s  a most complex system owing t o  t h e  l a r g e  number of v e h i c l e s ,  t h e  

d i s s i m i l a r i t i e s  among v e h i c l e s  and road d e s i g n s ,  and t h e  d r i v i n g  hab- 

i t s  and o b j e c t i v e s  of o p e r a t o r s .  An e s s e n t i a l  o b j e c t i v e  i n  a b s t r a c t -  

i ng  t h i s  system i s  t o  main ta in  t h e  i n t e r a c t i o n s  among v e h i c l e s  (and 

p e d e s t r i a n s ) ,  r o a d s ,  and d r i v e r s .  

One way t o  accomplish t h i s  i s  t o  view t h e  t r a j e c t o r y  of a  v e h i c l e  

a s  t h e  o u t p u t  of a  feedback c o n t r o l  d r i v e  c o n s i s t i n g  o f :  

1. Vehic le  

2 ,  Dr iver  

3 .  Road s u r f a c e  

4 .  Informat ion  sou rces  and channels  p rov id ing  t h e  d r i v e r  wi th  

n a v i g a t i o n a l  in format ion  

I n t e r a c t i o n  among v e h i c l e  t r a j e c t o r i e s  is governed by: 

5 .  Highway l ayou t  

6 .  T r a f f i c  c o n t r o l  equipment 

7 .  T r a f f i c  laws 

A c o l l i s i o n  i s  a  system ou tpu t  and could  be de f ined  a s  an i n t e r s e c -  

t i o n  of two o r  more t r a j e c t o r i e s ,  o r  t h e  i n t e r s e c t i o n  of one o r  more 

t r a j e c t o r i e s  w i t h  a  f i x e d  o b j e c t .  T r a f f i c  f low i n t e n s i t y  would be 

t h e  number of t r a j e c t o r i e s  pas s ing  ove r  a  road c r o s s  s e c t i o n  pe r  u n i t  



t ime .  T r a n s i t  t ime would be t h e  t ime d i f f e r e n c e  between two p o i n t s  

on t h e  t r a j e c t o r i e s .  

I t  is p o s s i b l e  t o  i n f e r  a  g r e a t  d e a l  about such system outp i l t s  

by s tudy ing  t h e  t r a j e c t o r i e s  of v e h i c l e s  s e p a r a t e l y .  With t h i s  i n  

mind, one might a b s t r a c t  t h e  o p e r a t i o n  of v e h i c l e  a s  fo l lows :  t:he 

(hum.an) v e h i c l e  c o n t r o l l e r  t a k e s  i n  n a v i g a t i o n a l  in format ion  froin 

v a r i o u s  s o u r c e s ,  p roces ses  i t ,  and f e e d s  t h e  o u t p u t  i n t o  t h e  v e h i c l e ' s  

system v i a  t h e  v e h i c l e  a c t u a t o r s .  A s  t h e  v e h i c l e  responds ,  new in-  

format ion  is p re sen ted  t o  t h e  c o n t r o l l e r .  I f  a  c o l l i s i o n  o c c u r s ,  i t s  

s e v e r i t y  is determined by t h e  f i n a l  t r a j e c t o r y  c o n d i t i o n s ,  t h e  r e l a -  

t i v e  s t r e n g t h s  of t h e  bod ie s  i nvo lved ,  and t h e  o p e r a t i o n  of s a f e t y  

equipment.  Although t h i s  is a  g r e a t l y  s i m p l i f i e d  view ( t h e  s t a g e s  i n  

t h i s  p roces s  a r e  n e i t h e r  l i n e a l  nor d i s c r e t e ) ,  i t  sugges t s  t h e  complex 

i n t e r a c t i o n s  t h a t  e x i s t  among groups of components and t h e  d i f f i c u l t y  

of f i n d i n g  a  s i n g l e  cause f o r  an a c c i d e n t .  Since many of t h e  v e h i c l e  

components change wi th  age ,  i t  s t a n d s  t o  reason  t h a t  v e h i c l e  t r a . j e c -  

t o r i e s  a l s o  change. The components l i s t e d  below a r e  grouped accord- 

ing  t o  t h e i r  n a t u r a l  connec t ions  i n  t h i s  feedback loop .  Where p o s s i -  

b l e ,  deg rada t ion  and f a i l u r e  ( l i m i t i n g  degrada t ion)  a r e  q u a l i t a t , i v e l y  

d e s c r i b e d .  (Note t h a t  t h i s  l i s t  is  not  a  complete l i s t  of degraiding 

components. ) 

SELECTED DEGRADING SUBSYSTEMS 

Type of 
Degradat ion 

Brakes:  

Mechanical l i nkage  

Hydraul ic  l i nkage  

Shoe and drum 

T i r e s  

Shear 

Jamming 

Loosening by wear 

P r e s s u r e  l o s s e s  from wear,  contam- 
i n a t i o n ,  leakage 

Losses  i n  c o e f f i c i e n t  of f r i c t i o n  
from wear ,  s u r f a c e  contaminat ion  

Losses  i n  f r i c t i o n a l  f o r c e  due t o  
blowouts ,  wear 

Uneven braking  from nonuniform 
t i r e  p r e s s u r e  



S t e e r i n g :  

IIechanical l i nkage  

T i r e s  

Suspension:  

Power T r a i n :  

Road Sur face :  

I l l u m i n a t i o n :  

Shear 

Jamming 

Loosening by wear 

S t i f f e n i n g  from l a c k  of l u b r i c a t i o n ,  
l o s s  of h y d r a u l i c  p r e s s u r e  

Losses  i n  f r i c t i o n a l  f o r c e  from 
blowouts ,  wear 

Tendencies  f o r  i n s t a b i l i t y  from 
improper t i r e  p r e s s u r e  

Excessive weight t r a n s f e r  from 
broken o r  f a t i g u e d  s p r i n g s  o r  
over loading  

Sus t a ined  angu la r  and v e r t i c a l  
o s c i l l a t i o n  from shock abso rbe r  
wear 

Losses  i n  a c c e l e r a t i o n  from wear ,  
l a c k  of engine maintenance,  s h e a r ,  
t i r e  deg rada t ion  

Losses  i n  c o e f f i c i e n t  of f r i c t i o n  
from wear and s u r f a c e  f i l m s  

Roughness from e r o s i o n  and c rack ing  

Losses  i n  s ee ing  from burned o u t  
s t r e e t  l i g h t s ,  v e h i c l e  head lamps, 
d i r t y  o r  broken windsh ie lds ,  
f a i l i n g  wipers  

Informat ion  and Cont ro l  Devices: 

Stop l i g h t s  

Vehic le  brake l i g h t s  
Broken o r  d i r t y  l e n s e s  

Vehic le  t u r n  s i g n a l  l i g h t s  
Fi lament  deg rada t ion  

RR c r o s s i n g  l i g h t s  

Merge l i g h t s ,  

e t c .  

R e f l e c t i n g  s i g n s  

Road edge r e f l e c t o r s  

P a i n t e d  c e n t e r  l i n e s  

Vehic le  m i r r o r s  

R e f l e c t i o n  l o s s e s  from s u r f a c e  
d e t e r i o r a t i o n  o r  d i r t  



Vehic le  gauges 

Speedometer 

Light  i n d i c a t o r s  

O i l  and water  p r e s s u r e  

Genera tor  l i g h t  

Horn 

Sa fe ty  Equipment: 

Sea t  b e l t s  

Emergency b rakes  

G u a r d r a i l s  and p o s t s  

Vehic le  cab  

S t e e r i n g  wheel 

Windshield 

Losses  i n  audio l e v e l  

Losses  i n  t e n s i l e  s t r e n g t h  

Losses  i n  s h e a r  s t r e n g t h  

Losses  i n  des igned  c r a s h  c h a r a c t e r -  
ist i c s  

Appendix 5-B 
VEHICLE AND ROAD INSPECTION 

I n  connect ion  wi th  t h e  maintenance problem about  20 s t a t e s  r e q u i r e  

p e r i o d i c  v e h i c l e  i n s p e c t i o n s  cover ing  t h e  fo l lowing  components: 

S t e e r i n g  Sea t  b e l t s  

Wheel a l ignment  G l a s s ,  m i r r o r s  

Emergency and s e r v i c e  b rakes  Windshield wipe r s ,  washers  

T i r e s  

Head lamps 

Exhaust system 

Horn 

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

The c o s t  of t h e s e  i n s p e c t i o n  procedures  has  g e n e r a l l y  been l e s s  

t han  $3.00 pe r  v e h i c l e .  A t  t h i s  r a t e  i t  i s  l i k e l y  t h a t  b rakes , ,  s t e e r -  

i n g ,  and suspens ion  systems r e c e i v e  a  somewhat s u p e r f i c i a l  t r e a t m e n t .  

N e v e r t h e l e s s ,  t h e r e  i s  l i t t l e  doubt t h a t  a t  t h e i r  c u r r e n t  c o s t  t h e s e  

i n s p e c t i o n  programs a r e  e f f e c t i v e .  However, t o  s ay  t h a t  they  a r e  

r e a l l y  a  s i g n i f i c a n t  d e t e r r e n t  t o  c o l l i s i o n s  is ano the r  m a t t e r .  

The hISU (1965) s tudy  on t h e  s u b j e c t  p r o v i d e s  e x c e l l e n t  c o s t  i n -  

fo rma t ion  b u t  does not  s p e l l  o u t  i n s p e c t i o n  o r  t e s t i n g  procedures  f o r  

i n d i v i d u a l  components. These procedures  must be s t a n d a r d i z e d  i f  un i -  

form i n s p e c t i o n s  a r e  t o  be achieved .  



For g r e a t e s t  e f f e c t i v e n e s s ,  t iming  of  i n s p e c t i o n s  should  be 

n e i t h e r  p e r i o d i c  nor random. I f  owners a l l  comply with t h e  law,  only  

planned p e r i o d i c  i n s p e c t i o n s  would be neces sa ry .  These planned in-  

s p e c t i o n s  should depend upon whether o r  no t  f a i l u r e  r a t e s  a r e  IFR. 

I f  t h e  f a i l u r e  r a t e  i n c r e a s e s  wi th  age ,  t hen  i n s p e c t i o n s  should be 

made more f r e q u e n t l y  f o r  o l d e r  v e h i c l e s .  I f  a  v e h i c l e  i s  t e s t e d  and 

found t o  comply only  marg ina l ly ,  o r  appears  t o  have had e x t e n s i v e  u s e ,  

i t  should be r e - in spec t ed  sooner .  

Random bu t  very s u p e r f i c i a l  i n s p e c t i o n s  w i l l  probably be r e q u i r e d  

t o  gua ran tee  t h a t  s t i c k e r s  a r e  not  being f a l s e l y  o b t a i n e d ,  o r  t h a t  

equipment such a s  t i r e s  and brakes  a r e  not  being t empora r i l y  r e p a i r e d  

o r  r ep l aced  i n  o r d e r  t o  pas s  scheduled i n s p e c t i o n ,  

No in fo rma t ion  was found on road i n s p e c t i o n  methods. 

REFERENCES 

Barlow and Proschan,  1965. 

Birnbaum, Esary ,  and Saunders ,  "Multicomponent Systems and S t r u c t u r e s  
and T h e i r  R e l i a b i l i t y , "  Technometr ics ,  Volume 3 ,  No. 1, 1961, 
pp.  55-71. 

Brender ,  D . ,  " A  S u r v e i l l a n c e  hfodel f o r  Recurren t  Even t s , "  IBhI-Watson 
Research Repor t ,  1963. 

Davis ,  D . ,  "An Analys is  of Some F a i l u r e  Da ta , "  J .  Amer. S t a t i s t .  
Assoc . , Volume 4 7 ,  No. 258, 1952. 

Derman, C . ,  "On Sequen t i a l  Decis ions  and Markov Chains ,"  Management 
Sc ience ,  Volume 9 ,  No. 1, 1962, pp. 16-24, 

Drenich,  R . ,  "Yathematical  Aspects of t h e  R e l i a b i l i t y  Problem," - J .  
Sot. Indus t .  Appl. Math.,  Volume 8 ,  No. 1, 1960. 

F l e h i n g e r ,  B . ,  "A General  Model f o r  t h e  R e l i a b i l i t y  Analys is  of Sys- 
tems Under Various P reven t ive  Maintenance P o l i c i e s , "  Ann. Math. 
S t a t i s t . ,  Volume 33 ,  1962(a ) .  

F l e h i n g e r ,  B . ,  " A  Rlarkovian Model f o r  t h e  Analys is  of t h e  E f f e c t s  of 
Marginal T e s t i n g  on System R e l i a b i l i t y , "  Ann. hlath. S t a t i s t . ,  - 
Volume 33,  1962(b) . 

Grumel, E . ,  S t a t i s t i c s  of Extremes, Columbia Un ive r s i t y  P r e s s ,  New 
York, 1958. 

Hamilton, C . ,  1963. 

Herd, G . ,  " F a i l u r e  R a t e s , "  ARINC Monograph 2 ,  Aero Rad ia t ion  I n c . ,  
Washington, 1955. 

Kao, J . ,  "Computer Methods f o r  Es t imat ing  Weibull  Parameters  i n  Re- 
l i a b i l i t y  S t u d i e s , "  IRE Transac t ions  on R e l i a b i l i t y  - and Qua l i t y  
C o n t r o l ,  1958. 



L i e b l e i n ,  J . ,  and Zelen,  M., " S t a t i s t i c a l  I n v e s t i g a t i o n  of t h e  Fa t igue  
L i f e  of Deep-Groove B a l l  B e a r i n g s , "  J .  Res. Nat.  Bur. S t d . ,  
Volume 57,  1956. 

hlichigan S t a t e  U n i v e r s i t y ,  Study Report and Plan  f o r  P e r i o d i c  Vehicle  
In spec t ion  i n  hlichigan, Report of t h e  Highway T r a f f i c  S a f e t y  
-i-~tate U n i v e r s i t y ,  Lansing,  1965. 

hloore and Shannon, 1956. 

Ososkov, G . ,  "A L i m i t  Theorem f o r  Flows of S imi l a r  Even t s , "  Theo'ry of -- 
P r o b a b i l i t y  and I t s  App l i ca t ion ,  Volume 1, 1956. 

R o s e n b l a t t ,  1957. 

Von Neumann, J . ,  P r o b a b i l i s t i c  Logics ,  Automata S t u d i e s ,  C .  E .  Shannon 
and J .  McCarthy, e d . ,  P r ince ton  Un ive r s i t y  P r e s s ,  1956. 

Weibul l ,  W., " A  S t a t i s t i c a l  Theory of t h e  S t r eng th  of M a t e r i a l s , "  
J .  Appl. Mech., Volume 1 8 ,  1939. 

Weiss, G . ,  "On t h e  Theory of Replacement of Machinery wi th  Random 
F a i l u r e  Time," NRL Q u a r t . ,  Volume 3 ,  1956. 





THE VEHICLE CONTROLLER 

I t  i s  t h e  purpose of t h i s  c h a p t e r  t o  d i s c u s s  t h e  ways i n  which 

t h e  human c o n t r o l l e r  of t h e  v e h i c l e  and h i s  behavior  a r e  conceptua l -  

i z e d  w i t h i n  t h e  t o t a l  system. Current  s t u d i e s  from t h e  l i t e r a t u r e  

a r e  d i s c u s s e d  i n  o r d e r  t o  sugges t  t h e  k i n d s  of f u t u r e  r e s e a r c h  t h a t  

seem most l i k e l y  t o  e x p l o i t  t h e  advantages  of t h e  systems a n a l y s i s ,  

and a  number of f u n c t i o n a l  r e l a t i o n s  among v a r i a b l e s  t h a t  have been 

exp lo red  expe r imen ta l ly  a r e  l i s t e d  i n  Appendix c l a s s i f i e d  i n t o  t h e  

c a t e g o r i e s  provided  by t h e  p r e s e n t  a n a l y s i s .  The c h a p t e r ,  however, 

i s  not  i n t ended  t o  s e r v e  a s  an exhaus t ive  review of t h e  l i t e r a t u r e ,  

nor is t h e  d e s i g n a t i o n  of a  p i e c e  of r e s e a r c h  a s  not  maximally u s e f u l  

w i t h i n  t h e  systems framework in t ended  t o  be a  c r i t i c i s m  of t h e  work 

by any o t h e r  c r i t e r i o n .  A c r i t i c a l  review of t h e  r e l e v a n t  l i t e r a t u r e  

w i l l  be  found i n  t h e  A .  D .  L i t t l e  r e p o r t  (1966) ,  e s p e c i a l l y  i n  t h e  sec-  

t i o n  e n t i t l e d  "Dr iv ing  a s  a  S k i l l . "  

I t  w i l l  be r e c a l l e d  from Chapter  1 t h a t  t h e  t o t a l  system is char -  

a c t e r i z e d  by t h e  fo l lowing  f i v e  equa t ions :  

Equat ions  [l] c h a r a c t e r i z e  t h e  o p e r a t i o n s  model and a s s e s s  t h e  

worth of a  proposed system i n  te rms  of i t s  s e r v i c e ,  s a f e t y ,  and c o s t  

a s  a  f u n c t i o n  of t h e  subsystem performance c a p a b i l i t i e s  Y ,  t h e  c o n t r o l  

s t r a t e g i e s  S ,  and t ime t .  Equat ions  [2] c h a r a c t e r i z e  t h e  f u n c t i o n a l  

r e l a t i o n s  i n t o  which t h e  c o n t r o l  s t r a t e g i e s  themselves  e n t e r ;  t h e s e  

w i l l  be t aken  up f i r s t  i n  t h e  d i s c u s s i o n .  

CONTROL STRATEGIES ( sk )  

A c o n t r o l  s t r a t e g y  r e f e r s  t o  any behavior  on t h e  p a r t  of t h e  

v e h i c l e  c o n t r o l l e r  t h a t  u l t i m a t e l y  a f f e c t s  t h e  motion o r  dynamic v a r i -  

a b l e s  of t h e  v e h i c l e  subsystem. The s e t  o f  c o n t r o l  s t r a t e g i e s  t h u s  



i n c l u d e s  not  on ly  t h e  c o n t r o l l e r ' s  f ' consc ious f f  d e c i s i o n s  (such a s  t h e  

d e c i s i o n  t o  p a s s  ano the r  v e h i c l e ) ,  bu t  o t h e r  behav io r s  a s  we l l  (such 

a s  h i s  maintenance of a  p a r t i c u l a r  l a t e r a l  d i s t a n c e  between h i s  vehi -  

c l e  and t h e  c e n t e r  l i n e ,  t h e  frequency wi th  which he looks  i n t o  t h e  

r e a r  view m i r r o r ,  t h e  number of s t e e r i n g  wheel r e v e r s a l s  p e r  minute ,  

and s o  f o r t h ) ,  In  s h o r t ,  t h e  term " c o n t r o l  s t r a t e g y "  shou ld  not  be 

taken  t o  imply t h e  e x i s t e n c e  of a  d e l i b e r a t e  c h a i n  of r ea son ing  which 

n e c e s s a r i l y  precedes  t h e  behavior  s o  d e s i g n a t e d .  Any index  of t h e  

c o n t r o l l e r ' s  behavior  is p o t e n t i a l l y  a  component of t h e  c o n t r o l  s t r a t -  

egy v e c t o r  S .  

Con t ro l  s t r a t e g i e s  may be u s e f u l l y  d i v i d e d  i n t o  a  number of 

major c a t e g o r i e s .  The o u t l i n e  below r e p r e s e n t s  one such d i v i s i o n  and 

enumerates  some of t h e  s u b o r d i n a t e  s t r a t e g i e s  w i t h i n  each c a t e g o r y .  

I t  w i l l  be noted t h a t  each s t r a t e g y  could  be f u r t h e r  subd iv ided ;  and ,  

i n  p r i n c i p l e ,  each c o n t r o l  s t r a t e g y  could  be u l t i m a t e l y  expressed  i n  

very  molecular  t e rms .  For  example, t h e  behavior  of "pass ing"  could  

be reduced t o  t h e  d e t a i l e d  motions of t h e  v e h i c l e  a t  each p o i n t  i n  

t ime ,  i . e . ,  t o  t h e  c o n t r o l l e r ' s  exac t  man ipu la t ions  of t h e  a c c e l e r a -  

t o r ,  b r ake ,  and s t e e r i n g  wheel ,  o r  even t o  h i s  muscular r e s p o n s e s .  

A s  i n  s c i e n c e  g e n e r a l l y ,  however, t h e  l e v e l  of a n a l y s i s  s e l e c t e d  w i l l  

p robably  be o n l y  a s  molecular  a s  i s  neces sa ry  t o  y i e l d  t h e  o r d e r l y  

f u n c t i o n a l  r e l a t i o n s  among t h e  v a r i a b l e s  which permi t  t h e  d e s i r e d  

degree  of p r e d i c t i o n  and c o n t r o l .  A s  s h a l l  be d i s c u s s e d  l a t e r ,  it  is 

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

a n a l y s i s  which i s  independent  of i d i o s y n c r a t i c  f e a t u r e s  of s p e c i f i c  

s i t u a t i o n s  wi th  l i t t l e  g e n e r a l i t y .  I n  a d d i t i o n  t o  t h e  a c t u a l  behav- 

i o r s  which a l t e r  t h e  dynamic v a r i a b l e s  of t h e  v e h i c l e  subsystem, each 

s t r a t e g y  i s  assumed t o  e n t a i l  such a u x i l i a r y  behav io r s  a s  checking t h e  

rear-view m i r r o r ,  communicating i n t e n t  t o  o t h e r s ,  and s o  f o r t h ,  a l l  

of which can be a l s o  i n v e s t i g a t e d  a s  c o n t r o l  s t r a t e g i e s  i n  t h e i r  own 

r i g h t .  

I .  En te r ing  a roadway i n  t h e  presence  and i n  t h e  absence of o t h e r  
t r a f f i c  

A .  En te r ing  from a  merging l a n e  

B .  En te r ing  from a  r i g h t  a n g l e  i n t e r s e c t i o n  

C .  En te r ing  from a  pa rk ing  space 



11. Leaving a  roadway 

A .  Turning i n  f r o n t  of oncoming t r a f f i c  

B .  Turning i n  t h e  absence of oncoming t r a f f i c  

C .  Leaving t h e  roadway v i a  an e x i t  ramp 

111. Continuous d r i v i n g  i n  t h e  absence of roadway d i s c o n t i n u i t i e s  
( c u r v e s ,  g r a d e s ,  c o n t r o l  d e v i c e s ,  speed zones ,  o b s t a c l e s  i n  o r  
near  roadway, s cene ry ,  e t c .  ) 

A .  Speed maintenance.  Mean and va r i ance  i n  t h e  presence  and 
i n  t h e  absence of o t h e r  c a r s .  

B .  Following behavior  (headway maintenance,  o v e r t a k i n g ,  e t c . )  

C .  Lane p r e f e r e n c e s  and changes 

1. Pass ing  behavior  
2 .  E x i t  p r e p a r a t i o n  

D. Responses t o  oncoming v e h i c l e s  

I V .  Cont ro l  s t r a t e g i e s  i n  t h e  presence  of roadway d i s c o n t i n u i t i e s  

V .  Miscel laneous d r i v i n g  behav io r s  ( s i g h t - s e e i n g ,  looking  folr a  
park ing  p l a c e ,  e t c . )  

A s  i n d i c a t e d  by E q .  [2] ,  c o n t r o l  s t r a t e g i e s  a r e  cons ide red  t o  be 

f u n c t i o n s  of t h e  c a p a b i l i t i e s  and c u r r e n t  s t a t e s  of t h e  c o n t r o l l e r  

( X  ) ,  t h e  environment 8 ,  and t h e  v e h i c l e  subsys tem's  c a p a b i l i t i e s  ( Y ) .  
h 

( I t  w i l l  be recognized  t h a t  t h e  o u t l i n e  above is i t s e l f  a  c a t e g o r i z a -  

t i o n  of t h e  d i f f e r e n t  o p e r a t i n g  environments w i t h i n  which s p e c i f i c  

c o n t r o l  s t r a t e g i e s  may be r e a l i z e d . )  Curren t  s t a t e s  of t h e  c o r l t r o l l e r  

i nc lude  both c h a r a c t e r i s t i c s  of a  p a r t i c u l a r  d r i v e r  ( e . g . ,  r i s k - t a k i n g  

p r o c l i v i t i e s )  and sho r t e r - r ange  s t a t e s  ( e . g . ,  f a t i g u e  due t o  pro- 

longed d r i v i n g ) .  The environment i n c l u d e s  both t h e  n a t u r a l  anti man- 

made environmental  s e t t i n g  ( e . g . ,  wea the r ,  roadway i l l u m i n a t i o n ) ,  and 

t h e  momentary dynamic environment ( e . g . ,  v e l o c i t y  of an approaching 

v e h i c l e ) .  F i n a l l y ,  many of t h e  c o n t r o l l e r ' s  behav io r s ,  such a s  t h e  

d e c i s i o n  t o  p a s s  ano the r  v e h i c l e  under  c e r t a i n  c i r cums tances ,  depend 

upon t h e  subsys tem's  c a p a b i l i t i e s  Y ( e . g . ,  a c c e l e r a t i o n  c a p a b i l i t y  of 

t h e  v e h i c l e ) .  I t  w i l l  be noted t h a t  t h i s  i n c l u d e s  t h e  c o n t r o l l e r ' s  

own c a p a b i l i t i e s  Xh which c o n t r i b u t e  t o  o v e r a l l  subsystem c a p a ' b i l i t y  

v i a  t h e  f u n c t i o n a l  r e l a t i o n s  of Eq .  [ 3 ] .  Appendix 6-A l is ts  slome of 

t h e  f u n c t i o n a l  r e l a t i o n s  w i t h i n  t h e s e  c a t e g o r i e s  t h a t  have been in-  

v e s t i g a t e d .  

Although c o n t r o l  s t r a t e g i e s  may be regarded  a s  d i r e c t  f u n c t i o n s  

of many environmental  v a r i a b l e s  0 a s  d i scussed  i n  t h e  preceding  para-  

g raph ,  i t  is  o f t e n  more u s e f u l  t o  c o n s i d e r  c e r t a i n  of t h e s e  v a r i a b l e s  



a s  t h e  c o n t r o l l e r  p e r c e i v e s  them. S t a t e d  i n  a  d i f f e r e n t  way, t h e  con- 

t r o l l e r  may be viewed a s  an in fo rma t ion  p roces so r  who performs a  t r a n s -  

format ion  on t h e  environmental  v a r i a b l e s  i n  a  s y s t e m a t i c  way which can 

be independent ly  i n v e s t i g a t e d .  For example, d r i v e r s '  judgments of t h e  

minimum t ime r e q u i r e d  t o  pas s  ano the r  v e h i c l e  s a f e l y  have been p l o t t e d  

a s  a  f u n c t i o n  of t h e  a c t u a l  minimum t ime ( Jones  & Heimst ra ,  1964) ;  

judgments of t h e  p o i n t  a t  which t h e  v e h i c l e  would meet an oncoming 

v e h i c l e  have been r e l a t e d  t o  t h e  d i s t a n c e  between t h e  v e h i c l e s  (Smith,  

1963) ;  and ,  t h e  d i r e c t i o n  and r a t e  of change i n  t h e  gap between a  l e a d  

v e h i c l e  and a  fo l lowing  v e h i c l e  have been e s t ima ted  by s u b j e c t s  and 

r e l a t e d  t o  t h e  d i s t a n c e  and speed of t h e  l e a d  c a r  (Olson,  Wachsler,  & 

Bauer,  1961).  In  each c a s e ,  i t  may be argued t h a t  a  d r i v e r ' s  c o n t r o l  

s t r a t e g i e s  would be a  s imp le r  f u n c t i o n  of h i s  judgments of t h e  dynamic 

environmental  v a r i a b l e s  t han  t h e  o b j e c t i v e l y  measured v a r i a b l e s .  Ex- 

per iments  which i n v e s t i g a t e  t h e  f u n c t i o n s  r e l a t i n g  t h e  judgments and 

t h e  ob jec t ive ly*measu red  v a r i a b l e s  a r e  known a s  - psychophys ica l  s t u d i e s ,  

and have enjoyed a  long and honored h i s t o r y  i n  exper imenta l  psychology.  

J u s t  a s  it  i s  o f t e n  u s e f u l  t o  c o n s i d e r  t h e  f u n c t i o n a l  r e l a t i o n s  

between c o n t r o l  s t r a t e g i e s  and t h e  c o n t r o l l e r ' s  judgmental t r a n s f o r -  

mation of environmental  v a r i a b l e s ,  s o ,  t o o ,  a  s i m i l a r  l o g i c  o b t a i n s  

f o r  t h e  r e l a t i o n s  between c o n t r o l  s t r a t e g i e s  and t h e  subsystem capa- 

b i l i t i e s  Y .  That i s ,  a c o n t r o l l e r ' s  d e c i s i o n  t o  p a s s  ano the r  c a r  when 

t h e r e  i s  an oncoming v e h i c l e  is a  f u n c t i o n  of h i s  judgment of t h e  

v e h i c l e ' s  a c c e l e r a t i o n  c a p a b i l i t y ,  and t h i s  judgment could  we l l  be i n  

e r r o r  o r  s u b j e c t  t o  ex t r aneous  f a c t o r s .  Indeed,  a l coho l  could  cause  

t h e  subsys tem's  c a p a b i l i t i e s  and t h e  c o n t r o l l e r ' s  judgment of t h o s e  

c a p a b i l i t i e s  t o  be i n v e r s e l y  r e l a t e d  by s imu l t aneous ly  degrading  t h e  

c o n t r o l l e r ' s  performance and i n c r e a s i n g  h i s  con f idence .  In  sum, t h e  

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

a b l e s  des igna ted  a s  8 and Y i n  E q .  [2] may appear  i n  most meaningful 

form i f  t h e  i n v e s t i g a t o r  d e a l s  wi th  t h e  c o n t r o l l e r ' s  judgmental t r a n s -  

fo rma t ions  of t h e s e  v a r i a b l e s  r a t h e r  t han  w i t h  t h e  o b j e c t i v e l y  measured 

v a r i a b l e s  themselves .  Such a c o n c e p t u a l i z a t i o n  of E q .  [2] s u g g e s t s  

t h a t  c o n t r o l  s t r a t e g i e s  could  be manipulated by p rov id ing  t h e  c o n t r o l -  

l e r  wi th  d i f f e r e n t  k i n d s  of sensory  feedback r ega rd ing  t h e s e  v a r i a b l e s ,  

a  sugges t ion  t h a t  w i l l  be d i s c u s s e d  i n  t h e  recommendations s e c t i o n  of 

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



Research t h a t  a c t u a l l y  o b t a i n s  q u a n t i t a t i v e  f u n c t i o n a l  r e l a . t i o n s  

among t h e  v a r i a b l e s  d i scussed  i s  n e c e s s a r i l y  b u i l t  on t h e  knowledge 

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

egy. Within t h e  p r e s e n t  s t a t e  of knowledge, however, much of t h e  r e -  

s e a r c h  is i t s e l f  d i r e c t e d  toward t h e  a c t u a l  d i scove ry  of t h e  v a r i a b l e s  

c o n t r o l l i n g  t h e  s t r a t e g i e s .  For example, photographs of expressway 

t r a f f i c  have been employed t o  r e l a t e  a c c e l e r a t i o n  t o  a s p e c t s  of t h e  

immediate environment (Perchonok & Seguin,  1964; Perchonok, 1964a, 

1964b; H u r s t ,  1964) .  S i m i l a r l y ,  Michael (1965) d i s c u s s e s  t h e  sensory  

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

vee r ing  away from o b j e c t s  a d j a c e n t  t o  t h e  pa th  of t r a v e l .  P r e f e r e n c e s  

i n  headway maintenance ( fo l lowing  d i s t a n c e )  have been i n v e s t i g a t e d  

f o r  t h e i r  r e l a t i o n s  t o  t h e  d r i v e r ' s  s e x ,  age ,  e d u c a t i o n ,  d r i v i n g  ex- 

p e r i e n c e ,  v i s i o n ,  brake response  t ime ,  and a t t i t u d e s  (Wright & S l e i g h t ,  

1962).  Some of t h e s e  i n v e s t i g a t i o n s ,  l i k e  t hose  of Perchonok c i t e d  

above, have been guided by e x p l i c i t  t h e o r e t i c a l  models.  T h i s  i s  not  

a  prominent f e a t u r e  of most of t h e  work i n  t h e  highway s a f e t y  a r e a ,  

however, and t h i s  p o i n t  w i l l  be d i scussed  i n  more d e t a i l  l a t e r .  

SUBSYSTEM CAPABILITIES ( Y )  

The human c o n t r o l l e r  i s  a  p a r t  of t h e  "mob i l i t y "  subsystem d i s -  

cussed  i n  Chapter  1. A s  i n d i c a t e d  by Eq. [3] ,  subsystem c a p a b i l i t i e s  

a r e  cons ide red  t o  be f u n c t i o n s  of t h e  c a p a b i l i t i e s  X of t h e  subsystem 

hardware and t h e  environment 8 i n  which t h e  subsystem i s  o p e r a t i n g .  

Human performance c a p a b i l i t i e s  a r e  t h u s  assumed t o  be p a r t  of t h e  

"hardware" c a p a b i l i t i e s  of t h e  "mobi l i ty"  subsystem. A s  noted i n  

Chapter  1, t h e  subsystem c a p a b i l i t i e s  themselves a r e  expressed  a t  a  

conceptua l  l e v e l  which is i t s e l f  hardware independent ;  t h a t  i s ,  capa- 

b i l i t i e s  such a s  speed ,  s topp ing  d i s t a n c e ,  e t c .  a r e  measurable  char -  

a c t e r i s t i c s  of any m o b i l i t y  subsystem i r r e s p e c t i v e  of t h e  des ign  f e a -  

t u r e s  by which it i s  r e a l i z e d .  I t  is  t h i s  emphasis on t h e  g e n e r a l  

n a t u r e  of i t s  v a r i a b l e s  t h a t  e n a b l e s  a  sys t em ' s  a n a l y s i s  t o  sugges t  

and e v a l u a t e  proposed changes i n  t h e  system t h a t  a r e  more than  t r i v i a l  

v a r i a t i o n s  of e x i s t i n g  hardware. 

I n  c u r r e n t  m o b i l i t y  subsystems,  human performance c a p a b i l i t i e s  

p l a y  a  widely va ry ing  r o l e  i n  o v e r a l l  subsystem c a p a b i l i t y .  For  ex- 
ample, performance c a p a b i l i t i e s  of t h e  human c o n t r o l l e r  make on ly  a  



t r i v i a l  c o n t r i b u t i o n  t o  t h e  speed c a p a b i l i t y  of au tomobi les ,  and r e -  

s ea rch  on t h i s  p a r t i c u l a r  y  i nvo lves  very  l i t t l e  human eng inee r ing  
j 

( c f .  b i c y c l e  d e s i g n ) .  I n  c o n t r a s t ,  t h e  subsys tem's  a b i l i t y  t o  main- 

t a i n  a  c o n s t a n t  headway ( fo l lowing  d i s t a n c e )  i s ,  i n  p r e s e n t  systems,  

a lmost  e n t i r e l y  dependent upon t h e  human c o n t r o l l e r ' s  v i s u a l  s k i l l s ;  

r e s e a r c h  on t h i s  c a p a b i l i t y  of t h e  subsystem is p r a c t i c a l l y  i n d i s t i n -  

gu i shab le  from r e s e a r c h  on human performance i n  g e n e r a l  ( e . g . ,  HRB, 

1962; Gantzer  & Rockwell,  1966; Fenton,  1965) .  F i n a l l y ,  o t h e r  sub- 

system c a p a b i l i t i e s  such a s  s topp ing  d i s t a n c e  c u r r e n t l y  depend heav i ly  

on both v e h i c l e  and human c a p a b i l i t i e s ;  i t  1s he re  t h a t  a n a l y t i c  and 

r e s e a r c h  t echn iques  of man-machine systems become r e l e v a n t  (Rashevsky, 

1965; Bergman, 1965; I n s t .  Mech. Eng. ,  1957; Segel  & Bundorf,  1965) .  

I t  is  q u i t e  probable  t h a t  major improvements i n  t h e  c a p a b i l i t i e s  

of t h e  v e h i c l e  - c o n t r o l l e r  subsystem w i l l  be accomplished by a l t e r -  

i ng  major des ign  schemes ( e . g . ,  by a s s i g n i n g  a  t a s k  now given  t o  t h e  

human c o n t r o l l e r  t o  machine components). C e r t a i n l y  such c o u r s e s  of 

a c t i o n  a r e  being cons ide red  s e r i o u s l y .  Any adequate  systems s t r u c t u r e  

must t hen  a l low f o r  t h i s  type  of change and be a b l e  t o  p r e d i c t  t h e  

e f f e c t s .  

HURIAN PERFORMANCE CAPABILITIES (Xh) 

The human c o n t r o l l e r  may be regarded  a s  an informat ion  p roces so r :  

he t a k e s  i n  informat ion  through t h e  s e n s e s ,  p roces ses  i t ,  and p u t s  

o u t  a  motor response  which e i t h e r  changes t h e  dynamic v a r i a b l e s  of 

t h e  m o b i l i t y  subsystem ( e . g . ,  he s t e p s  on t h e  brake)  o r  enab le s  him 

t o  t a k e  i n  new informat ion  ( e . g . ,  he l ooks  i n t o  t h e  rear-view m i r r o r ) .  

The performance c a p a b i l i t i e s  X a r e  not  i n d i c e s  of what t h e  human con- 

t r o l l e r  does do i n  a  p a r t i c u l a r  s e t  of circumstances-those a r e  t h e  

c o n t r o l  s t ra teg ies -but  what he i s  capable  of do ing .  

The g e n e r a l  system equa t ion  xi = gi(X) has  been termed t h e  i n t e r -  

a c t i o n  model (Chapter  1 )  and i n d i c a t e s  t h a t  changes i n  one of t h e  

c a p a b i l i t i e s  may a f f e c t  o t h e r  c a p a b i l i t i e s  of t h e  hardware. Th i s  

same g e n e r a l  equa t ion  o b t a i n s  i n  t h e  s p e c i a l  c a s e  of human performance 

c a p a b i l i t i e s .  For example, i f  t r a i n i n g  were t o  improve an i n d i v i d -  

u a l ' s  a b i l i t y  t o  d i s c r i m i n a t e  movements of sma l l  ampl i tude ,  h i s  a b i l -  

i t y  t o  produce such movements would a l s o  be expected t o  improve be- 

cause  he could  monitor  them and provide  c o r r e c t i v e  a c t i o n s .  A s  



d i s c u s s e d  i n  Chapter  1, t h i s  same g e n e r a l  e q u a t i o n  a l s o  embraces t h e  

f a c t  t h a t  many i n d i c e s  of performance c a p a b i l i t y  a r e  combina t ions  of 

o t h e r  c a p a b i l i t i e s  and can  be s p e c i f i e d  only  when t h e  s e p a r a t e  compo- 

n e n t s  a r e  known. Thus many performance i n d i c e s  of a  complex tas:k,  

l i k e  t h e  t ime r e q u i r e d  t o  complete  i t ,  cannot  be s p e c i f i e d  u n t i l  t h e  

s p e c i f i c  sequence of r e sponses  t o  be employed i s  s p e c i f i e d .  

Like c o n t r o l  s t r a t e g i e s ,  human performance c a p a b i l i t i e s  can  be 

c a t e g o r i z e d  i n t o  a  number of g e n e r a l  c a t e g o r i e s .  Unlike c o n t r o l  s t r a t -  

e g i e s ,  however, more i s  known about  human performance c a p a b i l i t i e s  i n  

te rms  of t h e  v a r i a b l e s  t o  which they  a r e  r e l a t e d ,  and r e s e a r c h  i n  t h e  

a r e a  of highway s a f e t y  can  p r o f i t  from t h e  g e n e r a l  f u n c t i o n a l  r e l a -  

t i o n s  d i scove red  i n  t h e  f i e l d  of eng inee r ing  psychology ( s e e  F i t t s ,  

1963) .  The fo l lowing  o u t l i n e  p r o v i d e s  a  g e n e r a l  c a t e g o r i z a t i o n  of 

t h e  human performance c a p a b i l i t i e s  most r e l e v a n t  t o  v e h i c l e  c o n t r o l  

s een  a s  components of an in fo rma t ion -p roces s ing  sys tem.  ( I n  t h i s  o u t -  

l i n e ,  i n  accord  wi th  r e c e n t  t h e o r e t i c a l  work i n  s enso ry  psychology,  

t h e  concept  of t h r e s h o l d  has  been r e p l a c e d  wi th  t h e  more p r e c i s e  con- - 
c e p t  of s e n s i t i v i t y  . )  

I .  Sensory c a p a b i l i t i e s  and l i m i t a t i o n s  

A .  S e n s i t i v i t y  t o  v i s u a l  i n p u t  

1. Objec t  d e t e c t i o n  and r e c o g n i t i o n  s e n s i t i v i t i e s  
2 .  'Visual a c u i t y  f o r  o b j e c t  s e p a r a t i o n  
3 .  S e n s i t i v i t y  t o  cues  f o r  depth  p e r c e p t i o n  
4 .  S e n s i t i v i t y  t o  d i f f e r e n t  wavelengths of l i g h t  
5 .  S e n s i t i v i t y  t o  v i s u a l  d i s t a n c e  and i t s  t ime d e r i v a t i v e s  

a .  D i s t ance  p e r c e p t i o n  
b .  P e r c e p t i o n  of r e l a t i v e  l i n e a r  v e l o c i t y  
c .  P e r c e p t i o n  of angu la r  v e l o c i t y  
d .  p e r c e p t i o n  of a c c e l e r a t i o n s  
e .  P e r c e p t i o n  of r a d i i  of c u r v a t u r e  and o t h e r  grad! ien ts  

B .  S e n s i t i v i t y  t o  i npu t  i n  o t h e r  m o d a l i t i e s  

1. Auditory s e n s i t i v i t i e s  
2 .  K i n e s t h e t i c  and p r o p r i o c e p t i v e  s e n s i t i v i t i e s  
3 .  V e s t i b u l a r  s e n s i t i v i t i e s  (middle e a r  s e n s i t i v i t y  t.o 

motion,  b a l a n c e ,  e t c . )  
4 .  Time judgment c a p a b i l i t i e s  

C .  S p e c i a l  c a s e  of above: A b i l i t y  t o  d i s c r i m i n a t e  t h e  f o r c e ,  
ampl i tude ,  speed ,  and t iming  of o n e ' s  own movements ( o f t e n  
k i n e s t h e t i c a l l y  c o n t r o l l e d  b u t  no t  n e c e s s a r i l y ) .  

11. Motor c a p a b i l i t i e s  and l i m i t a t i o n s  

A .  L i m i t a t i o n s  on f o r c e s  and t o r q u e s  t h a t  can be produced 
B .  L i m i t a t i o n s  on a b i l i t i e s  t o  produce movements of s p e c i f i e d  

ampl i tudes ,  speeds ,  and a t  s p e c i f i e d  moments i n  t ime 



C .  Re f rac to ry  p e r i o d  l i m i t a t i o n s :  i n a b i l i t y  t o  produce r e p e a t e d  
motions r a p i d l y  i n  s u c c e s s i o n  

D .  L i m i t a t i o n s  on a b i l i t y  t o  automate complex sequences of move- 
ments i n t o  i n t e g r a t e d  c h a i n s  which can be executed  wi thout  
" a t t e n t i o n "  

E .  L i m i t a t i o n s  on a b i l i t y  t o  execu te  more than  a  few c h a i n s  of 
motor r e sponses  s imu l t aneous ly .  

111. Informat ion  p roces s ing  c a p a b i l i t i e s  and l i m i t a t i o n s  

A .  P roces s ing  t ime ( a l s o  c a l l e d  t r a n s m i s s i o n  d e l a y ;  combines 
wi th  t h e  t ime t o  execu te  t h e  motor response  t o  y i e l d  r eac -  
t i o n  t ime) 

B .  L i m i t a t i o n s  on sho r t - t e rm memory c a p a c i t y  
C. L i m i t a t i o n s  on t h e  amount of i n fo rma t ion  t h a t  can be pro- 

ce s sed  pe r  u n i t  t ime 
D .  L i m i t a t i o n s  on a b i l i t y  t o  p roces s  more than  one i n p u t  simul- 

t aneous ly  e i t h e r  from a  s i n g l e  modal i ty  o r  from more than  
one modal i ty  

E ,  L i m i t a t i o n s  on a b i l i t y  t o  r e t r i e v e  in fo rma t ion  from long- 
term memory 

I V .  To le rances  f o r  v a r i o u s  s t r e s s e s :  a b i l i t y  t o  f u n c t i o n  a t  a l l  

A .  Tole rances  f o r  extremes of a c c e l e r a t i o n  and o t h e r  dynamic 
v a r i a b l e s  

B .  To le rances  f o r  extremes of tempera ture  and o t h e r  environ-  
menta l  v a r i a b l e s  

C .  To le rances  f o r  s l e e p  d e p r i v a t i o n ,  d rugs ,  and p h y s i o l o g i c a l  
s t r e s s e s  

D .  To le rances  f o r  r e s t r i c t i o n s  of s enso ry  i n p u t  ( i n c l u d i n g  
"highway hypnos i s , "  e t c .  ) 

E .  To le rances  f o r  p s y c h o l o g i c a l l y  t r a u m a t i c  e v e n t s  ( e . g . ,  a cc i -  
den t  scene  on t h e  highway, p e r s o n a l  emotional  e v e n t s ,  e t c . )  

F .  To le rances  f o r  prolonged p e r i o d s  of t a s k  performance.  

I t  w i l l  be r e c a l l e d  t h a t  t h e  subsystem performance c a p a b i l i t i e s  

Y were concep tua l i zed  a t  a  very  g e n e r a l  l e v e l  s o  t h a t  t hey  would be 

independent  concep tua l ly  of p a r t i c u l a r  des ign  f e a t u r e s  by which they  

were r e a l i z e d .  I t  w i l l  now be noted from t h e  o u t l i n e  above t h a t  t h e  

human performance c h a r a c t e r i s t i c s  Xh have a l s o  been concep tua l i zed  i n  

ways t h a t  could  be r e a l i z e d  by v e h i c l e  c o n t r o l l e r s  of many t y p e s .  

That i s ,  we have used t h e  g e n e r a l  t a s k  requi rements  of v e h i c l e  c o n t r o l  

t o  d e f i n e  t h e  c a p a b i l i t i e s  whose l i m i t a t i o n s  must be cons ide red  r a t h e r  

t han  t h e  s p e c i f i c  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  human c o n t r o l l e r  o r  

t h e  p r e s e n t  au tomobi le .  Except f o r  t o l e r a n c e s  f o r  p s y c h o l o g i c a l l y  

t r a u m a t i c  e v e n t s ,  every  i tem i n  t h e  o u t l i n e  would s t i l l  be d e s c r i p t i v e  

of t h e  c o n t r o l l i n g  component of t h e  m o b i l i t y  subsystem even i f  t h e  

c o n t r o l l e r  were non-human. T h i s  i s  one of t h e  advantages  of t h e  r e c e n t  

c o n c e p t u a l i z a t i o n  of t h e  human a s  an informat ion-process ing  sys tem;  



i t  i s  an a n a l y t i c  framework i d e a l l y  s u i t e d  f o r  systems a n a l y s i s .  I t  

is not  s u r p r i s i n g  t h a t  eng inee r ing  p s y c h o l o g i s t s  were among t h e  f i r s t  

t o  adopt  t h e  framework ( s e e  Pew, 1965) .  

A l l  of t h e  g e n e r a l  c a p a b i l i t i e s  l i s t e d  i n  t h e  o u t l i n e  a r e  func- 

t i o n a l l y  dependent on s p e c i f i c  v a r i a b l e s  of des ign  hardware of c o u r s e ,  

and Eq. [ 5 ] [ x j  = hi (Z,  H ,  9 ) ]  t a k e s  t h e  f i n a l  s t e p  toward s p e c i f i c i t y  

and r e l a t e s  each c a p a b i l i t y  index t o  s p e c i f i c  hardware Z ( e . g . ,  d i s -  

t a n c e  from a c c e l e r a t o r  t o  b r a k e ) ,  s p e c i f i c  i n d i c e s  of human s t a t e s  

( e . g ,  , s e x ,  age ,  e t c  . )  , and p a r t i c u l a r  environmental  c o n d i t i o n s  ( i l -  

l umina t ion  of t h e  highway).  Not unexpec ted ly ,  t h e  k i n d s  of f u n c t i o n a l  

r e l a t i o n s h i p s  d e s c r i b e d  by Eq. [5] a r e  t h o s e  which have been i n v e s t i -  

g a t e d  most o f t e n .  Appendix 6-A l is ts  a  number of t h o s e  s t u d i e s  which 

d e a l  most s p e c i f i c a l l y  wi th  v e h i c l e  c o n t r o l .  

RECOMMENDAT IONS 

RESEARCH ON THE CONTROL OF PERFORMANCE CAPABILITIES AND CONTROL' 
STRATEGIES 

The human c o n t r o l l e r  has  t r a d i t i o n a l l y  been g iven  t h e  c o n t r o l  

t a s k s  of t h e  v e h i c l e  wi thout  much r e g a r d  f o r  h i s  s u i t a b i l i t y  fclr such 

t a s k s  and wi th  even l e s s  r e g a r d  f o r  c o m p a t i b i l i t y  between t h e  way i n  

which t h e  t a s k  is  t o  be performed and h i s  c a p a b i l i t i e s .  The f i e l d  of 

eng inee r ing  psychology has  begun t o  t r e a t  t h i s  n e g l e c t  ( F i t t s ,  1963) ,  

and i t  is now common t o  q u e s t i o n  whether o r  n o t  a  p a r t i c u l a r  t a s k  

should  even be g i v e n  t o  t h e  human c o n t r o l l e r .  I t  i s  sugges t ed  t h a t  

more of t h i s  k ind  of t a s k  a n a l y s i s  is needed i n  t h e  f i e l d  of highway 

s a f e t y ,  p a r t i c u l a r l y  w i t h i n  t h e  m o b i l i t y  subsystem. I f  a  p a r t i c u l a r  

t a s k  can  only  be performed by t h e  human c o n t r o l l e r ,  t hen  t h e r e  should  

be more s y s t e m a t i c  a n a l y s i s  of t h e  e f f e c t  on performance of t h e  k inds  

of i n fo rma t ion  and modes of d a t a  p r e s e n t a t i o n .  The problem of head- 

way maintenance p rov ides  an i l l u s t r a t i v e  example. I n  o r d e r  t o  main- 

t a i n  headway a t  a  c o n s t a n t  v a l u e ,  t h e  human c o n t r o l l e r  must p r e s e n t l y  

r e l y  on h i s  v i s u a l  a b i l i t y  t o  d e t e c t  r e l a t i v e  l i n e a r  v e l o c i t y  and es -  

t i m a t e  sma l l  v a r i a t i o n s  i n  d i s t a n c e .  These a r e  t a s k s  t h a t  he can  per -  

form wi th  only  l i m i t e d  s u c c e s s ,  and r e s e a r c h  has  explored  t h e  p o s s i -  

b i l i t y  of u s i n g  v i s u a l -  and time-judgment a i d s  f o r  improving headway 

maintenance (HRB, 1962; Gantzer  & Rockwell,  1966) .  Along s i m i l a r  

l i n e s ,  Fenton (1965) has  des igned  a  " t a c t i l e 1 '  c o n t r o l l e r  whiclh g i v e s  



t h e  human c o n t r o l l e r  t h e  r e q u i r e d  informat ion  through k i n e s t h e t i c  

r a t h e r  t han  v i s u a l  feedback .  Performance has  become v i r t u a l l y  p e r f e c t  

wi th  t h i s  device  under c e r t a i n  c o n d i t i o n s ,  and t h i s  k ind  of r e s e a r c h  

i s  i l l u s t r a t i v e  of t h e  k ind  of work t h a t  seems most promising i n  pro- 

v id ing  u s e f u l  knowledge about  p o s s i b l e  changes i n  behav io r .  Note t h a t  

a  subsystem c a p a b i l i t y  Y (headway maintenance) was v a s t l y  improved by 

u t i l i z i n g  a  d i f f e r e n t  human performance c a p a b i l i t y  K ( k i n e s t h e t i c  

r a t h e r  t han  v i s u a l  s e n s i t i v i t y )  r a t h e r  t han  simply a t t empt ing  t o  per -  

form minor improvements on t h e  c a p a b i l i t y  i t s e l f  through t r a i n i n g .  

The f i e l d  of eng inee r ing  psychology now has  a  number of very  g e n e r a l  

p r i n c i p l e s  concerning human t a s k  performance which can and should be 

more f u l l y  r e l a t e d  t o  v e h i c l e  subsystem des ign .  

J u s t  a s  subsystem c a p a b i l i t i e s  can be improved by a l t e r i n g  t h e  

n a t u r e  of t h e  feedback t o  t h e  c o n t r o l l e r ,  i t  i s  a l s o  p o s s i b l e  t o  

manipula te  t h e  c o n t r o l l e r ' s  s t r a t e g i e s  ( S )  i n  t h e  same way. I t  w i l l  

be r e c a l l e d  t h a t  c o n t r o l  s t r a t e g i e s  were s a i d  t o  be a  f u n c t i o n  of t h e  

c o n t r o l l e r ' s  p e r c e p t i o n  of t h e  environment and subsystem c a p a b i l i t i e s .  

T h i s  imp l i e s  t h a t  c o n t r o l  s t r a t e g i e s  could  be a f f e c t e d  by p r e s e n t i n g  

t h e  c o n t r o l l e r  wi th  d i f f e r e n t  s e t s  of d a t a  about t h e  c u r r e n t  s t a t e s  

of t h e  environment,  h i s  v e h i c l e ,  and h i m s e l f .  There i s  a l r e a d y  some 

evidence  t h a t  d r i v i n g  performance is a f f e c t e d  by p e r m i t t i n g  t h e  d r i v e r  

t o  monitor  i n d i c e s  of h i s  s t e e r i n g  wheel man ipu la t ions .  

I t  is even p o s s i b l e  t h a t  d a t a  could  be p re sen ted  through sensory  

channels  not  p r e s e n t l y  manipulated f o r  t h i s  purpose.  The v e s t i b u l a r  

system of t h e  middle e a r  i s  a  p r i n c i p a l  source  of any d r i v e r ' s  p r e s e n t  

i n fo rma t ion  on v i b r a t i o n ,  and p o s s i b l y  on h o r i z o n t a l  v e l o c i t y .  A 

mechanical system f o r  s t i m u l a t i n g  t h i s  system d i r e c t l y  is w i t h i n  t h e  

range of p r e s e n t  technology.  I t  should  be no t i ced  t h a t  i n  t h i s  c a s e  

one might w e l l  f eed  e s s e n t i a l l y  " f a l s e "  d a t a  t o  t h e  c o n t r o l l e r .  Re- 

s ea rch  might be done on t h i s  and s i m i l a r  p o s s i b i l i t i e s .  

Thus t h e  recommendation is t h a t  a l l  s t u d i e s  should aim toward a  

l e v e l  of c o n c e p t u a l i z a t i o n  beyond raw empir icism i f  t h e  advantages of 

systems a n a l y s i s  a r e  t o  be r e a l i z e d .  Simply c a t e g o r i z i n g  c e r t a i n  d r i v -  

i ng  s t r a t e g i e s  a g g r e s s i v e  o r  r e g r e s s i v e  (Mierke, 1955) is a  f i r s t  s t e p  

toward g e n e r a l i t y .  A more s o p h i s t i c a t e d  a n a l y t i c a l  approach has  been 

taken  by Senders ,  e t  a l .  (1966).  Employing an i n f o r m a t i o n - t h e o r e t i c  



framework, t h e s e  i n v e s t i g a t o r s  p r e s e n t  exper imenta l  methods f o r  ana- 

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

concep tua l  v a r i a b l e  of a t t e n t i o n a l  demand on t h e  c o n t r o l l e r ,  a  v a r i -  

a b l e  which might e v e n t u a l l y  even be q u a n t i f i e d  i n t o  b i t s  p e r  second 

of a t t e n t i o n a l  demand. With such an approach,  proposed des ign  changes 

i n  t h e  t o t a l  system could  be r a t i o n a l l y  proposed,  t e s t e d  o r  s i m u l a t e d ,  

and e v a l u a t e d  on a  s y s t e m a t i c  b a s i s .  A p roposa l  t o  change l i g h t i n g  

f i x t u r e s  a t  an in t e rchange  would be concep tua l ly  c h a r a c t e r i z e d ,  f o r  

example, a s  an i n c r e a s e  i n  v i s u a l  feedback t o  t h e  c o n t r o l l e r  a t  a  

h igh- informat ion-dens i ty  highway d i s c o n t i n u i t y ;  and,  t h e  proposa l  

could  be eva lua t ed  a n a l y t i c a l l y  and compared by some meaningful  c r i -  

t e r i o n  wi th  o t h e r  p r o p o s a l s .  None of t h i s  can  be done, however, with-  

ou t  e x p l i c i t  a t t e m p t s  t o  develop and t e s t  p a r t i c u l a r  t h e o r e t i c a l  

models.  

THE NEED FOR THEORETICAL MODELS 

I m p l i c i t  i n  t h e  e n t i r e  d i s c u s s i o n  of t h i s  c h a p t e r  has  been t h e  

recommendation t h a t  t h e  v a r i a b l e s  of any r e s e a r c h  i n v e s t i g a t i o n  be 

concep tua l i zed  i n  a  way t h a t  does not  l i m i t  t h e  f i n d i n g s  t o  s p e c i f i c  

hardware components. The bulk  of r e s e a r c h  t o  d a t e  e i t h e r  e x p l o r e s  

some i s o l a t e d  performance wi thout  r e l a t i n g  i t  t o  subsystem performance 

c a p a b i l i t y ,  o r  examines independent  v a r i a b l e s  de f ined  only  i n  pure 

hardware terms ( e . g . ,  r e f l e c t o r i z e d  v e r s u s  i l l u m i n a t e d  t r a f f i c  con- 

t r o l  d e v i c e s  a s  t hey  a f f e c t  t h e  number of s t e e r i n g  wheel r e v e r s a l s  

p e r  u n i t  t i m e ) .  Many of such s t u d i e s ,  of c o u r s e ,  were des igned  t o  

s o l v e  p a r t i c u l a r  p r a c t i c a l  problems,  bu t  they  a r e  of l i t t l e  u t i l i t y  

beyond t h e  s p e c i f i c  s i t u a t i o n s  they  exp lo red .  I t  is a  major purpose 

of t h e  systems a n a l y s i s  i t s e l f  t o  p rov ide  a  very  g e n e r a l  framework 

f o r  c o n c e p t u a l i z i n g  v a r i a b l e s  a t  a  h ighe r  l e v e l  of g e n e r a l i t y ,  bu t  a  

g r e a t  d e a l  of a n a l y t i c a l  work i s  r e q u i r e d  t o  add subs t ance  t o  such a  

framework. The systems a n a l y s i s  i t s e l f  does not  d i c t a t e  t h e  p a r t i c -  

u l a r  t h e o r e t i c a l  models t o  be employed i n  ana lyz ing  t h e  subsys tems,  

and i t  only  r e q u i r e s  t h a t  t h e  inpu t  and ou tpu t  v a r i a b l e s  of each sub- 

system be commensurate wi th  t h o s e  from o t h e r  subsystems.  Even i n  t h e  

absence of e x p l i c i t  t h e o r e t i c a l  models ,  a l l  s t u d i e s  can  aim toward a  

c o n c e p t u a l i z a t i o n  of t h e i r  independent  and dependent v a r i a b l e s  t h a t  

reach  beyond t h e  c o n f i n e s  of t h e  hardware employed. 
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A SELECTED LIST OF FUNCTIONAL RELATIONS FRO21 
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I .  Cont ro l  s t r a t e g i e s  (S) a s  a  f u n c t i o n  o f :  

A .  Curren t  s t a t e s  of t h e  c o n t r o l l e r  (Xh) 

1, P r e f e r r e d  headway a s  a  f u n c t i o n  of c o n t r o l l e r "  age ,  s e x ,  
educa t ion ,  d r i v i n g  expe r i ence ,  a t t i t u d e s  (Wright & S l e i g h t ,  
a9621 

2 ,  Alanipulations of a c c e l e r a t o r ,  s t e e r i n g  wheel ,  and brake  
peda l  a s  a  f u n c t i o n  of hours  of d r i v i n g  and p a s t  r e c o r d  
of d r i v i n g  (Snider  & Rockwell,  1963; G r e e n s h i e l d s ,  un- 
d a t e d ;  Greensh ie lds  & P l a t t ,  1964; P l a t t  & Fedderson,  
1964) 

3 .  Speed v a r i a n c e  and number of s t e e r i n g  wheel and a c c e l e r a -  
t i o n s  r e v e r s a l s  p e r  u n i t  t ime a s  a  f u n c t i o n  of hours  of 
d r i v i n g  (AIcFarland & JIoseley, 1954; Sa f fo rd  & Rockwell,  
1966; P l a t t ,  1964) 

4 .  S imula tor  d r i v i n g  performance a s  a  f u n c t i o n  of blood suga r  
l e v e l  and s l e e p  d e p r i v a t i o n  (Ha lbe r t  & Wsjcik,  1965; 
Ha lbe r t  e t  a l . ,  1963) 

5 .  S imula tor  performance a s  a  f u n c t i o n  of r e s t  b reaks  and 
prolonged p e r i o d s  of d r i v i n g  (MRH, 1957, 1959) 

B .  Environmental v a r i a . b l e s  ($1 
1. Acce le ra t a sn  a s  a  j unc t ion  of t h e  immediate environment 

(u s ing  photographs s f  expressway t r a f f i c  and an a n a l y t i c  
approach)  (Perchonok & Seguin,  1964; Perchonok, 1964a ,b ;  
B u r s t ,  1964) 

2 ,  Pas s ing  behavior  a s  a  f u n c t i o n  of t h e  i n t e r v a l  between 
t h e  v e h i c l e  and an oncoming v e h i c l e  (Crawford, 1963) 

3 .  A c c e l e r a t o r ,  b r ake ,  and c l u t c h  man ipu la t ions  and s t e e r i n g  
wheel movements a s  a f u n c t i o n  oS music and speech r a d i o  
programs (Brown, 1965) 

4 .  Speed a s  a  f u n c t i o n  of i l l u m i n a t i o n  (Wright ,  1963) 
5. L a t e r a l  p o s i t f o n  and speed of v e h i c l e  a s  a  f u n c t i o n  of 

edge marking on t h e  roadway (HRB, 1960) 
6 .  Speed a s  a  f u n c t i o n  of speed c o n t r o l  (RRL, 1963) 
7 .  Behavior of vee r ing  from o b s t a c l e s  b e s i d e  roadway a s  a  

f u n c t i o n  of angu la r  v e l o c i t y  (hl ichael ,  3-965) 

C ,  Subsystem c a p a b i l i t i e s  ( Y )  

1. P r e f e r r e d  headway as  a f u n c t i o n  s f  v i s i o n  and brake r e -  
sponse t ime (Wright & S l e i g h t ,  1962) 

2 .  P r e f e r r e d  headway a s  a f u n c t i o n  of speed ( H R B ,  1962) 
3 .  Speed a s  a f u n c t i o n  s f  ~ ~ i s u a l  c a p a b i l i t y  (Senders  e t  a l . ,  

1966) 

11. Human performance c a p a b i l i t i e s  (Xh) a s  a  f u n c t i o n  o f :  

A .  P h y s i c a l  hardware c h a r a c t e r i s t i c s  ( X )  

1. Headway maintenance a s  a  f u n c t i o n  of v a r i o u s  a i d s  ( H R B ,  
1962; Gantzer  & Rockwell,  1966; Fenton,  1965) 

2 .  Time r e q u i r e d  t o  r ecogn ize  a message on a road s i g n  a s  a  
f u n c t i o n  of t h e  amount of ex t r aneous  in fo rma t ion  (Hoyos, 
1965) 



3 .  React ion  t ime a s  a  f u n c t i o n  of brake  l i g h t  placement; on 
l e a d  c a r  (Cros ley  & A l l e n ,  undated)  

4 .  Reac t ion  t ime a s  a  f u n c t i o n  of d i r e c t i o n  i n d i c a t o r  p l ace -  
ment r e l a t i v e  t o  s t o p  l i g h t  (Grime, 1954) 

5 .  Dr iv ing  performance a s  a  f u n c t i o n  of s t a b i l i t y  s t a t e s  i n  
a  v a r i a b l e  s t a b i l i t y  v e h i c l e  (Segel  & Bundorf ,  1965) 

B .  Cur ren t  s t a t e s  of t h e  c o n t r o l l e r  (H)  

1. Mult i l imb c o o r d i n a t i o n ,  s p a t i a l  o r i e n t a t i o n ,  p rop r iocep -  
t i o n ,  response  o r i e n t a t i o n ,  and r e a c t i o n  t ime a s  a  func-  
t i o n  of hours  of d r i v i n g  ( H e r b e r t ,  1963; Herbe r t  & 
Ja.ynes,  1964) 

2.  "Vigi lance"  ( d e t e c t i o n  of on-second s i g n a l s )  a s  a  f u n c t i o n  
of hours  of d r i v i n g  (Dobbins,  Tiedemann & Skordahl ,  1963) 

3 .  E f f i c i e n c y  of judgment and work performance a s  a  f u n c t i o n  
of Dexedrine (Leake, 1957) 

4 .  V i sua l  s e n s i t i v i t y  a s  a  f u n c t i o n  of age (Baldwin, 1963) 
5 .  V i s i o n ,  t r a c k i n g  e r r o r s ,  r e a c t i o n  t ime and v i g i l a n c e  e r -  

r o r s  i n  a s i m u l a t o r  a s  a  f u n c t i o n  of smoking, smokers 
v s .  nonsmokers and d e p r i v a t i o n  of smoking i n  smokers 
(Johansson & Jansson ,  1964;  Heimst ra ,  Banc ro f t  & Delcock, 
1966) 

6 .  P e r c e p t i o n  a s  a  f u n c t i o n  of f e a r  (Hauss,  1962) 
7 .  Dr iv ing  a b i l i t y  a s  a  f u n c t i o n  of p r a c t i c e  t ime a s  a  func- 

t i o n  of age (Hakkinen, 1958) 
8 ,     here is a  very  l a r g e  l i t e r a t u r e  on a l c o h o l  and i t s  

e f f e c t s .  See t h e  A .  D.  L i t t l e  r e p o r t  (1966) f o r  a  
rev iew.  ] 

C .  Environmental parameters  (9) 

1. P e r c e p t u a l  s k i l l s  i n  d r i v i n g  a s  a  f u n c t i o n  of da rkness  
(Michael ,  1965) 

2 .    he enormous amount of r e s e a r c h  on a c c i d e n t s  a s  a  func-  
t i o n  of environmental  c o n d i t i o n s  i s  r e l e v a n t  he re  t o  t h e  
e x t e n t  t h a t  a c c i d e n t s  imply impaired performance c a p a b i l -  
i t i e s .  Some of t h e s e  f a l l  i n t o  ca t egory  IIA above. For 
a  rev iew,  s e e  t h e  A .  D .  L i t t l e  r e p o r t  (1966) . ]  
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COST PREDICTION 

INTRODUCT I ON 

The p r e c e d i n g  c h a p t e r s  d e s c r i b e d  i n  d e t a i l  t h e  g e n e r a l  s y s t e m s  

framework p roposed  f o r  t h e  s t u d y  o f  t h e  highway t r a n s p o r t a t i o n  eom- 

p l e x .  The f u n c t i o n a l  and t h e o r e t i c a l  a s p e c t s  of t h e  major  subsys tems  

have been  s t r u c t u r e d ,  and p l a u s i b l e  i n t e r r e l a t i o n s h i p s  between t h e s e  

subsys tems  have been i n d i c a t e d .  However, i n  a d d i t i o n  t o  p r o v i d i n g  

t h e  a n a l y s t  o r  dec i s ion-maker  w i t h  v a r i o u s  pe r fo rmance  measures  a s  

o u t p u t ,  t h e  highway t r a n s p o r t a t i o n  sys tem model must p roduce  a n  accu-  

r a t e  e s t i m a t e  o f  t h e  c o s t  o f  e i t h e r  making changes  i n  t h e  p r e s e n t  

sys tem o r  i n t r o d u c i n g  a  c o m p l e t e l y  new c a p a b i l i t y  i n t o  t h e  sys tem.  

( F o r  v e r b a l  economy, b o t h  w i l l  be  r e f e r r e d  t o  a s  sys tem m o d i f i c a t i o n s . )  

I t  is c l e a r  t h a t  t o  p e r m i t  r e a l i s t i c  comparison among a l t e r n a t i v e  

sys tem m o d i f i c a t i o n s  a  c o s t  p r e d i c t i o n  model must be  a b l e  t o  e s t i m a t e  

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

I t  is t h e  p u r p o s e  of t h i s  c h a p t e r ,  t h e r e f o r e ,  t o  d e s c r i b e  what is 

meant by t h e  c o s t s  of sys tem m o d i f i c a t i o n s  and t o  o u t l i n e  i n  d e t a i l  

t h e  t e c h n i q u e s  which may be  u s e d  t o  c a l c u l a t e  t h e s e  c o s t s .  

Any a c t u a l  m o d i f i c a t i o n  t a s k  may be viewed a s  a  p r o j e c t  which 

h a s  some p o i n t  of c o n c e p t i o n ,  a  d u r a t i o n ,  and a  t e r m i n u s  ( p e r h a p s  f a r  

i n  t h e  f u t u r e ) .  During t h e  c o u r s e  of t h e  p r o j e c t ,  p l a n s  a r e  made, 

e n g i n e e r i n g  and development  work d o n e ,  p h y s i c a l  hardware  p r o c u r e d ,  

and t h e  sys tem f i n a l l y  o p e r a t e d  and m a i n t a i n e d .  Thus ,  a s  a  p o i n t  o f  

d e p a r t u r e ,  we may b r o a d l y  d e f i n e  t h e  c o s t  o f  a  sys tem m o d i f i c a t i o n  

p r o j e c t  a s  t h o s e  e x p e n d i t u r e s  r e q u i r e d  f o r  t h e  deve lopment ,  p r o c u r e -  

ment ,  and o p e r a t i o n  and main tenance  of a  g i v e n  sys tem m o d i f i c a t i o n ,  

t h e  i n t r o d u c t i o n  of o r  t h e  a l t e r a t i o n  of a  w e l l  d e f i n e d  s e t  of sys tem 

component p a r t s  p e r f o r m i n g  c e r t a i n  w e l l  d e f i n e d  t a s k s  o v e r  some r e l e -  

v a n t  t i m e  s p a n .  

COST TO IVHOAl? 

Having t h u s  d e f i n e d  i n  a  g e n e r a l  way which c o s t s  t h e  c o s t  p r e d i c -  - 
t i o n  model s h o u l d  be d e s i g n e d  t o  e s t i m a t e ,  we must a t t e m p t  t o  i d e n t i f y  

t h e  c o s t  r e c i p i e n t .  We c a n  d e f i n e  two main methods  of a s s i g n i n g  t h e  

r e s u l t a n t  c o s t s  o f  t h e  v a r i o u s  s u b s y s t e m s .  The f i r s t  is t o  r e t u r n  



a l l  c o s t s  t o  a  common r e c i p i e n t ,  such a s  " t h e  g e n e r a l  p u b l i c . "  For 

i n s t a n c e .  t h e  c o s t  of s t r u c t u r a l  improvements i n  a u t o  bod ie s ,  whi le  

i n i t i a l l y  i ncu r red  by t h e  manufac tu re r s ,  would be borne by t h e  p u b l i c  

through inc reased  automobile  c o s t s .  S i m i l a r l y ,  highway c o n s t r u c t i o n  

c o s t s  would be borne by t h e  p u b l i c  through inc reased  t a x e s ,  e t c .  To 

r e t u r n  a l l  c o s t s  t o  a  common base r e q u i r e s  t h a t  c o s t s  ( o r  incrementa l  

c o s t s )  be c a r r i e d  through a s e r i e s  of assumed r e l a t i o n s h i p s  which w i l l  

i n d i c a t e  how they w i l l  be r e d i r e c t e d  from t h e  i n i t i a l  r e c i p i e n t  t o  t h e  

common r e c i p i e n t .  

The advantage of t h e  common base approach is t h a t  t h e  c o s t s  of 

investment  a l t e r n a t i v e s  can be e a s i l y  compared. For example, assum- 

ing t h e i r  necessary  f u n c t i o n a l  r e l a t i o n s h i p s  t o  reducing  t r a f f i c  

d e a t h s  were known, one could  s imply compare t h e  c o s t s  of i n c r e a s i n g  

t h e  i n t e r i o r  padding i n  c a r s  wi th  t h a t  of removing a l l  hazards  ( e . g . ,  

t r e e s )  w i t h i n  100 f e e t  of t h e  r o a d ,  Two obvious d i sadvan tages  of t h e  

common base approach a r e  t h a t  ( I )  a  common base (such a s  " t h e  g e n e r a l  

pub l i c " )  cannot  be p r e c i s e l y  d e f i n e d ,  and ( 2 )  t h e  v a l i d i t y  of t h e  r e -  

l a t i o n s h i p s  through which c o s t s  a r e  r e t u r n e d  t o  t h e  common base  would 

a t  b e s t  be d o u b t f u l .  

The second g e n e r a l  approach t o  a s s ign ing  c o s t s  i s  t o  develop ce r -  

t a i n  we l l  de f ined  c a t e g o r i e s  and t o  a s s i g n  a l l  c o s t s  i n c u r r e d  t o  one 

o r  more c a t e g o r i e s .  For example, t h e  c o s t  of i n s t a l l i n g  s e a t  b e l t s  

i n  a l l  v e h i c l e s  would be c a t e g o r i c a l l y  a s s igned  t o  t h e  v e h i c l e  owner. 

The c o s t  of removing roads ide  hazards  would be a s s igned  p r o p o r t i o n a t e l y  

t o  t h e  mun ic ipa l ,  county ,  s t a t e ,  and f e d e r a l  highway depar tments .  

Advantages of t h i s  approach a r e  t h a t  t h e  assignment of c o s t s  is r e l a -  

t i v e l y  s t r a i g h t f o r w a r d  and t h e  c a t e g o r i e s  e a s i l y  r ecogn ized .  On t h e  

o t h e r  hand, i t  i s  obvious ly  d i f f i c u l t  t o  compare c o s t s  of a l t e r n a t i v e  

investment  d e c i s i o n s  when t h e  c o s t s  a r e  i n c u r r e d  by d i f f e r e n t  and 

f r e q u e n t l y  ove r l app ing  s e c t o r s  of t h e  economy; t h a t  i s ,  when t h e  con- 

s t i t u e n t  e lements  of t h e  v a r i o u s  r e c i p i e n t  c a t e g o r i e s  cannot  be 

c l e a r l y  d i s t i n g u i s h e d  from each o t h e r .  

Unfo r tuna te ly  t h e  c o s t  of a  p r o j e c t  might not  be t h e  same o r  

even c o n s i s t  of t h e  same elements  when viewed wi th  r e s p e c t  t o  d i f f e r -  

e n t  s e c t o r s  of t h e  economy. Cons ider ,  f o r  example, t h e  c o s t  of au to-  

mobile i n su rance .  When t h e  c o s t  of i n su rance  i s  thought  of a s  be ing  



i ncu r red  only  by v e h i c l e  owners,  t hen  it is c l e a r l y  and simply de- 

f i n e d .  However, when viewed i n  terms of t h e  n a t i o n a l  economy, tlne 

s i t u a t i o n  is more compl ica ted .  S ince  t h e  cash flow - i n  from t h e  p o l i -  

cy h o l d e r s  a r e  o f f s e t  by t h e  flow ou t  t o  c l a i m a n t s ,  one might con- - 
elude t h a t  t h e  ne t  c o s t  t o  t h e  n a t i o n  is  z e r o .  But j obs  a r e  c r e a t e d ,  - 
insurance  o f f i c e s  b u i l t ,  and inves tments  made by insurance  companies 

which c l e a r l y  a c t  a s  s t i m u l a n t s  t o  t h e  economy. Thus one might argue 

t h a t  whi le  insurance  may be a  d i r e c t  c o s t  t o  po l i cy  h o l d e r s ,  t h e  ex- 

i s t e n c e  of i n su rance  companies s t i m u l a t e s  t h e  n a t i o n a l  economy and 

t h e r e f o r e  p rov ides  i n d i r e c t  b e n e f i t s  t o  t h e  gene ra l  p u b l i c .  Attempts 

have been made t o  t r a c e  such i n d i r e c t  c o s t s  through t h e  n a t i o n a l  i n -  

come accounts  by means of s imu la t ion  models (Jacobson & McGovern,), bu t  

t h e  complex i t i e s  t h a t  a r i s e  when one a t t empt s  t o  cons ide r  t r a n s p o r t a -  

t i o n  system c o s t s  i n  t h e  broad economic sense  a r e  f a r  removed from 

our  immediate purpose of c o s t  p r e d i c t i o n .  In  t h i s  d i s c u s s i o n ,  t h e  

c o s t  r e c i p i e n t s  a r e  assumed t o  be only  those  i n d i v i d u a l s  o r  agencies  

i n c u r r i n g  d i r e c t ,  d i f f e r e n t i a l  c o s t s  ( i . e . ,  c o s t s  which would not  be 

i n c u r r e d  i f  t h e  system mod i f i ca t ion  i n  ques t ion  were not  made) o r  

d i r e c t  r e d u c t i o n s  i n  revenue.  No a t tempt  w i l l  be made he re  t o  develop 

r e l a t i o n s h i p s  by which t h e s e  c o s t s  may be r e t u r n e d  t o  a  common base ;  

they  w i l l  be a s s igned  t o  c a t e g o r i e s  which c l o s e l y  resemble those  cur -  

r e n t l y  i n  u s e .  

UNCERTAINTY 

Cost p r e d i c t i o n  is  i n h e r e n t l y  u n c e r t a i n .  Th i s  u n c e r t a i n t y  can 

appear  a s  requi rements  u n c e r t a i n t y  o r  cos t - e s t ima t ing  u n c e r t a i n t y  

( F i s h e r ,  1962a) .  Requirements u n c e r t a i n t y  r e f e r s  t o  p o s s i b l e  v a r i a -  

t i o n s  i n  c o s t  e lements  r e s u l t i n g  from unexpected changes i n  t h e  

p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  system being eva lua t ed .  Cos t - e s t i -  --- 
mating u n c e r t a i n t y  r e f e r s  t o  s t a t i s t i c a l  v a r i a b i l i t y  i n  t h e  mathemat- 

i c a l  cos t - e s t ima t ing  r e l a t i o n s h i p s  (CER) used t o  p r e d i c t  c o s t s  of a  

p r o j e c t .  

The c o s t  p r e d i c t i o n  model proposed i n  t h i s  chap te r  has  been 

s t r u c t u r e d  so  t h a t  a l l  c o s t s  i ncu r red  throughout  t h e  l i f e  of a  p r o j e c t  

may be e s t ima ted  a f t e r  t h e  b a s i c  system s p e c i f i c a t i o n s  a r e  formula ted  

but  be fo re  any r e sea rch  and development has  begun. Because of t h i s ,  

our  c o s t  p r e d i c t i o n  model w i l l  be p a r t i c u l a r l y  s e n s i t i v e  t o  r e q u i r e -  

ments u n c e r t a i n t y .  Unfo r tuna te ly ,  most of t h e  l i t e r a t u r e  t o  d a t e  



s u g g e s t s  t h a t  i n a c c u r a c i e s  i n  c o s t  e s t i m a t e s  r e s u l t i n g  from r e q u i r e -  

ments u n c e r t a i n t y  a r e  f a r  g r e a t e r  t han  t h o s e  r e s u l t i n g  from c o s t - e s t i -  

mating u n c e r t a i n t y .  F i s h e r  (1962a) s t a t e s  t h a t  c o s t - e s t i m a t i n g  un- 

c e r t a i n t y  may cause  average v a r i a t i o n s  i n  c o s t  e s t i m a t e s  of 20 t o  30 

p e r c e n t .  However, t h e  t o t a l  observed v a r i a t i o n s  of c o s t  e s t i m a t e s  

from a c t u a l  c o s t s  may average 200 pe rcen t  and h i g h e r .  Thus, we can 

conclude t h a t  t h e  v a r i a t i o n  r e s u l t i n g  from requi rements  u n c e r t a i n t y  

may be an o r d e r  of magnitude g r e a t e r  than  t h a t  due t o  c o s t - e s t i m a t i n g  

u n c e r t a i n t y .  

One a t tempt  t o  compensate f o r  t h e s e  v a r i a t i o n s  i s  the  "debias ing"  

formula developed by Summers (1962) .  He endeavors t o  a d j u s t  c o s t  

e s t i m a t e s  ( f o r  average systems) t o  t hose  a c t u a l l y  i n c u r r e d  by ob ta in -  

ing  a  "debiased" c o s t  e s t i m a t e  i n  terms of t h e  i n i t i a l  c o s t  e s t i m a t e ,  

t h e  t iming  of t h e  e s t i m a t e  w i th in  t h e  development program, t h e  degree  

of t e c h n o l o g i c a l  advance r ep re sen ted  by t h e  p r o j e c t ,  t h e  l e n g t h  of 

t h e  development program, and a measure of t h e  s k i l l  of t h e  c o s t  e s t i -  

mators .  F u r t h e r  s tudy  must be done t o  s e e  whether a  s i m i l a r  means of 

recogniz ing  c o s t - e s t i m a t i n g  e r r o r s  may be a p p l i c a b l e  t o  t h e  c o s t  p r e -  

d i c t i o n  model proposed h e r e .  For t h e  p r e s e n t ,  however, i t  is s u f f i -  

c i e n t  t o  keep i n  mind t h a t  i n a c c u r a c i e s  do e x i s t  i n  c o s t  e s t i m a t e s  and 

t h a t  sys t ema t i c  means f o r  d e a l i n g  with t h e s e  i n a c c u r a c i e s  have been 

explored  e l sewhere .  

STAGES OF PROJECT LIFE 

With t h e s e  p r e l i m i n a r i e s  behind u s  we must now observe  t h a t  t o  

a t tempt  t o  e s t i m a t e  t h e  t o t a l  c o s t  of a  p r o j e c t  i n  t h e  s i n g l e  s t e p  

implied by t h e  preceding  d i s c u s s i o n  would be comple te ly  i n t r a c t a b l e .  

We need i n s t e a d  t o  d i v i d e  t h e  l i f e  of t h e  p r o j e c t  i n t o  s t a g e s ,  and 

t o  develop a  means of e s t i m a t i n g  t h e  c o s t s  i ncu r red  by t h e  a c t i v i t i e s  

a s s o c i a t e d  w i t h  each p r o j e c t  s t a g e .  The p r o j e c t  s t a g e s  used he re  a r e  

t h o s e  u s u a l l y  a s s o c i a t e d  wi th  commercial o r  m i l i t a r y  p r o j e c t s ,  namely, 

Research ,  Development, T e s t , a n d  Evalua t ion  (RDT&E), Procurement ,  and 

Operat ing and Maintenance (O&h!). 

The c o s t s  a s s o c i a t e d  wi th  t h e s e  t h r e e  s t a g e s  a r e  

(1)  RDT&E: Out lays  f o r  b a s i c  r e s e a r c h  and e x p l o r a t o r y  develop- 

ment,  f o r  model b u i l d i n g ,  t e s t ,  and e v a l u a t i o n  and f o r  d e t a i l e d  engi-  

neer ing  of t h e  p r o j e c t .  



( 2 )  Procurement: One-time o u t l a y s  r e q u i r e d  t o  a l t e r  t h e  p r e s e n t  

system o r  t o  i n t roduce  a  new c a p a b i l i t y  i n t o  t h e  system. 

( 3 )  0&M: The r e c u r r i n g  d i f f e r e n t i a l  c o s t s  needed t o  o p e r a t e  - 
and ma in ta in  t h e  t o t a l  system subsequent  t o  t h e  system mod i f i ca t ion  

r e s u l t i n g  from t h i s  p r o j e c t .  

EXCLUSIVENESS AND INDEPENDENCE OF PROJECT STAGES 

F igu re  7-1 shows t h e  g e n e r a l  r e l a t i o n s h i p s  between t h e s e  p r o j e c t  

s t a g e s  (RDT&E, Procurement,  and O&M). C l e a r l y ,  they  w i l l  o v e r l a p  t o  

some e x t e n t ,  s i n c e  i t  is p o s s i b l e  t o  begin  one s t a g e  be fo re  t h e  pre-  

ceding  s t a g e  is completed; i t  i s  p o s s i b l e ,  f o r  example, t o  begin  

o p e r a t i n g  t h e  system be fo re  t h e  t o t a l  q u a n t i t y  scheduled f o r  Procure-  

ment ( e . g . ,  m i l e s  of i n t e r s t a t e  highway) has  been produced. Th l s  

temporal  overl .ap causes  no r e a l  problems when a s s ign ing  c o s t s  t o  t h e  

proper  p r o j e c t  s t a g e .  What i s  t roublesome is t h a t  some a c t i v i t i e s  a r e  

not  n a t u r a l l y  mutua l ly  e x c l u s i v e  wi th  r e s p e c t  t o  p r o j e c t  s t a g e s ,  Such 

a  gray  a r e a  o c c u r s ,  f o r  example, i n  t h e  c a s e  of eng inee r ing  changes 

i n i t i a t e d  by J lanufactur ing t o  c o r r e c t  d e f e c t s  t h a t  should have been 

caught  by Engineer ing .  Are t h e  c o s t s  of re -engineer ing  t h e  j o b ,  

changing t h e  drawings,  r e t o o l i n g ,  and s c r a p  t o  be a s s igned  t o  tlne 

RDT&E s t a g e  o r  t o  t h e  Procurement s t a g e ?  Ques t ions  such a s  t h i s  one 

must be r e so lved  through account ing  d e f i n i t i o n s  s o  t h a t  mutua l ly  ex- 

c l u s i v e  c o s t  assignments  may be made wi thout  d i f f i c u l t y .  Once t h e s e  

account ing  d e f i n i t i o n s  have been fo rmula t ed ,  a l l  c o s t s  i n c u r r e d  can 

then  be viewed a s  mutua l ly  e x c l u s i v e  and c o l l e c t i v e l y  exhaus t ive .  

The problem of independence, u n f o r t u n a t e l y ,  is  not  so  e a s i l y  r e -  

so lved .  Monies spen t  i n  e a r l i e r  s t a g e s  of development may have a  

d e f i n i t e  and p r e d i c t a b l e  ( a t  l e a s t  i n  d i r e c t i o n )  e f f e c t  on c o s t s  i n  

l a t e r  s t a g e s .  For example, i n c r e a s i n g  t h e  amount of pro to- type  t e s t -  

ing  may reduce procurement c o s t s  and w i l l  probably reduce  maintenance 

c o s t s .  S i m i l a r l y ,  i n c r e a s i n g  procurement c o s t s  by t i g h t e n i n g  q u a l i t y  

c o n t r o l  s t a n d a r d s  may reduce  wear r a t e s  and,  t h u s ,  o p e r a t i n g  c o s t s .  

The development of  t h e  exac t  f u n c t i o n a l  r e l a t i o n s h i p s  between t h e  

l e v e l s  of a c t i v i t i e s  i n  one s t a g e  and t h e  c o s t s  i n  o t h e r  s t a g e s  is an 

unexplored t o p i c  worthy of c o n s i d e r a b l e  r e s e a r c h .  



FIGURE 7-1. STAGES OF PROJECT LIFE 

Although i t  i s  c l e a r l y  an o v e r s i m p l i f i c a t i o n ,  t h e  d e t a i l e d  d i s -  

c u s s i o n  of t h e  c o s t  p r e d i c t i o n  model which fo l lows  i n  t h e  next  t h r e e  

s e c t i o n s  w i l l  assume t h a t  t h e  c o s t s  i ncu r red  i n  each s t a g e  of p r o j e c t  

l i f e  a r e  independent .  In  t h e  f i n a l  s e c t i o n  of t h i s  c h a p t e r  ( F u r t h e r  

Research)  t h e  problem of p r o j e c t  s t a g e  in te rdependence  w i l l  be  d i s -  

cussed  f u r t h e r .  

THE STRUCTURE OF THE COST PREDICTION IIODEL AT EACH PROJECT STAGE 

Some g e n e r a l  comments on t h e  c o s t  p r e d i c t i o n  problem f o r  each 

s t a g e  of p r o j e c t  may h e l p  t o  c h a r t  t h e  cou r se  f o r  t h e  d e t a i l e d  devel -  

opment i n  t h e  s e c t i o n s  t o  f o l l o w .  The preceding  c h a p t e r s  have i n d i -  

c a t e d  t h a t  t h e  performance of t h e  o v e r a l l  highway complex may be 

s imu la t ed  only  a f t e r  t h e  r e l e v a n t  v a r i a b l e s  have been d e s c r i b e d  and 

t h e i r  i n t e r a c t i o n s  i d e n t i f i e d .  These s p e c i f i c a t i o n s  f r e e z e  t h e  over-  

a l l  de s ign  of t h e  highway t r a n s p o r t a t i o n  system s o  t h a t  a  s p e c i f i c  

des ign  may be s t u d i e d .  When t h e  s p e c i f i c a t i o n s  a r e  changed,  t h e  sys-  

tem can  a g a i n  be s imu la t ed .  Thus t h e  r e s u l t a n t  performances of d i f -  

f e r e n t  systems may be compared. 



The proposed c o s t  p r e d i c t i o n  model may be s t r u c t u r e d  i n  an ana l -  

ogous manner. Given a  Y f r z e n '  c o n f i g u r a t i o n  of a  system o r  a f  some 

change i n  t h e  system, t h e  c o s t  p r e d i c t i o n  model would e s t i m a t e  t h e  

c o s t s  a s s o c i a t e d  wi th  t h e  t h r e e  s t a g e s  of p r o j e c t  l i f e .  Thus, i n  

some c a s e s ,  t h e  c o s t  p r e d i c t i o n  model w i l l  u s e  t h e  same i n p u t s  a s  t h e  

models of t h e  v a r i o u s  subsystems d i s c u s s e d  above. I n  a d d i t i o n ,  how- 

e v e r ,  t h e  c o s t  p r e d i c t i o n  model may a l s o  base  i t s  p r e d i c t i o n s  on t h e  

o u t p u t s  of t h e  subsystem models (y . )  . 
J 

The p r e c i s e  s t r u c t u r e  of t h e  c o s t  p r e d i c t i o n  model w i l l  d i f f e r  

somewhat f o r  each s t a g e  of p r o j e c t  l i f e ,  because t h e  r e q u i r e d  ac: t ivi-  

t i e s  i n  each s t a g e  d i f f e r .  During t h e  RDT&E s t a g e  c e r t a i n  a c t i v i t i e s  

must be performed t o  b r i n g  t h e  i d e a  from concept ion  t o  t h e  p o i n t  where 

p roduc t ion  may beg in .  Hence, t h e  c o s t  of each of t h e s e  a c t i v i t i e s  - 
must be p r e d i c t e d .  A s  we s h a l l  s e e  below, d e s c r i p t o r s  of t h e  system 

(such  a s  t h e  r e l a t i o n  of proposed system performance ( y . )  t o  t h e  cur -  
J 

r e n t  s t a t e  of t h e  a r t )  may be impor tan t  i n  p r e d i c t i n g  t h e s e  RDT&E 

c o s t s .  

The c o s t s  of Procurement w i l l  be p r e d i c t e d  on t h e  b a s i s  of t h e  

s p e c i f i e d  hardware f o r  t h e  system. The proposed c o s t  p r e d i c t i o n  

model would e s t i m a t e  t h e  c o s t  of each component p a r t  of t h e  system 

by means of c o s t - e s t i m a t i n g  r e l a t i o n s h i p s  based on performance char -  

a c t e r i s t i c s  of t h e  component p a r t s .  The t o t a l  procurement c o s t  could  

then  be e s t ima ted  by r e l a t i n g  t o t a l  expected procurement q u a n t i t y  and 

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

The t a s k  of p r e d i c t i n g  c o s t s  f o r  a  p r o j e c t  is i n  p a r t  a  f o r e -  --- 
c a s t i n g  problem of t h e  same type  encountered f o r  RDT&E and Procure-  

ment and i n  p a r t  an account ing  problem. F o r e c a s t s  must s t i l l  be made 

of pe r sonne l  r equ i r emen t s ,  t r a i n i n g  c o s t s ,  f a c i l i t y  c o s t s ,  e t c ,  i n  a  

manner s i m i l a r  t o  t h a t  employed f o r  t h e  Procurement s t a g e .  On t h e  

o t h e r  hand, s i n c e  such t h i n g s  a s  wear and f a i l u r e  r a t e s  w i l l  be pro-  

duced a s  o u t p u t  from t h e  system degrada t ion  model and t h e  f u e l  u sages ,  

e t c . ,  w i l l  be o u t p u t  of t h e  o p e r a t i o n s  model, t h e  p r e d i c t i o n  t a s k  has  

a l r e a d y  been completed.  To o b t a i n  t h e  r e l e v a n t  O&hI c o s t s  t h e  v a r i o u s  

usage r a t e s  need only  be m u l t i p l i e d  by t h e  a p p r o p r i a t e  c o s t  f a c t o r s .  

The d i f f e r e n c e s  among t h e  approaches proposed f o r  p r e d i c t i n g  t h e  

c o s t s  a s s o c i a t e d  wi th  t h e  t h r e e  s t a g e s  of p r o j e c t  l i f e  w i l l  become 



more c l e a r  a s  t h e  model s t r u c t u r e  i s  exp la ined  i n  d e t a i l  below. The 

remainder of t h i s  c h a p t e r  is  d iv ided  i n  f o u r  major s e c t i o n s :  

P r e d i c t i n g  RDT&E Cos t s  

P r e d i c t i n g  Procurement Cos t s  

P r e d i c t i n g  Operat ing and Maintenance Costs  

F u t u r e  Research 

The f i r s t  t h r e e  of t h e s e  s e c t i o n s  inc lude  a b r i e f  l i t e r a t u r e  survey  

and t h e  development of t h e  c o s t  p r e d i c t i o n  model f o r  t h e  i n d i c a t e d  

s t a g e  of p r o j e c t  l i f e .  The l a s t  s e c t i o n  reviews some of t h e  a r e a s  

i n d i c a t e d  i n  preceding  s e c t i o n s  where f u r t h e r  r e s e a r c h  may be p r o f i t a -  

b l y  pursued and p r e s e n t s  some recommendations. 

PREDICTING RDT&E COSTS 

A s  d e s c r i b e d  p r e v i o u s l y ,  one o b j e c t i v e  of t h e  c o s t  p r e d i c t i o n  

model i s  t o  p rov ide  a  means of e s t i m a t i n g  t h e  c o s t  of t h e  RDT&E s t a g e  

of a  system m o d i f i c a t i o n  p r o j e c t .  The RDT&E s t a g e  can be de f ined  a s  

' ' a  f i n i t e  sequence of p u r p o s e f u l ,  t empora l ly  o rde red  a c t i v i t i e s ,  op- 

e r a t i n g  on a  homogeneous s e t  of problem e lements ,  t o  meet a  s p e c i f i e d  

s e t  of o b j e c t i v e s  r e p r e s e n t i n g  an increment of t e c h n o l o g i c a l  advance7 '  

(Norden, 1963) .  The a s s o c i a t e d  c o s t s  of t h i s  p r o j e c t  s t a g e  a r e  t hose  

o u t l a y s  f o r  t h e  c o s t  e lements  of l a b o r ,  m a t e r i a l ,  and overhead ,  which 

a r e  necessary  t o  reach  t h e  o b j e c t i v e s .  

Various e s t i m a t e s  ( H e r t z ,  1950) p l a c e  t h e  r e l a t i v e  p r o p o r t i o n  of 

expend i tu re s  f o r  RDT&E c o s t  e lements  a t  approximately 75% f o r  l a b o r ,  

10% f o r  m a t e r i a l ,  and 15% f o r  overhead.  Obviously,  t h e  p r e d i c t i o n  of 

p r o j e c t  l a b o r  c o s t s  i s  of pr imary importance.  T h i s  is e s p e c i a l l y  

t r u e  i f ,  i n  a  g iven  i n d u s t r y  o r  f i r m ,  t h e  remaining c o s t  e lements  have 

been observed t o  be a  r e l a t i v e l y  s t a b l e  p r o p o r t i o n  of l a b o r  c o s t s  

from p r o j e c t  t o  p r o j e c t  and,  t h u s ,  can  be e s t ima ted  a s  a  pe rcen tage  

of l a b o r  c o s t s .  

GENERAL IIIETHODOLOGY 

The b a s i c  d i f f e r e n c e  between the  c o s t  p r e d i c t i o n  t a s k  f o r  RDT&E 

and t h a t  f o r  Procurement i s  t h a t  t h e  l a t t e r  r e q u i r e s  o u t l a y s  f o r  a  

we l l -de f ined ,  d i s c r e t e  s e t  of o b j e c t s  o r  s e r v i c e s ,  whereas t h e  ou t -  

l a y s  f o r  RDT&E buy s o l u t i o n s  t o  a  f i n i t e  ( b u t  unknown) number of 

problems. The v i s i b l e  o u t p u t s  of t h e  RDT&E s t a g e  a r e  r e p o r t s ,  blue-  

p r i n t s ,  p r o t o t y p e s ,  e t c . ,  which i n  themselves have l i t t l e  i n t r i n s i c  



worth and cannot  be c o s t e d  on a , p e r  u n i t  b a s i s .  What can be c o s t e d  

a r e  t h e  i n d i v i d u a l  a c t i v i t i e s  necessary  t o  proceed from t h e  concept ion  

of t h e  RDT&E s t a g e  t o  i t s  comple t ion .  Each a c t i v i t y ,  such a s  p lan-  

n ing ,  d e s i g n ,  t e s t ,  e t c . ,  has  a s s o c i a t e d  wi th  it a  s t a r t i n g  p o i n t  and 

a  d u r a t i o n ,  and over  i t s  d u r a t i o n  some d i s t r i b u t i o n  of e f f o r t  mea- 

s u r e d ,  f o r  example, i n  man-hours. Thus i f  a  means could  be developed 

t o  i d e n t i f y  a l l  p r o j e c t  a c t i v i t i e s  and a s s i g n  an a c c u r a t e  e f f o r t  

d i s t r i b u t i o n  t o  each a c t i v i t y ,  t h e  RDT&E c o s t  p r e d i c t i o n  problem could  

be s o l v e d .  

LITERATURE OF RDT&E COST PREDICTION 

A review of t h e  r e l e v a n t  l i t e r a t u r e  r e v e a l s  two p r i n c i p a l  ap- 

proaches  t o  t h e  p r e d i c t i o n  of c o s t s  i n  t h e  RDT&E s t a g e :  networlk 

t echn iques  and l i f e  c y c l e  methods. The network t e c h n i q u e s ,  suc:h a s  

PERT/Cost, r e q u i r e  t h a t  a l l  a c t i v i t i e s  and e v e n t s  of a  g iven  p r o j e c t  

be d e s c r i b e d  i n  a t o m i s t i c  d e t a i l .  The l i f e  c y c l e  models,  on t h ~ e  

o t h e r  hand, d e a l  wi th  g r o s s  s t a t i s t i c a l  agg rega te s  and a r e  based upon 

t h e  r e p e t i t i v e  p a t t e r n s  of e f f o r t  d i s t r i b u t i o n s  f o r  major a c t i v i t i e s  

a s  observed  over  a  r e p r e s e n t a t i v e  sample of p r o j e c t s .  

The l i t e r a t u r e  d e a l i n g  wi th  network c o s t i n g  t echn iques  is ex- 

t e n s i v e .  Consequently no d e t a i l e d  review is  a t tempted  h e r e .  However, 

s e e  Norden (19631, Her tz  (1950) ,  DOD (1962) ,  Bigelow (1962) ,  and 

P o l e t t i  (1964) f o r  b i b l i o g r a p h i e s  and r e c e n t  a r t i c l e s  of p a r t i c u l a r  

i n t e r e s t .  

The c e n t r a l  p o i n t  t o  observe  wi th  r ega rd  t o  network c o s t i n g  

t echn iques  i s  t h a t  ( a l t hough  some t h e o r e t i c a l  c r i t i c i s m s  may be 

r a i s e d )  t hey  a r e  unques t ionably  more a c c u r a t e  c o s t  p r e d i c t o r s  t han  

l i f e  c y c l e  models i f  a l l  t h e  e v e n t s  and a c t i v i t i e s  f o r  t h e  e n t i r e  - 
p r o j e c t  can  be  determined b e f o r e  t h e  p r o j e c t  is s t a r t e d  and i n  t h e  

minute d e t a i l  r e q u i r e d .  I t  is p r e c i s e l y  t h e  i n a b i l i t y  t o  i d e n t i f y  - 
t h e  r e q u i r e d  a c t i v i t i e s  and e v e n t s ,  however, t h a t  makes t h e  RDT&E 

c o s t  p r e d i c t i o n  t a s k  d i f f i c u l t  i n  t h e  f i r s t  p l a c e .  To assume t h a t  

t h e  p r e c i s e  n a t u r e  of t h e  a c t i v i t i e s  and even t s  l e a d i n g  from concep- 

t i o n  t o  p roduc t ion  is  known i n  advance i s  t o  assume t h a t  t h e  r e q u i r e d  

s o l u t i o n s  t o  t h e  problems t o  be so lved  du r ing  t h e  RDT&E s t a g e  a r e  a l -  

s o  known, an obvious  c o n t r a d i c t i o n .  



Since  our  c o s t  p r e d i c t i o n  model must be a b l e  t o  p r e d i c t  RDT&E 

c o s t s  on t h e  b a s i s  of t h e  i n i t i a l  system performance s p e c i f i c a t i o n s  

o n l y ,  i t  appea r s  t h a t  t h e  network t echn iques  w i l l  be of l i t t l e  v a l u e  

a s  c o s t  p r e d i c t i o n  models.  Consequent ly,  a s  c rude  a s  i t  may b e ,  t h e  

l i f e  c y c l e  model w i l l  be adopted f o r  t h e  proposed RDT&E c o s t  p red ic -  

t i o n  model desc r ibed  below. 

The m a j o r i t y  of t h e  a c c e s s i b l e  pub l i shed  work on l i f e  c y c l e  

models has  been w r i t t e n  by P.  V .  Norden (1958, 1960a, 1960b, 1962) 

and h i s  a s s o c i a t e s  a t  IBM. S i m i l a r  s t u d i e s  have been r e p o r t e d  by 

B .  V .  Dean (1959) a t  Case and S.  Kaplan (1959) a t  RCA. A l l  t h e s e  

s t u d i e s  have found t h a t  t h e  e f f o r t  ( e  .g . ,  i n  man-hours) expended on 

RDT&E p r o j e c t s  t ends  t o  be d i s t r i b u t e d  over  t h e  d u r a t i o n  of t h e  pro-  

j e c t  i n  r e g u l a r ,  r e p e a t a b l e  p a t t e r n s .  Also ,  a  s e t  of major a c t i v i t i e s  

common t o  a l l  p r o j e c t s  has  been observed .  The l i f e  c y c l e  models a t -  

tempt t o  p r e d i c t  f u t u r e  RDT&E e f f o r t  requi rements  by e x t r a p o l a t i n g  

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

s e t  of a c t i v i t i e s  f o r  f u t u r e  p r o j e c t s .  

S ince  Norden 's  work i s  t h e  most e x t e n s i v e  and has  been h e a v i l y  

borrowed from i n  our  proposed model below, some a d d i t i o n a l  comments 

on t h e  b a s i c  s t r u c t u r e  of h i s  model w i l l  be v a l u a b l e .  Norden i s  con- 

cerned  s o l e l y  wi th  p r e d i c t i n g  man-hours of RDT&E e f f o r t .  No d i r e c t  

a t t empt  has  been made t o  p r e d i c t  expend i tu re s  f o r  f a c i l i t i e s ,  p ro to -  

t y p e s ,  exper imenta l  t o o l i n g ,  e t c .  Through a  c a r e f u l  a n a l y s i s  of a  

p r o j e c t  t y p i c a l  of t h e  company's c l a s s  of work a  r e f e r e n c e  p r o j e c t  

has  been developed.  The manhour requi rements  f o r  a c t i v i t i e s  on f u t u r e  

p r o j e c t s  a r e  then  p r e d i c t e d  on t h e  b a s i s  of e f f o r t  expended on co r -  

responding a c t i v i t i e s  i n  t h e  r e f e r e n c e  p r o j e c t .  I n  p a r t i c u l a r ,  a  

f a c t o r ,  La, i s  c a l c u l a t e d  which r e l a t e s  t h e  complexi ty of t h e  p r o j e c t  

being p r e d i c t e d  t o  t h a t  of t h e  r e f e r e n c e  p r o j e c t .  The p r o j e c t  com- 

p l e x i t y  is de f ined  a s  a  f u n c t i o n  of t h e  magnitude and d i f f i c u l t y  of 

t h e  t a s k  a t  hand. Magnitude i s  measured by a  count  of t h e  s m a l l e s t  

i d e n t i f i a b l e  u n i t  e lements  compris ing t h e  pr imary t a s k ,  whi le  d i f f i -  

c u l t y  i s  r e p r e s e n t e d  a s  an index based on p rev ious  comparable work. 

Norden bases  h i s  d i f f i c u l t y  index on a  r a t i o  of some system p e r f o r -  

mance measures t o  some component d e s c r i p t o r s .  An a l t e r n a t i v e  method 

of d e f i n i n g  d i f f i c u l t y  is developed below. 



Once each A h a s  been de termined ,  t h e  e f f o r t  d i s t r i b u t i o n s  a r e  
a  

f i t t e d  t o  t h e  a c t i v i t i e s  u s i n g  t h e  same forms a s  d i s t r i b u t i o n s  i n  t h e  

r e f e r e n c e  p r o j e c t  o r  comparable p r e c i o u s  p r o j e c t s .  The o v e r l a p  be- 

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

and t h e  d u r a t i o n  of t h e  p r o j e c t  computed. The e x a c t  manner i n  which 

t h e s e  s t e p s  a r e  t o  be c a r r i e d  o u t  is  i l l u s t r a t e d  f u r t h e r  below w i t h  

r e f e r e n c e  t o  pub l i shed  work where a p p r o p r i a t e .  

DEVELOPMENT OF THE RDT&E COST PREDICTION MODEL 

To f a c i l i t a t e  t h e  c o n s t r u c t i o n  of t h e  l i f e  c y c l e  model,  we must 

f i r s t  p a r t i t i o n  t h e  t o t a l  p r o j e c t  i n t o  t a s k s  and t a s k  components 

which can be c o s t e d  i n d i v i d u a l l y  and then  summed t o  g i v e  t h e  c o s t  of 

t h e  e n t i r e  p r o j e c t .  F i g u r e  7-2 (adapted  from Norden, 1958) sho.ws 

s c h e m a t i c a l l y  how t h i s  brealidown can  be s t r u c t u r e d .  I f  t h e  --- p r o j e c t ,  

P ,  f o r  example, r e q u i r e d  t h e  development of a  new passenge r  v e h i c l e ,  

t h e  t a s k s ,  T i ,  might be such t h i n g s  a s  engine  development,  t r ansmis -  

s i o n  development ,  suspens ion  development ,  e t c .  The components, 'i ' 
f o r  t h e  t r a n s m i s s i o n  development t a s k  might be t o r q u e  conve r to r  deve l -  

opment, g e a r  s e t  development,  c a s e  d e s i g n ,  e t c .  F i n a l l y ,  t h e  -- sub- 

components,  S k ,  f o r  t h e  t o r q u e  c o n v e r t o r  component might be c o n v e r t o r  

t u r b i n e ,  s t a t o r ,  c o n v e r t o r  c l u t c h ,  e t c .  The d e t a i l  which i s  p o s s i b l e  

o r  d e s i r a b l e  n a t u r a l l y  depends upon t h e  magnitude of t h e  p r o j e c t ,  P ,  

and t h e  a b i l i t y  t o  d e s c r i b e  e a r l y  i n  t h e  p r o j e c t  t h e  r e l e v a n t  compo- 

n e n t s  and subcomponents. Norden s u g g e s t s  t h r e e  g u i d e l i n e s  f o r  choos- 

i n g  t h e  s m a l l e s t  s u b d i v i s i o n s  of a  p r o j e c t :  

1. They should  be l a r g e  enough t o  j u s t i f y  t h e  assignment  of a t  

l e a s t  one man f o r  a  s i g n i f i c a n t  p e r i o d  of t i m e .  

2 .  They should  be c l e a r l y  d e f i n a b l e  and ,  i f  p o s s i b l e ,  s e l f  con- 

t a i n e d .  

3 .  They should  be manageable by sma l l  numbers of men o r  teams.  

Having d e f i n e d  t h e  t a s k s ,  components, and subcomponents,  t h e  next  

s t e p  i s  t o  d e f i n e  t h e  a c t i v i t i e s  t h a t  must be performed on each T  
i ' 

'j ' and Sk t o  b r i n g  t h e  p r o j e c t  from concep t ion  t o  comple t ion .  A l i s t  

of t h e s e  appea r s  i n  Table  7-1. We can  now v i s u a l i z e  a  m a t r i x  wi th  

a c t i v i t i e s  l a b e l l i n g  t h e  rows and subcomponents t h e  columns. The 

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

subcomponent m a t r i x  t h u s  g i v e s  t h e  t o t a l  e f f o r t  f o r  t h e  RDT&E p r o j e c t .  





TABLE 7-1. ACTIVITIES I N  THE RDT&E STAGE 

I n i t i a t i o n  of P r o j e c t  

I n i t i a l  fo rmula t ion  of o v e r a l l  des ign  and performance o b j e c t i v e s .  
P roces s ing  p r o j e c t  r e q u e s t s  and o b t a i n i n g  approva l  and/or  d.eve1- 
opment a 1  funds .  

P r e l i m i n a r y  Ana lys i s  

Problem i d e n t i f i c a t i o n  and f o r m u l a t i o n .  L i t e r a t u r e  s e a r c h ,  ex- 
t e r n a l  c o n t a c t s .  Bas i c  a n a l y s i s .  Formula t ion  of hypotheses  
and/or  p o s s i b l e  s o l u t i o n s .  Eva lua t ion  of p o s s i b l e  a l t e r n a t i v e -  
"Which s o l u t i o n s  look  most promis ing ."  

Experimental  P l ann ing  

Exper imenta l  d e s i g n s .  I d e n t i f y  and purchase  expe r imen ta l  equip-  
menta l  equipment and m a t e r i a l s .  Computation and s imula t ion .  of 
o v e r a l l  s t r u c t u r e .  P r e l i m i n a r y  s k e t c h e s  of exper imenta l  s t r u c -  
t u r e s .  

h l a t e r i a l s  Research 

I d e n t i f y  p o s s i b l e  c o n s t r u c t i o n  m a t e r i a l s .  Chemical,  m e t a l l u r g i -  
c a l ,  p h y s i c a l  t e s t s  of m a t e r i a l s .  h I a t e r i a l  development.  hllate- 
r i a l  s p e c i f i c a t i o n s .  

Subcomponent F a b r i c a t i o n  

Cons t ruc t  working models of subcomponents. P r e l i m i n a r y  machina- 
b i l i t y  and f a b r i c a t i o n  r e s e a r c h .  

Block-Up 

Bu i ld  breadboard  models .  Cons t ruc t  o r  purchase  t e s t  equipm~ent .  
F e a s i b i l i t y  expe r imen t s ,  Analyze r e s u l t s .  Eva lua t e  a l t e r n a t i v e  
c o n s t r u c t i o n s  and hypotheses  a g a i n s t  performance s p e c i f i c a t i o n s .  

Design S p e c i f i c a t i o n s  

Based on t e s t s ,  w r i t e  o u t  d e t a i l e d  m a t e r i a l ,  d e s i g n ,  t o l e r a . n c e ,  
and q u a l i t y  c o n t r o l  s p e c i f i c a t i o n s  t o  be fo l lowed i n  subsequent  
d e s i g n .  

Engineer ing  Design 

Engineer ing  des ign  of complete  system. Weight c a l c u l a t i o n s  and 
c o n t r o l .  S t r e s s  c a l c u l a t i o n .  I n v e s t i g a t i o n  of a l t e r n a t i v e  pro-  
d u c t i o n  methods. 

P r o t o t y p e  Design 

Engineer ing  of p r o t o t y p e  model. 

P r o t o t y p e  Layout 

Layout f o r  p r o t o t y p e .  

P r o t o t y p e  D e t a i l i n g  

D e t a i l  drawings needed f o r  p r o t o t y p e  c o n s t r u c t i o n .  



TABLE 7-1. ACTIVITIES I N  THE RDT&E STAGE (Continued)  

1 2 .  P r o t o t y p e  C o n s t r u c t i o n  

F a b r i c a t i o n  of p r o t o t y p e .  T e s t  of expe r imen ta l  c o n s t r u c t i o n  
t e c h n i q u e s .  Design changes t o  f a c i l i t a t e  p r o t o t y p e  c o n s t r u c t i o n .  

1 3 .  P r o t o t y p e  T e s t  and Eva lua t ion  

P r o t o t y p e  t e s t  program. Environmental  t e s t s .  P r o t o t y p e  and 
component e v a l u a t i o n .  Design change recommendations. 

1 4 .  F i n a l  Layout 

P r e p a r a t i o n  of l a y o u t s  f o r  p r o d u c t i o n  model. 

1 5 .  D e t a i l  D r a f t i n g  and S p e c i f i c a t i o n s  

P r e p a r a t i o n  of d e t a i l  d rawings ,  s p e c i f i c a t i o n s ,  and assembly 
i n s t r u c t i o n s  f o r  p roduc t ion  model. 

1 6 .  P i l o t  L ine  Models 

P roduc t ion  of e n g i n e e r i n g  models on p i l o t  l i n e s .  

1 7 .  F i n a l  Performance and D u r a b i l i t y  T e s t  

T e s t i n g  of P i l o t  L ine  models a g a i n s t  performance and d u r a b i l i t y  
r equ i r emen t s .  

18 .  Engineer ing  R e l e a s e s  t o  P roduc t ion  

P r e p a r a t i o n  of p roduc t ion  r e l e a s e s  f o r  purchas ing  and manufac- 
t u r  i ng  . 

The next  s t e p  i n  t h e  l i f e  c y c l e  c o s t  e s t i m a t i n g  p r o c e s s  is  t o  

de te rmine  t h e  s t a r t i n g  p o i n t ,  d u r a t i o n ,  and a s s o c i a t e d  e f f o r t  d i s t r i -  

b u t i o n  f o r  each a c t i v i t y .  Norden f i n d s  t h a t  a  Pearl-Reed l o g i s t i c  

cu rve  of t h e  form 

F ( t )  = ~ { l  + exp ( a  + b t  + c t 2  + d t3 )} - I  

p rov ides  a  good f i t  t o  t h e  t o t a l  cumula t ive  e f f o r t  d i s t r i b u t i o n s  f o r  

a  wide r ange  of p r o j e c t s  ( F i g .  7 - 3 ) .  N a t u r a l l y ,  t h e r e  a r e  advantages  

and d i sadvan tages  t o  any e q u a t i o n  one employs f o r  cu rve  f i t t i n g ,  and 

t h e r e  i s  no purpose i n  d e b a t i n g  t h e s e  h e r e .  For  i l l u s t r a t i v e  pur- 

p o s e s ,  Norden 's  t h i r d - d e g r e e  l o g i s t i c  cu rves  a r e  adequa te ,  

The c e n t r a l  i s s u e  of t h e  c o s t  p r e d i c t i o n  problem is  t h e  es t ima-  

t i o n  of t o t a l  expended e f f o r t ,  K ,  i n  t h e  t h i r d  degree  l o g i s t i c  equa- 

t i o n ;  t h e  d u r a t i o n ,  t n ;  and t h e  f ' shape ' f  pa rame te r s  a ,  b ,  c ,  and d  f o r  

a  g iven  a c t i v i t y .  The shape of t h e  e f f o r t  d i s t r i b u t i o n  i s  no doubt  

dependent on a  m u l t i t u d e  of f a c t o r s  depending on t h e  a c t i v i t y  i nvo lved .  
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FIGURE 7 - 3 .  CUMULATIVE EFFORT DISTRIBUTION FOR THE 

DEVELOPMENT OF A LARGE COMPUTER SYSTEM ( A f t e r  Norden) 

I t  seems r e a s o n a b l e ,  t h e n ,  t o  assume t h a t  t h e  shape of t h e  e f f o r t  

d i s t r i b u t i o n s  f o r  a c t i v i t i e s  i n  p a s t  p r o j e c t s  would p r o v i d e  good p re -  

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

i n  f u t u r e  p r o j e c t s .  The t o t a l  cumula t ive  e f f o r t ,  K ,  f o r  some a c t i v -  

i t y  i s  r e l a t e d  t o  t h e  d u r a t i o n  of t h e  a c t i v i t y ,  and t h e  r a t e  of ap- 

p l i c a t i o n  of e f f o r t ,  f ( t )  ( f o r  some a r b i t r a r y  e f f o r t  d i s t r i b u t i o n )  i n  

t h e  f o l l o w i n g  s imple  manner: 

dF(t;) where f ( t )  = --- d  t 

C l e a r l y ,  t h e r e  a r e  many p o s s i b l e  f u n c t i o n s ,  f ( t ) ,  which when i n t e -  

g r a t e d  ( o r ,  more r e a l i s t i c a l l y ,  summed) ove r  t h e  d u r a t i o n  of t h e  ac- 

t i v i t y ,  [ to ,  t I ,  w i l l  y i e l d  t h e  same cumula t ive  e f f o r t ,  K .  Hence, n  
t h e  shape pa rame te r s  of  t h e  e f f o r t  d i s t r i b u t i o n  may be r e l a t i v e l y  un- 

impor t an t  t o  a d e c i s i o n  maker i n t e r e s t e d  on ly  i n  t o t a l  cumula,tive 

e f f o r t  r e q u i r e d  f o r  some a c t i v i t y .  On t h e  o t h e r  hand, if budget  



a l l o c a t i o n s  ( e . g . ,  by f i s c a l  q u a r t e r )  a r e  r e q u i r e d ,  a  more p r e c i s e  

d e t e r m i n a t i o n  of t h e  shape pa rame te r s  is  r e q u i r e d  s i n c e  t h e  shape of 

t h e  e f f o r t  d i s t r i b u t i o n  w i l l  de te rmine  when funds  and manpower w i l l  

be needed throughout  t h e  d u r a t i o n  of t h e  a c t i v i t y .  

To move on wi th  t h e  development of t h e  model,  l e t  u s  assume t h a t  

t h e  shape  of t h e  e f f o r t  d i s t r i b u t i o n  h a s  been determined e i t h e r  by 

r e f e r e n c e  t o  p a s t  p r o j e c t s  o r  through some o t h e r  c o n s i d e r a t i o n s .  T h i s  

l e a v e s  t h e  d e t e r m i n a t i o n  of t n  and K .  I t  i s  c l e a r  t h a t  a s  a p r o j e c t  

becomes more complex one e x p e c t s  i t s  d u r a t i o n ,  tn ,  and t h e  t o t a l  cum- 

u l a t i v e  e f f o r t  t o  i n c r e a s e  i n  some manner. Also ,  f o r  a  g iven  p r o j e c t ,  

i f  t h e  pace of development is a c c e l e r a t e d  (pe rhaps  t o  meet a d e a d l i n e )  

one e x p e c t s  t h e  c o s t s  t o  i n c r e a s e  (because  of t h e  need f o r  p a r a l l e l  

programs,  i n e f f i c i e n t  i n t r a - , o r g a n i z a t i o n a l  communication, ' c r a s h '  con- 

s t r u c t i o n  of f a c i l i t i e s ,  o v e r t i m e ,  e t c . ) .  F i g u r e  7-4 a t t e m p t s  t o  de- 

p i c t  t h e s e  r e l a t i o n s h i p s .  Each cu rve  i s  f o r  a  c o n s t a n t  complexi ty  

l e v e l  ( i so-complexi ty  c u r v e s ) .  The index  C = 1 r e f e r s  t o  t h e  com- 

p l e x i t y  de te rmined  f o r  t h e  r e f e r e n c e  p r o j e c t .  The o t h e r  c u r v e s  a r e  

f o r  p r o j e c t s  tw ice  a s  complex, h a l f  a s  complex, e t c .  a s  i n d i c a t e d  by 

t h e  i n d i c e s ,  C .  

We have r e f e r r e d  above t o  t h e  method proposed by Norden t o  de- 

te rmine  t h e s e  complexi ty  i n d i c e s ,  C ,  i . e . ,  a s  a  f u n c t i o n  of t h e  mag- - 
n i t u d e  and d i f f i c u l t y  of t h e  a c t i v i t y .  The n o t i o n  of magnitude a s  

t h e  number of c o u n t a b l e  components d e s c r i b e d  by t h e  v a r i a b l e s  Xi  of 

c h a p t e r  1 f i t s  n i c e l y  i n t o  t h e  g e n e r a l  system schema developed t h u s  

f a r  f o r  t h e  highway t r a n s p o r t a t i o n  system. An a l t e r n a t i v e  means of 

measuring d i f f i c u l t y  may be proposed ,  however. Suppose some compo- 

nent  has  a  d e s c r i p t o r ,  X i .  For  example, t h e  component may be  an 

au tomobi le  eng ine  and t h e  d e s c r i p t o r  t h e  brake  horsepower p e r  pound. 

Engines have undergone a  f a i r l y  s t e a d y  development i n  t h e  l a s t  70 

y e a r s  o r  s o  and t h e  r a t e  of change of brake  horsepower p e r  pound ove r  

t ime can no doubt  be q u i t e  a c c u r a t e l y  computed. We may i n d i c a t e  t h e  

p r e s e n t  r a t e  of change by a X i / a t o .  Suppose now t h e  RDT&E p r o j e c t  

c a l l s  f o r  some change i n  t h e  component d e s c r i p t o r  from t h e  e x i s t i n g  

s t a t e  of t h e  a r t ,  c a l l  t h i s  change AXi. The p r e d i c t e d  d u r a t i o n  of 

t h e  a c t i v i t y  may be r e p r e s e n t e d  a s  t h e  d i f f e r e n c e  between t and tn  
0 

o r  A t .  We may then  c o n s t r u c t  t h e  r a t i o  h i / A t / a X i / a t .  T h i s  r a t i o  
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t hen  g i v e s  t h e  l e v e l  of d i f f i c u l t y  of t h e  p r o j e c t  wi th  r e s p e c t  t o  t h e  

X ,  i n  q u e s t i o n  (assuming a l l  r a t i o s  nega t ive  o r  z e r o  a r e  cons ide red  
1 

z e r o ) .  

The p r o j e c t  complexi ty may then  be computed a s  a  f u n c t i o n  of t h e  

magnitude,  h7 ,  t h e  l e v e l s  of d i f f i c u l t y ,  d i j ,  and a  measure of t h e  o r -  

g a n i z a t i o n ' s  exper ience  i n  d e a l i n g  wi th  problems of t h i s  t y p e ,  0.  

Thus t h e  proposed complexi ty may be viewed a s :  C. = f (X ,  d l l ,  . . . , 

d i j  , 8 ) .  I f  t h e  X i ' s  a r e  s u i t a b l y  chosen it may be p o s s i b l e  t o  deve l -  

op t h e  v a l u e s ,  C ,  independent  of a  g iven  f i rm  o r  i n d u s t r y .  Thus, t h e  

iso-complexi ty cu rves  may be a b l e  t o  be de r ived  e m p i r i c a l l y  from t h e  

exper ience  of a  broad c r o s s  s e c t i o n  of r e s e a r c h  and development 

a c t i v i t i e s .  

T h e o r e t i c a l l y ,  once the'  iso-complexi ty curves  a r e  developed i t  

i s  a  s imple  m a t t e r  t o  e n t e r  a  c h a r t  l i k e  F i g .  7-4 with  a  g iven  sched- 

u l e d  d u r a t i o n ,  t n ,  and a  complexi ty ,  C ,  and determine t h e  r e q u i r e d  

cumula t ive  t o t a l  manhours f o r  development of an a c t i v i t y .  Converse- 

l y ,  i f ,  f o r  r ea sons  of budget c o n s t r a i n t s  f o r  i n s t a n c e ,  t h e  a v a i l a b l e  

K i s  known tn  may be determined i n  an analogous manner. 

The t o t a l  manhours r e q u i r e d  f o r  t h e  t o t a l  p r o j e c t  i s  t h e  sum of 

t h e  manhours r e q u i r e d  f o r  each i n d i v i d u a l  a c t i v i t y .  The t o t a l  t ime 

r e q u i r e d  t o  complete t h e  p r o j e c t  i s ,  however, no t  a  d i r e c t  sum of t h e  

d u r a t i o n s  of t h e  i n d i v i d u a l  a c t i v i t i e s  s i n c e  t h e r e  may be some over-  

l a p  between each a c t i v i t y  and t h e  one subsequent  t o  i t .  The amount 

of t h i s  o v e r l a p  must t h e r e f o r e  be p r e d i c t e d  a s  w e l l .  The amount of 

o v e r l a p  between a c t i v i t y  a  and a  + 1 can e a s i l y  be desc r ibed  a s  a  

pe rcen t  of t o t a l  e f f o r t  K .  Thus a c t i v i t y  a  + 1 beg ins  a f t e r  xa% of 

K has  e l a p s e d .  The p r e d i c t i o n  of X a  f o r  each a c t i v i t y  would appear  

t o  be dependent on t h e  complexi ty of a  and a  + 1 and on some measure 

of t h e  o r g a n i z a t i o n ' s  exper ience  i n  p r o j e c t s  of a  s i m i l a r  t y p e ,  t h u s :  

T h i s  sounds r easonab le  s i n c e  i n  h igh ly  complex a c t i v i t i e s  t h e  r e s u l t s  

of a c t i v i t y  - a  may we l l  de te rmine  t h e  d i r e c t i o n  of a  + 1. On t h e  o t h e r  

hand,  i n  r o u t i n e  a c t i v i t i e s ,  o r  where t h e  o r g a n i z a t i o n  has  more expe- 

r i e n c e ,  a g r e a t e r  degree  of d o v e t a i l i n g  may be p o s s i b l e .  



Using t h e  p reced ing  t echn iques  we can s t r u c t u r e  t h e  model t o  pre-  

d i c t  RDT&E manpower c o s t s  which a s  noted  above have h i s t o r i c a l l y  

amounted t o  about  75% of t h e  t o t a l  e x p e n d i t u r e s  f o r  RDT&E pro jec t i s .  

To c a l c u l a t e  t h e  remaining 25% of t h e  c o s t s  t h e r e  a r e  two c h o i c e s .  

E i t h e r  one can p r e d i c t  t h e  m a t e r i a l  and overhead c o s t  e l emen t s  a s  

p e r c e n t  of t h e  p r e d i c t e d  d i r e c t  l a b o r ,  o r  m a t e r i a l  and f a c i l i t i e s  may 

be p r e d i c t e d  independent ly  of d i r e c t  l a b o r  and overhead .  In  t h e  l a t -  

t e r  c a s e  one may s t r u c t u r e  t h e  c o s t  p r e d i c t i o n  model f o r  m a t e r i a l  and 

f a c i l i t i e s  a s  a procurement c o s t  p r e d i c t i o n .  The g e n e r a l  development 

of t h i s  s t r u c t u r e  is cons ide red  i n  t h e  fo l lowing  s e c t i o n .  

CONCLUSION 

A t a c i t  assumption of t h e  p reced ing  d i s c u s s i o n  was t h a t  t h e  

g r e a t e s t  c o s t  p r e d i c t i o n  accuracy  cou ld  be o b t a i n e d  from t h e  l i f e  cy- 

c l e  t echn ique  when t h e  s m a l l e s t  p o s s i b l e  breakdown of a  p r o j e c t  i n t o  

subcomponents and a c t i v i t i e s  was made. T h i s  is t h e o r e t i c a l l y  t r u e .  

However, such a  d e t a i l e d  breakdown would a l s o  r e q u i r e  co r r e spond ing ly  

d e t a i l e d  knowledge of t h e  e f f o r t - d u r a t i o n  f u n c t i o n s  and t h e  p robab le  

shape of t h e  cumula t ive  e f f o r t  d i s t r i b u t i o n s  f o r  each a c t i v i t y  and 

subcomponent. The accumula t ion  of such d e t a i l e d  in fo rma t ion  i s  prac-  

t i c a l l y  imposs ib l e  excep t  i n  a  s i t u a t i o n  where an o r g a n i z a t i o n  rou-  

t i n e l y  produces  many sma l l  RDT&E p r o j e c t s  of  a  s i m i l a r  n a t u r e .  Hence, 

what must be done t o  make t h e  l i f e  c y c l e  t echn ique  u s a b l e  i s  t o  com- 

p a c t  t h e  ac t iv i ty-subcomponent  m a t r i x  both  v e r t i c a l l y  and h o r i z o n t a l l y  

u n t i l  a  workable s e t  of components and a c t i v i t i e s  remain.  Norden 

(1958) has  found t h a t  grouping  a l l  a c t i v i t i e s  i n t o  t h r e e  broad phases !  

c r e a t i v e  ( e s t a b l i s h i n g  f e a s i b i l i t y ) ,  de s ign  ( e s t a b l i s h i n g  p r a c t i c a b i l -  

i t y )  , and expe r imen ta l  hardware ( p h y s i c a l  embodiment) , y i e l d s  p r a c t  i- 

c a l  r e s u l t s .  He a l s o  c u t s  o f f  t h e  v e r t i c a l  breakdown a t  t h e  com,ponent 

l e v e l .  

There can  be no g e n e r a l  g u i d e l i n e s  s e t  down on t h e  amount of ver -  

t i c a l  and h o r i z o n t a l  compaction d e s i r a b l e  f o r  a  p a r t i c u l a r  RDT&E pro-  

j e c t  f o r  a  p a r t i c u l a r  o r g a n i z a t i o n .  The f i n e n e s s  of component -ac t iv i ty  

breakdown depends e n t i r e l y  on t h e  o v e r a l l  s i z e  of t h e  p r o j e c t  and upon 

t h e  amount of r e l e v a n t  d a t a  t h e  o r g a n i z a t i o n  can b r i n g  t o  bea r  t o  

deve lop  t h e  e f f o r t - d u r a t i o n  f u n c t i o n s  and t h e  cumula t ive  e f f o r t  d i s -  

t r i b u t i o n .  



PREDICTING PROCUREMENT COSTS 

In t h i s  s e c t i o n  a g e n e r a l  model w i l l  be developed f o r  t h e  pre-  

d i c t i o n  of t h e  procurement c o s t s  of a  system mod i f i ca t ion  p r o j e c t  

i . e . ,  t h e  c o s t s  of i n t r o d u c i n g  i n t o  the  o v e r a l l  system some new sub- 

system o r  some change i n  t h e  p h y s i c a l  arrangement of an e x i s t i n g  sub- 

system. The r e l e v a n t  c o s t s  of t h e  procurement of t h e  system modif ica-  

t i o n  w i l l  aga in  be a l l o c a t e d  among c e r t a i n  c o s t  e lements  such a s  d i -  

r e c t  l a b o r ,  m a t e r i a l s ,  overhead,  t o o l i n g  and equipment,  e t c .  

In  t h e  e a r l y  s t a g e s  of a  system m o d i f i c a t i o n  p r o j e c t  ( s e e  F i g .  7-2) 

t h e  u l t i m a t e  performance c h a r a c t e r i s t i c s  of t h e  system a f t e r  modif ica-  

t i o n  a r e  s p e c i f i e d .  Because t h e  complete hardware s p e c i f i c a t i o n s  w i l l  

not  be known wi th  c e r t a i n t y  e a r l y  i n  t h e  p r o j e c t ,  t h e  c o s t  e s t i m a t o r  

is tempted t o  p r e d i c t  procumment c o s t s  on t h e  b a s i s  of t h e s e  p e r f o r -  

mance c h a r a c t e r i s t i c s  a lone .  Unfo r tuna te ly  t h i s  procedure  soon en- 

c o u n t e r s  s e v e r e  p r a c t i c a l  d i f f i c u l t i e s .  For example, while  two 

l e n g t h s  of road may posses s  i d e n t i c a l  performance c h a r a c t e r i s t i c s  wi th  

r e s p e c t  t o  a b i l i t y  t o  handle t r a f f i c ,  pas s ing  s i g h t  d i s t a n c e ,  e t c . ;  

t h e i r  r e s p e c t i v e  c o s t s  w i l l  va ry  widely depending on t h e  type  of sub- 

g rade  s t r u c t u r e ,  s u r f a c e  m a t e r i a l s ,  e t c .  A s  a  f u r t h e r  example, con- 

s i d e r  p r e d i c t i n g  v e h i c l e  procurement c o s t s  on t h e  b a s i s  of some per-  

formance c h a r a c t e r i s t i c  such a s  t op  speed .  I t  is  ev iden t  t h a t  two 

v e h i c l e s  can posses s  t h e  same t o p  speed c h a r a c t e r i s t i c  bu t  be r a d i -  

c a l l y  d i f f e r e n t  i n  des ign  and t h e r e f o r e  c o s t .  

The t a s k  f a c i n g  t h e  c o s t  e s t i m a t o r  is t h e r e f o r e  t o  a s s o c i a t e  t h e  

r e q u i r e d  performance c h a r a c t e r i s t i c s  with t h e  p h y s i c a l  c h a r a c t e r i s t i c s  

of t h e  c o s t  components of t h e  subsystem. In  t h e  example above,  t h i s  

would mean t h a t  while  t h e  performance c h a r a c t e r i s t i c  of t o p  speed was 

a  poor c o s t  p r e d i c t o r ,  t h e  g r o s s  v e h i c l e  weight and brake horsepower 

of t h e  engine (which, a long  wi th  a myriad of o t h e r  f a c t o r s ,  determine 

t h e  top  speed) - may be b e t t e r  c o s t  p r e d i c t o r s .  In  Appendix 7-A a  pre-  

l imina ry  a t tempt  is made t o  i d e n t i f y  t h e  major c o s t  components and 

t h e i r  r e s p e c t i v e  - c o s t  component d e s c r i p t o r s  f o r  t h e  v e h i c l e  (Exh ib i t  

I ) ,  highway (Exh ib i t  I I ) ,  and recovery (Exh ib i t  111) subsystems.  One 

example of a  c o s t  component f o r  t h e  v e h i c l e  subsystem i s  t h e  engine 

mentioned above, and one of i t s  c o s t  component d e s c r i p t o r s  is brake 

horsepower. 



A consequence of t h e  r e q u i r e m e n t  t h a t  procurement  c o s t s  'be p r e -  

d i c t e d  on t h e  b a s i s  of p h y s i c a l  c o s t  components i s  t h e  p o s s i b i l i t y  of 

e r r o r s  b e i n g  made i n  e a r l y  e s t i m a t e s  because  of t h e  i m p r e c i s i o n  w i t h  

which t h e  c o s t  components and t h e i r  d e s c r i p t o r s  were i n i t i a l l y  iden-  

t i f i e d .  Although t h e  p o s s i b i l i t y  of such e r r o r s  must be r e c o g n i z e d ,  

we f e e l  t h a t  ithe a c c u r a c y  of t h e  e s t i m a t e  w i l l  s t i l l  be  g r e a t e r  t h a n  

i f  i t  were b a s e d  on performance c h a r a c t e r i s t i c s  a l o n e .  

VAR I ABLE COSTS 

A l l  c o s t s  a s s o c i a t e d  w i t h  a  sys tem m o d i f i c a t i o n  p r o j e c t  must be  

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

e x i s t ,  t h e n  t h e  c o s t s  i t  g e n e r a t e d  would n o t  be i n c u r r e d  e i t h e r .  A 

u s e f u l  d i s t i n c t i o n  can  be  made, however,  between p r o j e c t  v a r i a b l e  - 
c o s t s  and u n i t  v a r i a b l e  cosBs.  F o r  example ,  t h e  d i f f e r e n t i a l  c o s t s  - 
r e s u l t i n g  from produc ing  t h e  n e x t  u n i t  i n  an ongoing p roduc t ion ,  p ro-  

c e s s  is a  u n i t  v a r i a b l e  c o s t ,  i . e . ,  a  m a r g i n a l  c o s t .  The i n i t i a l  i n -  

v e s t m e n t s  i n  p l a n t ,  equ ipment ,  and t o o l i n g  t o  produce some s c h e d u l e d  

q u a n t i t y  a r e  p r o j e c t  v a r i a b l e  c o s t s .  I n  e i t h e r  c a s e ,  t h e  c o s t s  i n -  

c u r r e d  w i l l  be a l l o c a t e d  among t h e  c o s t  e lement  c a t e g o r i e s  of d i r e c t  

l a b o r ,  m a t e r i a l s ,  o v e r h e a d ,  e t c .  

F o r  c o s t  e s t i m a t i n g  p u r p o s e s  t h e  d i s t i n c t i o n  between u n i t  v a r i -  

a b l e  c o s t s  and p r o j e c t  v a r i a b l e  c o s t s  i s  of fundamental  impor tance  

s i n c e  t h e y  a r e  i n f l u e n c e d  by d i f f e r e n t  f a c t o r s .  We have h y p o t h e s i z e d  

t h a t  t h e  u n i t  c o s t  o f  an i t e m  depends  on  i t s  components and t h e i r  

c h a r a c t e r i s t i c s .  The c o s t  a l s o  must depend i n  some way on p r o d u c t i o n  - 
c h a r a c t e r i s t i c s  such  a s  t h e  number of u n i t s  p r e v i o u s l y  p roduced ,  t h e  

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

t i m e  p e r i o d .  Tha t  u n i t  c o s t s  depend on t h e  amount o f  p r i o r  p r o d u c t i o n  

i s  wel.1 documented (Levenson and B a r r o ,  1966) i n  t h e  a i r c r a f t  i n d u s t r y  

where t h e  u s e  of t h e  " l e a r n i n g  c u r v e f '  i s  s t a n d a r d  p r o c e d u r e  f o r  c o s t  

e s t i m a t o r s .  While l e s s  w e l l  documented,  it i s  r e a s o n a b l e  t h a t  t h e  

r a t e  o f  o u t p u t  and t o t a l  s c h e d u l e d  o u t p u t  s h o u l d  a l s o  a f f e c t  manufac- 

t u r i n g  methods and t h u s  u n i t  c o s t s .  

On t h e  o t h e r  hand ,  t h e  c o s t  components and c o s t  component de- 

s c r i p t o r s  of a  subsys tem,  even i f  known i n  some d e t a i l ,  do n o t  seem 

t o  be v e r y  v a l i d  p r e d i c t o r s  of p r o j e c t  v a r i a b l e  c o s t s .  While p r o j e c t  

v a r i a b l e  c o s t s  a r e  s u r e l y  i n f l u e n c e d  i n  g e n e r a l  by what i s  b e i n g  - 



produced,  t hey  a r e  even more d i r e c t l y  i n f luenced  by how something i s  - 
produced. That is t o  s a y ,  an e s t i m a t e  of p r o j e c t  v a r i a b l e  c o s t s  is 

very  s e n s i t i v e  t o  t h e  p roduc t ion  c h a r a c t e r i s t i c s  which w i l l ,  i n  l a r g e  

measure,  de te rmine  t h e  s i z e  of t h e  p l a n t ,  t h e  c a p a c i t y  of t h e  ma- 

c h i n e r y ,  e t c .  Furthermore,  i t  would be u n r e a l i s t i c  t o  expec t  t o  have 

a t o m i s t i c  p roces s  eng inee r ing  d a t a  a v a i l a b l e  e a r l y  i n  t h e  p r o j e c t .  

Thus, t h e  i n i t i a l  procurement c o s t  e s t i m a t e  f o r  f a c i l i t i e s  t o o l i n g ,  

e t c .  must be based on g r o s s e r  measures such a s  t h e  p roduc t ion  char -  

a c t e r i s t i c s  of q u a n t i t i e s ,  r a t e s ,  d u r a t i o n ,  and t h e  product  c h a r a c t e r -  

i s t i c s  of weight ,  h e i g h t ,  m a t e r i a l ,  e t c .  

THE LITERATURE OF PROCUREMENT COST PREDICTION 

The m a j o r i t y  of procurement c o s t  p r e d i c t i o n s  have been done on 

an ad hoc b a s i s ,  and t h e r e  a r e  consequent ly  very  few g e n e r a l  formula- 

t i o n s  of t h e  procurement c o s t  problem. However, v a r i o u s  i n d i v i d u a l s  

a t  t h e  RAND Corpora t ion  have made some p rog res s  i n  s t r u c t u r i n g  t h e  

A i r  Force weapons system procurement c o s t  p r e d i c t i o n  problem i n  a  

f a i r l y  g e n e r a l  f a s h i o n .  Most of t h i s  work was o r i g i n a l l y  done f o r  

t h e  A i r  F o r c e ' s  " P r o j e c t  RANDvq bu t  is  now a v a i l a b l e  i n  u n c l a s s i f i e d  

form through pub l i shed  RAND memorandums. The Levenson and Barro  

1966 paper  r e f e r r e d  t o  above is  one example of t h e  work being done 

a t  RAND. More comprehensive fo rmula t ions  a r e  g iven  by G .  H .  F i s h e r  

(1962),  David Novick ( 1 9 6 l ) ,  and P e t r u s c h e l l  and Ches te r  (1963) .  The 

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

u s ing  a  c o s t  model a r e  d i scussed  i n  t h e s e  a r t i c l e s .  S ince  much of 

t h e  RAND work r e f e r s  s p e c i f i c a l l y  t o  A i r  Force c o s t i n g  procedures  and 

aerospace  systems,  a  thorough review i s  not  necessary  h e r e ;  however, 

s p e c i f i c  r e f e r e n c e  t o  RAND a r t i c l e s  w i l l  be made where a p p r o p r i a t e  

i n  t h e  development of ou r  procurement c o s t  p r e d i c t i o n  model below. 

Another body of l i t e r a t u r e  d e a l i n g  wi th  system procurement prob- 

lems i s  r ep resen ted  by t h e  ex p o s t  f a c t o  s t u d i e s  of F i s h e r  (1962) r e -  

f e r r e d  t o  above and Peck and Scherer  (1962) .  These s t u d i e s  a r e  a t -  

tempts  t o  de te rmine  what went wrong i n  c o s t  e s t i m a t e s  f o r  weapons 

systems and why. The problem of requi rements  u n c e r t a i n t y  has  been 

d i scussed  above. I n  a d d i t i o n ,  Peck and Scherer  no te  t h a t  c o s t  e s t i -  

mates  based on c o n t r a c t o r  s u p p l i e d  c o s t  i n fo rma t ion  may be b i a sed  on 

t h e  low s i d e  s i n c e  t h e  c o n t r a c t o r  was b idding  low i n t e n t i o n a l l y  t o  



g a i n  a  c o n t r a c t .  Whether t h i s  i n t e n t i o n a l  b i a s i n g  has any d i r e c t  

bea r ing  upon t h e  highway t r a n s p o r t a t i o n  system c o s t i n g  problem w i l l  

have t o  be i n v e s t i g a t e d  w i t h  f u r t h e r  r e s e a r c h .  The problem of co l -  

l e c t i n g  good c o s t  d a t a  upon which t o  base  t h e  c o s t  p r e d i c t i o n  model 

i s ,  however, of fundamental importance,  and any f u t u r e  development 

of t h e  c o s t  p r e d i c t i o n  model proposed he re  must inc lude  a  thorough 

e v a l u a t i o n  of d a t a  s o u r c e s .  

Another r e l e v a n t  work and t h e  d i r e c t  p rogen i to r  of t h e  model 

developed below i s  t h e  procurement c o s t  model developed by Bonder 

(1963) f o r  t h e  main b a t t l e  t a n k .  Because t h e  model proposed i n  t h e  

fo l lowing  s e c t i o n  i s  i n  essence  i d e n t i c a l  t o  Bonder ' s ,  a  d e t a i l e d  

exp lana t ion  i s  unnecessary .  The major assumptions and proposed meth- 

odology c a r r y  a v e r  d i r e c t l y  , t o  t h e  highway t r a n s p o r t a t i o n  system, pro- 

curement c o s t  model. 

TOTAL PROCUREhIENT COSTS 

The preceding  comments were purposely l e f t  g e n e r a l  under t h e  

assumption tha.t t h e  sugges ted  approach t o  p r e d i c i n g  procurement c o s t s  

would apply e q u a l l y  we l l  t o  any subsystem, i . e . ,  highway, v e h i c l e ,  

r ecove ry ,  e t c .  However, an a c c u r a t e  c o s t  p r e d i c t i o n  model must ob- 

v i o u s l y  t a k e  i n t o  account a l l  t h e  c h a r a c t e r i s t i c s  of t h e  subsystem 

whose c o s t s  it is t o  p r e d i c t .  While any system is  composed of compo- 

nen t s  i n  some s e n s e ,  not a l l  systems r e q u i r e  t h a t  t h e s e  components 

be assembled t o  form t h e  t o t a l  system. In t h e  c a s e  of t h e  v e h i c l e  

t h e  assembly p roces s  and i t s  a s s o c i a t e d  c o s t s  a r e  c l e a r l y  d e f i n e d .  

However, i t  is  not  c l e a r  t h a t  t h e  c o n s t r u c t i o n  of a  highway whe:rein 

t h e  subgrade s t r u c t u r e ,  t h e  s u r f a c e ,  t h e  s h o u l d e r s ,  e t c . ,  a r e  com- 

bined t o  form t h e  highway c o n s t i t u t e s  an assembly p r o c e s s .  F u r t h e r ,  

it is doub t fu l  t h a t  t h e  i n t e g r a t i o n  of t h e  v a r i o u s  components of t h e  

recovery  system, i . e . ,  t h e  recovery v e h i c l e s ,  s u r v e i l l a n c e  system, 

communication system, e t c . ,  i n t o  an e f f e c t i v e  system is  analogous t o  

an assembly p r o c e s s .  Neve r the l e s s ,  i t  w i l l  prove u s e f u l  t o  develop 

a  procurement c o s t  p r e d i c t i o n  model which t a k e s  assembly c o s t s ,  t e s t -  

ing  c o s t s ,  r e p a i r  c o s t s ,  e t c . ,  i n t o  account .  In  t h e  c a s e s  where such 

d e t a i l  does not  apply ,  t h e  gene ra l  model i s  s t i l l  a p p l i c a b l e  but  t h e  

nonre levant  c o s t s  a r e  z e r o .  



THE GENERAL PROCUREMENT COST PREDICTION MODEL 

The model developed below i s  based on t h e  fo l lowing  assumptions:  

1. In  t h e  procurement phase of any system m o d i f i c a t i o n  p r o j e c t ,  

funds  a r e  expended t o  a c q u i r e  some e n t i t y  of measurable  v a l u e .  The 

t o t a l  procurement c o s t  is  t h e  sum of t h e  u n i t  c o s t s  (a l lowing  t h e  

p o s s i b i l i t y  t h a t  t h e r e  may be on ly  one u n i t )  and t h e  p r o j e c t  c o s t s .  

A u n i t  c o s t  may be de f ined  v a r i o u s l y  f o r  d i f f e r e n t  subsystems,  e . g . ,  

t h e  c o s t  pe r  v e h i c l e  i n  a  t r u c k  f l e e t ,  t h e  c o s t  per  m i l e  of highway, 

e t c .  

2 .  The new subsystem o r  change t o  an e x i s t i n g  subsystem repre-  

s e n t e d  by t h e  m o d i f i c a t i o n  p r o j e c t  i s  procured  a s  an e n t i t y  which 

c o n s i s t s  of c e r t a i n  we l l  de f ined  components. 

3 .  Where t h e s e  components must be p h y s i c a l l y  assembled i n t o  a  

workable system, .assembly c o s t s  a r e  i ncu r red  i n  a d d i t i o n  t o  t h e  c o s t  

of t h e  i n d i v i d u a l  components. 

4 .  The product ion  c o s t  e lements  ( d i r e c t  l a b o r ,  d i r e c t  m a t e r i a l s ,  

overhead,  product ion  eng inee r ing ,  t o o l i n g ,  and g e n e r a l  and admin i s t r a -  

t i v e )  can  be so  de f ined  f o r  each component a s  t o  be independent ,  mu- 

t u a l l y  e x c l u s i v e ,  and c o l l e c t i v e l y  e x c l u s i v e .  

5 .  The necessary  d a t a  from p a s t  p r o j e c t s  of an analogous n a t u r e  

a r e  a v a i l a b l e  by c o s t  element s o  t h a t  c o s t  e s t i m a t i n g  r e l a t i o n s h i p s  

f o r  c u r r e n t  p r o j e c t s  can be de r ived .  

6 .  Where neces sa ry ,  c o s t s  i ncu r red  i n  d i f f e r e n t  t ime p e r i o d s  

can be summed o r  compared u s i n g  p r e s e n t  va lue  t echn iques .  

7 .  A p r e r e q u i s i t e  f o r  t h e  preceding  assumption is t h a t  an appro- 

p r i a t e  d i scoun t  f a c t o r  can be computed from i n t e r e s t  r a t e s ,  c o s t  of 

c a p i t a l ,  o r  o t h e r  s u i t a b l e  means. 

I f  we adopt t h e  p o i n t  of  view of a purchaser  of some h y p o t h e t i c a l  

system, t h e  procurement c o s t  i ncu r red  can be r ep re sen ted  a s :  

where C = t o t a l  c o s t  of V complete u n i t s  produced wi th  r a t e  index R 
V , R  

V = number of complete u n i t s  

'v, R 
= u n i t  c o s t  a t  c o n s t a n t  V and R 



R = r a t e  index which d e s c r i b e s  t h e  product ion  r a t e  with r e -  

s p e c t  t o  i t s  mean and v a r i a b i l i t y  

F  = f a c i l i t i e s  ( l a n d ,  b u i l d i n g s ,  e t c . )  d i f f e r e n t i a l  with 

t h i s  p r o j e c t  

Now 

where c  = u n i t  c o s t  of j t h  component 
j 

M = number of components i n  system 

* V , R , M  = t h e  u n i t  assembly c o s t  of M components a t  cons t an t  V 

and R ,  t o  i nc lude  c o s t s  of i n s p e c t i o n ,  t e s t ,  r e p a i r ,  

and s c r a p  

P = u n i t  p r o f i t  r ece ived  by producer  

S = u n i t  sh ipping  and o t h e r  t r a n s f e r  charges  

A s  noted above, t h e  c o s t  of each component can be a l l o c a t e d  amo:ng 

s e v e r a l  e lements  denoted by ejm.  We w i l l  assume t h a t  some u n i t  e l e -  

mental  c o s t s  vary  i n  some manner wi th  changes i n  V and R and t h a t  

some do n o t .  For example, t h e  " l ea rn ing  phenomenon" may c l e a r l y  

a f f e c t  u n i t  d i r e c t  l a b o r  c o s t s ,  i . e . ,  u n i t  l abo r  c o s t s  may dec rease  

a s  volume i n c r e a s e s .  On t h e  o t h e r  hand, u n i t  m a t e r i a l  c o s t s  may 

(assuming no q u a n t i t y  d i scoun t s )  remain cons t an t  over  a  wide range 

of V and R .  I n  t h e  c a s e  of expendable t o o l i n g ,  t h e  c o s t  pe r  u n i t  may 

be c o n s t a n t  f o r  a l l  V bu t  may vary  s i g n i f i c a n t l y  a s  R i s  changed. 

Thus, f o r  an a r b i t r a r y  number, D ,  of c o s t  e lements  ( l a b o r ,  mate- 

r i a l ,  O . H . ,  e t c . )  we may form: 

where t h e  terms e  f o r  m = 1, . . . , A a r e  i n v a r i a n t  under changes 
j m 

i n  e i t h e r  V o r  R ,  i . e . ,  a e .  /aV. = 0 ,  a e  / a R .  = 0 
~m J j m  J 

t h e  terms e  f o r  m = A t 1, . . . , B may vary  wi th  changes i n  
j m  

V bu t  a r e  i n v a r i a n t  under changes i n  R ,  i . e .  , a e  . /3V. # 0 ,  
Jm J  

a e .  / a R  = o 
~m j 



t h e  terms e f o r  terms m - B + 1, . . . , C ,  do not  vary  with 
jm 

V but  may vary  wi th  R ,  i . e . ,  h e .  / av j  = 0 ,  a e .  i 3 ~ .  # 0 
Jm Jm J  

t h e  terms e  f o r  m = C + 1, . . , , D may vary  f o r  changes i n  
j m  

both V and R ,  i . e . ,  3 e .  / a V .  # 0 ,  he / a R  # 0 
~m J j m  j 

Since t h e  c o s t s  a s s o c i a t e d  with t h e  remaining terms i n  E q .  2: 

i . e . 9  * v , R , M '  P ~ , ~ 7  and S  V ,  R' vary  so  widely from system t o  system 

and i n d u s t r y  t o  i n d u s t r y ,  we w i l l  not  a t t empt  t o  d e a l  wi th  them i n  

any d e t a i l  h e r e .  P r o f i t ,  P V j R ,  may we l l  be c a l c u l a t e d  a s  f i x e d  per-  

c e n t a g e o f  C ,  i n w h i c h c a s e i t c l e a r l y p r e s e n t s  n o e s t i m a t i n g d i f -  : J 
j=1 

f i c u l t y .  Shipping c h a r g e s ,  Sv ,R,  may be f i x e d  pe r  u n i t  ( o r  ze ro  i n  

t h e  c a s e  of a  highway).  The de t e rmina t ion  of t h e  assembly c o s t s  

*v, R ,  11 i s  a  more d i f f i c u l t  t a s k  and we s h a l l  make a  few remarks on 

t h i s  problem a  b i t  l a t e r .  

Return ing  t o  t h e  e lementa l  c o s t s ,  e we n o t e ,  on t h e  b a s i s  of 
j m '  

our  i n t r o d u c t o r y  remarks above, t h a t  t h e s e  c o s t s  should  be func t ion -  

a l l y  dependent on t h e  performance c h a r a c t e r i s t i c s  of t h e  j t h  compo- 

nent  ( i . e . ,  t h e  j t h  component's c o s t  component d e s c r i p t o r s ) .  I f  we 

denote  t he  c o s t  component d e s c r i p t o r s  a s  x  we may now s t a t e  s e v e r a l  j k '  
hypotheses concerning t h e  n a t u r e  of  t h e s e  dependencies .  

Hypothesis  I ( e  f o r  m = 1, . . . , A) 
j m  

S ince  we have assumed e  is not  dependent on e i t h e r  V o r  R bu t  
j m 

is dependent upon t h e  c o s t  component d e s c r i p t o r s , ~  we may w r i t e :  j k '  

An example of such a  c o s t  element might be a  vendor-purchased p a r t  

f o r  t h e  v e h i c l e  subsystem ( n u t s ,  b o l t s ,  e t c . ) ,  t h e  c o s t  of which i s  

c o n s t a n t  f o r  any volume and product ion  r a t e .  The f u n c t i o n  f  ( . )  has 
j m 

been r e f e r r e d  t o  p rev ious ly  and is c a l l e d  a  c o s t  e s t i m a t i n g  r e l a t i o n -  

s h i p .  A c o s t  e s t i m a t i n g  r e l a t i o n s h i p  then  is simply a  mathematical  - 
s t a t emen t  of how c o s t  is a f f e c t e d  by o t h e r  v a r i a b l e s .  The exac t  

f u n c t i o n a l  form, f .  ( . ) ,  is u s u a l l y  e m p i r i c a l l y  de r ived  through r e -  
J m 

g r e s s i o n  a n a l y s i s .  Appendix 7-B is devoted t o  an example of a  c o s t  

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



H y p o t h e s i s  11 ( e  f o r  m = A + 1, . . . , B )  
j m 

S i n c e  we assume e  may v a r y  w i t h  p r o d u c t i o n  volume V b u t  n o t  
j m 

w i t h  r a t e  R we may w r i t e :  

We might  imagine  a s  an example a  s u p p l i e r  who c a n  f u r n i s h  a  p a r t i c u l a r  

i t e m  ( e . g . ,  from h i s  i n v e n t o r y  ) a t  any r a t e  t h e  sys tem p r o d u c e r  may 

r e q u i r e  a t  no v a r i a t i o n  i n  c o s t .  But he  may be  w i l l i n g  t o  r e d u c e  h i s  

p r i c e ,  e  i f  t h e  sys tem p r o d u c e r  c a n  g u a r a n t e e  him a  l a r g e  volume,  
j m ' 

V .  Again t h e  form of f  ( . )  must be e m p i r i c a l l y  d e r i v e d .  Bonder 
j m 

(1963) s u g g e s t s  t h a t  f i m ( . )  s h o u l d  c o n s i s t  o f  a  c o n s t a n t  t e r m  p l u s  a  

t e rm t h a t  decays  e x p o n e n t i a l l y  i n  V .  

H y p o t h e s i s  I 1 1  ( e  f o r .  m = B + 1, . , , , C)  - j m  

We assume t h a t  t h e  e l e m e n t a l  c o s t  d o e s  n o t  v a r y  w i t h  volume b u t  

d o e s  v a r y  w i t h  p r o d u c t i o n  r a t e ,  t h u s :  

By way of  example ,  c o n s i d e r  a  f i x e d  p r o d u c t i o n  f a c i l i t y  making w i d g e t s  

a t  d  u n i t s  p e r  day on s t r a i g h t  t i m e .  I f  t h e  p r o d u c t i o n  r a t e  R i , s  

s u d d e n l y  i n c r e a s e d  t o  f u l f i l l  a  g i v e n  volume V ( e . g . ,  by a  d e c r e a s e  

i n  a  d e l i v e r y  d e a d l i n e )  o v e r t i m e  s h i f t s  w i l l  be r e q u i r e d  t h u s  i n -  

c r e a s i n g  t h e  component l a b o r  c o s t  e l e m e n t ,  e jm.  

H y p o t h e s i s  I V  ( e  f o r  k = C + 1, . . . , D) - j k  

I n  t h i s  c a s e  t h e  c o s t  e l ement  c o s t  v a r i e s  w i t h  changes  i n  bo th  

p r o d u c t i o n  volume and r a t e ,  t h u s :  

T h i s ,  of c o u r s e ,  i s  t h e  most  common c a s e .  C o n s i d e r ,  f o r  example ,  t h e  

l a b o r  c o s t s  i n  an  a u t o m o b i l e  body.  I f  t h e  t o t a l  a n t i c i p a t e d  volume 

V i s  s m a l l ,  s a y ,  f o r  p r o t o t y p e  b u i l d ,  t h e n  t h e  u n i t  l a b o r  c o s t s  w i l l  

be  h i g h  b e c a u s e  m o s t l y  hand t o o l i n g ,  g e n e r a l  p u r p o s e  p r e s s e s  and f i x -  

t u r e s ,  e t c .  a r e  u s e d  i n  t h e  c o n s t r u c t i o n .  I f  t h e  p r o d u c t i o n  r a t e  R 

i s  i n c r e a s e d  a t  t h i s  low volume, c o s t s  w i l l  f u r t h e r  i n c r e a s e  because  

of o v e r t i m e ,  e t c .  A s  V is i n c r e a s e d  s o  t h a t  h i g h e r  volume p r o d u c t i o n  

t e c h n i q u e s  become f e a s i b l e  t h e  u n i t  l a b o r  c o s t s  d e c r e a s e  f o r  two r e a -  

s o n s .  F i r s t ,  t h e  i n c r e a s e d  m e c h a n i z a t i o n  r e q u i r e s  a  s m a l l e r  p e r  u n i t  



e x p e n d i t u r e  of  l a b o r .  Second ly ,  t h e  " l e a r n i n g  e f f e c t f '  o c c u r s  and 

worker movements become e f f i c i e n t  t h e r e b y  f u r t h e r  r educ ing  t h e  neces-  

s a r y  p e r  u n i t  l a b o r  c o n t e n t .  I n  t h e  m a j o r i t y  of  e l e m e n t s  one would 

e x p e c t  t h e  e l e m e n t a l  c o s t s ,  e jm,  t o  b e  s e n s i t i v e  t o  changes  i n  b o t h  

R and V o v e r  some range  of  v a l u e s  f o r  R and V .  

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

s e v e r a l  p r o p o s i t i o n s  c o n c e r n i n g  t h e  r e l a t i o n s h i p  of  t o t a l  procurement  

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

p r o d u c t i o n  s c h e d u l e  h a s  been p roposed  by A l c h i a n  ( 1 9 5 9 ) .  S i n c e  t h e s e  

p r o p o s i t i o n s ,  though r e l e v a n t ,  a r e  a  b i t  o f  a  d i g r e s s i o n  t h e y  a r e  i n -  

c l u d e d  a s  Appendix 7-C. 

The t e s t i n g  of  t h e  f o u r  h y p o t h e s e s  j u s t  s t a t e d  ( a l o n g  w i t h  t h e  

f o u r  a d d i t i o n a l  p r o p o s i t i o n s  l i s t e d  i n  Appendix 7 - C ) # i t h  r e s p e c t  t o  

t h e  highway t r a n s p o r t a t i o n  sys tem model ,  of c o u r s e ,  c o n s t i t u t e s  a  

ma jor  r e s e a r c h  t a s k .  Hence,  t h e y  a r e  i n t r o d u c e d  h e r e  t o  p r o v i d e  a 

s t r u c t u r e  which may be  u s e f u l  f o r  f u t u r e  r e s e a r c h .  Al though t h i s  

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

t r u e  v a l i d i t y  of  t h e  h y p o t h e s i z e d  r e l a t i o n s h i p s  c a n  o n l y  be conf i rmed  

a f t e r  t h e  r e q u i r e d  c o s t  d a t a  from a c t u a l  sys tems  have been c o l l e c t e d  

and t h e  e m p i r i c a l  r e l a t i o n s h i p s  d e r i v e d .  

ASSEhlBLY COST 

The assembly c o s t ,  A V , R , I ,  w i l l  now be examined i n  more d e t a i l .  

We have i n c l u d e d  a s  ' a s s e m b l y '  c o s t s  n o t  o n l y  t h o s e  c o s t s  a s s o c i a t e d  

w i t h  p h y s i c a l l y  j o i n i n g  t h e  M components i n t o  a  sys tem b u t  a l s o  t h e  

i n s p e c t i o n ,  t e s t ,  r e p a i r ,  and s c r a p  c o s t s  a s s o c i a t e d  w i t h ' t h e  assembly 

p r o c e s s  a s  w e l l .  We may r e p r e s e n t  t h e  assembly c o s t  a s  

where A ~ , ~ , ~  
= t o t a l  ' a s sembly '  c o s t  p e r  u n i t  

J ~ , ~ , h l  
= u n i t  c o s t  of j o i n i n g  h! components i n t o  an  assembly 

' V , R , Y  
= i n s p e c t i o n  c o s t  p e r  assembly 

T ~ , ~ , ~  
= t e s t i n g  c o s t  p e r  assembly 

R ~ , ~ , ~  
= r e p a i r  c o s t  p e r  assembly ( a l s o  c a l l e d  rework c o s t )  

S v , ~ , ~ ~  = s c r a p  c o s t  p e r  assembly 

and a l l  f a c t o r s  a r e  f o r  a  g i v e n  V , R , M .  



The u n i t  c o s t  of < j o i n i n g  11 components i n t o  a n  assembly J V q R  
" 1  1 

may be  assumed t o  be r e l a t e d  t o  t h e  number hr and a l s o  t o  some of t h e  

component d e s c r i p t o r s  x  such  a s  t h e  s i z e ,  w e i g h t ,  e t c . ,  of  t h e  
j k  

component.  Thus we assume 

F u r t h e r ,  i t  seems r e a s o n a b l e  t h a t  t h e  c o s t  J V , R I M  s h o u l d  i n c r e a s e  a t  
/ 

an  i n c r e a s i n g  r a t e  a s  t h e  number of components hl i n c r e a s e s  ( i . e . ,  
2  \ 

' J ~ , ~ , h ~  /an > 0 and 3 J v , R ,  hf/hi12 > 0) . I t  i s  n o t  p o s s i b l e  t o  make a  
g e n e r a l  comment abou t  t h e  n a t u r e  of t h e  a p p r o p r i a t e  x  ' s  s i n c e  t h e s e  .i k 
must be  d i s c o v e r e d  t h r o u g h  e x p e r i e n c e  w i t h  t h e  a c t u a l u s y s t e m .  110~~- 

e v e r ,  we f e e l  i n t u i t i v e l y  t h a t  t h e  p h y s i c a l  d e s c r i p t o r s  o f  t h e  compo- 

n e n t  such  a s  h e i g h t ,  l e n g t h ,  w e i g h t ,  e t c .  s h o u l d  be  i m p o r t a n t  because  

t h e r e  s h o u l d  be some optimum s i z e  and w e i g h t  o f  a  component i n  a g i v e n  

assembly  p r o c e s s  above o r  below which t h e  assembly c o s t s  i n c r e a s e  a t  

a n  i n c r e a s i n g  r a t e ,  i . e . ,  t h e  f u n c t i o n  JV,R,J l  = f ( * ) is convex i n  some 

U n i t  i n s p e c t i o n  c o s t s ,  I V , R , h I ,  c a n  a l s o  be  assumed t o  be  a func-  

t i o n  o f  hl and some x  ' s .  I n  t h i s  c a s e ,  i n  a d d i t i o n  t o  component 
j k  

w e i g h t ,  s i z e ,  e t c .  c o s t  w i l l  a l s o  be a  f u n c t i o n  of such  f a c t o r s  a s  

assembly  t o l e r a n c e s .  

The n a t u r e  o f  t h e  i n s p e c t i o n  p r o c e s s ,  e . g . ,  d e s t r u c t i v e  o r  non- 

d e s t r u c t i v e ,  w i l l  a l s o  a f f e c t  c o s t s .  F u r t h e r  t h e  p r o b a b i l i t i e s  o f  

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

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

t h e  f i n a l  assembly p a s s i n g  t h e  f i n a l  t e s t s  must be c o n s i d e r e d  i n  

a s s e s s i n g  t h e  t e s t i n g  c o s t .  Because  t h e  development  o f  t h e s e  r e l a -  

t i o n s h i p s  becomes i n v o l v e d ,  t h e  i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t,o 

Appendix 7-D where t h e y  a r e  deve loped  i n  some d e t a i l .  

We have assumed t h a t  t h e  t o t a l  u n i t  assembly c o s t s ,  
* v , ~ , h l '  as 

r e p r e s e n t e d  by Eq. 8 ,  a r e  s e n s i t i v e  t o  changes  i n  t h e  c o n t e m p l a t e d  

r e q u i r e d  p r o d u c t i o n ,  V ,  and t h e  r a t e  i n d e x ,  R .  I t  s h o u l d  be p o s s i b l e ,  

a t  l e a s t  t h e o r e t i c a l l y ,  t o  p r e d i c t  from E q .  8 t h e  changes  i n  assembly 

c o s t s  f o r  any g i v e n  changes  i n  V and R .  F u r t h e r m o r e ,  s i n c e  t h e  t e r m s  

on t h e  r i g h t  of Eq. 8 depend i n  some way on t h e  c h a r a c t e r i s t i c s  of 

t h e  i n d i v i d u a l  components ,  i t  s h o u l d  a l s o  be p o s s i b l e ,  once t h e  r e -  

q u i r e d  r e l a t i o n s h i p s  a r e  d e r i v e d ,  t o  p r e d i c t  how assembly c o s t s  w i l l  



change a s  t h e  c h a r a c t e r i s t j c s  of t h e  con~pcnent g s ~ t s  s f  t h e  system 

a r e  changed. 

Obviously, a g r e a t  draP oi d a t a  c o l l e c t i o n  and a n a l y s i s  i s  r e -  

qu i r ed  be fo re  equa t ions  s a c h  d s  E q ,  8 can  be de r ived  w i t h  any reason-  

a b l e  accuracy ,  T h e  purpose  of t h e  preceding  d ? s c u s s i o n  was t o  i n d l -  

e a t e ,  i n  a g e n e r a l  way ,  t h e  Lorn such equalsuns  might t a k e  and how 

they  could  be u s e d .  i n  Appecdhx 7-B we shcw how a cost e s t i m a t i n g  

r e l a t i o n s h i p  of t h e  form C - . f (xJk)  ii d e r i v e d .  and ixhat some of t h e  

u s e s  and l imi t a tnons  of sucn a :-el a t b o n s h l p  a r e .  

PREDICTING OPERATTNG AND IIABNTENAKCE COSTS 

The r a s k  of p r e d i c t i ~ g  o p e r a t i n g  and maintenance costs is simply 

desc r ibed :  g iven  some well d e f i n e d  configuratson of t h e  t o t a l  high- 

way t r a n s p o r t a t i o n  system, we must a i s c o v e r  a means of p r e d i c t a n g  t k e  

c o s t s  of opera tang  and m a i n t a ~ n l n g  ; h a t  system over  come r e l e v a n t  t ime  

peraod.  There a r e  tw:s major aspcc t a  t o  t h e  3 & h I  c 0st p r e d i c t i o n  prob- 

Bern. The  f i r s t  i s  I s  i d e n t i f y  t h e  usage r a t c s  and c o s t s  a s s o c i a t e d  

with t h e  c u r r e n t  o p e r a t i o n  and na in t enance  of t h ~  system, Such things 

as  g a s o l i n e ,  o i l ,  and t i r c  consumption f o r  t h e  v e h i c l e  subsystem; 

p a t c h i n g ,  bkldge painting, ann  s i g n  repair f o r  the n ~ g h w a y  subsystem; 

highway p a t r o l  and l e g a l  c o s t s  f o r  %be esforcement  subsystem; shau ld  

be  inc luded  i n  t h i s  c a t e g o r y ,  T h e  secscd  major a spec t  i s  t h e  p red je -  

t l o n  s f  t h e  c o s t  si e o n s t r u c t r e n  and/or procurement of O&M f a c i l i t i e s  

such a s  s e r v i c e  s t a t i o n s  and garages ,  ~ n s p e c t ~ o n  s t a t ~ a n s ,  highway 

department maintenance ga rages  and  equipment, and a l s o  t h e  i n i t i a l  

t r a i n i n g  c ~ s t s  r e q u l r e a  by t h e  rntroduct;on o f  a new system, 

The gene ra l  procedure we a r e  proposing 1s t o  r ecogn ize  t h a t  t h e  

O&hl c o s t  of t h e  t o t a l  highway t r a n s p o r t a t i o n  system is t h e  sum of t h e  

O&h! c o s t s  of t h e  component subsystems,  F u r t h e r ,  t h e  O&hI c o s t s  of a 

subsystem a r e  assumed t o  be t h e  suq o l  t h e  c o s t s  of i t s  O&V c o s t  

c o n s t i t u e n t s ,  The c o s t s  i ncu r red  bv each c o n s t i P u e n t  can  t hen  be 

a l l o c a t e d  among the ,  ,rsual eosL elements of l a b o r ,  macerra l ,  e t c ,  F9r  

example, i r i  t h e  v e h i c l e  suksystarn a f y p l c a l  c o s t  c o n s t i t k e p t  would 

Se l u b r i c a t i o n  c o s t s ,  which  cou ld  f u r t h e r  ba a c c o ~ n t e d  i n  terms of 

mate r ia l ,  l a b o r ,  ard ovexhrad c o a l  s 



LITERATURE ON OPERATING AND MAINTENANCE COSTS 

I n  t h e  RDT&E and Procurement s e c t i o n s  we noted  a  s c a r c i t y  of 

m a t e r i a l  r e l eva .n t  t o  t h e  c o s t  p r e d i c t i o n  problem. The same is gener-  

a l l y  t r u e  f o r  t h e  p r e d i c t i o n  of 0&hI c o s t s .  However, t h e r e  i s  a  g r e a t  

body of l i t e r a t u r e  devoted t o  ac tu . a l  o p e r a t i n g  c o s t s  of some subsys-  

tems of t h e  t o t a l  highway t r a n s p o r t a t i o n  system. These r e p o r t s  a r e  

v a l u a b l e  i n  he lp ing  t o  i d e n t i f y  t h e  r e l e v a n t  c o s t  c o n s t i t u e n t s  and 

t o  p rov ide  p r e l i m i n a r y  f u n c t i o n a l  r e l a t i o n s h i p s  neces sa ry  f o r  t h e  c o s t  

p r e d i c t i o n  model. The l i t e r a t u r e  d e a l s  mainly wi th  t h r e e  d i s t i n c t  

a r e a s :  v e h i c l e  o p e r a t i n g  c o s t s ,  a c c i d e n t  c o s t s ,  and highway mainte-  

nance c o s t s .  S ince  t h e  amount of l i t e r a t u r e  is s o  e x t e n s i v e ,  it is 

no t  f e a s i b l e  t o  g i v e  a  d e t a i l e d  a n a l y s i s  h e r e .  I n s t e a d  a  g e n e r a l  

overview is  g iven  and some d e t a i l e d  comments made on c u r r e n t  a r t i c l e s  

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

The two p r i n c i p a l  p u b l i c  o r g a n i z a t i o n s  doing r e s e a r c h  on v e h i c l e  

o p e r a t i n g  c o s t s  a r e  t h e  Highway Research Board (HRB) and t h e  American 

Assoc ia t ion  of S t a t e  Highway O f f i c i a l s  (AASHO). Although numer~ous 

o t h e r  p u b l i c  and p r i v a t e  o r g a n i z a t i o n s  have conducted such t e s t s  from 

t ime t o  t ime ,  t h e  l i t e r a t u r e  is dominated by HRB and AASHO. One cur -  

r e n t  s tudy  of t h e  HRB (Chaffey ,  1965) is t y p i c a l  of t h e  work being 

done and ,  i n  a d d i t i o n ,  i n c l u d e s  an e x t e n s i v e  b ib l iog raphy  on v e h i c l e  

o p e r a t i n g  c o s t s .  The o b j e c t i v e  of t h i s  s tudy  is t o  o b t a i n  a c c u r a t e  

i n fo rma t ion  on v e h i c l e  running  c o s t s  through road  t e s t s .  The c o s t  

i n fo rma t ion  i s  be ing  c o l l e c t e d  t o  f a c i l i t a t e  c o s t  a n a l y s i s  of proposed 

highway p r o j e c t s .  The s t u d y  r e l a t e s  f u e l  consumption, t i r e  wear ,  e t c .  

t o  f a c t o r s  such a s  v e h i c l e  speed ,  highway geometries! and environmental  

c o n d i t i o n s .  'The i n s t r u m e n t a t i o n  and methodology of t h e  HRB s t u d i e s  

a r e  among t h e  most s o p h i s t i c a t e d  be ing  used i n  t h e  United S t a t e s  t oday .  

A s tudy  t h a t  u s e s  a s  i n p u t  d a t a  s i m i l a r  t o  t h o s e  be ing  c o l l e c t e d  

by HRB is be ing  done by Lang and Robbins (1962) a t  BIIT. The Lang and 

Robbins approach cor responds  c l o s e l y  t o  t h e  systems model l ing  approach 

be ing  recommended i n  t h i s  c h a p t e r .  Using a  computer s i m u l a t i o n ,  thcy  

have developed a  model t o  p r e d i c t  v e h i c l e  o p e r a t i n g  c o s t s  a s  a  f u n c t i o n  

of t h e  highway al ignment  and o p e r a t i n g  speeds .  Given b a s i c  v e h i c l e  

eng inee r ing  d a t a  such a s  h e i g h t ,  f r o n t a l  a r e a ,  t i r e  s i z e ,  t o rque  

cu rve ,  a i r  and r o l l i n g  r e s i s t a n c e ,  b rake  s p e c i f i c  f u e l  consumption a s  



a  f u n c t i o n  o l  p i s t o n  s p c c d ,  e t c ,  , t h e  o r o g l  am comnpaii e s  t h e  required 

f u n c t i o n s  r e l a t ~ n g  f u e l  c o r i s u m p t ~ s n  t o  o p e r a t l n ~  s p e e d s  and fiorse- 

porver r e q u ~ r e r n e n t s ,  Th? v e b l c l  r? sr~riciai is? p r o g l  am then  " r u n s "  a 

s p e c i f i e d  v e h i c l e  on a  g i u s n  roaaxav h t  s g;azn d i s t r i b u t i o n  of 

s p e e d s  and r e c o r d s  t h e  r e ~ u :  k i n g  f u e l  consr ;npt lon.  Although t h e  

presenC p m g r a m  d o e s  no t  p r o v l d e  @,: tpvt  d a r a  on t ~ r e  n e a r ,  o i l  con- 

sumpt ion ,  ma in tenance  c o s t s ,  e t c , ,  t h e  b a s i c  51mulat ion approach  

c o u l d  be a d a p t r d  t o  d c ~  %fils. 

The l i t e r a t u r e  on acc iden t ;  co s t s  i e q ~ ~ a l l j i  a s  e x t e n s i v e  a s  t h a t  

f o r  v e h i c l e  o p e r a t i n g  c o s t s .  KswevcrY a s  n o t e d  i n  C h a p t e r  l a ?  no 

e o n p r e h e n s i v e  schexrie e x i s t s  for p r ' a d i c t i n g  highway a c c i d e n t s ,  X i m i - .  

E a r l y ,  no comprehens ive  scheme e x i s t s  f o r  c a l c u l a t i n g  t h e  c o s t  of  

a c c i d e n t s s ,  The d i f f  i e u l t y  s,tems from two s o u r c e s ,  F i r s t ,  t h e r e  i.s 

no u n i v e r s a l  agreement  upon what c o s t s  t o  i n c l u d e  i n  t h e  " c o s t  of  ar, 

a c c i d e n t , "  Second,  t h e  accumulated c o s t  d a t a  a r e  i n c o m p l e t e  s i n c e  a 

l a r g e  p r o p o r t i o n  of  p r o p e r t y  damage a c c i d e n t s  a r e  n e v e r  r e p o r t e d .  

3lost r e p o r t s  on t h e  c o s t  of a e c i d e c t s  sol .ve t h e  p i . o b l m  of which c o s t s  

t o  i n c l u d e  by i l ~ e b u d i n g  o n l y  s o - c a l l e d  " d i r e c t "  c o s t s ,  i . e . !  t h e  d i f -  

f e r e n t i a l  monetary  v a l u e  of damages and l o s s e s  t o  p e r s o n s  and p r o p e r t y  

i n c u r r e d  a s  a  d i r e c t  r e s u l t  of  t h e  a c c i d e n t .  Such d i r e c t  c o s t s  i n -  

c l u d e :  monetary  v a l u e  of  damage t n  p r o p e r t y ,  h o s p i t a l i z a t i o n ,  l o s t  

work t i m e ,  damage a w a r d s ,  and a t t o r n ~ y ' s  and o t h e r  l e g a l  f e e s ,  The 

d i r e c t  c o s t  approach  h a s  been t a k e n  i n  r e c e n t  comprehens ive  s t u d i e s  

i n  l l a s s a c h u s e t t s  (Twon~bly, 1 9 6 0 ) ,  T l P i n o i s  ( B i l l i n g s l e g  and J o r g e n -  

s o n ,  1 8 6 3 )  and C a l i f o r n i a  (Hosking,  1957) . 
A more comprehensive  v i e w p o i n t  i s  a d o p t e d  i n  a  s t u d y  done by t h ~  

S t a n f o r d  R e s e a r c h  I n s t i t u t e  ( S R I ) .  E s s e n t i a l l y  t h e  SRI  s t u d y  (1964) 

i s  a  c o s t  e f f e c t i v e n e s s  s t u d y  f o r  an  expanded n a t i o n a l  s a f e t y  program 

t o  r e d u c e  t h e  c o s t s  of L r a f f i e ,  Some! and p u b l i c  a e c j d e n t s .  I n  p a r t ,  

however,  t h e  s t u d y  s e e k s  t o  d e v e l o p  a methodology f o r  a s s e s s i n g  t h e  

economic c o s t s  s f  t r a f f i c  a c c i d e n t s ,  and t h i s  i s  o u r  p r i n c i p a l  con- 

c e r n ,  The g e n e r a l  approach  t a k e n  i s  t o  r e l a t e  t h e  v a r i o u s  a c c i d e n t  

c o s t  c o n s t i t u e n t s  t o  t h e  d i v e r s e  segments  of t h e  economy, I n  a d d i t i o n  

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

i s  made t o  d e v e l o p  a c  a n a l y t i c a l  framework t o  d e t e r m i a e  t h e  g e n e r a l  

economic consequences  of  a c c i d e n t s  as  r e p r e s e n t e d  by f o r e g o n e  con- 

sumpt ion and  sa . l es  l o s s e s  iin v a r i o u s  i . n c i u s t r i @ s ?  b y  demographic  



changes,  by inc reased  c o s t s  t o  government and bus ines s  and othei: ad- 

v e r s e  e f f e c t s  on t h e  g e n e r a l  economy. To e s t i m a t e  t h e  economic l o s s e s  

( o t h e r  t han  immediate d i r e c t  c o s t s )  a r i s i n g  from a c c i d e n t a l  d e a t h s ,  

a  c a l c u l a t i o n  of t h e  t o t a l  cumulat ive fami ly  income l o s s  r e s u l t i n g  

from t h e  dea th  of a  p r e s e n t  o r  p o t e n t i a l  head of a  household is made. 

These l o s s e s  a r e  f u r t h e r  assumed t o  be passed on t o  bus ines s  i n  terms 

of l o s t  s a l e s  and t o  government i n  terms of l o s t  t a x e s .  Although t h e  

SRI s tudy  p r e s e n t s  t h e s e  e s t i m a t e s  of t h e  c o s t s  a s s o c i a t e d  wi th  d e a t h s  

from a c c i d e n t s  and t h e  number of a c c i d e n t a l  d e a t h s ,  i t  c o n s i s t e n t l y  

avo ids  d i v i d i n g  c o s t  by f a t a l i t i e s  t o  o b t a i n  an e s t i m a t e  of t h e  aver -  

age c o s t  t o  v a r i o u s  segments of s o c i e t y  of t h e  l o s s  of one human l i f e .  

Because i n  e f f e c t  t h i s  procedure p l a c e s  a  m a t e r i a l  va lue  upon a  human 

l i f e ,  i t  is  f r e q u e n t l y  r e j e c t e d  wi thout  i n v e s t i g a t i n g  i t s  u s e f u l n e s s  

f o r  c o s t - e f f e c t i v e n e s s  a n a l y s i s .  

Another approach t o  t h e  problem of a s s e s s i n g  t h e  human l i f e  has  

been taken  by two French highway e n g i n e e r s ,  Jacques  ~ h 6 d i 6  and Claude 

Abraham (1961) .  The c e n t r a l  q u e s t i o n  they  pose i s :  How much should 

a  community ag ree  t o  spend t o  save  one human l i f e ?  T h e i r  approach 

is t o  t o t a l  t h e  l o s s e s ,  bo th  d i r e c t  and a f f e c t i v e ,  i n c u r r e d  by t h e  

community a s  t h e  r e s u l t  of one d e a t h .  The c o s t  c a t e g o r i e s  cons ide red  

a r e  m a t e r i a l  damages and medical  expenses ;  a d m i n i s t r a t i o n  expenses ,  

i . e . ,  i n s u r a n c e ,  l e g a l ,  and enforcement expenses ;  and product ion  

l o s s e s .  The p roduc t ion  l o s s e s  a r e  c a l c u l a t e d  by means of complex 

formulae which t a k e  i n t o  account  t h e  product ion  l o s t  n e t  of probable  

consumption of s e r v i c e s  i n  terms of n a t i o n a l  income accounts  arid of 

f r e e  s e r v i c e s  ( e . g . ,  housewivesf s e r v i c e s ) .  The n e t  r e s u l t  of t h e  

c a l c u l a t i o n  i s  t o  a s s i g n  ( a t  1960 p r i c e  l e v e l )  a  break-even va lue  of 

125,000 NF ($25,320) t o  t h e  l o s s  of a  human l i f e ,  i .  e .  , t h e  community 

should  be prepared  t o  spend 125,000 NF on a  p r o j e c t  which w i l l  p r even t  

t h e  l o s s  of one human l i f e  due t o  a  road a c c i d e n t  ( i n  F r a n c e ) .  Fur- 

t h e r  d i s c u s s i o n  of t h e  c o s t  of a c c i d e n t s  and t h e  d e s i r a b i l i t y  of  c a l -  

c u l a t i n g  t h e  c o s t  of a  human l i f e  is g iven  below. 

The problem of account ing  f o r  c o s t s  a r i s i n g  from unrepor t ed  ac- 

c i d e n t s  is handled by t h e  S t a t e  of I l l i n o i s  (1962) by us ing  a  sampling 

procedure .  Two sources  were used:  p rev ious ly  f i l e d  a c c i d e n t  r e p o r t s  

and i n t e r v i e w  forms mai led  t o  a  random sample of v e h i c l e  owners se-  

l e c t e d  from l i c e n s e  p l a t e  numbers. From a  comparison of t h e  a c c i d e n t  



r e p o r t s  on f i l e  and t h e  r e t u r n s  of t h e  in t e rv i ew forms an e s t i m a t e  of 

t h e  c o s t s  involved i n  p rev ious ly  unrepor ted  a c c i d e n t s  was o b t a i n e d .  

L i t e r a t u r e  d e a l i n g  with highway maintenance c o s t s  f o r  t h e  most 

p a r t  d e a l s  wi th  s p e c i f i c  c o s t s  i n  s p e c i f i c  l o c a l i t i e s .  The bulk of 

t h e  l i t e r a t u r e  t h e r e f o r e  is of l i t t l e  h e l p  i n  developing a  gene ra l  

highway maintenance c o s t  p r e d i c t i o n  model except  t o  i n d i c a t e  which 

c o s t  c o n s t i t u e n t s  t o  cons ide r .  One no tab le  except ion  t o  t h e  g e n e r a l  

t r e n d  is a  r e c e n t  s tudy  r epor t ed  by Lawrence Mann, J r .  (1965) a t  

Louis iana  S t a t e  U n i v e r s i t y .  The approach p re sen ted  t h e r e  meshes 

n i c e l y  w i t h  t h e  gene ra l  approach proposed h e r e .  hIann develops a  r e -  

g r e s s i o n  model r e l a t i n g  p r e d i c t e d  expend i tu re s  on v a r i o u s  c o s t  con- 

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

of s u b s o i l ,  s u r f a c e  c o n d i t i o n ,  s u r f a c e  wid th ,  width of r ight-of-way,  

and t r a f f i c  volume. Since h i s  procedure i s  s o  c l o s e l y  a l igned  w i t h  

t h e  one proposed h e r e ,  f u r t h e r  d e t a i l e d  d i s c u s s i o n  i s  p re sen ted  below. 

V i r t u a l l y  noth ing  appears  i n  t h e  l i t e r a t u r e  d i s c u s s i n g  t h e  0&h! 

c o s t s  a s s o c i a t e d  wi th  t h e  l e g a l  and recovery  subsystems.  Another 

neg lec t ed  a r e a  is t h e  p r e d i c t i o n  of f a c i l i t i e s ,  manpower, and t r a i n i n g  

c o s t s .  Since ou r  aim i s  t o  i nc lude  t h e s e  c o s t s  i n  our  model, a  few 

b r i e f  comments w i l l  be inc luded  below on t h e s e  t o p i c s  i n  t h e  d i scus -  

s i o n  of t h e  0&JT c o s t  p r e d i c t i o n  model. 

THE O&hI COST PREDICT ION RIODEL : GENERAL COMhIENTS 

The a b i l i t y  t o  p r e d i c t  O&M c o s t s ,  a s  we a r e  propos ing ,  presup- 

poses t h e  e x i s t e n c e  of a  model of t h e  t o t a l  highway t r a n s p o r t a t i o n  

system ( c f .  Chapter 1).  Since t h e  i n p u t s  t o  t h i s  proposed model have 

been desc r ibed  i n  d e t a i l  p r e v i o u s l y ,  i t  i s  not  necessary  t o  r e i t e r a t e  

them h e r e .  I t  should be appa ren t ,  however, t h a t  t h e  ou tpu t  O&l1 c o s t s  

w i l l  be  s e n s i t i v e  not  on ly  t o  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  

i n d i v i d u a l  subsystems ( v e h i c l e  f u e l  consumption r a t e s ,  highway wear 

r a t e s ,  e t c . )  bu t  a l s o  t o  t h e  i n t e r a c t i o n  between subsystems ( t r a f f i c  

conges t ion ,  dynamic b r idge  l o a d i n g ,  e t c . ) .  For t h i s  r ea son ,  one can- 

not  speak a c c u r a t e l y  of t h e  O&M c o s t s  of any subsystem independent of 

a l l  t h e  o t h e r  subsystems.  On t h e  o t h e r  hand, t o  a t tempt  t o  i nc lude  

t h e  d e s c r i p t i o n  of t h e s e  i n t e r a c t i o n s  along with t h e  d i s c u s s i o n  of 

t h e  proposed O&M c o s t  p r e d i c t i o n  model would hope le s s ly  obscure  t h e  

b a s i c  s t r u c t u r e  of t h e  model. Hence, f o r  c l a r i t y ,  t h e  d i s c u s s i o n s  of 

t h e  0&h1 c o s t  models a r e  kept  s e p a r a t e  h e r e .  



The proposed format  f o r  t h e  0&h! c o s t  p r e d i c t i o n  model d i f f e r s  

from t h a t  f o r  RIYl?&E and Procurement i n  t h a t  t h e  p r e d i c t i o n  of c u r r e n t  

o p e r a t i n g  and maintenance expend i tu re s  i s  more n e a r l y  an account ing  

problem than  a  f o r e c a s t i n g  problem. S ince  t h e  proposed highway t r a n s -  

p o r t a t i o n  model w i l l  y i e l d  a s  o u t p u t  t h e  complete o p e r a t i n g  p r c ~ f i l e  

of t h e  v e h i c l e  ( m i l e s  t r a v e l e d ,  engine  RPM and power consumption v s .  

t i m e ,  wheel s l i p ,  f u e l  consumed, e t c . )  i t  w i l l  on ly  be necessary  t o  

m u l t i p l y  t h e  usage  ( e . g . ,  f u e l  consumption i n  g a l l o n s )  by t h e  appro- 

p r i a t e  c o s t  f a c t o r  ( e . g . ,  $0.359 pe r  g a l l o n )  t o  o b t a i n  t h e  o p e r a t i n g  

c o s t .  S imi l ax ly ,  t h e  system degrada t ion  model ( c f .  Chapter  5 )  w i l l  

p r e d i c t  t i r e  wear and f a i l u r e ;  eng ine ,  t r a n s m i s s i o n ,  and d r i v e l i n e  

wear and f a i l u r e ;  e t c .  The c o s t  model w i l l  t hen  account  f o r  t h e  c o s t  

of such wear and f a i l u r e s  by apply ing  t h e  a p p r o p r i a t e  c o s t  f a c t o r s .  

The c o s t  p r e d i c t i o n  problem wi th  r e s p e c t  t o  f a c i l i t i e s ,  t r a i n i n g  and 

o t h e r  "one time" c o s t s  is  however a g a i n  a  f o r e c a s t i n g  problem :in t h e  

same sense  a s  t h a t  f o r  RDT&E Procurement e x p e n d i t u r e s .  Unfo r tuna te ly ,  

t h e r e  is no a v a i l a b l e  methodology f o r  p r e d i c t i n g  f a c i l i t i e s  and t r a i n -  

i ng  c o s t s .  Most m i l i t a r y  p r e d i c t i o n s  (Summers, 1962) a r e  done on a  

p u r e l y  h i s t o r i c  b a s i s .  Th i s  i n d i c a t e s  t h a t  a  s u b s t a n t i a l  amount of 

r e s e a r c h  must be done be fo re  t h e  p r e d i c t i o n  of f a c i l i t i e s  and t r a i n -  

i ng  c o s t s  can be  p l aced  on a s  sound a  b a s i s  a s  c u r r e n t  o p e r a t i n g  and 

maintenance c o s t s .  

To f a c i l i t a t e  t h e  g e n e r a l  unders tanding  of O&h! c o s t  p r e d i ~ c t i o n  

model, t h e  s t r u c t u r e  of t h e  model f o r  s e v e r a l  major subsystems w i l l  

be exp la ined  i n d i v i d u a l l y  i n  t h e  s e c t i o n s  t h a t  f o l l o w .  We w i l l  be 

c o n s i d e r i n g  v e h i c l e ,  highway, and recovery  system O&M c o s t s  i n  t u r n .  

F i n a l l y  t h e  c o s t  of a c c i d e n t s ,  s i n c e  i t  c u t s  a c r o s s  s e v e r a l  subsys- 

tems,  w i l l  be d e a l t  wi th  a s  a  s e p a r a t e  s e c t i o n .  

O&M COSTS FOR THE VEHICLE SUBSYSTEM 

A s  we remarked above, t h e  de t e rmina t ion  of v e h i c l e  o p e r a t i n g  

c o s t s  is s t r a i g h t f o r w a r d  once t h e  r e q u i r e d  o u t p u t s  of t o t a l  highway 

t r a n s p o r t a t i o n  system model and t h e  system degrada t ion  model a r e  

a v a i l a b l e  t o  t h e  c o s t  model. From a  p r a c t i c a l  s t a n d p o i n t ,  however, 

t h e  c o n s t r u c t i o n  of t h e  c o s t  model should  r ecogn ize  t h a t  highway 

t r a f f i c  is composed of a  widely d i v e r s e  popu la t ion  of v e h i c l e s ,  S ince  

each  type  of v e h i c l e  has  d i f f e r e n t  f u e l ,  o i l ,  t r e a d  rubbe r ,  r ep l ace -  

ment p a r t s ,  e t c . ,  requi rements  i t  i s  d i f f i c u l t  t o  env i sage  an a c c u r a t e  



c o s t  model which could  a t t empt  t o  de te rmine  t h e  O&M c o s t s  of some 

' ' t y p i c a l "  v e h i c l e .  Conversely,  s i n c e  t h e r e  a r e  s o  many d i f f e r e n t  

k inds  of v e h i c l e s ,  t o  a t t empt  t o  keep t r a c k  of t h e  a p p r o p r i a t e  c o s t  

f a c t o r s  f o r  each  i n d i v i d u a l  t ype  would be a  tremendous t a s k .  What i s  

needed is  a  c l a s s i f i c a t i o n  scheme which is d e t a i l e d  enough t o  recog-  

n i z e  t h e  h e t e r o g e n e i t y  of t h e  v e h i c l e  popu la t ion  bu t  not  s o  d e t a i l e d  

t h a t  i t s  u s e  would be computa t iona l ly  i n f e a s i b l e .  One sugges ted  

c l a s s i f i c a t i o n  scheme appea r s  i n  Table 7-11. The f u r t h e r  re f inement  

of  t h e  c l a s s i f i c a t i o n  c a t e g o r i e s  is  one of t h e  r e s e a r c h  t a s k s  t h a t  

l i e s  ahead. 

Assuming a  workable c l a s s i f i c a t i o n  scheme has been developed,  

we now proceed t o  i d e n t i f y  t h e  r e l e v a n t  O&ll c o s t s  t o  be p r e d i c t e d  f o r  

t h e  v e h i c l e  submodel. Since everyone is f a m i l i a r  wi th  t h e  k i n d s  of 

c o s t s  i n c u r r e d  through v e h i c l e  o p e r a t i o n  t h e  l i s t  i n  Table  7-111 w i l l  

s u f f i c e  t o  i d e n t i f y  them. To c a l c u l a t e  c o s t s  a s s o c i a t e d  with depre- 

c i a t i o n ,  i n s u r a n c e ,  ga rag ing  and park ing  f e e s ,  s t a t i s t i c a l  averages  

f o r  each v e h i c l e  c l a s s  may be used .  S ince  t a x  r a t e s  vary  accord ing  

t o  l o c a t i o n ,  t h e  p a r t i c u l a r  r a t e s  chosen w i l l  depend on t h e  purpose 

of t h e  c o s t  p r e d i c t i o n  be ing  made. 

There is no consensus on t h e  a p p r o p r i a t e n e s s  of i n c l u d i n g  per -  

sona l  t ime a s  a  c o s t  f o r  non-commercial v e h i c l e s .  I t  can  be argued 

(87th  Cong., House Doc. 54,  1961, pp. 209-12) t h a t  an i n d i v i d u a l  

a t t a c h e s  an i m p l i c i t  v a l u e  on d r i v i n g  t ime by us ing  a  f a s t e r  t o l l  

r oad  a s  opposed t o  a l t e r n a t i v e  f r e e  r o u t e s ,  However, i t  i s  not  c l e a r  

t h a t  such d r i v i n g  c o s t s  a r e  r e a l  when viewed a p a r t  from t h e  t o l l  v s .  

freeway comparison. Nor i s  it c l e a r  t h a t  such imputed c o s t s  a r e  r e l -  

evant  when viewed i n  terms of c o s t s  t o  t h e  community, For t h e s e  r e a -  

s o n s ,  we sugges t  t h a t  d r i v e r  t ime c o s t s  be cons ide red  r e l e v a n t  on ly  

f o r  commercial v e h i c l e s .  

A s  s t a t e d  above, no g e n e r a l  proceduwe has y e t  been developed f o r  

p r e d i c t i n g  o p e r a t i n g  and maintenance f a c i l i t y  c o s t s  ( s e e  Table 7 - I I I !  

i n d i r e c t  c o s t s ) .  For t h e  t ime being we propose t h a t  f u t u r e  f a c i l i t y  

c o s t s  be p r e d i c t e d  on t h e  b a s i s  of h i s t o r i c  f a c i l i t y  requi rements  and 

c o s t  a d j u s t e d  f o r  f u t u r e  p r i c e  l e v e l s .  The development of a  g e n e r a l  

f a c i l i t y  c o s t  p r e d i c t i o n  model i s  then  i d e n t i f i e d  a s  a  proper  a r e a  

f o r  f u t u r e  r e s e a r c h .  



TABLE 7-1 I .  VEHICLE CLASSIFICATION SCHEME" 

Passenger  c a r s :  
L igh t  
Medium 
Heavy 

Buses: 
T r a n s i t :  

<16,000 pounds 
16,000-19,999 pounds 
20,000-25,999 pounds 
26,000 pounds and over  

I n t e r c i t y :  
< 16,000  pounds 
16,000-19,999 pounds 
20,000-25,999 pounds 
26,000-31,999 pounds 
32,000 pounds and over  

School and mi sce l l aneous :  
43,000 pounds 
8,000-11,999 pounds 
12,000-15,999 pounds 
16,000-19,999 pounds 
20,000 pounds and over  

Trucks and combinat ions:  

Trucks  and combinat i o n s  : ( ~ o n : t .  ) 

Combinat i ons :  
2-51 : 

< 26,000 pounds 
26,000-31,999 pounds 
32,000-39,999 pounds 
40,000-49,999 pounds 
50,000 pounds and aver 

2-52: 
<50,000 pounds 
50,000-59,999 pounds 
60,000 pounds and over  

3-52: 
<60 ,000  pounds 
60 ,000  pounds and ove r  

2-1 : 
< 26,000 pounds 
26,000 pounds and aver 

2-2, 3-1: 
< 26,000 pounds 
26,000-49,999 pounds 
50,000 pounds and over 

Sing le -un i t  : 2-3, 3-2: 
2 - ax l e ,  4 - t i r e :  <60,000 pounds 

<4,000 pounds 60 ,000  pounds and over 
4,000-7,999 pounds 3-3: 
8 ,000-11,999 pounds 60 ,000  pounds and ove r  
12 ,000  pounds and over  2-51-2: 

2 - ax l e ,  6 - t i r e :  60 ,000  pounds and ove r  
<8,000 pounds 
8,000-11,999 pounds 
12,000-15,999 pounds 
16,000-19,999 pounds 
20,000-25,999 pounds 
26,000 pounds and over  

3-ax le  
<20,000 pounds 
20,800-25,999 pounds 
26,000-31,999 pounds 
32,800-39,999 pounds 
40,000-49,999 pounds 

a Based on Table  1-7, F i n a l  Report  of t h e  Highway Cost  A l l o c a t i o n  
S tudv ,  87 th  Congress ,  1st Ses s ion ,  House Document No. 54, U. S.  Gov- 
ernmkht p r i n t i n g  O f f  i c e ,  Washington, 1961,  



TABLE 7-111. VEHICLE OPERATING AND MAINTENANCE 
COST CONSTITUENTS 

DIRECT COSTS 

Exclud ing  Taxes :  

D e p r e c i a t i o n  
R e p a i r s  and m a i n t e n a n c e  
Replacement  of  t i r e s  and t u b e s  
P a r t s  and a c c e s s o r i e s  
RIotor f u e l  
Engine  o i l  
T r a n s m i s s i o n  o i l  
L u b r i c a n t s  
I n s u r a n c e  
G a r a g i n g ,  p a r k i n g  
D r i v e r  t i m e  

Taxes and F e e s :  

Motor f u e l  t a x e s  
R e g i s t r a t i o n  and m i s c .  f e e s  

Motor c a r r i e r  t a x e s  (commerc ia l )  
T i t l i n g  
B r i d g e ,  t u n n e l ,  f e r r y  and r o a d  t o l l s  
S p e c i a l  c i t y  and c o u n t y  t a x e s  (commerc ia l )  
P r o p e r t y  t a x e s  
E n g i n e ,  t r a n s m i s s i o n ,  and l u b r i c a t i n g  o i l  t a x e s  
S o c i a l  s e c u r i t y  t a x e s  (commerc ia l )  

INDIRECT COSTS 
S e r v i c e  s t a t i o n s  
Main tenance  g a r a g e s  
P a r t s  s u p p l i e r s  ( i n c l ,  p a r t s  i n v e n t o r i e s )  
Termina l  f a c i l i t i e s  (commerc ia l )  
A d m i n i s t r a t i v e  and overhead  (commerc ia l )  
I n s p e c t i o n  s t a t i o n s  
Weigh s t a t i o n s  (commercial)  
Towing s e r v i c e  
S a l v a g e  s e r v i c e  

O&lI COSTS FOR THE HIGHWAY SUBSPSTEhl 

The g e n e r a l  scheme proposed f o r  t h e  p r e d i c t i o n  of v e h i c l e  O&U 

c o s t s  is a l s o  v a l i d  f o r  highway 0&11 c o s t s .  We assume, t h e r e f o r e ,  t h e  

p r i o r  development of a  highway system degrada t ion  model which w i l l  

p r e d i c t  t h e  inc idence  and s e v e r i t y  of highway maintenance t a s k s .  For 

r ea sons  s i m i l a r  t o  t h o s e  sugges ted  f o r  t h e  v e h i c l e  subsystem, a  c l a s -  

s i f i c a t i o n  by highway t y p e s  i s  a p o t e n t i a l  n e c e s s i t y .  One such c l a s -  

s i f i c a t i o n  i s  shown i n  Table 7-IV. Also,  a  l i s t i n g  of highway O&ll 

c o s t  c o n s t i t u e n t s  is g iven  i n  Table  7-V.  The procurement and mainte-  

nance of road equipments a s  we l l  a s  equipment maintenance f a c i l i t i e s  

and expenses a r e  cons ide red  a s  p r o p e r l y  inc luded  i n  highway O&M c o s t s .  

S i m i l a r l y ,  a d m i n i s t r a t i v e  and eng inee r ing  expend i tu re s  a r e  cons ide red  

O&M c o s t s  on a  p r o  r a t a  b a s i s  exc luding  t h e  s h a r e s  p r o p e r l y  charged  t o  

RDT&E and Procurement.  

Some e s s e n t i a l  d i f f e r e n c e s  between t h e  c o s t i n g  approach being 

proposed he re  and t h o s e  t aken  i n  o t h e r  r e c e n t  s t u d i e s  (Mann, 1965, 

and Baker ,  1958) shou ld  now be no ted .  Man has developed a  r e g r e s s i o n  



TABLE 7-IV. HIGHWAY CLASSIFICATION SCHEME 

Freeway 
Expressway 
Major a r t e r i a l ,  d i v i d e d  
Major a r t e r i a l ,  u n d i v i d e d  
C o l l e c t o r  
L o c a l  r e s i d e n t i a l  
L o c a l  i n d u s t r i a l  
L o c a l  b u s i n e s s  
A l l e y s  
D r i v e s  and a p r o n s  

C _ l a s s i f i c a t i o n  by C o n s t r u c t i o n  Type 
b  

P r i m i t i v e  r o a d  
Unimproved r o a d  
Graded and d r a i n e d  e a r t h  road  
S o i l  s u r f a c e d  r o a d  
G r a v e l  o r  s t o n e  r o a d  
Bi tuminous  s u r f a c e  t r e a t e d  r o a d  
Mixed b i t u m i n o u s  r o a d  
Bi tuminous  p e n e t r a t i o n  r o a d  
Bi tuminous  c o n c r e t e ,  s h e e t  a s p h a l t ,  o r  r o c k  a s p h a l t  
P o r t l a n d  cement  c o n c r e t e  r o a d  
B r i c k  r o a d  
Block  r o a d  
Combinat ion t y p e  r o a d  
B r i d g e s  

a ~ d a p t e d  from N a t i o n a l  Committee on Urban T r a n s p o r t a t i o n ,  Deter- 
mining  S t r e e t  Use (Procedure  Manual 1 A ;  Chicago:  P u b l i c  Admin is t ra -  
t i o n  S e r v i c e ,  1 9 5 8 ) ,  pp.  1-2.  

b ~ .  S .  Bureau of P u b l i c  Roads. 

TABLE 7-V . HIGHWAY OPERATING AND ITAINTENANCE 
COST CONSTITUENTS 

Highway Maintenance 

Road Sur face  
Shoulder 
Curb and G u t t e r  
Sidewalks 
Drainage Di t ches  and 

C u l v e r t s  
Fences 
Landscaping 
T r a f f i c  Cont ro l  Devices 
S t r e e t  S a n i t a t i o n  
Snow and I c e  Cont ro l  
S t r e e t  L i g h t s  
Storm Sewers and Manholes 
Res to re  Cuts  and Subgrade 

S t r u c t u r e  
S t r u c t u r e s  

Opera t ions  Department 

Adminis t ra t ion  
Engineering 
Sign Shop 
Weighmaster 
T o l l  C o l l e c t i o n  
P o l i c i n g  
Revenue C o l l e c t i o n  ( t i t l e s ,  

l i c e n s e s ,  e t c .  ) 

F i n a n c i a l  Expenses 

Debt Ret i rement  
I n t e r e s t  on Debts 

Maintenance Department 

Adminis t ra t ion  
Engineering 
Inspec t  ion  
Land and Bu i ld ings  
Equipment 



formula r e l a t i n g  highway maintenance c o s t  pe r  mi le  t o  s e v e r a l  measur- 

a b l e  v a r i a b l e s  which desc r ibed  c e r t a i n  phys l ca l  c h a r a c t e r i s t i c s  sf 

t h e  roadway. The roadway- t ra f f ic  i n t e r a c t i o n  is accounted f o r  by 

Mann i n  terms of a  measure of t r a f f i c  volume o n l y .  The Baker s tudy  

(1958) concen t r a t ed  p r i n c i p a l l y  on de termining  t h e  r e l a t i o n s h i p  be- 

tween highway maintenance c o s t  and t h e  s i z e  and weight of v e h i c l e 5  

compris ing t h e  average d a i l y  t r a f f i c .  In  c o n t r a s t  t o  t h e s e  s t u d i e s ,  

t h e  approach proposed i n  t h i s  chap te r  is  t o  base highway maintenance 

and o p e r a t i n g  c o s t  p r e d i c t i o n s  on t h e  ou tpu t  of t h e  highway degrada- 

t i o n  model. The highway deg rada t ion  model w i l l .  i n  t u r n ,  p r e d i c t  t h e  

amount of type  of maintenance r e q u i r e d  by cons ide r ing  t h e  kno~vn phys- 

i c a l  c h a r a c t e r i s t i c s  of t h e  roadway and t h e  a s s o c ~ a t e d  v e h i c l e s  and 

t h e i r  i n t e r a c t i o n s  with t h e  road s u r f a c e .  

P r e d i c t i o n  of t h e  c o s t s  of maintenance f a c i l i t i e s  and equipment,  

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

o p e r a t i o n s  a d m i n i s t r a t i o n  and overhead i s  a  problem s e p a r a t e  from t h e  

e s t i m a t i o n  of d i r e c t  maintenance c o s t s  d i scussed  above. The p red ic -  

t i o n  of t h e  c o s t  of phys i ca l  f a c i l i t i e s  i s  c l e a r l y  a  procurement c o s t  

problem and could presumably be s t r u c t u r e d  i n  t h e  manner sugges ted  

in  t h e  procurement s e c t i o n  of t h i s  c h a p t e r .  I t  i s  not  c e r t a i n  a t  t h i s  

t ime what system v a r i a b l e s  would make good p r e d i c t o r s  of f a c i l i t i e s  

c o s t  so  t h i s  i s  another  a r e a  f o r  f u r t h e r  r e s e a r c h .  S i m i l a r l y ,  f u r t h e r  

s tudy  i s  needed t o  develop c o s t  e s t i m a t i n g  r e l a t i o n s h i p s  i n  a  wide 

v a r i e t y  of o t h e r  o p e r a t i n g  a r e a s  such a s  t h e  a d m i n i s t r a t i o n  of high- 

way departments  a t  t h e  v a r i o u s  governmental l e v e l s ,  t h e  enforcement 

and l e g a l  system, d r i v e r  educa t ion ,  e t c .  

THE COST OF ACCIDENTS 

Of t h e  c o s t s  a s s o c i a t e d  wi th  t h e  o p e r a t i o n  of t h e  t o t a l  highway 

t r a n s p o r t a t i o n  system, most d i f f i c u l t  t o  concep tua l i ze  i s  t h e  c o s t  

of a c c i d e n t s .  In  p a r t i c u l a r ,  one must be s p e c i f i c  i n  d e f i n i n g  t h e  

c o s t  r e c i p i e n t .  I n  t h e  c a s e  of v e h i c l e ,  0&Y c o s t s  could  be cons idered  

a s  absorbed by t h e  i n d i v i d u a l ,  b u s i n e s s ,  o r  government owner of t h e  

v e h i c l e .  Highway O&Al c o s t s  a r e  borne i n i t i a l l y  by t h e  v a r i o u s  high- 

way departments  and agencies  and a r e  t hen  r e d i s t r i b u t e d  t o  i n d i v i d u a l s  

and bus ines ses  through t a x e s .  The r e c i p i e n t  is  not so  c l e a r  i n  t h e  

c a s e  of c o s t s  a s s o c i a t e d  with a c c i d e n t s  s i n c e  acc iden t  c o s t s  a r e  f e l t  



bo th  by p r i v a t e  and p u b l i c  s e c t o r s  of t h e  economy. Some d i r e c t  c o s t s  

( e . g . ,  p r o p e r t y  damage, medical  expenses ,  l o s s  of wages, e t c . )  a r e  

e a s i l y  accoun tab le  i n  terms of t h e  i n d i v i d u a l .  Other c o s t s ,  sulch a s  

un repor t ed  damage t o  p u b l i c  owned p r o p e r t y ,  may be i n c u r r e d  by govern- 

ment a t  some l e v e l .  F i n a l l y ,  economic l o s s e s  due t o  i n e f f i c i e n c i e s  

i n  p roduc t ion  caused  by temporary o r  permanent l o s s e s  of s k i l l e d  em- 

p l o y e e s ,  l o s s  of purchas ing  power, r e l i e f  o r  o t h e r  compensat ion,  e t c . ,  

may be an economic l o s s  f o r  t h e  community o r  n a t i o n .  A comprehensive 

c o s t  model should  p r o p e r l y  a l l o c a t e  t h e  l o s s e s  due t o  any a c c i d e n t  

among t h e  v a r i o u s  p u b l i c  and p r i v a t e  economic s e c t o r s .  The SRI: s tudy  

(1964) r e f e r r e d  t o  e a r l i e r  is one a t tempt  t o  develop such an a l l o c a -  

t i o n  scheme. 

The p r e s e n t  a n a l y s i s  of highway systems does not  a t t empt  t o  s o l v e  

t h e  problems of a s s o c i a t i n g  c o s t s  wi th  a c c i d e n t s .  Ra the r ,  i t  assumes 

t h a t  measures  of a c c i d e n t s  and damage w i l l  be e f f i c i e n c y  measures  f o r  

t h e  sys tem,  not  s u b j e c t  t o  d o l l a r - c o s t i n g .  Only t h e  p h y s i c a l  p r o p e r t y  

damage w i l l  be c o s t e d .  A rev iew,  however, of t h e  g e n e r a l  approaches 

t o  c o s t  e v a l u a t i o n  of a c c i d e n t s  is under taken  below. 

The s t a t e  of I l l i n o i s  s tudy  (1962) i l l u s t r a t e s  t h e  approach of 

account ing  f o r  a c c i d e n t s  i n  terms of t h e  c o s t s  t o  an ind iv idua l . .  

Tab le  7-VI i n d i c a t e s  some of t h e  r e l e v a n t  c o s t  c o n s t i t u e n t s  f o r  t h e  

i n d i v i d u a l .  I t  should  be noted t h a t  a  l a r g e  p o r t i o n  of automobile  

i n su rance  c o s t s  could  p r o p e r l y  be cons t rued  a s  an a c c i d e n t  c o s t  r a t h e r  

t h a n  an  o p e r a t i n g  c o s t  (Table 7-111). However, t h e  I l l i n o i s  s1;udy 

adop t s  t h e  view t h a t  on ly  d i f f e r e n t i a l  a c c i d e n t  c o s t s  should  be con- 

s i d e r e d .  T h i s  approach a l s o  f i t s  b e s t  w i th  t h e  c o s t  model proposed 

h e r e .  By r ecogn iz ing  only  d i f f e r e n t i a l  a c c i d e n t  c o s t s  t h e  c o s t s  of 

a c c i d e n t s  can  be computed d i r e c t l y  from t h e  o u t p u t  of t h e  a c c i d e n t  

p r e d i c t i o n  model (Chapter  1 1 ) .  The a c c i d e n t  p r e d i c t i o n  model would 

supply  p r e d i c t i o n s  of t h e  inc idence  and s e v e r i t y  of a c c i d e n t s  and t h e  

c o s t  model need only  ex tend  t h e s e  q u a n t i t i e s  by t h e  a p p r o p r i a t e  c o s t  

f a c t o r s  t o  o b t a i n  t h e  a c c i d e n t  c o s t  e s t i m a t e .  I t  i s  not  c l e a r  a t  t h i s  

t ime how t h e  r e s u l t a n t  c o s t s  t o  t h e  t o t a l  economy should  be moccleled 

o r  even what c o s t s  should  be inc luded  i n  t h i s  l a r g e r  c a t e g o r y ,  b u t  a  

comprehensive c o s t  model should t r e a t  t h e s e  f u l l y .  



TABLE 7-VI . ACCIDENT COST CONSTITUENTS 
FOR THE INDIVIDUAL 

P r o p e r t y  Damage - 
V e h i c l e  
C o n t e n t s  and /o r  c a r g o  
O b j e c t s  s t r u c k  by v e h i c l e  
l l I i sce l l aneous  damage, l o s s  of  u s e ,  e t c .  

Medical  Expenses  

Ambulance c h a r g e s  
H o s p i t a l i z a t i o n  c o s t s  
D o c t o r ,  d e n t i s t ,  n u r s i n g ,  e t c .  f e e s  
M e d i c a t i o n ,  d r u g s ,  e t c .  
i t I i sce l l aneous  m e d i c a l  e x p e n s e s  

Lega l  Expense 

A t t o r n e y ' s  f e e s  
Cour t  c o s t s  
Damage awards  

Value  of  Time L o s t  From Work 

D i r e c t  l o s s e s  f o r  wage e a r n e r  
A d d i t i o n a l  e x p e n s e s  f o r  housekeep ing ,  e t c .  

(Less )  I n s u r a n c e  payments and o t h e r  compensat ion f o r  any of  t h e  above .  

The most d i f f i c u l t  c o s t  t o  a s s e s s  i s  t h e  economic l o s s  i n c u r r e d  

by t h e  community due t o  t r a f f i c  f a t a l i t i e s .  While t h e  t h o u g h t  of  

p l a c i n g  a n  e x p l i c i t  economic v a l u e  on human l i f e  i s  somewhat repug-  

n a n t ,  s o c i e t y  does  t h i s  i m p l i c i t l y  c o n s t a n t l y .  S a f e t y  f a c t o r s  a r e  

b u i l t  i n t o  b r i d g e s  which i n c r e a s e  t h e i r  c o s t  many t i m e s .  However, 

t r e e s  and d r a i n a g e  d i t c h e s  l i n e  t h e  roadways and c o n t i n u e  t o  t a k e  

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

' e c o n o m i c s . '  Highway p l a n n e r s  a r e  c o n s t a n t l y  f a c e d  w i t h  d e c i s i o n s  r e -  

q u i r i n g  t h a t  c o s t s  be b a l a n c e d  w i t h  s a f e t y .  The c o s t s  a r e  u s u a l l y  

w e l l  known, b u t  how does  one compare an e x p e n d i t u r e  on s a f e t y  which 

may s a v e  t e n  l i v e s  a g a i n s t  a  d i f f e r e n t  e x p e n d i t u r e  which may p r e v e n t  

one hundred d i s a b l i n g  i n j u r i e s ?  Are monies  s p e n t  f o r  s t r o n g e r  g u a r d  

r a i l s  on b r i d g e s  more e f f e c t i v e  t h a n  t h o s e  s p e n t  f o r  f i r m e r  s h o u l d e r s ?  

To a i d  t h e  d e c i s i o n  makers  f a c e d  w i t h  t h e s e  k i n d s  of  p rob lems ,  t h e  

c o s t  p r e d i c t i o n  model s h o u l d  be  s o  s t r u c t u r e d  t h a t  i t  c o u l d  p r o v i d e  

e s t i m a t e s  o f  how much a  community s h o u l d  be p r e p a r e d  t o  spend  t o  s a v e  

a  human l i f e ,  how much t o  p r e v e n t  a  d i s a b l i n g  i n j u r y ,  e t c .  The p r e -  

c i s e  manner i n  which t h i s  i s  t o  be  done i s  an a r e a  f o r  a  g r e a t  d e a l  



of f u r t h e r  s t u d y .  Both t h e  SRI (1964) and ~ h & d i &  and Abraham (1961) 

r e p o r t s  g i v e  some p a r t i a l  answers ,  bu t  n e i t h e r  is  d i r e c t l y  a d a p t a b l e  

t o  t h e  c o s t s  p r e d i c t i o n  scheme proposed i n  t h i s  c h a p t e r .  

O&M COST OF THE RECOVERY SYSTEM 

The c o s t  of t h e  o p e r a t i o n  and maintenance of t h e  recovery  system 

might w e l l  have been cons ide red  a s  an a c c i d e n t  c o s t .  C e r t a i n l y  ambu- 

l a n c e  c o s t s  and v a r i o u s  f i r s t  a i d  and medica l  c o s t s  have a1read:y been 

cons ide red  above. Def in ing  what t h e  0&hl c o s t s  of t h e  Recovery System 

a r e  is f u r t h e r  compl ica ted  by t h e  f a c t  t h a t  ( a t  l e a s t  a t  p r e s e n t )  t h e  

recovery  system would e x i s t  i n  much t h e  same form ( though perhaps  a t  

a  s m a l l e r  s c a l e )  whether t h e r e  were highway a c c i d e n t s  o r  n o t .  .Ambu- 

l a n c e s  would s t i l l  be needed,  a s  would h o s p i t a l s ,  d o c t o r s ,  highway 

pa t ro lmen,  e t c .  I n  s h o r t ,  on ly  t h e  d i f f e r e n t i a l  c o s t  r e s u l t i n g  from 

a c c i d e n t s  of o p e r a t i n g  and m a i n t a i n i n g  t h e s e  f a c i l i t i e s  and pe r sonne l  

should  be cons ide red  a s  t h e  c o s t  of o p e r a t i n g  t h e  recovery  sys tem.  

The p r e c i s e  c o s t s  t o  be a s s o c i a t e d  wi th  t h e  recovery  systeim of 

cou r se  depend upon i t s  makeup which i s  a s  y e t  o n l y  t e n t a t i v e l y  d e f i n e d  

(Chapter  4 ) .  Because of t h i s ,  few d e f i n i t i v e  comments can  be made 

wi th  r e s p e c t  t o  t h e  c o s t  p r e d i c t i o n  model f o r  t h e  recovery  sys tem.  

One would e x p e c t ,  however, t h a t  t h e  recovery  system c o s t  model (when 

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

f i x e d  and v a r i a b l e  components. The f i x e d  components be ing  emergency 

f a c i l i t i e s ,  recovery  v e h i c l e s ,  e t c .  The v a r i a b l e  components be ing  

f u e l  consumption of recovery  v e h i c l e s ,  s u r g i c a l  s u p p l i e s ,  e t c .  The 

i n c i d e n c e ,  s e v e r i t y ,  and l o c a t i o n  of c r a s h  v i c t i m  wi th  r e s p e c t  t o  

emergency f a c i l i t i e s  would a g a i n  have t o  be p r e d i c t e d  by t h e  a c c i d e n t  

p r e d i c t i o n  model and t h e  neces sa ry  c o s t  c a l c u l a t i o n s  c a r r i e d  through 

a s  b e f o r e .  

The c o s t s  a s s o c i a t e d  wi th  t h e  recovery  system a s  a  t o t a l i t y  shou ld  

be viewed a s  a  c o s t  t o  t h e  community a s  a  whole. In  t h e  f i r s t  p l a c e ,  

i t  is d o u b t f u l  t h a t  f e e s  charged a c c i d e n t  v i c t i m s  f u l l y  cover  t h e  d i f -  

f e r e n t i a l  c o s t s  of t h e  recovery  system r e s u l t i n g  from a c c i d e n t s .  Sec- 

o n d l y ,  because a c c i d e n t s  do o c c u r ,  f a c i l i t i e s  and pe r sonne l  a r e  d i -  

v e r t e d  from o t h e r  medica l  needs of t h e  community t h u s  r e s u l t i n g  i n  a  

d e c r e a s e  i n  t h e  q u a l i t y  of non-accident  p a t i e n t  c a r e  which is an  in -  

d i r e c t  c o s t  of t h e  a c c i d e n t  borne by t h e  community. 



Whether the costs associated with the operation and maintenance 

of the recovery system are viewed as a separate entity or as a part 

of accident costs is relatively immaterial. The important points to 

note are that only differential costs of the recovery system are rel- 

evant and that clear distinctions must be developed between costs in- 

curred by the accident victim and costs, resulting from the operation 

of the recovery system, which are incurred by the community in general. 

OTHER SUBSYSTEMS 

A complete accounting of the operating and maintenance costs 

associated with the total highway system should include numerous other 

subsystems only alluded to here. The enforcement and legal subsystem 

and the insurance structure are among the most important which have 

not received attention. A recommendation that these systems be ex- 

plored in depth is included along with recommendations to fully devel- 

op the cost prediction models for other areas under Further Research, 

which follows. 

FURTHER RESEARCH 

In the preceding sections, preliminary models for predicting the 

RDT&E, procurement, and 0&M costs associated with any system modifica- 

tion project have been proposed. The development of these models was 

based in part on the meager published work on cost prediction. Prin- 

cipally, however, the development relied on plausibility arguments 

and a certain amount of intuition. In order to verify that the pro- 

posed model does in fact provide a useful model of the "real world" 

the major thrust of further efforts should be to test the model's 

assumptions, hypotheses, and structure against actual data. 

Confirming that these necessary data are available, of course, 

constitutes a major research problem in itself. Since there is little 

immediate benefit to be derived from developing elaborate hypotheses 

whose testing depends on data not available, a reasonable 'next step' 

in the development of the cost prediction model would be a compilation 

of data requirements and an investigation of data sources. 

Once having determined the availability of data, a workable cost 

allocation scheme should be devised to provide an unambiguous answer 

to the question "cost to whom?". Similarly a detailed analysis of 



t h e  c o s t s  i n  each a r e a  must be under taken  t o  de te rmine  which c o s t s  

can be measured and q u a n t i f i e d .  

The f i r s t  key assumption t o  be t e s t e d  is t h a t  of t h e  assumed in -  

dependence of c o s t s  i n c u r r e d  i n  each s t a g e  of p r o j e c t  l i f e .  The de- 

velopment of t h e  c o s t  p r e d i c t i o n  model e x p l i c i t l y  assumed t h a t  expen- 

d i t u r e s  i n  one p r o j e c t  s t a g e  would have no e f f e c t  on c o s t s  i n c u r r e d  

i n  any o t h e r  p r o j e c t  s t a g e .  A s  was argued i n  t h e  i n t r o d u c t i o n  t o  t h i s  

c h a p t e r ,  such independence is not  a t  a l l  a s su red  by t h e  o p e r a t i o n  of 

t h e  " r e a l  world."  On t h e  o t h e r  s i d e  of t h e  c o i n ,  i f  independence - of 

p r o j e c t  s t a g e  c o s t s  is an i n v a l i d  assumption t h e  n a t u r e  of p r o j e c t  

s t a g e  c o s t  i n t e rdependenc ie s  must be d i scove red  and t h e  c o s t  p red ic -  

t ion  model modif l e d  acco rd ing ly .  

Once t h e  p r o j e c t  s t a g e  c o s t  independence q u e s t i o n  has been r e -  

so lved  r e s e a r c h  e f f o r t s  can be d i r e c t e d  t o  t h e  more s t r a i g h t f o r w a r d  

( b u t  by no means t r i v i a l )  t a s k  of v e r i f y i n g  t h e  s t r u c t u r e ,  assumpt ions ,  

and hypotheses proposed i n  t h e  c o s t  p r e d i c t i o n  models f o r  each of t h e  

t h r e e  p r o j e c t  s t a g e s .  The v e r i f i c a t i o n  of t h e  O&M c o s t  p r e d i c t i o n  

model would presumably be t h e  e a s i e s t  s i n c e  t h e  d a t a  a r e  most r e a d i l y  

a v a i l a b l e  and t h e  r e s e a r c h  most complete i n  t h i s  a r e a .  The procure-  

ment c o s t  p r e d i c t i o n  model would be more d i f f i c u l t  t o  v e r i f y ,  p r i n -  

c i p a l l y  because c o s t  d a t a  may be d i f f i c u l t  t o  o b t a i n  and ana lyze .  

However, s i n c e  procurement c o s t  models have been developed f o r  o t h e r  

systems (no tab ly  m i l i t a r y ) ,  some c o n s o l a t i o n  can  be ga ined  from t h e  

f a c t  t h a t  t h e  cou r se  i s  not  comple te ly  uncha r t ed .  Without q u e s t i o n ,  

t h e  v e r i f i c a t i o n  of t h e  proposed RDT&E c o s t  p r e d i c t i o n  model would be 

t h e  most d i f f i c u l t .  F o r t u n a t e l y ,  t h e  bulk  of expend i tu re s  i n  t h e  

t r a n s p o r t a t i o n  system a r e a  f a l l  i n t o  t h e  0&\1 and Procurement catego-  

r i e s .  Hence, a  g r e a t e r  degree  of u n c e r t a i n t y  can  be t o l e r a t e d  i n  t h e  

RDT&E c o s t  p r e d i c t i o n  than  f o r  t h e  o t h e r  two s t a g e s .  

The g e n e r a l  problem of u n c e r t a i n t y  was touched upon b r i e f l y  i n  

t h e  i n t r o d u c t i o n  t o  t h i s  c h a p t e r .  That c o s t  e s t i m a t e s  a r e  u n c e r t a i n  

and u s u a l l y  t o o  low is something 'everyone knows'.  From what we have 

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

p r e d i c t i o n  a r e  a t  l e a s t  a s  u n c e r t a i n  a s  t h e  c o s t  p r e d i c t i o n s  them- 

s e l v e s .  Fur thermore ,  t h e  m i l i t a r y  people have been i n  t h e  system c o s t  

p r e d i c t i o n  b u s i n e s s  f o r  y e a r s  and have a  l a r g e  d a t a  base  of p r e d i c t e d  



v s .  a c t u a l  c o s t s  t o  a n a l y z e  where we do n o t .  The r e s u l t  is t h a t  w h i l e  

i t  i s  good t o  r e c o g n i z e  t h a t  u n c e r t a i n t y  is i n h e r e n t  i n  any c o s t  p r e -  

d i c t i o n ,  i t  would be b e s t  t o  p o s t p o n e  any d e t a i l e d  c o n s i d e r a t i o n  of 

t h a t  problem u n t i l  e x p e r i e n c e  w i t h  c o s t  p r e d i c t i o n  models  i n  t h e  h igh-  

way t r a n s p o r t a t i o n  a r e a  is accumula ted .  

Even w i t h o u t  c o n s i d e r i n g  t h e  problem of  u n c e r t a i n t y ,  i t  s h o u l d  

be  a p p a r e n t  t h a t  much remains  t o  be  done i f  t h e  t h e o r e t i c a l  c o n c e p t s  

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

i n t o  a  u s e f u l  c o s t  p r e d i c t i o n  t o o l .  I11 e s s e n c e ,  t h i s  c h a p t e r  s h o u l d  

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

development o f  h y p o t h e s e s  on t h e  s t r u c t u r e  o f  t h e  c o s t  p r e d i c t i o n  

models  which i n  t u r n  would have t o  b e  t e s t e d  a g a i n s t  a c t u a l  d a t a .  

Appendix 7-A 
COST COAIPONENTS AND COST COllPONENT DESCRIPTORS 

I n  t h e  f o l l o w i n g  p a g e s  a  p r e l i m i n a r y  a t t e m p t  w i l l  be  made t o  

i n d i c a t e  a p p r o p r i a t e  c o s t  components and c o s t  component d e s c r i p t o r s  

E x h i b i t  I ( V e h i c l e  Subsys tem) ;  E x h i b i t  I1 (Highway Subsys tem) ;  and f o r  

E x h i b i t  I11 ( C a s u a l t y  Recovery Subsys tem) .  

E x h i b i t  I ( V e h i c l e  Subsystem) 

Cos t  Components and Cos t  Component D e s c r i p t o r s  

A .  Engine -- 
Weight 

Length 

H e i g h t  

Width 

I n s t a l l e d  Volume 

I n s t a l l e d  Weight 

No. o f  C y l i n d e r s  

Valve  Arrangement 

Bore  and S t r o k e  

P i s t o n  Disp lacement  

1 5 .  Brake S p e c i f i c  F u e l  Con- 
sumpt ion  

1 6 .  I d l e  F u e l  Consumption 

1 7 .  I d l e  Speed 

1 8 .  Taxab le  Horsepower 

1 9 .  C y l i n d e r  Block h l a t e r i a l  

20.  C y l i n d e r  L i n e r s  M a t e r i a l  

21.  Engine  Manifold  Vacuum a t  
I d l e  

22.  C r a n k s h a f t  B e a r i n g s  Kum- 
b e r  and Type 

23.  Connec t ing  Rod Bearings- 
Type 

11. Compression R a t i o  24. Connec t ing  Rod Bear ings-  
1 2 .  Brake Horsepower a t  RPM M a t e r i a l  

13 .  Foo t  Pounds Torque a t  RPM 25 .  P i s t o n  M a t e r i a l  and Sur -  
f  a c e  T r e a t m e n t  

1 4 .  Octane Requirement  
26.  C r a n k s h a f t  Type and 

M a t e r i a l  



27. Camshaft Dr ive  

28. Number and Type of Cam- 
s h a f t  Dr ive  

6 .  Silencers-Type 

7 .  T a i l  Pipes--Diameter, 
Length 

29. Valve L i f t e r  Type 

30. Valve Spr ing  Type 
Transmiss ion  

1. Weight 

2 .  Length 
31. O i l i n g  System Type 

32 .  Normal O i l  P r e s s u r e  
3 .  Height  33. O i l  Rese rvo i r  Capac i ty  
4 .  Width 34. Cool ing System Type 
5 .  I n s t a l l e d  Volume 35.  Water Temperature  Con t ro l  

Type 

36.  Cool ing System Capac i ty  

37 .  Fan Diameter 

38.  Fan Dr ive  

6 .  Maximum Inpu t  Torque 

7 .  Maximum Output Torque 

8 .  Maximum Output Horsepower 

9 .  Clu tch  Type (S-h! on ly )  

1 0 .  C lu t ch  Peda l  P r e s s u r e  
( d o . )  

B .  F u e l  System 

1. F u e l  Type 11. Dr ive r  P l a t e  Diameter 
(do . )  2 .  F u e l  Tank Capac i ty  

12 .  Dr ive r  P l a t e  Fac ings  ( d o . )  3 .  F u e l  Pump-Type 

4 .  F u e l  Pump--Drive a .  Type and Number 

b .  Attachment t o  P l a t e  

c .  Fac ing  Th icknes s  

d .  T o t a l  E f f e c t i v e  Area 

5 .  F u e l  Pump P r e s s u r e  
Pump O u t l e t  

6 .  F u e l  Pump P r e s s u r e  - A t  
Ca rbu re to r  I n l e t  

1 3 .  C lu t ch  Sp r ings  (S-M on ly )  7 .  F u e l  F i l t e r s  - Type, Lo- 
c a t i o n  

a .  Type and Number 

b .  T o t a l  P r e s s u r e  
8 .  Ca rbu re to r  - Type 

9 .  A i r  C leaner  - Type 

10 .  Sump Capac i ty  14 .  Transmiss ion  hIounting- 
Type 11. Manifold Heat Con t ro l  

Val.ve 1 5 .  O i l  Capac i ty  (S-M) 

12 .  Ca rbu re to r  Heat Source 1 6 .  Type of Gear ing  (do  . )  

17 .  Transmiss ion  R a t i o  (do .  ) C .  Exhaust System - 
a .  Reverse 

b .  F i r s t  Speed 

c .  Second Speed 

d .  T h i r d  Speed 

e .  Fou r th  Speed 

1. Exhaust Manifold-Type 

2 .  Exhaust Manifold-Material 

3 .  Emission Con t ro l  System--  
Type 

4 .  Exhaust Pipes--Diameter, 
Length 

18 .  Speedometer Gears-Type 5 .  Muff lers-Type 



19.  Torque l l Iu1 t ip l ica t ion  
( a u t o .  o n l y )  

6 ,  Shock Absorbers  

a .  F ron t  

b .  Rear a .  Low Range and Dr ive  
Range Before  Conver- 
t o r  Clu tch  Engagement 
( S t a l l )  

7 .  Spr ing  Type 

b .  Drive Range a f t e r  Con- 
v e r t o r  Clu tch  Engage- 
ment ( S t a l l . )  

a .  F ron t  

b .  Rear 

8 .  S t a b i l i z e r s ,  Type 

9 .  Upper Con t ro l  A r m s  - 
Fron t  

10 .  Lower Con t ro l  A r m s  - 
Fron t  

2 0 .  Convertor  Clu tch  Engage- 
ment Con t ro l  ( a u t o .  
on ly)  

21. P l a n e t a r y  Gearing Type 
( d o . )  

22. Number of P i n i o n s  (do . )  11. Lower Con t ro l  A r m s  - Rear 

2 3 .  Pump Pres su re  Regu la t i on  
(do * 

1 2 .  F ron t  Knuckle - Type, 
3Ioun t i ng 

2 4 .  F l u i d  Capac i ty  (do . )  G .  S t e e r i n g  Gear 

E .  Drive Line and Axle Gear Type 

Housing M a t e r i a l  1. Rear Axle Type 

R a t i o ,  Gear Only 2. Drive and Torque 

3 .  Rear Axle O i l  Capac i ty  

4 .  Ring and P i n i o n  Gear Se t  
Type 

5 .  Reduct ion R a t i o  

6 .  Rear Axle Weight 

7 .  Number of Un ive r sa l  J o i n t s  

R a t i o ,  O v e r a l l  

Turns of Wheel, L t .  t o  R t .  

L u b r i c a t i o n  

O i l  Capac i ty  

S t e e r i n g  Wheel Diameter 

Number and Type of Pitman 
S h a f t  Bear ings  8 .  Number of Constant  Veloc- 

i t y  J o i n t s  E f f o r t  Necessary a t  Wheel 
R i m  f o r  I n i t i a l  Hydrau- 
l i c  Assist (Power) 

9 .  Torque Tube 

a .  Length 

b .  Diameter 

c .  Moment of I n e r t i a  

E f f o r t  Necessary a t  Wheel 
R i m  f o r  F u l l  Hydraul ic  
Assist (do . )  

Pump Capac i ty  (do . )  
F .  Chass i s  Suspension System 

1. Wheel Type 

2.  R i m  Type 

3 .  R i m  S i z e  

4 .  T i r e  S i z e  

5 .  T i r e  Type 

R e l i e f  Value Opening 
P r e s s u r e  (do .  ) 

Pump T e s t  P r e s s u r e  ( d o . )  

S t e e r i n g  Linkage Type 

Toe-in 

C a s t e r  



18. Camber 

19 .  Turning C i r c l e  Diameter 

Genera tor  - Power Con- 
sumption a t  F u l l  Load 

Genera tor  Drive and. Ro- 
t a t  i on  Brake Svstems 

Current Output a t  I d l e  1. Opera t ing  hIechanism 
Curren t  Output a t  1.500 

Engine RPJl a .  Se rv i ce  Brakes 

b .  Park ing  Brakes Genera tor  Regula tor  Type 

Cranking Ilotor Type 2 .  Pe rcen t  of T o t a l  Braking 
Power on: Cranking blotor S h i f t  

Actua t ion  
a .  F ron t  Brakes 

b .  Rear Brakes 
Cranking hlotor S h i f t  

Operat i o n  

Type of Drive 3 .  S t a t i c  P r e s s u r e  i n  Hy- 
d r a u l i c  System Cranking Speed 

No Load T e s t  4 .  Number of Brake Shoes a t  
Each Wheel 

a .  Amperes 

b .  V o l t s  

c .  RPhl 

5 .  Lining  Type, Thickness  

6 .  Cyl inder  P i s t o n  
Diameter 

7 .  Wheel Cyl inder  S i z e  
Locked Armature T e s t  

a .  Front  

b .  Rear 

8 .  Brake Drum I . D .  

9 .  Power Assist Pump 
Capaci ty  

1 0 .  Pump T e s t  P r e s s u r e  

a .  Amperes 

b .  Vo l t s  

Solenoid Switch,  Type 

Curren t  Draw of Solenoid 
Winding 

I g n i t i o n  C o i l ,  Type 

R e s i s t o r ,  Type E l e c t r i c a l  Svstem 

1. B a t t e r y  Curren t  Draw 

a .  Type 

b .  Capaci ty  

c .  Voltage 

d .  Case Type 

a .  Engine Stopped 

b .  Engine I d l i n g  

C o i l  Res i s t ance  

a .  Primary 

b .  Secondary 
e .  Dimensions 

f .  Bench Changing Rate  

Spark P lugs ,  Type 

D i s t r i b u t o r ,  Type 

Condenser,  Type, Capac i ty  

Headlamp, Type 

2 .  Generator  - F i e l d  Curren t  
Draw 

3 .  Genera tor  - Power Con- 
sumption a t  No Load 



26. Headlamp, Lens Diameter 

27 .  T a i l ,  S top ,  Pa rk ing ,  Sig- 
n a l  Lamps; Type 

28. Wiring C i r c u i t  Type 

29. C i r c u i t  P r o t e c t i o n  Type 

30. Number of Fuses 

31. Number of C i r c u i t  
Breakers  

32. Horn, Type 

33. Horn, Curren t  Draw 

J .  Environmental Cont ro l  Systems 

1. Hea te r ,  Type 

2.  Heater  Fan Jlotor,  Type 

3 .  Current  Draw Each $peed 

4 .  A i r  Cond i t i one r ,  Type 

5 .  E f f e c t i v e  Displacement 

6 .  O i l  Content 

7 .  R e f r i g e r a n t  

8 .  Type of Temperature 
Cont ro l  

9 .  Radio,  Type 

3 .  Bumpers, Dimensional and 
S t r u c t u r a l  S p e c i f i c a -  
t ions  

L ,  Frame 

1. Dimensions 

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

3 .  Mounting Hardware Speci-  
f i c a t  i o n s  

a .  Engine 

b .  Transmiss ion  

c .  Drive Line 

d .  Axle 

e  . Suspension 

f .  Exhaust System 

g .  U i sce l l aneous  P ip ing  
and Wiring 

h. Body Mounts 

1. E x t e r i o r  Dimensions 

2 .  I n t e r i o r  (Passenger  Com- 
partment)  

10.  Tape Deck, Type 3 .  S t r u c t u r a l  P r o p e r t i e s  

11. Speaker System, Type 

1 2 .  T e l e v i s i o n ,  Type 

1 3 .  Other Cont ro l  o r  Enter -  
ta inment  Svstems 

K .  Front  End Sheet  Metal and 
Bumpers 

1. Hood and Fenders ,  Dimen- 
s i o n a l  and S t r u c t u r a l  

4.  Sea t ing  Dimensions and 
S p e c i f i c a t i o n s  

5 .  Ins t ruments  and Informa- 
t i o n s  Systems 

6 .  Con t ro l s  

7 .  V i s i b i l i t y  

8 .  Sa fe ty  Equipment 

9 .  Amenities 

S p e c i f i c a t i o n s  10 .  Doors and Windows 

2 .  Bulkhead and Suppor ts ,  11. Stowage Compartments 
Dimensional and St ruc-  
t u r a l  Specs.  

Exh ib i t  I1 (Highway Subsystem) 

Cost Components and Cost Component D e s c r i p t o r s  f o r  Highway Subsystem 

A .  Road Surface  3 .  Lane Width 

1. Mate r i a l  Type 4 .  Number of Lanes 

2 .  Thickness  5 .  hIat Reinforcement 



Other Su r face  Reinforce-  
ment 

C o e f f i c i e n t  of F r i c t i o n  

Roughness 

Load Bearing Capaci ty B. 

Surf ace  Hardness 

D i s t o r t i o n  

F l e x i b i l i t y  

G la re  C h a r a c t e r i s t i c s  

Co 1 o r  

Degree of Curve, Distri- 
b u t i o n  

a .  Frequency D i s t r i b u t i o n  

b.  Mean 

c .  Variance 

Grad ien t ,  D i s t r i b u t i o n  C .  

a .  Frequency D i s t r i b u t i o n  

b .  Mean 

c .  Variance 

17.  Supere leva t ion  on Curves,  
D i s t r i b u t i o n  

a .  Frequency D i s t r i b u t i o n  

b .  Mean 

c .  Variance 

18 .  Crown, D i s t r i b u t i o n  

a .  Frequency D i s t r i b u t i o n  

b .  ]\lean 
D .  

c .  Variance 

19 .  Sepa ra t ion  Between Oppo- 
s i t e  D i rec t ed  Lanes 
(Median), D i s t r i b u t i o n  

a .  Frequency D i s t r i b u t i o n  

b.  Mean 

c .  Variance 

20. Design Speed 

21. Transverse  Expansion 
J o i n t s  

2 2 .  Transverse  Con t r ac t ion  
J o i n t s  

23. Longi tudina l  J o i n t  Sup- 
p o r t  

Subgrade S t r u c t u r e  

Ma te r i a l  TypesCs) 

~ h i c k n e s s  ( e s )  

Number of Lanes 

E f f e c t i v e  Subgrade Lane 
Width 

Load Bearing Capaci ty 

Drainage C h a r a c t e r i s t i c s  

Pe rmeab i l i t y  

F l e x i b i l i t y  

Underseal ing 

Shoulder 

1. Mate r i a l  

2 .  Width 

3 .  Load Bearing Capaci ty 

4 .  C o e f f i c i e n t  of F r i c t i o n  

5 .  Roughness 

6 .  Gla re  C h a r a c t e r i s t i c s  

7 .  Drainage C h a r a c t e r i s t i c s  

8 .  Hardness 

9 .  Geometrics 

10 .  Curbing 

11. Expansion J o i n t s  

Drainage 

1. G u t t e r s ,  Capaci ty 

2 .  Paved Di t ch ,  Capaci ty 

3 .  Drainage P i p e ,  Type 

4 .  Drainage P ipe ,  C:apacity 

5 .  P ipe  Arches, Type 

6 .  Underdrain,  Type 

7 .  Underdrain,  Capsicity 

8.  Catch Bas ins  

9 .  Manholes 



1 0 .  Leak-Off C h u t e s  

11. E r o s i o n  C o n t r o l  Dev ices  

1 2 ,  E r o s i o n  C o n t r o l  Landscap ing  

E .  S t r u c t u r e s  

1. Type 

2 .  Number of  Lanes  

3 .  Lane Width 

4 .  Load B e a r i n g  C a p a c i t y ,  
Beaming 

5 .  Load B e a r i n g  C a p a c i t y ,  
H o r i z o n t a l  ( S a i l  
Loading)  

5 .  T r a f f i c  S i g n a l  L i g h t s ,  
Number and Types  p e r  
U n i t  D i s t a n c e s  

6 .  V i s i b i l i t y  D i s t a n c e ,  Day 

7 .  V i s i b i l i t y  D i s t a n c e ,  
Nigh t  - 

8 .  Illin. H e i g h t  from Roadway 

9 .  Max. H e i g h t  from Roadway 

1 0 .  S u p p o r t i n g  S t r u c t u r e s  

11. Rai lway C r o s s i n g  S i g n a l s ,  
Number and Type p e r  
U n i t  D i s t a n c e  

1 2 .  L o c a t i o n  w . r . t .  Road- 
Track  I n t e r s e c t i o n  

6 .  Span 1 3 .  S u p p o r t i n g  S t r u c t u r e s  
7 .  H e i g h t  C l e a r a n c e ,  Below 1 4 .  Roadway I l l u m i n a t i o n ,  
8 .  Abutements ,  Type Number and Type p e r  

U n i t  D i s t a n c e  
9 .  Abutements ,  Load B e a r i n g  

C a p a c i t y  1 5 .  I l l u m i n a t i o n  p e r  Square  

1 0 .  Number o f  S t r u c t u r e s  p e r  
U n i t  

U n i t  D i s t a n c e  1 6 .  S u p p o r t i n g  S t r u c t u r e s  

11. S u r f a c e  C h a r a c t e r i s t i c s  1 7 ,  Power S u p p l i e s  
of  S t r u c t u r e  Roadway 
( s e e  Component A)  

1 2 .  P e d e s t r i a n  Walkways 

13 .  B r i d g e  R a i l  and R e t a i n -  
e r s ,  Type 

1 4 .  O p e n - s t e e l - g r i d  F l o o r  

1 5 .  Temporary S t r u c t u r e s  and 
Approaches R e q u i r e d  

1 6 .  Approach R e t a i n i n g  Wal l s  

1 8 .  Guard R a i l s ,  Number and 
Type p e r  U n i t  D i s t a n c e  

1 9 .  B e a r i n g  S t r e n g t h  o f  R a i l  

20 .  Shear  S t r e n g t h  of Sup- 
p o r t s  

21 .  Weight of  R a i l  p e r  L i n .  
F o o t  

22 .  H e i g h t  of  R a i l  Above 
Road S u r f a c e  

1 7 ,  L a t e r a l  S t a b i l i t y  R e t a i n -  23.  T r a f f i c  P a c i n g  Systems 
i n g  Wal l s  

24.  T r a f f i c  S u r v e i l l a n c e  
1 8 .  P i l i n g  Systems 

F .  I n f o r m a t i o n  and C o n t r o l  D e v i c e s  25.  Roadway Envi ronmenta l  
C o n t r o l  Dev ices  

1. S i g n s ,  Number and Type 26.  Roadway S t r i p p i n g  and 
p e r  U n i t  D i s t a n c e  Marking,  Amount p e r  

2 .  L e g i b i l i t y  D i s t a n c e ,  Day U n i t  D i s t a n c e  

3 .  L e g i b i l i t y  D i s t a n c e ,  27.  Wear R a t e  of  Markings  

Nigh t  28.  V i s i b i l i t y  o f  Mark ings ,  

4 .  S u p p o r t i n g  S t r u c t u r e s  
f o r  S i g n s  

Day 

29. V i s i b i l i t y  of  Markings , 
Night  



30.  T o l l  Booths p e r  U n i t  
D i s t ance  

G .  Right  of \Yay 

1. Width, Mean 

2.  Max. D i s t ance  t o  Roadside 
Obs t ac l e  

4 .  Stump Removal 

5 .  Removal of E x i s t i n g  Pave- 
ment 

6 .  Removal of E x i s t i n g  
S t r u c t u r e s  

7 .  S t r i p p i n g  

3 .  Earthwork ( s e e  Component 8 .  Roadway Excavat ion 

D > 9 .  Rock Excavat ion 

4 .  Porous Ma te r i a l  f o r  Tree- 1 0 .  Loam Excavat ion 
r o o t  P r o t e c t i o n  

11. S t r u c t u r e  Excavat ion 
5 .  Topso i l  12 .  Cofferdams and Pumping 
6 .  Seeding 13 .  Trench,  Channel,  a.nd 
7 .  Sodding Di tch  Excavat ion 

8 ,  hlulching 14 .  S c a r i f y i n g  and Reshaping 

9 ,  Spr igg ing  15 .  Subbase 

1 0 ,  T r e e s ,  New P l a n t i n g  16 .  S t a b i l i z a t i o n  of Road Bed 

11, T r e e s ,  Removal 

1 2 .  Shrubs,  New P l a n t i n g  

13 .  Shrubs,  Removal 

14 .  Slope Paving 

H .  Earthwork 

1. C lea r ing  

2 .  Grubbing 

3 .  Tree Removal 

17 .  Borrow 

18 .  Gravel  F i l l  

19 .  Rock F i l l  

20. Overhaul 

21, Roadside Cleanup 

22. Temporary Ba r r i cade  

23. Permanent Ba r r i cade  

24 .  Maintenance and P.rotec- 
t i o n  of T r a f f i c  

Th i s  e x h i b i t  was compiled from v a r i o u s  s o u r c e s ;  one of t h e  more 

complete r e f e r e n c e s  is  Grushky, M., and Rosenbaum, B. ,  "Contra .c ts  

and S p e c i f i c a t i o n s ,  Sec t ion  15 , ' '  i n  Woods, Kenneth B . ,  e d . ,  Hi.ghway --- 
Engineering Handbook, McGraw-Hill, New York, 1960, pp.  15-34-15-38. 

E x h i b i t  I11 (Recovery system) 

Cost Components and Cost Component D e s c r i p t o r s  

A .  Casua l ty  Recovery Veh ic l e s  5 .  Fue l  System 

1. hlain Power P l a n t  6 .  Exhaust System 

2 .  Aux i l i a ry  Power P l a n t ( s )  7 .  Transmiss ion(s )  

and Gene ra to r ( s )  8 .  Drive L i n e ( s )  

3 .  Frame 9 .  S t e e r i n g  Gear (Con t ro l s )  

4 .  Body (Passenger  Compart- 10 .  Chass i s  Suspension 
ment) 11. Brake System 



Rotors  g .  Environmental System 

Front  End Sheet Metal 
and Bumpers 

h .  Anesthesia  

i .  Diagnos t ic  Equipment, 
Data Link E l e c t r i c a l  System 

j . Medical Equipment Environmental Control  
Systems k .  Medical L igh t ing  

1. Other Communication Systems 

a .  T ransmi t t e r  

b .  Receiver  
21. S u r v e i l l a n c e  System Link 

a .  Data Link 

b .  T . V .  Disp lay  
c .  Input-Output 

2 2 .  Assembly Costs  
Reconnaissance Systems 

23. Rlaintenance Shops and 
Garages a .  Op t i ca l  

b .  Electromagnet ic  ( e . g . ,  B .  
Radar) 

Cen t r a l  Communication System 

I .  Broadcast  Equipment 

2. Terminal ( I / O )  

3 .  Switching Gear 

4 .  Antennas 

5 .  Wire/Cable 

6 .  hlicrowave 

7 .  S tudio  

8 .  I n s t a l l a t i o n  and Con- 
s t r u c t i o n  

c .  Chemical ( e . g . ,  pho- 
t og raph ic )  

d .  E l e c t r o s t a t i c  

e .  I n f r a r e d  

f .  Other 

Approach Warning System 

a .  Audio 

b .  V i sua l  

c .  Electromagnet ic  
C .  

Navigat ion System 
Surve i l l ance  and De tec t ion  

Sys tem 

a .  Navigat ion Radar 

b .  Computer 

c .  Other 

1. Mobile S u r v e i l l a n c e  
Un i t s  

a .  Vehic les  

b .  S u r v e i l l a n c e  Equip- 
ment On-Board Medical 

F a c i l i t i e s  
c .  Communication Equip- 

ment a .  S t r e t c h e r s  

b .  I n h a l a t i o n  Therapy 
Equipment 

c .  S t e r i l e  Linen 

d .  Bandages, C a s t s ,  e t c .  

d .  Assembly 

2 .  Remote Fixed S u r v e i l l a n c e  
Un i t s  

a .  S u r v e i l l a n c e  Equip- 
ment e .  Medication 

f .  S u r g i c a l  Equipment 



b .  Environmental P ro t ec -  
t ion  

c .  Wire/Cable 

d .  Informat ion  1/0 Gear 

e .  I n s t a 1 , l a t i o n  and 
Cons t ruc t  i o n  

2) Data P roces s ing  

3) I/O 

4) Computational. Unit  

d .  I n s t a l l a t i o n  and 
Cons t ruc t ion  

3 .  C e n t r a l  S u r v e i l l a n c e  D.  Treatment F a c i l i t i e s  
Command and Cont ro l  
S t a t  ion  1. H o s p i t a l  Emergency Re- 

c e i v i n g  
a .  Communication Equip- 

ment 2. Remote Treatment S t a t i o n s  

b .  Disp lay  Devices E .  Vehic le  Recovery System 

1 )  T.V. 1. Vehic le  Recovery Veh ic l e s  

2)  S t a t u s  Boards 2 .  Communication Network 

3) Other 3 .  Maintenance Shops and 
Garages 

c .  Data P roces s ing  
Equipment 

1 )  Data S torage  

Appendix 7-B 
DERIVATION OF A COST ESTIMATING RELATIONSHIP 

A s  we have s t a t e d  b e f o r e ,  a  c o s t  e s t i m a t i n g  r e l a t i o n s h i p  (CER) 

i s  a  s t a t emen t  of how c o s t  is dependent upon o t h e r  v a r i a b l e s  which 

d e s c r i b e  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  component p a r t s  of t h e  

system and perhaps t h e  product ion  c h a r a c t e r i s t i c s  of contemplaLed 

ou tpu t  volume and t h e  r a t e  index .  The d e r i v a t i o n  of any CER r e q u i r e s  

t h e s e  fou r  s t e p s :  

1. Data c o l l e c t i o n  

2 .  I d e n t i f y i n g  independent v a r i a b l e s  

3 .  Mathematical fo rmula t ion  of CER 

4 .  Define l i m i t a t i o n s  on accuracy of CER 

The d a t a  c o l l e c t i o n  phase i s  t h e  most impor tan t  s i n c e  no CER can  

be a c c u r a t e  i f  t h e  unde r ly ing  suppor t ing  d a t a  have not  been p r o p e r l y  

c l a s s i f i e d  and c a r e f u l l y  c o l l e c t e d .  We have assumed i n  deve1o:ping 

t h e  preceding  c o s t  p r e d i c t i o n  model t h a t  c o s t  d a t a  a r e  a v a i l a b l e  by 

c o s t  component and by c o s t  e lement .  Furthermore,  we have assu~med 

t h a t  t h e  neces sa ry  informat ion  on Component c h a r a c t e r i s t i c s  and pro- 

d u c t i o n  c h a r a c t e r i s t i c s  is  a v a i l a b l e  t o  t h e  c o s t  a n a l y s t .  The e x t e n t  



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

t h e  d i f f i c u l t y  of t h e  d a t a  c o l l e c t i o n  t a s k .  

I n  t h e  i d e a l  s i t u a t i o n ,  a l l  t h a t  t h e  c o s t  a n a l y s t  need do is 

p i c k  up t h e  neces sa ry  account ing  r e c o r d s  and move on t o  s t e p  2 .  Usu- 

a l l y ,  however, more d igg ing  w i l l  be r e q u i r e d  because t h e  c o s t  d a t a  

was not  o r i g i n a l l y  c o l l e c t e d  w i t h  t h e  c o s t  a n a l y s t ' s  problems i n  

mind. The only  g e n e r a l  g u i d e l i n e  f o r  a c c u r a t e  d a t a  c o l l e c t i o n  seems 

t o  be f o r  t h e  c o s t  a n a l y s t  t o  become thoroughly f a m i l i a r  wi th  t h e  

p roduc t ion  o p e r a t i o n s  which g e n e r a t e  t h e  c o s t s .  In  some c a s e s  where 

t h e  o p e r a t i o n s  t o  be e s t ima ted  have not  been performed b e f o r e ,  t h e  

c o s t  a n a l y s t  w i l l  have t o  r e l y  on t h e  e s t i m a t e s  of o t h e r  people  o r  

p r e l i m i n a r y  experiments  a s  d a t a .  The k inds  of g r o s s  i n a c c u r i e s  which 

can  develop i n  c o s t  d a t a  a r e  wel l  documented f o r  m i l i t a r y  sys tems.  

The Harvard Bus iness  School s t u d i e s  under t h e  d i r e c t i o n  of P r o f .  Paul  

Cherington by Peck & Scherer  (1962) g i v e  f r e q u e n t  examples of t h e  d i f -  

f i c u l t i e s  i n h e r e n t  i n  d a t a  c o l l e c t i o n .  F i s h e r ' s  memorandum (1962) a s  

c i t e d  e a r l i e r  g i v e s  an e s t i m a t e  on t h e  magnitude of t h e  e r r o r s  which 

can  r e s u l t  from i n a c c u r a t e  C E R ' s  a t  20-38%. The conc lus ion  is  then  

t h a t  any t ime spen t  i n  d igging  f o r  and r e f i n i n g  b a s i c  d a t a  is we l l  

s p e n t .  

I n  o r d e r  t o  be l e s s  g e n e r a l  i n  our  d i s c u s s i o n  of t h e  next  t h r e e  

r e q u i r e d  s t e p s ,  t h e  d e r i v a t i o n  of a  CER w i l l  be i l l u s t r a t e d  by way 

of a  somewhat t r i v i a l  but  none the l e s s  u s e f u l  example. Suppose we 

a r e  i n t e r e s t e d  i n  e s t i m a t i n g  t h e  c o s t  ( t o  t h e  consumer) of an  auto-  

mobile  wi th  some a r b i t r a r y  d e s c r i p t o r s  ( x  ' s )  such a s  brake  horse-  
j k  

power, v e h i c l e  weight ,  e t c .  We w i l l  assume t h e  v e h i c l e  whose c o s t  

we wish t o  e s t i m a t e  i s  a  ' c u r r e n t  g e n e r a t i o n f  v e h i c l e ,  i . e . ,  b a s i c a l l y  

s i m i l a r  t o  t hose  c u r r e n t l y  i n  p roduc t ion .  We w i l l  a l s o  assume ( t o  

keep t h i n g s  s imple)  t h a t  we wish t o  e s t i m a t e  t h e  c o s t  of a  b a s i c  f o u r  

door sedan .  F o r t u n a t e l y ,  t h e  d a t a  c o l l e c t i o n  s t e p  is  r e a d i l y  accom- 

p l i s h e d  by r e f e r e n c e  t o  s a l e s  l i t e r a t u r e  o r  t r a d e  magazines (ou r  d a t a  

is  from Ward's Automotive Repor t s ,  1965) .  Thus, we soon have a  sub- 

s t a n t i a l  l i s t  of c o s t s  and d e s c r i p t o r s .  The next  t a s k  i s  t o  i d e n t i f y  

t h e  s i g n i f i c a n t  independent  v a r i a b l e s .  

Having taken  a  c u r s o r y  look a t  t h e s e  d a t a  we dec ide  t h a t  a  r e -  

l a t i o n s h i p  e x i s t s  between engine horsepower and v e h i c l e  c o s t ,  i . e . ,  

t h e  h ighe r  t h e  horsepower, t h e  h ighe r  t h e  c o s t .  To t e s t  whether t h i s  



independent  v a r i a b l e ,  horsepower, s e r v e s  a s  a  good c o s t  p r e d i c t o r  we 

f i r s t  p l o t  t h e  d a t a  on a  s c a t t e r  diagram a s  shown i n  F i g .  7-B-1. A 

t r e n d  i s  apparent  bu t  t h e  p o i n t s  a r e  widely s c a t t e r e d .  In  f a c t ,  when 

we f i t  a  polynomial through t h e s e  p o i n t s  (us ing  a  curve  f i t t i n g  pro- 

gram on a  d i g i t a l  computer) we note  t h a t  t h e  curve d o e s n ' t  f o l low t h e  

p o i n t s  very  w e l l  and consequent ly cannot  provide  a  very  good e s t i m a t e  

of  v e h i c l e  c o s t .  A measure of t h e  inaccuracy  inhe ren t  i n  our  CER is 

t h e  s t a n d a r d  e r r o r  of e s t i m a t e  which f o r  t h e  cost-BHP d a t a  is $710.10. 

T h i s  means i f  we were t o  make a  number of c o s t  e s t i m a t e s  f o r  a  range 

of horsepowers we would, on average ,  expect  about 1 /3  of our  e s t i m a t e s  

t o  f a l l  beyond ?~$710.10 of t h e  t r u e  c o s t .  Not s a t i s f i e d  wi th  t h i s  

k ind  of accuracy ,  we s h a l l  seek an independent v a r i a b l e  from which a  

b e t t e r  CER can  be d e r i v e d .  

A s  a  second a t t a c k  on t h e  problem, l e t  u s  choose v e h i c l e  weight 

a s  t h e  independent v a r i a b l e .  If we p l o t  t h e  d a t a  we o b t a i n  t h e  s c a t -  

t e r  diagram i n  F i g .  7-B-2, C l e a r l y ,  weight i s  a  b e t t e r  c o s t  p : r ed i c to r  

t han  brake horsepower. I n  f a c t  t h e  s t anda rd  e r r o r  of e s t i m a t e  has  

been reduced t o  $194.20. T h i s  may s t i l l  be beyond ou r  e s t i m a t i n g  

t o l e r a n c e s ,  and s o  we s h a l l  make a  t h i r d  a t tempt  a t  d e f i n i n g  t h e  C E R .  

Th i s  t ime ,  l e a r n i n g  from our  prev ious  expe r i ence ,  we r e t a i n  ve- 

h i c l e  weight a s  a  dependent v a r i a b l e ,  bu t  a l s o  inc lude  t h e  brake  

horsepower (BHP) a s  a  f a c t o r .  We have observed t h a t  both horsepower 

and weight a f f e c t  c o s t  and thus  i n v e s t i g a t e  C = f  (BHP x Wgt) a s  a  C E R .  

Now, a s  shown i n  F i g .  7-B-3, we have ob ta ined  an even b e t t e r  CER wi th  

a  s t a n d a r d  e r r o r  e s t i m a t e  of $161.50. The p roces s  of i n t r o d u c i n g  

p r o g r e s s i v e l y  more x  ' s  may be cont inued  u n t i l  t h e  s t a n d a r d  e r r o r  of 
j l  

e s t i m a t e  is reduced t o  some predetermined l e v e l  o r  u n t i l  no mare i m -  

provement i s  p o s s i b l e .  In  our  example, which u t i l i z e d  only  tuio x  ' s ,  
j 1 

we have reduced t h e  s t anda rd  e r r o r  of e s t i m a t e  t o  about  5% of t h e  mean 

c o s t ,  which may be s u f f i c i e n t l y  a c c u r a t e  f o r  some a p p l i c a t i o n s .  

The t h i r d  s t e p ,  t h a t  of i d e n t i f y i n g  t h e  mathematical  r e l a t i o n s h i p  

between v a r i a b l e s ,  may be accomplished through a  v a r i e t y  of s t a t i s t i -  

c a l  means. I n  our  example we used a  l e a s t  s q u a r e s  f i t  of a  f o u r t h  

degree polynomial t o  f i t  t h e  d a t a  p o i n t s .  Other t echn iques  such a s  

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

d e r i v i n g  t h e  equa t ions  f o r  t h e  C E R ' s .  Since r e g r e s s i o n  a n a l y s i s  is  

a  broad and we l l  documented a r e a  i n  s t a t i s t i c s  we w i l l  not  a t t empt  t o  



WEIGHT (LBS) 

F I G U R E  7-B-1. COST-ESTIRIATING R E L A T I O N S H I P  -- MANUFACTURER'S  

SUGGESTED R E T A I L  P R I C E  V S .  V E H I C L E  WEIGHT A . S .  ( D a t a  f r o m  

Ward's 1965 A u t o m o t i v e  Y e a r b o o k ,  2 7 t h  E d i t i o n )  



FIGURE 7-B-2. COST ESTIMATING RELATIONSHIP -- MANUFACTURER'S 
RETAIL PRICE VS. BHP (Data from Ward's 1965 Automotive Year- 

book, 27th Edition) 
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Cost ($) = a + bx + cx2 + dx3 + ex 

a = 2195.55 

b = -3.?7502 

c - 1.14903 x l o m 2  

d = -1.28935 x 10- 

e = 4.88731 x l o m 9  

Standard Error of  Estimate = $161.50 

BHP x LB (1,000) 

FIGURE 7-B-3. COST ESTIMATING RELATIONSHIP -- hIANUFACTURER'S 

SUGGESTED RETAIL PRICE VS. BHP x LB (Da ta  f o r  b a s i c  s e d a n  

f rom Ward ' s  1965 Automotive Yearbook,  2 7 t h  E d i t i o n )  



go i n t o  t h e s e  t e c h n i q u e s  i n  f u r t h e r  d e t a i l  h e r e .  The i n t e r e s t e d  

r e a d e r  is r e f e r r e d  t o  F i s h e r  (1962) ,  G r a y b i l l  ( 1 9 6 1 ) ,  Cramer (19451, 

S c h e f f e  ( 1 9 5 9 ) ,  Grenander  & R o s e n b l a t t  ( 1 9 5 9 ) ,  and Johnson (1960) f o r  

a d d i t i o n a l  i n f o r m a t i o n  on s t a t i s t i c a l  r e g r e s s i o n  t e c h n i q u e s .  

The need f o r  d e f i n i n g  t h e  l i m i t s  of  a c c u r a c y  of CER's a r i s e s  f o r  

two r e a s o n s ,  F i r s t ,  a s  we have n o t e d ,  t h e r e  may be i n a c c u r a c i e s  i n  

t h e  b a s i c  d a t a .  T h e r e  i s  no d i r e c t  means of q u a n t i f y i n g  t h e s e  d a t a  

c o l l e c t i o n  i n a c c u r a c i e s .  Hence t h e  a n a l y s t  must u s e  judgment i n  

a p p l y i n g  t h e  CER. E s s e n t i a l l y  we a r e  s a y i n g  t h a t  w h i l e  s t a t i s t i c a l  

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

c o s t  and o t h e r  v a r i a b l e s  t h e y  do n o t  o b v i a t e  t h e  need f o r  e x p e r i e n c e  

and judgement i n  t h e  a p p l i c a t i o n  of t h e i r  r e s u l t s .  Second: t h e r e  

a r e  s t a t i s t i c a l  c o n f i d e n c e  l imits which c a n  be p l a c e d  on t h e  d e r i v e d  

C E R ' s .  The wid th  o f  t h e s e  l imits i s  an  i n d i c a t i o n  of t h e  v a r i a b i l i t y  

o f  t h e  d a t a  p o i n t s  abou t  t h e  c a l c u l a t e d  t r e n d  l i n e .  U s u a l l y  one de- 

f i n e s  a  95% c o n f i d e n c e  i n t e r v a l  which i n d i c a t e s  t h a t  95% of a l l  p r e -  

d i c t i o n s  made on t h e  b a s i s  of t h e  g i v e n  CER w i l l  f a l l  w i t h i n  t h e  g i v e n  

l i m i t s .  Again t h e  r e a d e r  is r e f e r r e d  t o  t h e  s t a t i s t i c a l  r e f e r e n c e s  

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

I t  s h o u l d  now be  a p p a r e n t  i n  a  g e n e r a l  way how t h e  CER i s  d e r i v e d .  

We have c o n t i n u a l l y  r e f e r r e d  t o  t h e  component d e s c r i p t o r s ,  x ' s ,  a s  j k. 
t h e  b a s i s  f o r  t h e  d e r i v a t i o n  of t h e  CER.  A s  a  f i r s t  s t e p  towa.rd de- 

v e l o p i n g  t h e  c o s t  p r e d i c t i o n  models f o r  t h e  major  subsys tems  of t h e  

highway t r a n s p o r t a t i o n  model ,  l i s ts  o f  t h e  c o s t  components and t h e  

c o s t  component d e s c r i p t o r s ,  x  ' s ,  f o r  t h e  V e h i c l e ,  Highway, and Re- 
j k  

covery  subsys tems  have been compiled.  While we have a t t e m p t e d  t o  i n -  

c l u d e  a l l  x  ' s  which might  a f f e c t  component c o s t ,  we r e a l i z e  t h a t  
J k  

t h e r e  may s t i l l  be some o m i s s i o n s  which w i l l  become known when t h e  

a c t u a l  d a t a  c o l l e c t i o n  and a n a l y s i s  t a s k  i s  begun. The c o s t  compo- 

n e n t  and c o s t  component d e s c r i p t o r  l is ts  appear  above a s  e x h i l b i t s  I ,  

11, and I11 i n  Appendix 7-A. 

Appendix 7-C 
SEVERAL PROPOSITIONS RELATING TO COST AND OUTPUT 

Borrowing h e a v i l y  from A l c h i a n ' s  work (1959) b u t  r e t a i n i n g  o u r  

p r e v i o u s  n o t a t i o n ,  we w i l l  form t h e  f o l l o w i n g  p r o p o s i t i o n s .  



P r o p o s i t i o n  I :  

T h i s  s t a t e s  t h a t  f o r  a  c o n s t a n t  volume of t o t a l  p roduc t ion ,  an in-  

c r e a s e  i n  t h e  r a t e  index ,  R ,  f o r  example by i n c r e a s i n g  t h e  mean pro-  

d u c t i o n  r a t e  o r  t h e  v a r i a b i l i t y  of t h e  product ion  r a t e ,  w i l l  cause  an 

i n c r e a s e  i n  t o t a l  procurement c o s t .  An i n c r e a s e  i n  v a r i a b i l i t y  may 

occur  e i t h e r  through planned v a r i a t i o n s  accord ing  t o  t h e  product ion  

schedu le  ( d e t e r m i n i s t i c  v a r i a b i l i t y )  o r  through chance f l u c t u a t i o n s  

i n  r a t e  caused by o t h e r  f o r c e s  (random v a r i a b i l i t y ) .  I t  should be 

p o s s i b l e  t o  t e s t  t h i s  p r o p o s i t i o n  f o r  both d e t e r m i n i s t i c  and random 

v a r i a b i l i t y .  The v a l i d i t y  of P r o p o s i t i o n  I should  be a  d i r e c t  conse- 

quence of Eq. 5 ,  6 ,  and 7 above. We may f u r t h e r  no te  t h a t  i t  appears  

r ea sonab le  t h a t  3FV/aR > 0 a l s o .  

P r o p o s i t i o n  I1 

We thus  assume Cv i s  c o n v e x , i n  R ,  i . e . ,  t h e  c o s t  increment i n  R is an 

i n c r e a s i n g  f u n c t i o n  of R .  

P r o p o s i t i o n  111 

T h i s  s t a t e s  t h a t  f o r  a g iven  r a t e  index ,  R ,  an i n c r e a s e  i n  t o t a l  pro-  

curement q u a n t i t y  w i l l  cause an i n c r e a s e  i n  t o t a l  procurement c o s t ;  

a  d i r e c t  consequence of E q .  1. Also, c e r t a i n l y ,  

P r o p o s i t i o n  I V  

Assumes t h a t  a s  volume i n c r e a s e s  a t  a  f i x e d  R, c o s t  i n c r e a s e s  a t  a 

dec reas ing  r a t e .  Th i s  fo l lows  from Eq. 5 ,  6 ,  and 7 ,  and i s  a r e s u l t  

of t h e  7feconomies of s c a l e f f  o r  t h e  " l e a r n i n g  phenomenontf d i scussed  

p r e v i o u s l y .  



N a t u r a l l y  t h e s e  p r o p o s i t i o n s ,  a long wi th  t h e  fou r  hypotheses 

desc r ibed  above, must be t e s t e d  through a c t u a l  experiments  and they 

a r e  provided  he re  only  a s  a  s t r u c t u r e  f o r  f u t u r e  r e s e a r c h .  

Appendix 7-D 
FURTHER DEVELOPMENT OF RELATIONSHIPS CONCERNING INSPECTION, 

REPAIR, TEST, AND SCRAP COSTS 

Since t h e  n a t u r e  of t h e  i n s p e c t i o n  ( d e s t r u c t i v e  o r  nondes t ruc t ive )  

w i l l  a f f e c t  c o s t s  we may adopt a  new parameter ,  v ,  which i d e n t i f i e s  

t h e  na tu re  of t h e  i n s p e c t i o n  p roces s .  Also t h e  pe rcen t  of assembl ies  

i n s p e c t e d ,  P r I ,  has  a  d i r e c t  a f f e c t  on c o s t .  Since t h e r e  may be more 

than  one i n s p e c t i o n  dur ing  assembly t h e  number, N ,  of i n s p e c t i o n s  is  

a  c o s t  f a c t o r .  Now we assume t h a t  t h e  c o s t s  i ncu r red  a t  each inspec- 

t i o n  a r e  exc lus ive  and t h a t  an assembly coming t o  i n s p e c t i o n  s t a t i o n  

a  has  p r o b a b i l i t i e s ,  P r ~ a '  of being in spec t ed .  P r I g a ,  of pas s ing  i f  

i n s p e c t e d ,  P r Iba ,  of not pass ing  but  being r e p a i r a b l e ,  and P r I sa ,  o  f  

being scrapped 

I f  V assembl ies  e n t e r  t h e  f i r s t  i n s p e c t i o n  s t a t i o n  t h e  u n i t  in -  I  
s p e c t i o n  c o s t  of sending VT assembl ies  t o  t e s t  i s :  

C - - Pr C t ( 1  - PrIsa)PrIai l  Ia+l  I V , R , M  V I a  I a  
- 

where C I a  is t h e  i n s p e c t i o n  c o s t  a t  s t a t i o n  a .  The i n s p e c t i o n  c o s t ,  

C I a ,  may be p r e d i c t e d  accord ing  t o  t h e  preceding  assumptions by 

Here,  f o r  convenience,  X = (Xll, , 
j k  . . , X j k ,  . . . , XhIM) The 

t e s t i n g  c o s t  T V j R ,  can be computed i n  an analogous manner. We l e t  

P  r Tg7 P r ~ b j  P r ~ s '  equal  ( r e s p e c t i v e l y )  t h e  p r o b a b i l i t y  of be ing  good, 

d e f e c t i v e  bur r e p a i r a b l e ,  and s c r a p  when t e s t e d ,  where again Pr  + 
Tg 

PrTb t PrTs = 1 ) .  I f  we l e t  t 
V , R , M  

be t h e  u n i t  t e s t i n g  c o s t  vle have 



(assuming P r  i s  t h e  same f o r  a  r e p a i r e d  u n i t  a s  f o r  a  u n i t  d i r e c t l y  Tb 
from i n s p e c t i o n .  The u n i t  t e s t i n g  c o s t  may be assumed t o  be depen- 

den t  on t h e  number of components, M, some x ' s  ( p a r t i c u l a r l y  t h e  
j k  

performance c h a r a c t e r i s t i c s  t o  be t e s t e d ) ,  and a  f a c t o r  q d e s c r i b i n g  

t h e  n a t u r e  of t h e  t e s t ,  v i z :  

The u n i t  r e p a i r  c o s t s  a r e  seen  t o  be a  combination of t h e  r e p a i r  

c o s t s  i n c u r r e d  du r ing  i n s p e c t i o n  and those  incu r red  a t  t e s t .  If pa 
and P t  r e p r e s e n t  t h e  r e p a i r  c o s t s  a t  i n s p e c t i o n  s t a t i o n  a  and a t  t e s t  

r e s p e c t i v e l y  we have: 

S i m i l a r l y ,  f o r  u n i t  s c r a p  c o s t s  i f  we l e t  ya and y be t h e  s c r a p  
b 

va lue  of a s sembl i e s  scrapped a t  s t a t i o n  a  and a t  t e s t  t r e s p e c t i v e l y  

f o r  t o t a l  u n i t  s c r a p  c o s t  we have: 
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TRANSPORTATION DEMAND 

The t r a f f i c  g e n e r a t i o n  o r  demand model d e s c r i b e s  t h e  s e t  of 

t r i p s  under taken  i n  a  g iven  highway t r a n s p o r t a t i o n  system. Th i s  des-  

c r i p t i o n  p rov ides  t h e  i n p u t  f o r  t h e  o p e r a t i o n a l  models of t r a f f i c .  The 

demand i s  a f f e c t e d  by s e r v i c e  and s a f e t y  l e v e l s ,  by t h e  p r o v i s i o n  of 

a l t e r n a t i v e  modes of t r a n s p o r t ,  and by g e n e r a l  s o c i o l o g i c a l  v a r i a b l e s  

d e s c r i b i n g  t h e  p a t t e r n  of l i f e  around t h e  highway system. I n  t h e  p re s -  

e n t  system s t r u c t u r e ,  t h e  dependencies  on s e r v i c e  and s a f e t y  a r e  n o t  

e x p l i c i t l y  modeled: t h e  dependencies  on s o c i o l o g i c a l  v a r i a b l e s  a.ppear 

on ly  i n  de t e rmin ing  t h e  p a t t e r n  of t r a f f i c  g e n e r a t i o n  i n  t ime  and s p a c e .  

Other  e f f e c t s  a r e  cons ide red  t o  be second-order  e f f e c t s  of small  mag- 

n i  t u d e  , 

The de t e rmina t ion  of demand depends upon knowing two t h i n g s :  

(1 )  t h e  n a t u r e  of t h e  modes of t r a n s p o r t ,  and (2 )  t h e  f a c t o r s  t h a t  

g e n e r a t e  t h e  demand f o r  movement; i ,  e . ,  t h e  f a c t o r s  t h a t  mo t iva t e  

people  t o  move themselves ,  o t h e r  peop le ,  o r  goods. Knowledge of t h e  

n a t u r e  of t h e  modes of t r a n s p o r t  is needed because i t  has  f r e q u e n t l y  

been demonstrated t h a t  t r a n s p o r t a t i o n  demand is a f f e c t e d  by sys1;em 

c a p a b i l . i t i e s  and performance.  

The demand model shou ld  produce t h e  fo l l owing  c h a r a c t e r i s t i c s  of 

demand a s  its o u t p u t :  

(1 )  C h a r a c t e r i s t i c s  of  t r i p s  t aken :  

O r i g i n ,  d e s t i n a t i o n  of u s e r s ,  l o c a t i o n  of park ing  p l a c e  of ve- 

h i c l e ,  r o u t e  t aken ,  time of s t a r t  f o r  t r i p .  

(2)  C h a r a c t e r i s t i c s  of t h e  v e h i c l e s  used f o r  conveyance: 

Veh ic l e  t y p e ,  c a p a c i t y  i n  terms of passengers  and c a r g o .  

(3 )  C h a r a c t e r i s t i c s  of  d r i v e r s  : 

Age, s e x ,  m a r i t a l  s t a t u s ,  economic s t a t u s ,  p h y s i c a l  c h a r a c t e r i s -  

t i c s ,  a c c i d e n t  and t r a f f i c  v i o l a t i o n  h i s t o r y ,  p sycho log ica l  and 

medica l  c h a r a c t e r i s t i c s .  

(4 )  C h a r a c t e r i s t i c s  of passengers  : 

Number, age ,  s e x ,  m a r i t a l  s t a t u s ,  economic s t a t u s ,  p h y s i c a l  char -  

a c t e r  i s t i c s  . 
(5)  C h a r a c t e r i s t i c s  of goods moved: 

Q u a n t i t y ,  v a l u e ,  stowage c o n f i g u r a t i o n ,  v u l n e r a b i l i t y  t o  damage, 



p o t e n t i a l  haza rds  t o  sys tem o p e r a t i o n  i n  t r a n s p o r t .  

E v e n t u a l l y ,  a d d i t i o n a l  d e s c r i p t o r s  may be  r e q u i r e d  by o t h e r  sub- 

sys t ems .  Some of t h e s e  proposed measures  may n o t  be needed i n  o t h e r  

p a r t s  of t h e  model. 

Four fundamental  c o n d i t i o n s  govern t h e  demand f o r  movement. 

( 1 )  A need o r  d e s i r e  t o  engage i n  some a c t i v i t y  n e c e s s i t a t i n g  

t h e  movement of peop le  o r  goods from some o r i g i n .  The measurement of 

t h i s  pr imary demand depends upon d e s c r i b i n g  t h e  needs o r  d e s i r e s  of 

t h e  p o t e n t i a l  t r i p  makers and s h i p p e r s  and t h e  e x t e n t  t o  which t h e s e  

needs can  be met a t  t h e  o r i g i n .  

(2 )  The e x i s t e n c e  of d e s t i n a t i o n s  where demands can be  s a t i s f i e d .  

( 3 )  The e x i s t e n c e  of adequa te  t r a n s p o r t a t i o n  a s  measured by t h e  

r e s i s t a n c e  t o  movement; i . e . ,  t h e  mode of t r a n s p o r t  must meet s t a n d -  

a r d s  a c c e p t a b l e  t o  t h e  d e c i s i o n  maker. These s t a n d a r d s  i n c l u d e  con- 

s i d e r a t i o n s  of  t r a v e l  t ime ,  c o s t ,  s a f e t y ,  comfor t ,  and convenience ,  and 

e s s e n t i a l l y  c o n s t i t u t e  a  problem of economics,  where t h e  c o s t s  of move- 

ment measured by r e s i s t a n c e  a r e  compared t o  t h e  advantages  t o  be  de- 

r i v e d  by such  a  move. For example,  t h e  s u r v i v a l  r a t e  of goods t r a n s -  

p o r t e d  i s  c e r t a i n l y  a  d i r e c t  c o s t  of movement. Less  ea sy  t o  measure 

a r e  s t a n d a r d s  of  human comfort  o r  convenience .  

(4 )  The a v a i l a b i l i t y  of t r a n s p o r t a t i o n  f a c i l i t i e s  s e r v i n g  t h e  

p o i n t  of t r i p  o r i g i n .  A v a i l a b i l i t y  may i t s e l f  c r e a t e  a  d e s i r e  f o r  

movement . 
We may c o n s i d e r  t h e  problem i n  a  manner s i m i l a r  t o  supply-and- 

demand a n a l y s i s  i n  economics.  There e x i s t  i n d i v i d u a l  and s o c i a l  pro- 

p e n s i t i e s  t o  t r a v e l  o r  t r a n s p o r t  goods, t h e  amount of such  t r a v e l  be ing  

r e l a t e d  t o  t h e  " p r i c e "  de te rmined  on t h e  supp ly  cu rve .  I n  ou r  c a s e  

t h e  p r i c e  i n c l u d e s  bo th  t h e  monetary expense and t h e  c o s t  i n  time and 

inconvenience  t o  t h e  t r a v e l e r  o r  t r a n s p o r t  u s e r .  A g e n e r a l  term f o r  

a l l  t h e s e  items is r e s i s t a n c e  t o  t r a v e l .  I t  is  t y p i c a l l y  measured i n  

such  d imens ions  a s :  

( 1 )  T r a v e l  c o s t :  i n  terms of  t ime ,  d i r e c t  c o s t s  of t r a n s p o r t a t i o n ,  

and inves tment  c o s t s  i n  t h e  sys tem.  

( 2 )  S a f e t y :  i n  te rms  of t h e  expec ted  l o s s ,  damage, i n j u r y ,  o r  de- 

l a y  i n c u r r e d  by a c c i d e n t s ,  f i r e s ,  o r  v i b r a t i o n  o r  j e r k  i n  t r a n s i t .  

( 3 )  Comfort:  i n  te rms  of t empera tu re ,  n o i s e ,  v i b r a t i o n ,  j e r k ,  



a c c e l e r a t i o n ,  dece l e r a . t i on ,  s e a t i n g  a r rangements ,  and in t e rna l .  v e h i c l e  

environment .  

( 4 )  Convenience: i n  terms of t r a v e l  t ime ,  f requency ,  r e l i a b i l i t y  

of s e r v i c e ,  l o c a t i o n  of t r a n s p o r t a t i o n  o r i g i n s  and t e r m i n a l s  i n  re -  

l a t i o n  t o  person o r i g i n s  and d e s t i n a t i o n s ,  f l e x i b i l i t y  of s e r v i c e ,  

c a p a c i t y ,  and f a c i l i t i e s  f o r  baggage hand l ing .  

When c o n s i d e r i n g  r e s i s t a n c e  t o  t r a v e l  and t h e  r e l a t e d  t r i p -  

g e n e r a t i o n  p r o c e s s ,  i t  i s  neces sa ry  t o  n o t e  t h a t ,  i n  a d d i t i o n  t o  con- 

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

p r o p e r t i e s  of both passengers  and goods w i l l  e s t a b l i s h  c e r t a i n  mini- 

mum s a t i s f a c t o r y  s e r v i c e  l e v e l s  f o r  t h e  t r a n s p o r t a t i o n  system. People  

demand a  c e r t a i n  deg ree  of comfort  of t h e  t r a v e l  environment( inc1uding 

such  f a c t o r s  a s  tempera ture  and humidi ty  i n  t h e  t r a v e l  v e h i c l e )  and 

p r o t e c t i o n  a g a i n s t  unp leasan t  a c c e l e r a t i o n ,  j e r k ,  engine  h e a t ,  and 

o t h e r  e lements  i n h e r e n t  i n  t h e  mode of t r a n s p o r t .  I t  i s  t h e  f u n c t i o n  

of t h e  v e h i c l e  performance model t o  provide  i n fo rma t ion  about t 'qese 

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

Goods movement does no t  i nvo lve  t h o s e  amen i t i e s  a s s o c i a t e d  w i th  

human t r a v e l  demands, bu t  does r e q u i r e  a  measure of p r o t e c t i o n  which 

depends upon t h e  n a t u r e  of t h e  goods moved. Such d i v e r s e  ca rgos  a s  

d r y  b u l k ,  l i q u i d  b u l k ,  l i v e  animals  and p l a n t  m a t t e r ,  r e f r i g e r a t e d  

goods, long- length  o r  h e a v y - l i f t  c a rgo ,  and mobile ca rgo ,  a l l  r e q u i r e  

s p e c i a l  f a c i l i t i e s  f o r  hamdling. Terminal  f a c i l i t i e s  must a l s o  be 

provided t h a t  bo th  handle  and p r o t e c t  goods. The i d e n t i f i c a t i o n  of 

needs and d e s i r e s  f o r  movement i n c l u d e  de te rmin ing  t h e  s p e c i f i c a t i o n s  

r e q u i r e d  t o  p r o t e c t  people  and goods. 

The p r e d i c t e d  r a t e  of t r i p  g e n e r a t i o n  w i l l  be determined from 

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

and i ts  l e v e l  of s e r v i c e  ( i n  terms of t ime ,  c o s t ,  e t c . ) .  The p red i c -  

t i o n  of t h e  r e s i s t a n c e  t o  t r a n s p o r t a t i o n  w i l l  be made from soc i . a l ,  

envi ronmenta l ,  and economic d a t a .  Demographic, s o c i a l  and p s y c : h ~ l o g i -  

c a l  d e s c r i p t o r s  of t h e  popu la t i on ,  and economic d e s c r i p t o r s  of i t s  

bus ines s  e n t e r p r i s e s ,  a r e  necessary  i n  o rde r  t o  de te rmine  t h e i r  propen- 

s i t y  t o  t r a v e l .  

I n  summary, t r i p s  a r e  gene ra t ed  when t h e r e  e x i s t s  a  need o r  de- 

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

t i e s  capab le  of  s a t i s f y i n g  t h i s  d e s i r e ,  and a mode of t r a n s p o r t  he- 

tween t h e  o r i g i n  and d e s t i n a t i o n  capab le  of accomplishing t h i s  



movement a t  a  c o s t  a c c e p t a b l e  t o  t h e  decis ion-maker .  One o b j e c t i v e  

of t h e  demand model is t o  r e l a t e  t h i s  demand t o  e x i s t i n g  o r  p o t e n t i a l  

t r a n s p o r t  sy s t ems ,  s u b j e c t  t o  c o n s t r a i n t s  imposed by o t h e r  models .  

For  example, Tanner (1952) h a s  s t u d i e d  t h e  e f f e c t s  of wea ther  ( a s  

d e f i n e d  by t empera tu re ,  hou r s  of sunsh ine ,  and r a i n f a l l  r eco rded )  

upon p o s s i b l e  changes i n  demand i n  Grea t  B r i t a i n .  He c i t e s  f o u r  pos- 

s i b l e  r e a c t i o n s  t o  bad weather  i n  t r i p  p l ann ing :  

(1 )  P l a n s  a r e  unchanged. 

(2 )  Mode of t r a n s p o r t  is  changed, a s  from b i c y c l e  t o  au tomobi le ,  

o r  automobile  t o  t r a i n .  

( 3 )  T r i p  is postponed e i t h e r  because  t r a v e l  r e s i s t a n c e  is  in -  

c r e a s e d  o r  t h e  d e s t i n a t i o n  is made u n d e s i r a b l e .  

( 4 )  T r i p  is  c a n c e l l e d .  

He found,  f o r  example, t h a t  fog  caused  a  1/3 t o  1/2 r e d u c t i o n  i n  

t r a f f i c  volume. Rain a l s o  r educes  t r a f f i c  volume, bu t  i s  less l i k e l y  

t o  i n t e r f e r e  w i t h  e s s e n t i a l  t r i p s .  

Given a s  i n p u t  an a r r a y  of p o t e n t i a l  decis ion-makers  and goods 

o r  peop le  t o  be  moved, and t h e  p o t e n t i a l  performance c h a r a c t e r i s t i c s  

of modes of t r a n s p o r t ,  pa rame te r s  shou ld  be  developed r e l a t i n g  demand 

t o  t r a n s p o r t  s e r v i c e .  

I n  r e c e n t  y e a r s ,  t h e  i n t e r e s t  of governmental agenc i e s  a t  f e d e r a l ,  

s t a t e ,  and mun ic ipa l  l e v e l s  i n  p r o j e c t i n g  f u t u r e  demand has  g r e a t l y  

i n c r e a s e d .  Stemming from t h i s  i n t e r e s t  ha s  been c o n s i d e r a b l e  r e s e a r c h  

and f o r m u l a t i o n s  s e e k i n g  t o  e s t a b l i s h  meaningful  r e l a t i o n s h i p s  i n  which 

t o  d e s c r i b e  and p r e d i c t  t h e  fo l l owing :  

(1)  T r i p  g e n e r a t i o n  o r  amount of  t r i p  making 

(2)  T r i p  d i s t r i b u t i o n  o r  l i n k i n g  o r i g i n  w i th  s u i t a b l e  d e s t i n a t i o n s .  
( 3 )  Model c h o i c e  

(4 )  Route s e l e c t i o n  

(5)  I n t e r a c t i o n s  between demand and c o s t s  and s e r v i c e s  provided .  

O r i g i n  and d e s t i n a t i o n  s t u d i e s  have r e l a t e d  t r i p  g e n e r a t i o n  t o  

t h e  fo l l owing  v a r i a b l e s :  t r i p  purpose ,  f ami ly  income, v e h i c l e  owner- 

s h i p ,  l a n d  u s e  a t  t h e  o r i g i n ,  d i s t a n c e  from t h e  c e n t r a l  b u s i n e s s  
d i s t r i c t ,  l e n g t h  of t r i p ,  mode of t r a v e l ,  automobile  occupancy, l a n d  

u s e  a t  d e s t i n a t i o n ,  and t ime of  day.  To a  l a r g e  e x t e n t  t h e  i n t e r -  

r e l a t i o n s h i p s  among t h o s e  v a r i a b l e s  have been c h a r t e d  f o r  u rban  t r a n s -  

p o r t a t i o n .  The independent  v a r i a b l e s  d i r e c t l y  c o r r e l a t e d  w i t h  t r i p s  



p e r  person  o r  v e h i c l e s  p e r  day a r e  de te rmined  and combined i n t o  a  

m u l t i p l e  r e g r e s s i o n  model of t h e  fo l l owing  form: 

*P 
- a  + blXl 4- 'b X t. . . .  2 2  

where T  r e p r e s e n t s  t r i p s  p e r  person  o r  v e h i c l e ,  p e r  day;  a  i s  t h e  
P  

i n t e r c e p t  on t h e  T  a x i s ;  t h e  b  terms a r e  m u l t i p l e  r e g r e s s i o n  c o e f f i c -  
P  

i e n t s  f o r  i n d i v i d u a l  v a r i a b l e s ;  and t h e  X t e rms  a r e  a p p r o p r i a t e  v a r i -  

a b l e s  such  a s  f ami ly  income and v e h i c l e  ownership.  Es t ima t ion  f o r  t h e  

f u t u r e  is  c o n t i n g e n t  upon p r e d i c t i n g  f u t u r e  changes i n  t h e  v a r i a b l e s ,  

and upon t h e  m u l t i p l e  r e g r e s s i o n  e q u a t i o n  c o e f f i c i e n t  s t a b i l i t y .  The 

f o u r  s i g n i f i c a n t  f a c t o r s  which have been employed t o  p r e d i c t  t r e n d s  

f o r  t h e  f u t u r e  a r e  l and  u s e  p a t t e r n s ,  average  v e h i c l e  ownersh ip ,  

average  f ami ly  income, and z o n a l  c e n t r o i d a l  d i s t a n c e  from t h e  c e n t r a l  

b u s i n e s s  d i s t r i c t .  

The p r e d i c t i o n  of  t h e  mode of t r a v e l  ( i . e . ,  a u t o ,  bus ,  r a i l  

t r a n s i t ,  walk,  e t c . )  i n  urban a r e a s  depends upon t h e  deg ree  t o  which 

f u t u r e  u s e  may be  based on p a s t  t r e n d s  and t h e  way i n  which changes i n  

p u b l i c  p o l i c y  might a l t e r  t h e  u se  of mass t r a n s i t .  Mass t r a n s p l o r t a t i o n  

p r i m a r i l y  s e r v e s  two b a s i c  t r i p  c a t e g o r i e s :  (1 )  T r i p s  t o  and frlom t h e  

c e n t r a l  b u s i n e s s  d i s t r i c t  f o r  work- re la ted  purposes ,  and (2)  s choo l  

t r i p s .  

The amount of t r a v e l  by mass t r a n s i t  i n  an urban a r e a  has  been 

shown t o  depend on t h e  e x t e n t  of automobile  ownership,  t h e  i n t e n s i t y  

of l a n d  u s e ,  and t h e  r e l a t i v e  "cos t s "  of automobile  v e r s u s  p u b l i c  

t r a n s p o r t a t i o n .  Two methods a r e  used t o  p r e d i c t  m a s s - t r a n s i t  t r i p s :  

(1 )  P r e d i c t i o n  of modal u s e  s o l e l y  from socio-economic informa- 

t i o n  on t h e  t r i p  maker and h i s  t r i p  purpose.  

( 2 )  P r e d i c t i o n s  of modal u se  based on comparing t r a n s i t  and a u t o  

f o r  a  s p e c i f i e d  t r i p  w i t h  t h e  usage of one mode r e l a t i v e  t o  o t h e r s  

dependent on r e l a t i v e  t r a v e l  t ime  o r  c o s t .  

Adams has  developed t h e  fo l l owing  e q u a t i o n  f o r  t h e  r e l a t i v e  u se  

of t r a n s i t  and t h e  automobile  i n  an urban a r e a :  

y  = a  + bl l o g  P  + b2 l o g  E + bg l o g  T  4- b4 l o g  U + b5 l o g  11 

where y  is t h e  pe rcen tage  of a l l  person t r i p s  made by t r a n s i t  

P is t h e  f r a c t i o n  of popu la t i on  over  f i v e  y e a r s  of age 

T is  a  measure of t r a n s i t  s e r v i c e  

E is. an economic f a c t o r  c o n s i d e r i n g  automobile  ownership and 

dwe l l i ng  u n i t  c h a r a c t e r i s t i c s  



U is a  land  u t i l i z a t i o n  f a c t , o r  

M is t h e  s i z e  of t h e  u rban ized  a r e a  

and where a  and t h e  bl terms a r e  e m p i r i c a l l y  d e r i v e d  c o n s t a n t s .  

The l i n k i n g  of o r i g i n s  and d e s t i n a t i o n s  has  been t h e  s u b j e c t  of  

c o n s i d e r a b l e  r e s e a r c h  and s e v e r a l  models have been developed:  

(1)  E x t r a p o l a t i o n  methods: uniform f a c t o r ,  ave rage  f a c t o r ,  D e t r o i t ,  

and F r a t a r  

( 2 )  T r a v e l  de t e rminan t  methods: g r a v i t y  model, i n t e r a c t a n c e  model,  

o p p o r t u n i t y  model 

A s  of now t h e s e  models have no t  been s t a t i s t i c a l l y  e v a l u a t e d  and 

c r i t i c a l l y  compared. A l l  a r e  based upon one of two sys tems  of l o g i c ,  

e i t h e r  f u t u r e  p r o j e c t i o n s  based upon t r e n d s  i n  c u r r e n t  i n t e r z o n a l  

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

o r i g i n - d e s t i n a t i o n  p a t t e r n s  a p p l i e d  t o  f u t u r e  land-use e s t i m a t e s .  

The growth f a c t o r  methods assume t h a t  p r e s e n t  t r a v e l  p a t t e r n s  

can  be p r o j e c t e d  i n t o  t h e  f u t u r e  through a  p roces s  based upon a n t i c i -  

pa t ed  z o n a l  growth r a t e s .  The uniform f a c t o r  method i s  s i m p l e s t ,  ex- 

p r e s sed  a s  f o l l o w s :  n  n  n  n  

where T  = f u t u r e  t r i p s  from i t o  j 
i j  

t i j  
= p r e s e n t  t r i p s  

F = a  growth f a c t o r  f o r  t h e  e n t i r e  urban a r e a  

T = t h e  t o t a l  f u t u r e  v e h i c l e  t r i p s  i n  t h e  urban a r e a  

t = t h e  t o t a l  p r e s e n t  v e h i c l e  t r i p s  i n  t h e  urban a r e a  

n  = t h e  number of zones  i n  t h e  urban a r e a  

Th i s  procedure  i g n o r e s  d i f f e r e n t i a l  growth r a t e s  i n  p a r t s  of t h e  

urban a r e a  and can  l e a d  t o  c o n s i d e r a b l e  e r r o r .  The average  f a c t o r  

method mod i f i e s  t h i s  by i n t r o d u c i n g  i n d i v i d u a l  growth f a c t o r s  Fi 

and F f o r  d i f f e r e n t  zones where F = C T .  . /C  t 
j i J IJ J i j '  

I n  t h e  F r a t a r  method, t h e  d i s t r i b u t i o n  of f u t u r e  v e h i c l e  t r i p s  

from zone i t o  zone j is p r o p o r t i o n a l  t o  t h e  p r e s e n t  t r i p s  from i t o  

j ,  modi f ied  by t h e  growth f a c t o r  of t h e  two zones .  The volume of 

t r i p s  from zone i t o  zone j is  exp re s sed  by 

n 



An i t e r a t i o n  process is  used. The D e t r o i t  method is a  modif ica t ion  of 

t h e  F r a t a r  method, 

Martin, Memmott, and Bone (1961) c i t e  s i m p l i c i t y  of a p p l i c a t i o n  

and a p p l i c a b i l i t y  t o  updating o r i g i n  and d e s t i n a t i o n  survey d a t a  a s  

two advantages of t h e  growth f a c t o r  methods. The disadvantages in-  

c lude  t h e  r equ i red  comprehensive inpu t  d a t a  on o r i g i n s  and d e s t i n a t i o n s ,  
t h e  l a c k  of s e n s i t i v i t y  of t h e  method t o  s u b s t a n t i a l  changes i n  land 

use p a t t e r n s  o r  t r a n s i t  f a c i l i t i e s ,  and i t s  weakness i n  handling smal l  

in terchange volumes. 

The g r a v i t y  model is based upon t h e  a t t r a c t i o n  of a  d e s t i n a t i o n  

zone, t h e  magnitude of which is  d i r e c t l y  a s soc ia ted  with s i z e  of land 

use  development and i n v e r s e l y  r e l a t e d  t o  t h e  separa t ion  between t h e  

o r i g i n  and a t t r a c t i n g  zone. For d e s t i n a t i o n  zone j t h i s  r a t i o  is  

expressed a s  

Sj/f ( X  . )  
1J 

where S is t h e  a t t r a c t i o n  a t  j 
j 

Xi j 
is t h e  t r a v e l  time o r  d i s t a n c e  between k and j. 

Tij, t h e  number of v e h i c l e  t r i p s  between i and j ,  is t h e  number 

of p resen t  t r i p s  o r i g i n a t i n g  from t i ,  Oi ,  t imes t h e  a t t r a c t i o n  r a t i o  

f o r  j d iv ided by t h e  sum of t h e  a t t r a c t i o n  r a t i o s  f o r  a l l  t h e  zones 
a s  expressed by 

A s  i n  t h e  o t h e r  models an i t e r a t i o n  process is needed t o  guarantee t h e  

c o r r e c t  number of a r r i v a l s  i n  t h e  d e s t i n a t i o n  zones. For p r o j e c t i o n ,  

va lues  of S .  and X i j  a r e  determined and appl ied  t o  t h e  equat ion .  
J 

The g r a v i t y  model accounts  f o r  competi t ion among d i f f e r e n t  zones 
f o r  t r i p s .  I t  r e q u i r e s  l i t t l e  inpu t  d a t a  (compared t o  o t h e r  models) 
and is s e n s i t i v e  t o  t h e  r e s i s t a n c e  t o  movement between zones. However, 
it is an a r b i t r a r y  at tempt t o  d e s c r i b e  t r i p  d i s t r i b u t i o n  with an 

"a l i en"  physica l  law. The d i f f i c u l t y  of express ing r e s i s t a n c e  t o  

t r a v e l  a s  a  cons tan t  over t ime ques t ions  t h e  use  of a  s i n g l e  D va lue  

and t h e  model r e q u i r e s  cons ide rab le  manipulat ion of p r o p o r t i o n a l i t y  
f a c t o r s  t o  produce r e a l i s t i c  r e s u l t s  c o r r e l a t i n g  w i t h  a c t u a l  t r a f f i c  

p a t t e r n s  . 
The i n t e r a c t a n c e  model combines t h e  g r a v i t y  model w i t h  o r i g i n -  

d e s t i n a t i o n  survey d a t a  by e s t a b l i s h i n g  r e l a t i o n s h i p s  between the  



a t t r a c t i v e  f o r c e  and d i s t a n c e s  f o r  d i f f e r e n t  t r i p  purposes  developed 

from su rvey  d a t a .  

The o p p o r t u n i t y  model is based on t h e  p r o b a b i l i t y  t h a t  t o t a l  

t r a v e l  time from a  p o i n t  is minimized s u b j e c t  t o  t h e  c o n d i t i o n  t h a t  

eve ry  d e s t i n a t i o n  p o i n t  ha s  a  p r o b a b i l i t y  of  be ing  accep ted .  T h e  

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

T i j  = Oi exp (-LD ) - exp (-LDj ) 
j -1 

where L is t h e  p r o b a b i l i t y  t h a t  a  d e s t i n a t i o n  w i l l  be accepted  

D is  t h e  number of d e s t i n a t i o n s  c l o s e r  i n  t ime  t o  zone 
j -1 

i than  zone j is t o  zone i 

0. is t h e  number of t r i p  o r i g i n s  i n  zone i 
1 

T h i s  model ha s  demons t ra ted  accuracy  s i m i l a r  t o  t h a t  of t h e  g r a v i t y  

model. I t  r e q u i r e s  fewer  parameters  and i s  independent  of zona l  

bounda r i e s .  The L f a c t o r s  a r e  d i f f i c u l t  t o  de te rmine .  

S ince  no model is s a t i s f a c t o r y  i n  a l l  r e s p e c t s ,  r e s e a r c h  is needed 

t o  compare d i f f e r e n t  models w i t h  t h e  o b j e c t i v e  of deve lop ing  s t a n d a r d s  

w i t h  which t o  c o n s t r u c t  improved models.  

I n  s e l e c t i n g  a  t r a v e l  r o u t e  t h e  d r i v e r  is  g e n e r a l l y  con f ron ted  by 

s e v e r a l  r o u t e s ,  and t h e  c h o i c e  he makes r e f l e c t s  p e r s o n a l  c r i t e r i a  f o r  

t r a v e l  r e s i s t a n c e ,  d r i v e r  e f f o r t ,  s a f e t y ,  and d i s t a n c e .  R e l a t i o n s h i p s  

have been developed i n  s a f e t y  which r e l a t e  t r a v e l  r e s i s t a n c e  i n  terms 

of t h e  above f a c t o r s  t o  t h e  u se  of t h e  r o u t e s  be ing  compared. I n  

Toronto  t h e s e  c u r v e s  have been a p p l i e d  t o  t r a n s i t  ass ignments .  Much 

work remains t o  be done i n  t h i s  f i e l d ,  a s  r e s i s t a n c e  is an i n t a n g i b l e  

concept  no t  e a s i l y  d e f i n e d  by such f a c t o r s  a s  t r a v e l  t ime  and d r i v e r  

e f f o r t .  

The p r e d i c t i o n  of goods movement demand is i n h e r e n t l y  s i m p l e r ,  

a l t hough  r e l a t i v e l y  l i t t l e  modeling e f f o r t  ha s  been d e s c r i b e d  i n  t h e  

open l i t e r a t u r e .  Research i n  t h i s  s i g n i f i c a n t  a r e a  i s  c u r r e n t l y  under  

way a t  a  number of p l a c e s .  

FURTHER RESEARCH 

Cons ide rab l e  r e s e a r c h  is c u r r e n t l y  be ing  done i n  p r e d i c t i n g  de- 

mand f o r  highway t r a v e l ,  There remain,  however, no adequate  q u a n t i t a -  

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

socio-economic environment and t h e  t r a n s p o r t  a v a i l a b l e .  Express ions  

a r e  needed t o  r e l a t e  l e v e l  of s e r v i c e  t o  demand; c u r r e n t  demand models 



a r e  weakened by t h e  l a c k  of such  e x p r e s s i o n s .  However, i t  is b e l i e v e d  

t h a t  r e s e a r c h  i n  t h i s  a r e a  by t h e  Highway S a f e t y  Research I n s t i t u t e  

shou ld  no t  be  under taken  u n t i l  t h e  requi rements  of o t h e r  subsystems 

i n d i c a t e  a c l e a r  need f o r  r e s e a r c h  of t h i s  t ype .  

REFERENCES 

Mar t in ,  B r i an  V.; Memmott, F r e d e r i c k  W . ,  111;  and Bone, Alexander J , ;  

P r i n c i p l e s  and Techniques of P r e d i c t i n g  Fu tu re  Demand f o r  Urban - 
Area T r a n s p o r t a t i o n ,  Massachuse t t s  I n s t i t u t e  of Technology P r e s s :  

Cambridge, Massachuse t t s ,  1961. 

Tanner,  J .  C . ,  "Weather and Road T r a f f i c  Flow," Weather,  Vol. 7 ,  No, 

9 ,  September 1952, pp. 270-275. 

BIBLIOGRAPHY 

GENERAL 

Mar t in ,  B r i an  V . ,  Memmott, F r e d e r i c k  W .  111, and Bone, Alexander J . ,  

P r i n c i p l e s  and Techniques of P r e d i c t i n g  Fu tu re  Demand f o r  Urban - 
Area T r a n s p o r t a t i o n ,  Massachuse t t s  I n s t i t u t e  of Technology P r e s s ,  

Cambridge, Massachuse t t s ,  1961. 

(A survey  of e x i s t i n g  t echn iques  of p r e d i c t i n g  t r a v e l  demand.) 

SPECIFIC 

Adams, Warren T . ,  "Fac to r s  I n f l u e n c i n g  T r a n s i t  and Automobile Use 

i n  Urban Areas ,"  B u l l e t i n  230: T r i p  Genera t ion  and Urban Freeway 

Planning ,  Highway Research Board, 1959, pp. 101-110. 

( T r a n s i t  modal s p l i t . )  

Brokke, Glen E . ,  "Evalua t ing  T r i p  F o r e c a s t i n g  Methods w i t h  an 

E l e c t r o n i c  Computer," B u l l e t i n  203: T rave l  C h a r a c t e r i s t i c s  i n  - 
Urban Areas ,  Highway Research Board, 1958, pp. 52-75. 

(A l l  growth f a c t o r  methods.)  

Chicago Area T r a n s p o r t a t i o n  Study,  F i n a l  Repor t ,  Vol. 11, Data - 
P r o j e c t i o n s ,  J u l y ,  1960, p.  111. 

(Oppor tun i ty  model . )  

Mertz,  Wil l iam L . ,  and Hammer, Lamelle B . ,  ''A Study of Fac to r s  Re la t ed  

t o  Urban T r a v e l , "  P u b l i c  Roads, Vol, 29,  No. 7 ,  A p r i l  1957, pp. 171-74. 

( T r i p  g e n e r a t i o n , )  



Voorhees, Alan M . ,  "A General  Theory of T r a f f i c  bIovement," 

Proceedings  of t h e  I n s t i t u t e  of T r a f f i c  Eng inee r s ,  1955. 

(Gravi ty  model . )  

Wynn, F .  Houston, "S tud ie s  of T r i p  Genera t ion  i n  t h e  Na t ion ' s  

C a p i t o l ,  1956-1958," B u l l e t i n  230: T r i p  Genera t ion  and Urban 

Freeway Planning ,  Highway Research Board, 1959, pp.  18-21. 

( T r i p  g e n e r a t i o n . )  

Wynn, F. Houston, and L inde r ,  E r i c  E . ,  "Tes t s  of I n t e r a c t a n c e  

Formulas Derived from 0-D Da ta , "  B u l l e t i n  253: T r a f f i c  O r i g i r -  

and-Des t ina t ion  S t u d i e s :  Appra i sa l  of l le thods,  Highway Resezrch 

Board, 1960, pp. 62-85. 

( I n t e r a c t a n c e  models . )  



THE ENVIRONMENT 

INTRODUCT ION 

The l e a s t  c o n t r o l l a b l e  a s p e c t  of t h e  highway t r a n s p o r t a t i o n  sys -  

tem i s  t h e  dynamic environment e x t e r n a l  t o  t h e  v e h i c l e .  By dynamic 

envi ronment ,  we mean t h e  v a r i o u s  t r a n s i e n t  s t a t e s  o r  c o n d i t i o n s  t h a t  

comprise t h e  environment a s  i t  a f f e c t s  t h e  d r i v e r ,  t h e  v e h i c l e ,  and 

t h e  roadway. More s p e c i f i c a l l y ,  t h e s e  a r e  c o n d i t i o n s  t o  which t h e  

system g e n e r a l l y  must a d a p t ;  they  f u n c t i o n  independent  of t h e  sys tem,  

and g e n e r a l l y  do no t  permi t  p r a c t i c a l  m o d i f i c a t i o n .  T h e i r  s i g n i f i -  

cance  i s  r e a d i l y  appa ren t  i n  terms of system d i s r u p t i o n  o r  even f a i l -  

u r e .  No model of a  highway system would be analogous t o  t h e  r e a l -  

world s t r u c t u r e  i f  i t  f a i l e d  t o  t a k e  envi ronmenta l  v a r i a b l e s  i n t o  

accoun t .  

Of fundamental i n t e r e s t  i n  such an a n a l y s i s  a r e  p r e d i c t i o n s  of 

t h e  f requency  of  occu r rence  of r e l e v a n t  a s p e c t s  of t h e  envi ronment ,  

and of t h e i r  e f f e c t s  upon t h e  o p e r a t i o n  of t h e  highway sys tem.  A t  

t h i s  s t a g e  of t h e  development of t h e  model f requency  of occu r rence  i s  

of  pr imary concern .  A s  t h i s  model i s  i n t e r r e l a t e d  w i t h  models de- 

s c r i b i n g  o t h e r  a s p e c t s  of t h e  highway s a f e t y  problem, t h e  opera t t iona l  

e f f e c t s  w i l l  become more s i g n i f i c a n t  and p e r t i n e n t .  A d e s c r l p t ; i o n  of  

t h e s e  o p e r a t i o n a l  e f f e c t s  r e q u i r e s  f i r s t  a  d e s c r i p t i o n  of t h e  n a t u r e  

of  t h e  envi ronmenta l  s t i m u l u s  i t s e l f ,  i n  te rms  of bo th  physical .  and 

dynamic c h a r a c t e r i s t i c s ,  and second,  a  d e s c r i p t i o n  which r e l a t e s  i t  

t o  a  p r e d i c t a b l e  o r  i d e n t i f i a b l e  r e sponse .  Fundamental h e r e  is t h e  

d e t e r m i n a t i o n  of t h e  impact of t h e  environment upon o p e r a t i o n a l  e f f i -  

c i ency  and u t i l i z a t i o n  of t h e  system. 

In  te rms  of g e n e r a l  system o p e r a t i o n ,  some measure of t h e  r a t e  

of occu r rence  is e s s e n t i a l .  The deg ree  of e x p e c t a t i o n  on t h e  p a r t  of 

t h e  d r i v e r  and h i s  consequent  response  and a d a p t a t i o n  w i l l  be  func-  

t i o n s  of t h i s  r a t e  and t h e  event  d u r a t i o n s .  

Ava i l ab l e  d a t a  f o r  t h e  parameter  of i n t e r e s t  can  be employed t o  

compute f requency  d i s t r i b u t i o n s ,  mean v a l u e s ,  s t a n d a r d  d e v i a t i o n s ,  

and o t h e r  p o s s i b l e  methods of i n t e r p r e t i n g  t h e  d a t a  i n  a u s e f u l  con- 

t e x t .  P e r t i n e n t  mathematical  s t a t i s t i c s  p rocedures  a r e  used t o  



e s t i m a t e  t h e  p r o b a b i l i t y  of encounter ing  t h e  v a r i o u s  environmental  

s i t u a t i o n s  of i n t e r e s t .  Thus t h e  a v a i l a b i l i t y  of u s e f u l  and appro- 

p r i a t e  d a t a  becomes of fundamental i n t e r e s t ,  a s  wel l  a s  t h e  a p p l i c a -  

b i l i t y  of e x i s t i n g  d a t a  t o  p r e d i c t i v e  a n a l y s i s .  Emphasis should be 

upon us ing  a v a i l a b l e  d a t a  a s  e f f i c i e n t l y  a s  p o s s i b l e .  

I t  is appa ren t ,  however, t h a t  a t  t h i s  p re l imina ry  s t a g e  t h e  ap- 

p r o p r i a t e  concern is  t o  d e l i m i t  and d e f i n e  p o t e n t i a l l y  s i g n i f i c a n t  

environmental  s t i m u l i  and t h e i r  o r g a n i z a t i o n  s o  t h a t  they  may be more 

r e a d i l y  ana lyzed .  Table  9-1 l i s ts  obvious environmental  f a c t o r s  and 

e s t i m a t e s  t h e i r  c o n t r o l l a b i l i t y .  

U n t i l  t hey  a r e  more c a r e f u l l y  ana lyzed ,  t h e  r e l a t i v e  s i g n i f i -  

cance of any of t h e s e  s t i m u l i  cannot  be f i r m l y  e s t a b l i s h e d .  In  f a c t ,  

t h e  v a l i d i t y  of i nc lud ing  such s t i m u l i  a s  sun mirages  o r  d i s t r a c t i o n s  

remains i n  some doubt .  Weather and pavement c o n d i t i o n s  i n  t h e  a r e a  

of an a c c i d e n t  a r e  observed and inc luded  i n  acc iden t  r e p o r t s ,  bu t  

a c c i d e n t - r e l a t e d  in fo rma t ion  about d i s t r a c t i o n s  such a s  no i se  o r  ob- 

j e c t s  a long  t h e  r o a d s i d e  can only  be h igh ly  s p e c u l a t i v e  o r  a t  b e s t  

t aken  from s u b j e c t i v e  accoun t s .  

hleasurement of  c e r t a i n  s t i m u l i  a l s o  p r e s e n t  problems. That l i v e  

animals  do i n  f a c t  o b s t r u c t  t r a f f i c  from t ime t o  t ime i s  not  i n  ques- 

t i o n .  However, any a t tempt  t o  p r e d i c t  such occu r rences  w i t h  any a s -  

surance  would r e q u i r e  one t o  measure t h e  e f f e c t i v e n e s s  of r i g h t - o f -  

way f e n c e s  a g a i n s t  t h e  l a c k  of same, measure t h e  numbers and d i s t r i b u -  

t i o n  of t h e  animal popu la t ion ,  and a c q u i r e  i n s i g h t  i n t o  animal  moti- 

v a t i o n  f o r  i n t r u d i n g  upon t h e  highway system. Obviously,  t h e  e x i s -  

t ence  and i d e n t i f i c a t i o n  of any s p e c i f i c  environmental  s t i m u l u s  does 

not  i n  i t s e l f  c o n s t i t u t e  j u s t i f i c a t i o n  f o r  d e t a i l e d  s tudy  of t h a t  

s t i m u l u s .  One must s e p a r a t e  t h e  t r i v i a l  from t h e  s i g n i f i c a n t ,  and 

no t  on ly  p rov ide  proper  emphasis,  bu t  proper  c o n t e x t ,  f o r  s tudy ing  

t h e s e  s t i m u l i .  For example, many of t h o s e  which a r e  t o o  t r i v i a l  t o  

s tudy  w i t h i n  t h e  c o n t e x t  of t h e  environmental  model may be cons ide red  

more e f f i c i e n t l y  i n  t h e  con tex t  of t h e  v e h i c l e  c o n t r o l l e r  model under  

d r i v e r  p e r c e p t i o n  and informat ion  p roces s ing .  



TABLE 9- 1. ENVIRONMENTAL FACTORS NEGATIVELY AFFECTING THE 
VEHICLE OPERATOR, VEHICLE OPERATION, AND THE 

EFFICIENCY OF THE PHYSICAL SYSTEM 

I .  CLIMATE (The weather c o n d i t i o n s  l o c a l  t o  t h e  system reg ion )  

( a )  Temperature ( a f f e c t i n g  both o p e r a t o r  and v e h i c l e )  (occur- 

rence  not  c o n t r o l l a b l e )  

(b)  Wind: e f f e c t  on v e h i c l e  handl ing  and d r i v e r  r e sponse ;  

a l s o ,  e f f e c t  on p r e c i p i t a t i o n ,  r e l a t i v e  v e l o c i t i e s ,  and 

ang le  of i nc idence  (occurrence  not c o n t r o l l a b l e )  

(I.)  D i s t r i b u t i o n  of s h o r t  pe r iod  

( 2 )  Mean v e l o c i t y  

(3)  R,egular i ty  , amount of g u s t i n e s s  

( c )  Weather - re la ted  atmospheric  contaminants  w i t h i n  d r i v i n g  

v i s i o n  range 

(I-)  P r e c i p i t a t i o n :  snow, s l e e t ,  r a i n ,  mist (occurrlence 

not  c o n t r o l l a b l e )  

( 2 )  Fog (occurrence  not  c o n t r o l l a b l e )  

(3)  Other p a r t i c l e s  suspended i n  t h e  atmosphere,  man- o r  

wind-induced: smoke, d u s t  s to rms ,  smog, f l y i n g  in-  

s e c t s ,  e t c .  (occurrence  p a r t i a l l y  c o n t r o l l a b l e )  

(d) Weather-related s u r f a c e  c o n d i t i o n s  a f f e c t i n g  p h y s i c a l  sys-  

tem e f f i c i e n c y  (such a s  pavement wetness ,  snow accumula- 

t i o n ,  mud, i c e )  (occurrence  p a r t i a l l y  c o n t r o l l a b l e )  

11.  LIGHT CONDITIONS 

( a )  Sun g l a r e  ( d i r e c t  o r  r e f l e c t e d )  (occurrence  not  c o n t r o l -  

l a b l e )  

(b)  Sun shadows ( a s  d e t r i m e n t a l  t o  v i s i b i l i t y )  (occurrence  par -  

t i a l l y  c o n t r o l l a b l e )  

( c )  hl i rages,  ephemeral e f f e c t s  of t h e  sun (occurrence  not  con- 

t r o l l a b l e )  

(d)  Night c o n d i t i o n s  (absence of sun) (occurrence  not c o n t r o l -  

l a b l e )  

111. ERGONOhlICS NOISE (occurrence  p a r t i a l l y  c o n t r o l l a b l e )  

IV. OLFACTORY DISTRACTIOKS (occurrence  p a r t i a l l y  c o n t r o l l a b l e )  

V .  TRANSIENT DISTRACTIONS (Off t h e  roadway and not p h y s i c a l l y  ob- 

s t r u c t i v e  pe r  s e )  



( a )  A t t r a c t i v e  nu i sances :  s c e n i c  e lements ,  a d v e r t i s i n g ,  o t h e r  

a t t r a c t i v e  a c t i v i t y  i nc lud ing  o f f - road  r e p a i r  and mainte-  

nance o p e r a t i o n s ,  a c c i d e n t s ,  e t c .  (occurrence  p a r t i a l l y  

c o n t r o l l a b l e )  

(b )  P o t e n t i a l  p h y s i c a l  o b s t r u c t i o n s :  an ima l s ,  p e d e s t r i a n s ,  

v e h i c l e s  o f f  t h e  roadway bu t  which might move on to  t h e  

roadway (occurrence  p a r t i a l l y  c o n t r o l l a b l e )  

V I .  TRANSIENT PHYSICAL OBSTRUCTIONS (On t h e  roadway) 

( a )  Random d e b r i s :  l i t t e r ,  veh ic l e -gene ra t ed  d e b r i s ,  dead 

an ima l s ,  r o c k s ,  s and ,  and g r a v e l  (occu r rence  p a r t i a l l y  con- 

t r o l l a b l e )  

(b )  P e d e s t r i a n s  o r  l i v e s t o c k  on t h e  roadway (occu r rence  par -  

t i a l l y  c o n t r o l l a b l e )  

( c )  Maintenance and r e p a i r  o p e r a t i o n s  on t h e  roadway (occu r rence  

c o n t r o l l a b l e )  

VII. NATURAL DISASTERS (Floods ,  l a n d s l i d e s ,  ea r thquakes ,  f o r e s t  

f i r e s )  (occurrence  not  c o n t r o l l a b l e )  

RELEVANT VARIABLES 

The s i g n i f i c a n t  submodel v a r i a b l e s  t o  be i s o l a t e d  a t  t h i s  p o i n t  

a r e  t hose  of fundamental importance t o  t h e  v e h i c l e  o p e r a t o r ,  t h e  ve- 

h i c l e ,  and t h e  highway system, i . e . ,  t hose  r e l e v a n t  s t i m u l i  which can 

be shown t o  have d e f i n i t e  bea r ing  upon t h e  mechanics of system oper-  

a t i o n ,  o p e r a t i o n a l  e f f i c i e n c y ,  and s a f e t y .  The ch ie f  g o a l  of  t h i s  

submodel should  be t o  p r e s e n t  t h e s e  environmental  s t i m u l i  i n  such 

form a s  t o  f a c i l i t a t e  t h e i r  ready i n t e g r a t i o n  i n t o  t h e  r e sponse  

models;  t h a t  i s ,  d r i v e r  response  and l i m i t a t i o n ,  v e h i c l e  r e sponse ,  

and system re sponse .  For example, t h e s e  might i n c l u d e  t h e  d r i v e r ' s  

a b i l i t y  t o  perform t h e  necessary  o p e r a t i o n s  under a  d i s r u p t i v e  se-  

quence of v i s u a l  d i s t r a c t i o n s ;  t h e  handl ing  c h a r a c t e r i s t i c s  of a  ve- 

h i c l e  under  i r r e g u l a r  wind l o a d i n g ;  o r  t h e  d e t r i m e n t a l  e f f e c t s  of wet 

pavements upon r e g u l a r  v e h i c l e  o p e r a t i o n .  I n  o r d e r  t o  p r o p e r l y  ana- 

l y z e  environmental  s t i m u l i ,  t h e n ,  t h e  o r i g i n  and n a t u r e  of t h e  p a r t i c -  

u l a r  f a c t o r  must be known and a  p r e d i c t i v e  model developed g i v i n g  

p robab le  i n t e n s i t i e s ,  s p a t i a l  d i s t r i b u t i o n s ,  and d u r a t i o n s  of t h e  

p a r t i c u l a r  s t i m u l u s .  



To f a c i l i t a t e  a n a l y s i s ,  t h e  f a c t o r s  l i s t e d  i n  Table  I have been 

r ea r r anged  and c a t e g o r i z e d  under  f o u r  fundamental t o p i c s  of concern :  

v i s i o n  through t h e  atmosphere,  wind f o r c e ,  o p e r a t i o n a l l y  d i s r u p t i v e  

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

VISION THROUGH THE ATMOSPHERE (e l )  

The v i s i b i l i t y  problem can be expressed  i n  te rms  of f o u r  funda- 

menta l  f a c t o r s :  

(1)  The o p t i c a l  p r o p e r t i e s  of t h e  atmosphere i t s e l f  

( 2 )  The amount and d i s t r i b u t i o n  of n a t u r a l  and a r t i f i c i a l  l i g h t  

(3 )  The c h a r a c t e r i s t i c s  of t h e  o b j e c t s  t o  be p e r c e i v e d ,  p a r t i c -  

u l a r l y  a s  t o  p o s i t i o n ,  shape ,  c o l o r ,  o p t i c a l  p r o p e r t i e s ,  

and a s  l i g h t  sou rces  i n  t h e i r  own r i g h t  

(4 )  The p r o p e r t i e s  of t h e  v e h i c l e ' s  g l a s s  system and t h e  con- 

t r o l l e r ' s  eyes  o r  o p t i c a l  system 

I n  t h i s  c h a p t e r  on ly  t h e  f i r s t  two f a c t o r s  a r e  of concern .  

The fo l l owing  a s p e c t s  of v i s i b i l i t y  th rough t h e  atmosphere a r e  

a p p r o p r i a t e  t o  t h i s  s t udy :  

(1) O p t i c a l  p r o p e r t i e s  of t h e  atmosphere i n  i t s  n a t u r a l  s t a t e  

(2)  Mod i f i ca t i on  of t h e s e  o p t i c a l  p r o p e r t i e s  through t h e  p re s -  

ence of suspens ions  i n  t h e  atmosphere t h a t  s e r v e  t o  impai r  

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

(a)  Me teo ro log ica l ly  induced:  p r e c i p i t a t i o n ,  f o g ,  c louds  

(b)  Otherwise induced:  d u s t ,  smog, i n s e c t  swarms 

(3)  The presence  of l i g h t  sou rces  ( a r t i f i c i a l  and n a t u r a l ) ,  

t h e i r  i n t e n s i t y  and c o n f i g u r a t i o n  

WIND FORCE M2) 

The r e l e v a n t  p r o p e r t i e s  of wind a r e :  

(1)  Time d i s t r i b u t i o n  p a t t e r n  

(2)  Shor t -per iod  f l u c t u a t i o n s  

( 3 )  S p a t i a l  and d i r e c t i o n a l  c h a r a c t e r i s t i c s  



Also r e l e v a n t  a r e  t h e  p r o p e r t i e s  of wind a s  r e l a t e d  t o  t h e  fo l lowing :  

(1)  Vehic le  o p e r a t o r  response 

(2)  In f luence  of wind on a l t e r a t i o n  of v i s u a l  p r o p e r t i e s  of  t h e  

atmosphere 

OPERAT I  ONALLY DISRUPTIVE ST IhlULI (8 3) 

Those environmental  f a c t o r s  (exc luding  t h e  above) which s e r v e  

t o  impair  normal and e f f i c i e n t  o p e r a t i o n  of t h e  t o t a l  highway system 

a r e :  

(1) Me teo ro log ica l ly  induced: p r e c i p i t a t i o n  t o  cause  wet o r  

s l i p p e r y  pavements, snow accumulat ion,  i c e  accumulat ion 

( 2 )  Natura l  d i s a s t e r s :  f l o o d s ,  l a n d s l i d e s ,  ea r thquakes ,  f i r e s  

(3) T r a n s i e n t  o b s t r u c t i o n s :  l i t t e r ,  l i v e  an ima l s ,  o r  mainte-  

nance o p e r a t i o n s  on roadway 

OPERAT IONALLY DISTRACT IVE ST I MULI (0 4) 

Those environmental  f a c t o r s  which impair  normal o p e r a t i o n  of t h e  

highway system only  by d i s t r a c t i n g  t h e  v e h i c l e  o p e r a t o r  a r e :  

(1) Temperature 

( 2 )  Noise 

( 3 )  Olfac to ry  d i s t r a c t i o n s  

(4)  D i s t r a c t i o n s  o f f  t h e  roadway ( acc iden t  s i t e s ,  d i s a b l e d  ve- 

h i c l e s ,  p e d e s t r i a n s ,  maintenance work) 

Thus, any v a r i a b l e  is  determined by v a r i o u s  and a p p r o p r i a t e  sub- 

f a c t o r s ,  any of which may vary  i n  s i g n i f i c a n c e  depending on t h e  inpu t  

c o n d i t i o n s .  But i t  can be seen t h a t  a l l  t h e  s u b f a c t o r s  under  a  g iven  

0 produce a  s i m i l a r  e f f e c t  upon some a spec t  of t h e  highway system. 
k  

Although a l l  t h e  s t i m u l i  may be s a i d  t o  be e i t h e r  d i s t r a c t i v e  o r  d i s -  

r u p t i v e ,  i t  is be l i eved  t h a t  me teo ro log ica l ly  caused pavement e f f e c t s ,  

a tmospheric  v i s u a l  c a p a c i t y  and t h e  impact of wind f o r c e  a r e  f a r  and 

away t h e  most important  f a c t o r s  i n  t h e  environmental  model. Conse- 

q u e n t l y ,  t h e  l a s t  two c a t e g o r i e s - d i s t r a c t i v e  and d is rupt ive-serve  

t o  i d e n t i f y  i n  a  g e n e r a l  way those  o t h e r  odd a s s o r t e d  p o t e n t i a l  stim- 

u l i  of i n t e r e s t  a s  we l l  a s  t h e  me teo ro log ica l ly  induced d i s r u p t i v e  



s t i m u l i  which a r e  v i t a l  t o  pavement performance and r e l a t e d  res:ponses.  

I n  t h i s  s tudy  t h e  o b j e c t i v e  is t o  p rov ide  a  p r e d i c t i v e  a n a l y s i s  f o r  

t h e s e  s t i m u l i .  I t  i s  obvious  t h a t  t h i s  a n a l y s i s  is v i r t u a l l y  i d e n t i -  

c a l  t o  t h a t  f o r  m e t e o r o l o g i c a l l y  induced impediments t o  v i s i b i l i t y ,  

t h a t  i s ,  t h e  p r e d i c t i o n  of p r e c i p i t a t i o n .  The problem w i l l  no t  be 

d i s c u s s e d  s e p a r a t e l y .  U l t i m a t e l y ,  i t  i s  p robab le  t h a t  no a t t empt  

w i l l  be made t o  s e p a r a t e  d i s r u p t i v e  from d i s t r a c t i v e  s t i m u l i  when 

ana lyz ing  t h e i r  p r o b a b i l i t y .  The v a l u e  i n  s o  c l a s s i f y i n g  them is  t h a t  

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

SPECIFICATION OF REQUISITE RELATIONSHIPS 

e l :  VISION THROUGH THE ATMOSPHERE 

Middleton (1958) s t a t e s  t h e  b a s i c  o b j e c t i v e  of v i s u a l  a n a l y s i s  

i s  " t o  e s t a b l i s h  u s a b l e  t h e o r e t i c a l  r e l a t i o n s h i p s  between l i g h t ,  eye ,  

t a r g e t ,  and atmosphere t h a t  w i l l  pe rmi t  t h e  c a l c u l a t i o n  of t h e  v i s u a l  

r ange  a t  any t i m e ;  and t o  p rov ide  means of measuring t h e  neces sa ry  

pa rame te r s  q u i c k l y  and a c c u r a t e l y  enough." Here v i s u a l  range  means 

t h e  d i s t a n c e  a t  which something can  be s e e n .  I t  is  a  f u n c t i o n  of 

a tmospher ic  c o n d i t i o n s  a f f e c t i n g  t h e  v i s u a l  a r e a  between t h e  s t i m u l u s  

( e . g . ,  t h e  o b j e c t )  and t h e  r e c e p t o r  ( e . g . ,  t h e  e y e ) ,  and p r o p e r t i e s  

of t h e  o b j e c t  and i t s  su r round ings  which de termine  how w e l l  t h e  o b j e c t  

can  be d i s t i n g u i s h e d  from i t s  su r round ings .  

Fundamental t o  t h i s  s tudy  is  t h e  i n t e r a c t i o n  between l i g h t  and 

t h e  atmosphere.  h l an i f e s t a t i ons  of t h i s  i n t e r a c t i o n  may be crudiely 

d e s c r i b e d  a s  e i t h e r  d a y l i g h t  o r  n i g h t  d a r k n e s s ,  b u t  i t  shou ld  be noted 

t h a t  t hey  may i n c l u d e  some ext remely  s u b t l e  e f f e c t s ,  a s  no ted  by 

Middleton (op.  c i t . ,  p .  1 8 ) :  " t h e  luminance and c o l o r  of t h e  sky p l a y  

a  major  p a r t  i n  de te rmining  our  sub-conscious f e e l i n g s  about  t h e  

wea the r . "  Without q u e s t i o n ,  t h i s  t o p i c  is ext remely  complex, a~nd 

t h e o r e t i c a l  a n a l y s i s  becomes very  invo lved .  T h i s  r e p o r t  does  not  a t -  

tempt t o  p r e s e n t  t h e  s p e c i f i c s  of such a n a l y s i s ,  and t h e  i n t e r e s t e d  

r e a d e r  should  c o n s u l t  Midd le ton ' s  work d i r e c t l y .  Though he corlcedes 

t h a t  t h e o r y  does not  y e t  e x p l a i n  a l l  a s p e c t s  of t h e  v i s i b i l i t y  prob- 

lem, h i s  t r ea tmen t  i s  ex t remely  thorough and r i g o r o u s .  

E x t i n c t i o n  of l i g h t  i n  t h e  atmosphere i s  fundamenta l ly  t h e  r e s u l t  

of i n t e r f e r e n c e  from t h e  a i r  i t s e l f  and p a r t i c l e s  i n  t h e  a i r .  The 



source  of t h e  e a r t h ' s  l i g h t  and r a d i a n t  energy i s  t h e  sun ,  Although 

t h e  measure of t h i s  energy,  the  s o l a r  c o n s t a n t ,  v a r i e s  according t o  

t h e  energy ou tpu t  of t h e  sun and i t s  d i s t a n c e  from t h e  e a r t h  ( s l i g h t  

seasona l  v a r i a t i o n ,  91 .5  t o  94.5 m i l l i o n  m i l e s ) ,  t h e  a c t u a l  range of 

va lues  (from 1.88 t o  2 .01  gram c a l o r i e s )  has l i t t l e  e f f e c t  on t h e  

e a r t h .  Ra the r ,  i t  is t h e  " t ransparency"  of t h e  atmosphere t o  t h e s e  

r ays  of r a d i a n t  energy t h a t  determines t h e  heat  energy rece ived  on 

the  s u r f a c e ,  and t h e  i n t e n s i t y  and na tu re  of l i g h t .  On t h e  average ,  

over t h e  s u r f a c e  of t h e  p l a n e t ,  34% of t h i s  energy is  t r a n s m i t t e d  

back i n t o  space (9% is  s c a t t e r e d ,  2% i s  r e f l e c t e d  by t h e  e a r t h ' s  s u r -  

f a c e  and 23% by c l o u d s ) ;  of t h e  remainder,  19qo is absorbed by t h e  

atmosphere, 23% i s  absorbed by t h e  e a r t h  i n  d i f f u s e  and s c a t t e r e d  

form, and 24% is  absorbed d i r e c t l y  by t h e  e a r t h .  I t  is very d i f f i c u l t  

t o  t r a c e  a  s i n g l e  ray  because of m u l t i p l e  s c a t t e r i n g  induced by t h e  

atmosphere, suspended p a r t i c l e s ,  and the  e a r t h .  

V i s i b l e  l i g h t  may be cons idered  a s  " r a d i a n t  energy eva lua ted  i n  

p ropor t ion  t o  i t s  a b i l i t y  t o  s t i m u l a t e  our sense  of s i g h t "  (Middleton, 

p .  7 ) .  The s c a t t e r i n g  c o e f f i c i e n t  b  f o r  pure dry a i r  is  de f ined  a s :  

where u  i s  t h e  index of r e f r a c t i o n  of a i r  of wavelength A 

n  is  t h e  number of molecules pe r  u n i t  volume 

p (=  0.042) is  t h e  f a c t o r  of d e p o l a r i z a t i o n  f o r  a i r  

However, such t h e o r e t i c a l  c o n s i d e r a t i o n s  a r e  r a t h e r  academic be- 

cause of t h e  presence of t h e  atmospheric a e r o s o l  ( a i r ,  p l u s  t h e  par-  

t i c l e s  suspended i n  i t  a s  a  s i n g l e  system of medium p l u s  suspens ion) .  

These suspended p a r t i c l e s  t ake  many forms; smoke, d u s t ,  l i v i n g  orga-  

nisms of microscopic s i z e ,  s a l t  p a r t i c l e s  from t h e  s e a ,  water  vapor ,  

water d r o p l e t s ,  i c e  c r y s t a l s ,  and snow f l a k e s .  Water can e x i s t  i n  

t h e  atmosphere i n  a l l  t h r e e  of i t s  phases ,  a s  an i n v i s i b l e  vapor ,  a s  

d r o p l e t s  of water ,  o r  i n  s o l i d  form a s  p a r t i c l e s  of i c e .  Knowledge 

of t h e  s i z e  and form of t h e  i n d i v i d u a l  water p a r t i c l e s  is necessary  

f o r  a p p l i c a t i o n  t o  l i g h t  e x t i n c t i o n  theory ,  and has  been t h e  s u b j e c t  

of much resea rch  with fog ,  humidity,  and t h e  l i k e .  Water d r o p l e t s  

form only  when t h e r e  a r e  ' f n u c l e i , "  minute p a r t i c l e s  on which vapor 



can condense  and which a r e  t h e  o b j e c t s  o f  c o n s i d e r a b l e  s p e c u l a t i o n .  

Even t o d a y  t h e  e x a c t  n a t u r e  of t h e  i o n s  i n d u c i n g  c l o u d  f o r m a t i o n  a r e  

n o t  known. 

Given t h e  s i z e  and c o n c e n t r a t i o n  of suspended  p a r t i c l e s ,  some 

means must be d e v i s e d  f o r  p r e d i c t i n g  e x t i n c t i o n  c o e f f i c i e n t s ,  o r  p r e -  

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

According t o  Middleton ( o p .  c i t . ,  p .  2 6 ) ,  work done i n  t h i s  f i e l d  o f  

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

t i o n s  b a s e d  on t h e  e l e c t r o m a g n e t i c  t h e o r y  of l i g h t ,  t h e o r e t i c a l  work 

on  t h e  l i n e s  of g e o m e t r i c a l  and p h y s i c a l  o p t i c s ,  and exper imenka l  in -  

v e s t i g a t i o n s  devo ted  t o  t h e  d i s c o v e r y  o f  e m p i r i c a l  r e l a t i o n s h i p s ,  

e s p e c i a l l y  between t h e  e x t i n c t i o n  c o e f f i c i e n t  and wave leng th .  

The problem e n c o u n t e r e d  i n  any t h e o r e t i c a l  a n a l y s i s  is t h a t  o f  

c o r r e l a t i o n  w i t h  c o n d i t i o n s  a s  t h e y  a c t u a l l y  a r e  i n  t h e  a tmosphere .  

T h e r e  is c o n f u s i o n  abou t  t h e  p r e c i s e  d e f i n i t i o n  of many t e r m s  ( s u c h  

a s  "fog")  and d e s c r i p t i o n s  o f  p r e c i p i t a t i o n  and o b s c u r i t y  i n  g e n e r a l  

a r e  vague .  The common p r a c t i c e  o f  measur ing  v i s i b i l i t y  i n  t e r m s  o f  

d i s t a n c e s  o v e r  which an o b j e c t  r emains  v i s i b l e  d o e s  n o t  b e g i n  t o  t a k e  

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

which c o u l d  be o f  many d i f f e r e n t  forms and p roduce  t h e  same v i s u a l  

e f f e c t s .  There  is  t h u s  a  gap between t h e o r y  and a c t u a l  p r a c t i c e  i n  

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

w e a t h e r  r e c o r d s  t o  deduce p r o b a b i l i t i e s  of c e r t a i n  l e v e l s  of v i s i b i l -  

i t y .  

The s u b j e c t  of v i s i b i l i t y  is by no means comple ted  by a n a l y z i n g  

media through. which l i g h t  must be  t r a n s m i t t e d .  C o n t r a s t ,  a n  i m p o r t a n t  

measure  of v i s i b i l i t y ,  is  a  f u n c t i o n  of t h e  o b j e c t  and background,  

a s  w e l l  a s  t h e  a tmosphere .  Middleton (op .  c i t . ,  p .  60)  d e f i n e s  con- 

t r a s t  a s :  

where B is  t h e  luminance of t h e  o b j e c t ,  and B '  t h a t  o f  t h e  baclrground. 

C o n t r a s t  ( C )  c a n  r a n g e  from -1 t o  i n f i n i t y ,  w i t h  h i g h e r  v a l u e s  where 

t h e  o b j e c t  i s  more luminous t h a n  t h e  background,  a s  a n  o b j e c t  i n  t h e  
h e a d l i g h t s  o f  a  c a r  a t  n i g h t .  A g e n e r a l  e x p r e s s i o n  f o r  t h e  law o f  

c o n t r a s t  r e d u c t i o n  by t h e  a tmosphere  i s  a s  f o l l o w s :  



where BA is t h e  luminance of an o b j e c t  c l o s e  a t  hand, B i  i s  i t s  lumi- 

nance a t  d i s t a n c e  R ,  and u o  is  t h e  e x t i n c t i o n  c o e f f i c i e n t .  The f o l -  

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

f a c t o r s :  

where B deno te s  t h e  average b r i g h t n e s s  of t h e  l i g h t  be ing  seen ,  L B~ 
denotes  t h e  average  b r i g h t n e s s  of t h e  atmosphere,  E t h e  t h r e s h o l d  

c o n s t a n t ,  and U t h e  fog  a t t e n u a t i o n  c o e f f i c i e n t .  The above r e s u l t s  

show t h e  s i g n i f i c a n c e  of t h e  o p t i c a l  p r o p e r t i e s  of mediums of l i g h t  

t r ansmis s ion  and t h e  importance of c o n t r a s t  i n  v i s i b i l i t y .  Although 

a r t i f i c i a l  l i g h t  w i l l  no t  be cons ide red  h e r e ,  t h e s e  fundamental p r i n -  

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

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

t h e  a d a p t a b i l i t y  of t h e  human eye t o  r a p i d  v a r i a t i o n s  i n  l i g h t  i n t e n -  

s i t y .  

I n  g e n e r a l ,  a  p rope r  background i n  knowledge and an unders tand-  

i ng  of t h e  p r i n c i p l e s  of l i g h t  t r ansmis s ion  through va ry ing  mediums, 

and of t h e i r  i n t e r p l a y  wi th  p r o p e r t i e s  of v i s i b i l i t y  ( e . g . ,  absorp-  

t a n c e ,  r e f l e c t a n c e ,  wavelength,  e t c . )  o f  p h y s i c a l  o b j e c t s ,  a r e  neces- 

s a r y  t o  any competent s tudy  of t h e  d i v e r s e  environmental  e lements  

which c o n t r i b u t e  t o  v i s i b i l i t y  through t h e  atmosphere.  

The fundamental c h a r a c t e r i s t i c s  of t h e  environmental  e lements  

have a l s o  t o  be cons ide red .  The f i r s t  i s  t h e  presence  o r  absence of 

t h e  s u n ,  both a s  a  l i g h t  and hea t  sou rce .  In  o r d e r  t o  d e s c r i b e  ade- 

q u a t e l y  i t s  e f f e c t  upon t h e  system a t  any g iven  t ime ,  one must d e t e r -  

mine from t h e  season  and t ime of day t h e  s u n ' s  p o s i t i o n  i n  t h e  sky 

and consequent ly  t h e  ang le  a t  which t h e  s u n ' s  r a y s  a r e  p e n e t r a t i n g  

t h e  atmosphere.  The percentage  and expected d u r a t i o n  of c loud  cover  

must a l s o  be known. 

A p r e d i c t i v e  model f o r  f o r e c a s t i n g  weather c o n d i t i o n s  a p p r o p r i a t e  

t o  t h i s  s tudy  i s  t h e  proper  domain of t h e  agenc ie s  a s s igned  t h i s  t a s k ,  



such a s  t h e  U .  S .  Weather Bureau and o t h e r  m i l i t a r y  and p r i v a t e  o r -  

g a n i z a t i o n s .  The pr imary reason  f o r  t h i s  i s  t h e i r  acces s  t o  t h e i r  

own e x t e n s i v e  r e c o r d s  of p a s t  weather  c o n d i t i o n s ;  wi thout  such r e c o r d s  

a t t e m p t s  t o  f o r e c a s t  a r e  g e n e r a l l y  inadequate .  The e a s i e s t  mi s t ake  

t o  make i n  f o r e c a s t i n g  i s  t o  depend s o l e l y  on a  prognos is  developed 

from a b s t r a c t  r e l a t i o n s h i p s .  A r e a l i s t i c  f o r e c a s t  is t o  some e x t e n t  

an e s t i m a t e  of p r o b a b i l i t y  based upon weather known t o  have occu r red  

i n  t h e  p a s t  under  s i m i l a r  c o n d i t i o n s .  

The proper  o b j e c t i v e  of t h e  weather submodel i n  t h e  highwa.y's 

s a f e t y  system is t o  p r e d i c t  t h e  p r o b a b i l i t y  of occurrence  of weather  

c o n d i t i o n s  r e l e v a n t  t o  system o p e r a t i o n .  In  terms of v i s i b i l i t , ~ ,  t h e  

model must provide  some informat ion  on d i u r n a l  and s e a s o n a l  v a r i a t i o n s  

f o r  t h e  fo l lowing  c l i m a t o l o g i c a l  f a c t o r s :  humidi ty,  p r e c i p i t a t i o n ,  

f o g ,  c loud  cove r ,  and t h e  i n t e r r e l a t e d  f a c t o r s  such a s  p r e s s u r e ,  wind, 

and tempera ture  which a l t e r  t h e  former f a c t o r s ,  The fo l lowing  com- 

prehens ive  d e s c r i p t i o n  of t h e  p r e v a i l i n g  weather  i n  a  g iven  a r t  la a r e  

measures of t h e  fo l lowing  e i g h t  i n t e r r e l a t e d  v a r i a b l e s  ( a f t e r  Cr i t ch -  

f i e l d ,  1960):  

(1)  Temperature 

( 2 )  Sunshine 

( 3 )  P r e s s u r e  

(4 )  Winds 

(5) Humidity 

(6) Cloudiness  

(7)  P r e c i p i t a t i o n  

(8) V i s i b i l i t y  

The p r i n c i p a l  c l i m a t i c  c o n t r o l s  producing a  g iven  s t a t e  a r e  t h e  f o l -  

lowing: 

L a t i t u d e  

A 1  t i tude  

Land and water  s u r f a c e s  

Mountain b a r r i e r s  

P r e v a i l i n g  winds 

A i r  masses 

Storm and p r e s s u r e  c e n t e r s  

Ocean c u r r e n t s  

Local  r e l i e f  



and,  of c o u r s e ,  t h e  sun .  I t  can  be seen  t h a t  i t  i s  t h e  i n t e r a c t i o n  

among t h e s e  f a c t o r s  t h a t  produce d i u r n a l  and annual  v a r i a t i o n s ,  spa-  

t i a l  d i s t r i b u t i o n ,  and i n t e n s i t y .  

A s  an example of such a n a l y s i s  c o n s i d e r  f o g ,  t h e  most w e l l  known 

of t h e  v i s i b i l i t y  d e t r a c t o r s  on t h e  highway. There  a r e  f o u r  p o s i t i v e  

f a c t o r s ,  one of  which must be p r e s e n t  i n  o r d e r  t o  produce fog  (George, 

1960 ,  p .  298) :  

(1)  Ex i s t ence  of fog  a r e a s  t h e  n i g h t  b e f o r e  ( i n  t h a t  even though 

t h e r e  might be no o t h e r  p o s i t i v e  f a c t o r s  p r e s e n t ,  t h e  f a c t  

t h a t  f o g  is be ing  developed under  e x i s t i n g  c o n d i t i o n s  is 

s u f f i c i e n t  t o  be a  p o s i t i v e  f a c t o r  i t s e l f )  

(2 )  P r e c i p i t a t i o n  a r e a s  

( 3 )  Climatology f o r  season  and l o c a l i t y  

( 4 )  Upslope o r  downslope a i r  f low 

The f o l l o w i n g  n e g a t i v e  f a c t o r s  o p e r a t e  t o  p reven t  fog :  

(5)  S t a t e  of t h e  e a r t h ' s  s u r f a c e  

( 6 )  Cloud cover  

(7) S t a b i l i t y  of atmosphere ( f o r  lowes t  50-150 mb.) 

(8) S t a t e  of hydro lapse  ( v e r t i c a l  g r a d i e n t  of s p e c i f i c  humidi ty)  

(9)  Temperature 

(10)  Wind d i r e c t i o n  

(11) Wind v e l o c i t y  

(12) Wind s h e a r  

(13) Wind a c c e l e r a t i o n s  

Favorab le  c o n d i t i o n s  f o r  fog  i n c l u d e  low wind v e l o c i t y ,  a  c l o u d l e s s  

sky ,  d e p r e s s i o n  of t h e  dewpoint ,  t h e  o n s e t  of n i g h t  c o o l i n g ,  d i r e c t i o n  

of p r e v a i l i n g  winds,  r a t e  of  dew p o i n t  change,  and n a t u r e  of a i r f l o w s  

( f o g  is more l i k e l y  a t  p o i n t s  of d i v e r g e n t  f l o w ) .  A p r e d i c t i v e  model 

f o r  fog  on a  g e n e r a l  s c a l e  would produce a  s e t  of maximum l i k e l i h o o d  

f a c t o r s  f o r  a  g iven  season  of y e a r ,  and wi th  r e g a r d  t o  s p e c i f i c  n i g h t s  

o r  weeks, a  p r o b a b i l i t y  e s t i m a t i o n .  Given a  fog  bank, t h e  s p a t i a l  

d i s t r i b u t i o n  is d e s i ~ e d  and o b t a i n e d  from such modifying f a c t o r s  a s  



topography and a i r  masses .  I n  a d d i t i o n ,  a  model f o r  t h e  p r e d i c t i o n  

of  fog  c l e a r i n g  i s  d e s i r a b l e ,  u s u a l l y  r e l a t e d  t o  t ime of s u n r i s e ,  bu t  

a l s o  t o  t h e  o n s e t  of any d i s r u p t i v e  f a c t o r .  Ava i l ab l e  r e c o r d s  upon 

which a n a l y s i s  may be based a r e  d a t a  on fog  occu r rence  compiled by 

l o c a t i o n  and season .  

P r e c i p i t a t i o n  l i k e w i s e  has  i t s  s e t  of f a c t o r s ,  g e n e r a l l y  r e l a t e d  

t o  t empera tu re  and p r e s s u r e  changes .  I n  a  g i v e n  r a i n s t o r m ,  i n t e n s i t y  

v a r i e s  acco rd ing  t o  t h e  d u r a t i o n  of t h e  s torm and i t s  h y d r o l o g i c a l  

c l a s s i f i c a t i o n .  F i t t e d  t o  a  r a i n f a l l  of s p e c i f i e d  f r equency ,  an 

i n t e n s i t y - d u r a t i o n  cu rve  is expres sed  by t h e  fo l lowing  e q u a t i o n :  

where p  e q u a l s  t h e  average  r a i n  i n t e n s i t y  i n  i nches  p e r  hour ,  t is 

t h e  d u r a t i o n  i n  minu te s ,  and A ,  B ,  and n  a r e  e m p i r i c a l  c o n s t a n t s .  

The p a t t e r n  exp res sed  i s  one of h igh  i n t e n s i t y  of r a i n f a l l  i n  t h e  be- 

g inn ing  moments of a  s torm and a  g r a d u a l  t a p e r i n g  o f f .  

P a r t i c l e  s i z e ,  i n  a d d i t i o n  t o  t h e  accumula t ion  of p a r t i c l e s  p e r  

g i v e n  volume, is fundamental t o  t h e  v i s i b i l i t y  model. I t  ha s  a l r e a d y  

been mentioned t h a t  knowledge i n  t h i s  a r e a  is  s k e t c h y ,  b u t  i n  any 

even t  p a r t i c l e  s i z e  must be r e l a t e d  t o  p r e c i p i t a t i o n  d e f i n i t i o n s  t o  

accord  wi th  t h e  a v a i l a b l e  r e c o r d s .  F o r t u n a t e l y ,  t h e  U .  S .  Weather 

Bureau p r o v i d e s  a  s t a n d a r d  of d e f i n i t i o n  of p r e c i p i t a t i o n  t y p e  lbased 

upon t h e  n a t u r e  of t h e  p a r t i c l e s .  In  f a c t ,  t h e r e  a r e  some 23 i d e n t i -  

f i a b l e  c l a s s i f i c a t i o n s  of p r e c i p i t a t i o n ,  t h e  most impor tan t  of  which 

a r e  a s  f o l l o w s :  

(1) Rain (drops  g r e a t e r  t han  0 . 5  mm d i ame te r )  

Inc ludes :  f r e e z i n g  r a i n  ( f r e e z i n g  on impact)  

(2) D r i z z l e  (d rops  l e s s  t han  0 . 5  mm d i a m e t e r ,  p a r t i c l e s  un i -  

form and c l o s e l y  spaced)  

Inc ludes :  f r e e z i n g  d r i z z l e  ( f r e e z i n g  on impact)  

( 3 )  Snow 

( 4 )  Snow p e l l e t s  (d iameter  2 t o  5  mm,  g r a n u l a r )  

(5)  Snow grams (d i ame te r  l e s s  t h a n  1 mm, f l a t  o r  e longa ted )  

(6)  I c e  p e l l e t s  ( l e s s  t h a n  5 mm i n  d i a m e t e r ,  t r a n s l u c e n t )  



(7)  H a i l  ( 5  t o  50 mm i n  d iameter )  

(8 )  I c e  pr i sms  ( n e e d l e s ,  p l a t e s )  

(10) I c e  fog 

(11) Mist ( r educes  v i s i b i l i t y  t o  not  l e s s  t han  1 km) 

For t h e o r e t i c a l  v i s i b i l i t y  c a l c u l a t i o n s  t h i s  l i s t  is probably  not  very  

s a t i s f y i n g ,  bu t  i t  must be remembered t h a t  t h i s  s tudy  is be ing  based 

upon p a s t  r e c o r d s .  F u r t h e r  r e s e a r c h  can  perhaps  remedy t h i s ,  bu t  not  

ove r  any ve ry  s h o r t  p e r i o d  of t ime .  

D e s c r i p t i o n s  of c loud  cover  a r e  based upon t h e  pe rcen tage  of sky 

coverage  and t h e  c l a s s i f i c a t i o n  of t h e  c loud ,  p a r t i c u l a r l y  by i t s  ab- 

s o r p t i o n  and l i g h t - s c a t t e r i n g  p r o p e r t i e s .  Records a r e  a v a i l a b l e  t h a t  

g i v e  t h e  number of  days pe r  year  dur ing  which c loud  cover  ( o v e r c a s t )  

is p r e s e n t ,  and p r o b a b i l i t i e s  of t h e  e x t e n t  of c loud  cover  by t ime of 

day and season  of y e a r .  For any g iven  day a f t e r n o o n s  a r e  most o f t e n  

t h e  c l o u d i e s t ,  wi th  n i g h t  and e a r l y  morning t h e  l e a s t  c loud-covered .  

P r a c t i c a l  weather  f o r e c a s t i n g  i s  based p r i m a r i l y  on o b s e r v a t i o n s  

of a i r  mass sys tems:  p r e d i c t i o n  of t h e  movement of t h e  a i r  masses  

and s torm systems (which g e n e r a t e  a l l  w e a t h e r ) ,  and knowledge of  t h e  

weather  a s s o c i a t e d  wi th  them ( s i n g l y  o r  i n  combina t ion) .  And, up t o  

t h e  r e c e n t  advent  of weather  s a t e l l i t e s ,  i t  was g e n e r a l l y  d i f f i c u l t  

t o  p i e c e  t o g e t h e r  a  very  l o c a l i z e d  d e s c r i p t i o n  of weather  c o n d i t i o n s  

o r  of t h e  s p a t i a l  d i s t r i b u t i o n  of p r e s s u r e  sys tems,  p r e c i p i t a t i o n  

e x t e n t ,  and wind p a t t e r n s  because of t h e  l i m i t a t i o n s  i n h e r e n t ' i n  

s c a t t e r e d ,  i s o l a t e d  weather  o b s e r v a t i o n  s t a t i o n s .  Because long-term 

r e c o r d s  of comprehensive o b s e r v a t i o n s  a r e  not  y e t  a v a i l a b l e ,  a  p re -  

d i c t i v e  model is s t i l l  unab le  t o  g i v e  p i n p o i n t  p r o b a b i l i t i e s  ( a t  one 

s p o t )  o r  a  comple te ly  s a t i s f y i n g  o v e r a l l  p i c t u r e .  

In  v i s i b i l i t y  a n a l y s i s  pr imary emphasis i s  upon r e l a t i n g  b a s i c  

o p t i c a l  concep t s  t o  a v a i l a b l e  me teo ro log ica l  d a t a  s o  t h a t  a  p r e d i c t i v e  

model can  be c o n s t r u c t e d  t o  g i v e  p r o b a b i l i t i e s  of occu r rence  of me- 

t e o r o l o g i c a l  c o n d i t i o n s  l e a d i n g  t o  impaired v i s i b i l i t y  (and would not  

exc lude  impaired v i s i b i l i t y  caused by "normal" envi ronmenta l  condi -  

t i o n s ) .  These d a t a  must t hen  be ana lyzed  i n  terms of t h e  human r e -  

sponse  model ( c a p a c i t y  of  t h e  human eye) and v i s u a l  c h a r a c t e r i s t i c s  



of  t h e  p h y s i c a l  highway sys tem.  I n  terms of v e h i c l e  per formance ,  t h e  

o n l y  r e l e v a n t  f a c t o r  would be t h e  o p t i c a l  e f f i c i e n c y  of t h e  w i n d s h i e l d ,  

and t h e  a b i l i t y  of t h e  v e h i c l e ' s  equipment t o  keep i t  c l e a r  d u r i n g  

p r e c i p i t a t i o n .  

8 2: WIND FORCE 

The f o r c e  of t h e  wind has  a  s i g n i f i c a n t  e f f e c t  upon v e h i c l e  oper-  

a t i o n  and r e sponse ,  b u t  is very  d i f f i c u l t  t o  de t e rmine .  We need some 

means of e x p r e s s i n g  t h e  e f f e c t  of wind i n  te rms  of  bo th  v e l o c i t y  and 

dynamic c o n s i d e r a t i o n s .  The problem is made exceedingly  complex by 

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

from s u r f a c e  i r r e g u l a r i t i e s ,  v e h i c u l a r  motion and p rox imi ty  t o  o t h e r  

moving v e h i c l e s ,  p a r t i c u l a r l y  l a r g e  t r u c k s  and b u s s e s .  Consequiently, 

no meaningful  a n a l y t i c a l  exp res s ion  can be d e r i v e d  t o  c h a r a c t e r i z e  

t o t a l  wind mot ion .  In  s t r u c t u r a l  a n a l y s i s  t h e  common a l t e r n a t i v e  h a s  

been t o  emphasize t h e  average  e f f e c t s  of wind b e h a v i o r ,  a  s o l u t i o n  

which u n f o r t u n a t e l y  works adequa te ly  only  f o r  o b j e c t s  much l a r g e r  

t h a n  motor v e h i c l e s .  

G u s t i n e s s  i s  most o f t e n  r e f e r r e d  t o  i n  ternis of a  "gus t  f a c t o r , "  

o r  t h e  r a t i o  of t h e  peak wind speed  t o  t h e  mean wind speed  f o r  a  5 -  

minute  p e r i o d .  A t  wind speeds  g r e a t e r  t han  30 k n o t s  t h e r e  is no r e a l  

v a r i a t i o n  i n  t h e  g u s t  f a c t o r ,  bu t  a t  l e s s e r  v e l o c i t i e s  one can  o b t a i n  

ave rage  g u s t  f a c t o r s  and g u s t  d u r a t i o n s .  These v a l u e s ,  r e l a t e d  t o  

ave rage  speed ,  can  be  found i n  t h e  Handbook of Geophysics .  

There a r e  s e v e r a l  p o s s i b l e  ways t o  model g u s t i n e s s .  One rnight 

be t o  assume wind a s  f lowing  wi th  p e r i o d i c  f l u c t u a t i o n ;  t h a t  i s  

(Davenport ,  1961; p .  4 5 4 ) :  

V = T ( 1  + v s i n  27rnt/Y) t 

where i s  t h e  mean v e l o c i t y ,  wi th  a  superimposed f l u c t u a t i o n  of am- 

p l i t u d e  v ,  s m a l l  compared t o  7, and f requency  n .  

Another way is t o  c o n s i d e r  f low a s  a  s t a t i o n a r y  random p r o c e s s .  

The s t a t e m e n t  i m p l i e s  an  u n p r e d i c t a b l e  v e l o c i t y  from one moment t o  t h e  

next  excep t  a s  governed by c e r t a i n  s t a t i o n a r y  laws o f  p r o b a b i l i t y ,  

i . e . ,  independent  of t h e  o r i g i n  of t ime and d u r a t i o n  of  t h e  r e c o r d .  

Davenport f i n d s  t h i s  t o  be c h a r a c t e r i s t i c  of  most t u r b u l e n t  f lows  and 

wind i n  g e n e r a l .  I n  s t r u c t u r a l  a n a l y s i s ,  t h e  r e sponse  of t h e  s t r u c -  

t u r e  cannot  be d i s c u s s e d  i n  te rms  of ampl i tude  of  i n p u t  and o u t p u t  a s  

9- 15 



w i t h  t h e  f o r m e r  f o r m u l a t i o n ,  b u t  must  be  a n a l y z e d  w i t h  r e l a t i o n  t o  

s t r e s s  a n a l y s i s .  A g e n e r a l  wind e q u a t i o n  i s  d e v i s e d  a s  f o l l o w s  

( D a v e n p o r t ,  o p .  c i t  . ; p .  455) : 

where T  i s  t h e  d u r a t i o n  of  t h e  r e c o r d ,  I t  h a s  been found t h a t  t h e  

normal ,  o r  G a u s s i a n  d i s t r i b u t i o n  c a n  be  a p p l i e d  t o  v e l o c i t y  d i s t r i b u -  

t i o n s  o f  wind ,  t h u s  r e q u i r i n g  o n l y  a  knowledge o f  t h e  mean v e l o c i t y  
- -2 2 V ,  and t h e  mean s q u a r e  v e l o c i t y ,  V ( o r  t h e  v a r i a n c e ,  o ( v ) ) .  A 

F o u r i e r  

s u c h  a s  

a n a l y s i s  c a n  b r e a k  down r e c o r d s  of i r r e g u l a r  wind v e l o c i t y ,  

i n t o  s i n e  t e r m s  i n v o l v i n g  a  phase  a n g l e :  

v s i n  ( 2  + r j y  
v t = v k + z  J 

I f  T  is i n c r e a s e d  t o  make t h e  r e l a t i v e  i n t e r v a l  between c o n s e c u t i v e  

f r e q u e n c i e s  i n d e f i n i t e l y  s m a l l ,  t h e n  t h e  summation c a n  be  r e p l a c e d  

w i t h  a n  i n t e g r a l  (Davenpor t ,  o p .  c i t . ;  p .  4 5 6 ) :  

a ( n )  s i n  (2nn t  + e n >  

where n  is t h e  f r e q u e n c y ,  and a ( n )  is a  c o e f f i c i e n t  ( v e l o c i t y  p e r  

u n i t  f r e q u e n c y )  . 
The mean-square  v e l o c i t y  i s :  

2 The term a  ( n ) / 2 ,  d e n o t e d  a s  S ( n ) ,  i s  i m p o r t a n t ,  t h e  s p e c t r u m  o f  

g u s t i n e s s  (power s p e c t r a l  d e n s i t y ) ,  and d e f i n e s  t h e  v a r i a t i o n  o f  t h e  

mean-square i n t e n s i t y  o f  t h e  v e l o c i t y  f l u c t u a t i o n  w i t h  f r e q u e n c y  

( D a v e n p o r t ,  o p .  c i t . ;  p .  4 5 7 ) .  Thus ,  t h e  v a r i a n c e  o f  t h e  f l u c t u a t i o n s  

is g i v e n  by: 

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

a g e  p e r c e n t a g e  o f  t h e  t o t a l  and s i m p l i f y i n g  a s s u m p t i o n s  c a n  be made. 



Other  s t u d i e s ,  d i r e c t l y  r e l a t e d  t o  v e h i c l e  r e sponse ,  have been 

pub l i shed  by t h e  Soc ie ty  of Automotive Engineers  ( s e e  b i b l i o g r a p h y ) ;  

t h e s e  t r e a t  wind v e l o c i t y  a s  a  v a r i a t i o n  of f l u i d  f low and employ 

hydrodynamic r e l a t i o n s h i p s  and wind tunne l  t e s t s  almost e x c l u s i v e l y .  

Ana lys i s  of d r i v e r  response  t o  wind f l u c t u a t i o n s  is p r i m a r i l y  

concerned wi th  t h e  e x t e n t  of f l u c t u a t i o n  and t h e  p e r i o d i c i t y  of g u s t s .  

Wind is produced by l a r g e - s c a l e  p r e s s u r e  g r a d i e n t s ,  b u t  s u r f a c e  winds 

a r e  modi f ied  by t h e  e f f e c t  of s u r f a c e  roughness .  The g r a d i e n t  wind 

v e l o c i t y  is ob ta ined  a s  t h e  wind ' s  v e l o c i t y  a t  an e l e v a t i o n  of 1000 

t o  2000 f e e t ,  i . e . ,  i t s  v e l o c i t y  when unobs t ruc t ed  by f r i c t i o n a l  

f o r c e s  from t h e  ground.  Davenport r e l a t e s  s u r f a c e  wind v e l o c i t i e s  

t o  t h e  g r a d i e n t  wind v e l o c i t y  by means of a  power f u n c t i o n  r e l a t e d  t o  

e l e v a t i o n  and s u r f a c e  roughness .  Su r face  roughness  is  c r e a t e d  by 

topography,  v e g e t a t i o n ,  and "cu l tu re"  ( such  a s  b u i l d i n g s ) .  For  r e l a -  

t i v e l y  s t r o n g  winds,  g u s t s  of a  few seconds d u r a t i o n  a r i s e  p r i m a r i l y  

from s u r f a c e  f r i c t i o n a l  e f f e c t s  on t h e  wind f low,  whi le  g u s t s  of a  

m i n u t e ' s  d u r a t i o n  g e n e r a l l y  a r i s e  from i n t e r n a l  p e r t u r b a t i o n s  i n  t h e  

a i r  f low.  The wind g r a d i e n t  may be c o n s t a n t  over  a  g r e a t  a r ea  b u t  

i t  is appa ren t  t h a t  t h e  s u r f a c e  wind v e l o c i t y  w i l l  no t  b e ,  mak.ing 

s p a t i a l  d i s t r i b u t i o n s  of wind c o n d i t i o n s  d i f f i c u l t  t o  de te rmine  un- 

l e s s  t hey  can  be r e l a t e d  t o  t h e  p r e v a i l i n g  g r a d i e n t  wind. Davenport 

has  employed s t a t i s t i c a l  approaches t o  t h i s  problem. A t  t h i s  t ime 

it  is d o u b t f u l  t h a t  any meaningful r e s u l t s  have been o b t a i n e d  t o  de- 

s c r i b e  t h e  g u s t s  t h a t  b u f f e t  a  c a r .  The v a r i a b i l i t y  of s u r f a c e  rough- 

n e s s  r e n d e r s  a  model d i f f i c u l t  t o  deve lop;  f u r t h e r  r e s e a r c h  may be 

of v a l u e  h e r e .  

I t  a p p e a r s ,  t h e n ,  t h a t  t h e  most meaningful a n a l y s i s  of wind 

f o r c e  a t  t h i s  t ime is i t s  impact on v e h i c l e  r e sponse .  I t  ha s  a l r e a d y  

been s a i d  t h a t  it i s  t h e  c o n t r a s t  between peak and average v e l i o c i t i e s  

and t h e  frequency d i s t r i b u t i o n  of g u s t s  t h a t  should  be of concern .  

Veh ic l e  o p e r a t i o n  i n  wind i s  g r e a t l y  a f f e c t e d  by t h e  d r i v e r ' s  r e -  

sponse ,  which is a f f e c t e d  both  by t h e  "unexpectedness"  a s  d e s c r i b e d  

by t h e  g u s t  f a c t o r ,  and by t h e  response  of t h e  v e h i c l e  i t s e l f .  Thus,  

t h e  g u s t i n e s s  model should be s t r u c t u r e d  t o  c o r r e l a t e  wi th  t h e  ve- 

h i c l e  response  model. 



0 3 :  OPERATIONALLY DISRUPTIVE STIMULI 

The me teo ro log ica l  model r e q u i r e s  only  a  s h i f t  i n  emphasis t o  

p r e c i p i t a t i o n  t h a t  dampens o r  f r e e z e s  over  t h e  roadway s u r f a c e ,  i m -  

p a i r i n g  op t ima l  u t i l i z a t i o n .  Snow and i c e  accumulat ion must be added 

t o  t h e  model,  and r e l a t e d  t o  system c a p a c i t y .  Accumulation is, of 

c o u r s e ,  h i g h l y  c o n t r o l l a b l e ,  and t h u s  is c l o s e l y  l i n k e d  wi th  mainte-  

nance e f f i c i e n c y .  

There a r e  o t h e r  ways i n  which weather  c o n d i t i o n s  d i s r u p t  normal 

highway system o p e r a t i o n .  J u l i a n  c i t e s  t h e  f a i l u r e  of d r i v e r s  t o  ad- 

j u s t  t o  d r i v i n g  hazards  i n  wet weather ,  and p a r t i c u l a r l y  r a i n ,  a s  

ou t r ank ing  a l l  o t h e r  t r a f f i c  hazards  combined. Apparent ly t h e  s u r -  

p r i s e  and nove l ty  of snow o f f s e t  i t s  hazards  somewhat by i n c r e a s i n g  

t h e  d r i v e r ' s  a t t e n t i o n  t o  h i s  environment .  

The submodel shown i n c l u d e s  p r o v i s i o n s  f o r  p r e d i c t i n g  t r a n s i e n t  

o b s t r u c t i o n s  and n a t u r a l  d i s a s t e r s ,  b u t  a t t e n t i o n  should  a l s o  be g iven  

t o  t h e i r  s i g n i f i c a n c e .  I t  i s  p o s s i b l e  t h a t  i n  g e n e r a l  t h e i r  occur -  

r e n c e  should  merely be accep ted ;  d e s c r i p t i o n s  of such e v e n t s  would 

probably  be l i m i t e d  t o  s t a t i s t i c a l  d e s c r i p t i o n s  r e l a t i n g  occu r rence  

t o  environment .  By t h e  same token ,  c o n t r o l  of t h e s e  e v e n t s  would 

e s s e n t i a l l y  be l i m i t e d  t o  c o n s i d e r a t i o n s  of e f f i c i e n t  maintenance 

and clean-up o p e r a t i o n s .  Vehic le -genera ted  d e b r i s  ( f a l l e n  exhaus t  

p i p e s ,  t r e a d s ,  c a r g o ,  e t c . )  could  p o s s i b l y  be cons ide red  more p r o p e r l y  

t h e  realm of t h e  v e h i c l e  performance model. 

e 4: OPERATIONALLY DISTRACTIVE STIMULI 

S t a t i s t i c a l  methods would be a p p l i e d  he re  s i m i l a r  t o  t h e  ones 

f o r  d i s r u p t i v e  f a c t o r s  mentioned above. Inc luded  among t h e s e  s t i m u l i  

would be n o i s e  and fumes from exogenous s o u r c e s  such  a s  f a c t o r i e s ,  

c o n s t r u c t i o n  o r  r e p a i r  work, farms (us ing  o r  producing l a r g e  q u a n t i -  

t i e s  of o r g a n i c  m a t e r i a l ) ,  and even dead skunks .  

SUMMARY 

The recommended p r i o r i t y  of r e s e a r c h  emphasis is a s  f o l l o w s :  

(1) Vis ion  Through t h e  Atmosphere. Apply b a s i c  concep t s  t o  

a v a i l a b l e  me teo ro log ica l  d a t a  t o  deve lop  a  highway system v i s i b i l i t y  

model.  Accompany t h i s  wi th  t h e  development of a  p r e d i c t i v e  model 

which w i l l  g i v e  t h e  g e n e r a l  p r o b a b i l i t i e s  of t h e  occu r rence  of d e t r i -  

menta l  m e t e o r o l o g i c a l  c o n d i t i o n s .  These d a t a  should  be i n t e r r e l a t e d  



w i t h  t h e  human r e sponse  model ( l i m i t a t i o n s  of t h e  human eye)  and 

v i s u a l  c h a r a c t e r i s t i c s  of  t h e  p h y s i c a l  highway sys tem.  

(2)  Wind F o r c e s .  Perform r e s e a r c h  toward developing  a d e s c r i p -  

t i v e  model of wind f o r c e ,  w i th  emphasis on s p a t i a l  and time cha . rac te r -  

i s t i c s .  The wind model should  be s c a l e d  t o  i n t e r r e l a t e  w i th  th.e ve- 
h i c l e  r e sponse  model. 

( 3 )  O p e r a t i o n a l l y  D i s r u p t i v e  S t i m u l i .  The m e t e o r o l o g i c a l  prob- 

lem i s  s i m i l a r  t o  t h a t  i n  t h e  Vi s ion  s e c t i o n  above. Research  shou ld  

be performed on t h o s e  a s p e c t s  of d r i v e r  response  t o  t h e  dynamic en- 

vironment  t h a t  have been shown t o  be  s i g n i f i c a n t l y  r e l a t e d  t o  h.ighway 

s a f e t y .  Where a p p r o p r i a t e ,  s tudy  such dynamic c h a r a c t e r i s t i c s  a s  on- 

s e t  o f  weather  c o n d i t i o n s  o r  g e n e r a t i o n  of d e b r i s  ove r  t ime .  

( 4 )  O p e r a t i o n a l l y  D i s t r a c t i v e  S t i m u l i .  Lowest p r i o r i t y .  Re- 

s e r v e  s t u d y  u n l e s s  a n a l y s i s  of t r a f f i c  a c c i d e n t s  and s a f e t y  con.s idera-  

t i o n s  war ran t  s t a t i s t i c a l  a n a l y s i s .  
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TRAFFIC FLOW 

INTRODUCTION 

The g e n e r a l  form of t h e  highway systems model compr ises  two com- 

plementary c l a s s e s  of submodel: t h o s e  which d e s c r i b e  t h e  s y s t e m ' s  

p h y s i c a l  components and t h e i r  performance c a p a b i l i t i e s ,  and t h o s e  

which d e s c r i b e  t h e  o p e r a t i n g  p r o c e s s  of t r a f f i c  movement. The l a t t e r  

i n c l u d e  models of t r a f f i c  movement, t r a f f i c  a c c i d e n t s ,  and t r a f f i c  

g e n e r a t i o n .  T h i s  c h a p t e r  is  concerned wi th  models of t r a f f i c  move- 

ment ,  o r  f low.  

T r a f f i c  f a r  t h e  purposes  of t h i s  c h a p t e r ,  is t h e  movement of a  

number of v e h i c l e s  th rough a  t r a n s p o r t a t i o n  network. I n  normal oper-  

a t i o n s ,  t h e  v e h i c l e s  a r e  c o n s t r a i n e d  t o  e n t e r  and e x i t  t h e  network 

a t  known s o u r c e s  and s i n k s ,  and t o  have n o n i n t e r s e c t i n g  wor ld - l i nes*  

which must no t  i n t e r s e c t  t h e  world l i n e s  of any o t h e r  o b j e c t s .  Any -. 
v i o l a t i o n s  of t h e s e  c o n s t r a i n t s  a r e  a c c i d e n t s  ( s e e  Chapter  1 1 ) .  The 

network may vary  wi th  t ime ( a s ,  f o r  i n s t a n c e ,  when r o a d s  a r e  b u i l t  

o r  c l o s e d ) ,  b u t  we w i l l  be  l i t t l e  concerned wi th  temporary changes 

i n  t r a f f i c  caused by t h e  a c t u a l  a c t i o n  of change and much more con- 

ce rned  wi th  p r e d i c t i n g  t h e  s t a b l e  behavior  of t r a f f i c  i n  t h e  modi f ied  

network. Thus,  i n  a l l  f u t u r e  d i s c u s s i o n ,  we w i l l  c o n s i d e r  on ly  an 

inva r i a .n t  network. 

We t h i n k  of each v e h i c l e  i n  t r a f f i c  a s  bo th  t r a v e l i n g  a long  a  

r o u t e  conceived i n  advance by some human agency and a s  commencing 

t r a v e l  a t  a  t ime determined i n  advance by some human agency. The 

t imes  and r o u t e s  cons ide red  t o g e t h e r  c o n s t i t u t e  t h e  demand. (Thus,  

i n  g e n e r a l ,  we do not  c o n s i d e r  r o u t e  changes dec ided  upon i n  t r a f f i c ;  

t h e  t h e o r y  may have t o  be extended t o  i nc lude  t h e s e . )  The demand 

p r o c e s s  d r i v e s  t h e  t r a f f i c :  i f  t h e r e  were no demand, t h e r e  wou1.d be 

no t r a f f i c .  

In  t r a f f i c ,  a  v e h i c l e  which has  e n t e r e d  a  t r a n s p o r t a t i o n  network 

wi th  a  prede termined  r o u t e  moves i n  a  manner dependent on t h e  l o c a l  

* 
The wor ld - l i ne  of an  o b j e c t  i s  t h e  space-t ime volume i t  occu- 

p i e s ;  i t  is  t h e  t r a c e  of t h e  o b j e c t  through space  a s  t ime e la .pses .  



t r a f f i c  s i t u a t i o n .  S p e c i f i c a l l y ,  t h e  a c c e l e r a t i o n  v e c t o r  of t h e  au to-  

mobile  o r  o t h e r  v e h i c l e  i n  t h e  highway-road-street  network i s  a  func- 

t i o n  of t h e  immediate environment ,  i nc lud ing  t h e  nearby t r a f f i c .  The 

mechanism which u n d e r l i e s  and de termines  t h i s  f u n c t i o n  i s  made up of 

t h e  a c t i o n s  o f :  

(1)  A s u r v e i l l a n c e  sys tem,  which a c t i v e l y  e l i c i t s  and p a s s i v e l y  

r e c e i v e s  d a t a  from t h e  environment.  (Genera l ly  embodied i n  t h e  human 

v i s u a l ,  a u r a l ,  and k i n e s t h e t i c  pe rcep t ion  sys t ems . )  

(2) A guidance system, which a c c e p t s  t h e  d a t a  from t h e  s u r v e i l -  

l a n c e  system and o p e r a t e s  on i t  t o  a r r i v e  a t  c o n t r o l  s e t t i n g s  f o r  t h e  

v e h i c l e  c o n t r o l  system. (Genera l ly  embodied i n  t h e  human c e n t r a l  ner-  

vous sys tem,)  

( 3 )  A c o n t r o l  system, which a l t e r s  t h e  v e h i c l e ' s  f o r c e  and 

energy r e l a t i o n s  wi th  t h e  environment i n  accordance wi th  t h e  c o n t r o l  

s e t t i n g s .  (Genera l ly  embodied i n  mechanical systems w i t h i n  t h e  

v e h i c l e . )  

A sys t ema t i c  t heo ry  of t r a f f i c ,  t h e n ,  must be a  system which ac- 

c e p t s  s t a t emen t s  d e s c r i b i n g  

(1)  The v e h i c l e s  (and p o s s i b l y  t h e  ca rgoes )  

(2)  The t r a n s p o r t a t i o n  network 

(3) The demand 

(4)  The su rve i l l ance -gu idance -con t ro l  systems 

and produces s t a t e m e n t s  about t h e  c h a r a c t e r  of t r a f f i c .  S p e c i f i c a l l y ,  

t h e  theory  might produce s t a t e m e n t s  about :  

(1) T r a f f i c  Flow ( t h e  number of v e h i c l e s  pas s ing  a  g iven  p o i n t  

i n  a  g iven  t ime pe r iod )  

(2)  T r a f f i c  Densi ty  ( t h e  number of v e h i c l e s  occupying a  g iven  

s e c t i o n  of network a t  a  g iven  t ime) 

(3) T r a f f i c  Ve loc i ty  ( t h e  harmonic average of t h e  v e h i c l e  ve- 

l o c i t i e s ,  which i s  t h e  flow d iv ided  by t h e  d e n s i t y ,  is g e n e r a l l y  used .  

Th i s  i s  u s e f u l  i n  p r e d i c t i n g  t r a v e l  t imes . )  

(4)  T r i p  Time f o r  l o c a t i o n  A t o  l o c a t i o n  B 

( 5 )  T r a f f i c  Delay Time (de f ined  a s  t h e  a c t u a l  t r i p  t ime from A 

t o  B l e s s  t h e  t ime t h a t  would be r e q u i r e d  i n  t h e  absence of t r a f f i c . )  



( 6 )  Number of s t o p s  on t r i p  

(7)  Time stopped on t r i p  

(8) Cargo Flow (pas senge r s  o r  f r e i g h t  t o n s  pe r  hour p a s s i n g  a  

g i v e n  p o i n t )  

(9)  Cargo Dens i ty  

(10) Cargo Ve loc i ty  

The o u t p u t  of any model of t r a f f i c  f low w i l l  p rov ide  d a t a  f o r  

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

( e f f i c i e n c y )  measures  ( s e e  Appendix 1-A). A s  t h e  a c c i d e n t  p r e d i c t i o n  

model i s  d e f i n e d  and improved, t h e  t r a f f i c  f low model must be ex tended  

t o  p rov ide  t h e  d a t a  needed a s  i n p u t  t o  t h e  next  s t a g e .  

The mechanisms behind t h e  dependence of t h e  o u t p u t  v a r i a b l e s  

upon t h e  system v a r i a b l e s  (above)  a r e  ex t remely  complex, and have 

t h u s  f a r  proven u n s a t i s f a c t o r y  f o r  d e t a i l e d  i n v e s t i g a t i o n .  I n s t e a d ,  

f o u r  d i f f e r e n t  approaches have been used and have y i e l d e d  r e s u l t s  

which d e s c r i b e ,  very  approx ima te ly ,  c e r t a i n  of t h e  dependencies  when 

a l l  e l s e  i n  t h e  s i t u a t i o n  is h e l d  f i x e d  a t  "normal" v a l u e s .  These 

approaches  a r e  o u t l i n e d  below. 

CAPACITY THEORIES 

In  t h e s e  t h e o r i e s ,  i nven ted  by and f o r  t h o s e  who des ign  t r a f f i c  

f a c i l i t i e s ,  t h e  independent  v a r i a b l e  i s  t h e  f a c i l i t y  des ign  and t h e  

dependent  v a r i a b l e  is  t h e  f a c i l i t y  capaci ty- the maximum t r a f f i c  f low 

t h a t  i t  w i l l  accomodate under  p r e s c r i b e d  c o n d i t i o n s .  Gene ra l ly  n e g l e c t -  

ed a r e  t h e  dependencies  on c o n t r o l  s t r a t e g i e s ,  v e h i c l e  c h a r a c t e r i s t i c s ,  

e t c .  The f a c i l i t y  des ign  i s  p r i n c i p a l l y  t r e a t e d  i n  te rms  of t r a f f i c  

l a n e  geometry,  and s e c o n d a r i l y  i n  terms of major  c o n t r o l  d e v i c e s  ( s t o p  

s i g n s ,  t r a f f i c  l i g h t s ,  e t c . ) .  (The c o n t r o l  d e v i c e s  may be seen  a s  

mechanisms f o r  c o r r e l a t i n g  c o n t r o l  s t r a t e g i e s ,  and i n s o f a r  a s  t h e s e  

c o r r e l a t i o n s  a f f e c t  t h e  c a p a c i t y ,  t h e  dependencies  on c o n t r o l  s t r a t e -  

g i e s  a r e  p a r t l y  i nc luded  i n  t h e  t h e o r y . )  The c a p a c i t y  of a  f a c i l i t y  

i s  de termined  from e m p i r i c a l l y  d i scove red  r e l a t i o n s h i p s  w i t h  t h e  

geometry.  



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

of  l a r g e r  networks.  The t o t a l  c a p a c i t y  of f a c i l i t i e s  l e a d i n g  i n t o  

( o r  o u t  o f )  a  r e g i o n  may be de f ined  a s  t h e  sum of t h e  c a p a c i t i e s  of 

t h e  i n d i v i d u a l  f a c i l i t i e s .  This e x t e n s i o n ,  however, may l e a d  t o  ca-  

p a c i t i e s  which exceed maximum o b t a i n a b l e  f lows  because of i n t e r r e l a -  

t i o n s  of t h e  f a c i l i t i e s  i n s i d e  t h e  r e g i o n ,  o r  because of t h e  l o c a t i o n  

of demand ( s e e  F i g .  10-1) .  

I f  a l a r g e  outbound demand o r f g i n a t e s  i n  r eg ion  A ,  and no addi -  

t i o n a l  outbound demand o r i g i n a t e s  i n  r e g i o n  B ,  t h e  n e t  f low a c r o s s  

t h e  boundary of B and C i s  l i m i t e d  by t h e  c a p a c i t y  of t h e  A-B bound- 

a r y ,  no t  t h e  c a p a c i t y  of t h e  B-C boundary ( u n l e s s  t h e  B-C boundary 

has  t h e  l e s s e r  c a p a c i t y ) ,  

LITERATURE 

The p r i n c i p a l  r e s u l t s  of c a p a c i t y  t heo ry  a r e  a v a i l a b l e  i n  t h e  

Highway Capac i ty  Manual (U. S ,  Bureau of P u b l i c  Roads, 1 9 6 5 ) .  The 

r e s u l t s  p r e s e n t e d  i n  t h i s  document a r e  t o o  numerous t o  reproduce  h e r e .  

They a r e  g e n e r a l l y  p r e s e n t e d  i n  t a b u l a r  o r  g r a p h i c  form, and sometimes 

( r a r e l y )  i n  fo rmulas .  The r e l a t i o n s  a r e  g e n e r a l l y  between o p e r a t i n g  

F IGURE 10-1 . EXAhlPLE 
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s p e e d s ,  f low r a t e s ,  and d e s c r i p t i o n s  of  t h e  roadway o r  f a c i l i t y  ( e . g . ,  

l a n e  width and d i s t a n c e  t o  l a t e r a l  o b s t r u c t i o n s  i n  open r o a d ;  and 

t r a f f i c - s i g n a l  t i ,ming,  p r o v i s i o n  of t u r n  l a n e s ,  and pe rcen tage  of l e f t  

and r i g h t  t u r n s  f o r  i n t e r s e c t i o n s ) .  

FLOW-DENSITY RELATION THEORIES 

These t h e o r i e s  begin  wi th  t h e  assumption t h a t  t h e  i n t e r a c t i o n  

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

f u n c t i o n a l  r e l a t i o n s h i p  between f low and d e n s i t y .  T h i s  r e l a t i o n s h i p  

is  assumed t o  (1)  p a s s  through ( 0 ,  O) ,  ( 2 )  have i n c r e a s i n g  f low up 

t o  some maximum flow and dec reas ing  flow t h e r e a f t e r ,  and ( 3 )  have no 

f low beyond some maximum d e n s i t y .  The d e n s i t y  a t  maximum flow is 

termed t h e  op t ima l  d e n s i t y .  The theo ry  is g e n e r a l l y  assumed v a l i d  

only  f o r  s i n g l e  roadways, and t h e  exac t  f u n c t i o n a l  r e l a t i o n s h i p  is 

determined e m p i r i c a l l y .  L i t t l e  work has  been done on t h e  r e l a t i o n -  

s h i p  of t h e  f u n c t i o n  t o  t h e  highway c h a r a c t e r i s t i c s  o r  t h e  c o n t r o l  

s t r a t e g i e s .  Some a t t empt  has  been made t o  d e r i v e  a  f low-dens i ty  r e -  

l a t i o n  from c o n t r o l  s t r a t e g i e s  i n  very  g e n e r a l  form. Th i s  is d i s -  

cus sed  i n  t h e  s e c t i o n  on ca r - fo l lowing  t h e o r i e s .  

Seve ra l  pape r s  c o n s i d e r  t h e  e f f e c t s  of  t h i s  assumption on t r a f f i c  

behav io r .  (These a r e  t h e  "hydrodynamic" t h e o r i e s . )  They g e n e r a l l y  

d i s c u s s  t h e  space-t ime v a r i a t i o n  i n  f low and d e n s i t y  (wave behavior )  

under c e r t a i n  demand assumpt ions .  They remain concerned wi th  s i n g l e  

roadways. 

There a r e  s e v e r a l  problems wi th  t h e s e  t h e o r i e s :  e x t e n s i o n s  t o  

networks of roads  a r e  not  immediate. The cu rves  proposed t o  f i t  t h e  

f low-dens i ty  r e l a t i o n ,  though they  f i t  t h e  c a s e  i n  which d e n s i t y  is 

l e s s  t han  op t ima l  d e n s i t y  very  w e l l ,  a r e  a  poor f i t  t o  t h e  c a s e  of 

h ighe r  d e n s i t y .  Th i s  i s  not  due t o  t h e  p a r t i c u l a r  form of t h e  curve  

proposed,  bu t  t o  t h e  f a c t  t h a t  t h e  d a t a  f o r  h igh -dens i ty  f lows  have 

a  l a r g e  d i s p e r s i o n .  I t  would be w e l l  t o  c o n s i d e r  he re  a l s o  t h e  f a c t  

t h a t  t h e  h igh -dens i ty  f lows  a r e  a c t u a l l y  caused by queueing e f f e c t s  

behind downstream merges o r  c o n s t r i c t i o n s ,  and t h a t  t h e  assumptions 

of t h e  f low-dens i ty  t heo ry  may w e l l  no t  hold i n  such a r e a s :  th.e f low 

and d e n s i t y  may be mutua l ly  dependent upon t h e  c h a r a c t e r  of t h e  merge 

o r  c o n s t r i c t i o n ,  r a t h e r  t han  upon t h e  immediate l o c a l  t r a f f i c .  



The assumption t h a t  f low and d e n s i t y ,  a s  i n s t a n t a n e o u s  de r iva -  

t i v e s ,  a r e  r e l a t e d  by a  p a r t i c u l a r  f u n c t i o n  does not  l e a d  t o  any ob- 

v i o u s  conc lus ions  about  t h e  average f low and d e n s i t y  over  even moder- 

a t e  p e r i o d s  and d i s t a n c e s .  I f  f low and d e n s i t y  a r e  va ry ing  i n  e i t h e r  

t ime o r  s p a c e ,  t h e  averages  w i l l  n o t ,  i n  g e n e r a l ,  be on t h e  f u n c t i o n  

c u r v e .  (This  may h e l p  t o  e x p l a i n  t h e  d i s p e r s i o n  of t h e  h igh -dens i ty  

average  d a t a .  ) 

LITERATURE 

The e a r l i e s t  p roposa l  f o r  a  model of t h e  f low-dens i ty  r e l a t i o n -  

s h i p  was made by Greensh ie lds  (no d a t e ) .  Be u t i l i z e d  a  l i n e a r  r e l a -  

t i o n  between speed and d e n s i t y ,  o r ,  e q u i v a l e n t l y ,  a  p a r a b o l i c  flow- 

d e n s i t y  cu rve .  Only one a b e r r a n t  d a t a  p o i n t  was a v a i l a b l e  f o r  

d e n s i t i e s  g r e a t e r  t han  t h e  "opt imal"  d e n s i t y .  hlore r e c e n t l y ,  Green- 

berg  (no d a t e )  used t h e  r e l a t i o n  

e q u i v a l e n t l y  

where v  = t r a f f i c  v e l o c i t y  

K = t r a f f i c  d e n s i t y  

q  = t r a f f i c  f low 

and c  and K a r e  parameters  vary ing  with t h e  road and t h e  v e h i c l e  and 
j 

d r i v e r  popu la t ions .  Guerin (no d a t e )  proposed t h a t  cu rves  of t h e  form 

be f i t t e d  t o  t h e  r e l a t i o n  between V t h e  6 - p e r c e n t i l e  va lue  of t r a f -  0 ' 
f i c  v e l o c i t y ,  and K ,  t h e  t r a f f i c  d e n s i t y .  Underwood (no d a t e )  has  

sugges ted  t h a t  t h e  r e l a t i o n  

V = Ae -K/B 

may be adequate  f o r  p r e d i c t i n g  f lows on nonexpressway f a c i l i t i e s .  

Seve ra l  r e s e a r c h e r s ,  beginning probably  w i t h  t h e  l a t e  O . K .  

Normann of  t h e  Bureau of P u b l i c  Roads, have proposed t h a t  a n a l y t i c a l l y  

d i s t i n c t  cu rves  be f i t t e d  t o  t h e  f low-dens i ty  r e l a t i o n  a t  d e n s i t i e s  



l e s s  t h a n  t h e  " o p t i m a l "  d e n s i t y  and a t  d e n s i t i e s  g r e a t e r  t h a n  t h e  " o p t -  

i m a l "  d e n s i t y .  A n a t u r a l  e x t e n s i o n  o f  t h i s  i d e a ,  t a k e n  w i t h  a  c!onclu- 

s i o n  o f  E d i e ' s  ( u n d a t e d ) *  is  t o  c o n s i d e r  t h e  f l o w - d e n s i t y  r e l a t i o n -  

w h a t e v e r  c u r v e  i s  f i t t e d  t o  i t - v a l i d  o n l y  up t o  t h e  " o p t i m a l "  d e n s i t y  

o f  a d j a c e n t  downstream s e c t i o n s  of r o a d .  Beyond t h i s ,  any f l o w - - d e n s i t y  

p a t t e r n  h a s  much l e s s  a c c u r a c y ;  t h a t  i s ,  c o n s t a n t  f low l i n e s  g e n e r a l l y  

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

u s e d ,  b u t  a l l  c u r v e s  have l a r g e  s t a n d a r d  e r r o r s .  A t  t h e s e  g r e a t e r  den- 

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

f i c  engaged  i n  q u e u e i n g  and l e a v i n g  q u e u e s ,  and s h o u l d  n o t  r e l y  on t h e  

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

The e x t e n s i o n s  of f l o w - d e n s i t y  t h e o r y  i n v o l v e  t h e  a n a l y s e s  of 

t h e  dependence  of  t h e  t r a f f i c  v a r i a b l e s  q ,  K ,  and v  and t h e i r  t i m e  

and s p a c e  v a r i a t i o n s .  C e n t r a l  t o  t h i s  d i s c u s s i o n  a r e  t h e  r e s u l t s  of  

R i c h a r d s  (no  d a t e )  and L i g h t h i l l  and Whitham (no  d a t e ) .  The p r i n c i -  

p a l  r e s u l t s  of  t h e  a n a l y s e s  a r e  

and wave v e l o c i t y  = Df(K) (where  f (K)  = q  is t h e  f l o w - d e n s i t y  

r e l a t i o n )  

= Aq/AU ( i f  a  s h o c k  wave) 

(Wave v e l o c i t y  is t h e  s p e e d  o f  a  d e n s i t y  p a t t e r n ' s  m o t i o n ,  n o t  t h e  

v e l o c i t y  of  any v e h i c l e  o r  v e h i c l e s .  M a t h e m a t i c a l l y ,  i t  i s  t h e  s p a c e -  

t i m e  s l o p e  o f  a n  e q u i d e n s i t y  [ c o n t o u r ]  l i n e . )  T h e s e  r e l a t i o n s  e n a b l e  

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

a c c u r a c y  i s  l i m i t e d  i n  t h e  most  u s e f u l  a p p l i c a t i o n s  ( h i g h - d e n s i t y  

c o n g e s t i o n  e f f e c t s )  by t h e  i n a c c u r a c y  o f  t h e  a s s u m p t i o n  of  flow-. 

d e n s i t y  dependence .  

QUEUEING THEORIES 

METHOD 

By c o n s i d e r i n g  t h e  t r a f f i c  a t  any p o i n t  a s  d e t e r m i n i n g  a  s t a t i s -  

t i c a l  a r r i v a l  p r o c e s s ,  one  may c o n s i d e r  t h e  q u e u e i n g  t h a t  r e s u l t i s  a t  

c e r t a i n  t y p e s  o f  b lockages-s top s i g n s ,  s t o p  l i g h t s ,  m e r g e s ,  e t c .  

* 
E d i e  s u g g e s t e d ,  and a l l  d a t a  n o t  d i s t o r t e d  by p re - summar iz ing  

( e i t h e r  by c l a s s i f i c a t i o n  o r  long- te rm a v e r a g i n g  t e c h n i q u e s )  c o n f i r m s ,  
t h a t  d e n s i t i e s  g r e a t e r  t h a n  t h e  c r i t i c a l  d e n s i t y  o c c u r  o n l y  i n  queue- 
i n g  s i t u a t i o n s  u p s t r e a m  from r e s t r i c t e d  f l o w .  



The c o n t r o l  s t r a t e g y  i s  inco rpora t ed  i n t o  t h e  s e r v i c e  t ime d i s t r i b u -  

t i o n :  g e n e r a l l y ,  t h e  problems t r e a t e d  a r e  t hose  i n  which t h e  c o n t r o l  

s t r a t e g y  is p r i n c i p a l l y  concerned wi th  moving t h e  v e h i c l e  i n t o  an ac- 

c e p t a b l e  gap i n  a  t r a f f i c  s t r eam,  making t h e  gap d i s t r i b u t i o n  d e t e r -  

mine t h e  s e r v i c e  t ime d i s t r i b u t i o n  of t h e  queue. 

The p r i n c i p a l  weaknesses i n  t h i s  approach t o  t r a f f i c  a r e :  

(1)  The i n t e r a c t i o n  of s e v e r a l  queueing problems i n  a  network 

i s  beyond p r e s e n t  t h e o r y .  

( 2 )  The a c t u a l  p h y s i c a l  c h a r a c t e r i s t i c s  of t r a f f i c  i n  a  queueing 

s i t u a t i o n  a r e  i nadequa te ly  unders tood  ( e . g . ,  t r a f f i c  d e n s i t y  and i t s  

r a t e  of change ) .  

LITERATURE 

The major queueing s t u d i e s  have cons ide red  t h r e e  s i t u a t i o n s :  

(1) "Stop" o r  " y i e l d "  merges o r  c r o s s i n g s  i n  which t r a f f i c  on 

one (major) f a c i l i t y  i s  und i s tu rbed  by t h a t  on t h e  o t h e r  (minor) road 

(2 )  T r a f f i c - l i g h t  c o n t r o l l e d  i n t e r s e c t i o n s  

( 3 )  Two-lane, two-way road t r a f f i c  

I n  t h e  f i r s t  two c a s e s ,  one f i r s t  f i n d s  t h e  gap (headway; t ime 

between s u c c e s s i v e  v e h i c l e s )  d i s t r i b u t i o n  i n  each t r a f f i c  s t ream in -  

vo lved .  I t  i s  assumed t h a t  t h i s  d i s t r i b u t i o n  is no t  a f f e c t e d  by t h e  

system s t a t e  (queue s i z e ,  e t c . )  o r  by t h e  preceding  gap v a l u e .  T h i s  

is f a l s e - t o - f a c t ,  n e g l e c t i n g  both  t h e  e f f e c t s  of queue l e n g t h  (phys i -  

c a l )  and of dependencies  between succes s ive  gaps .  I t  i s  almost  a l -  

ways assumed t h a t  t h e s e  gap d i s t r i b u t i o n s  a r e  e x p o n e n t i a l ,  o r  Pearson 

Type 111. 

Then, i n  t h e  f i r s t  c a s e ,  assuming t h a t  a  p a r t i c u l a r  v e h i c l e  A 

w i l l  merge i f  and on ly  i f  t h e  major t r a f f i c  s t ream has a  gap g r e a t e r  

t han  o r  equal  t o  A ' s  minimum acceptance  c r i t e r i o n ,  one h a s  a  s t a n d a r d  

queueing problem, wi th  t h e  a r r i v a l s  d i s t r i b u t e d  i n  accordance wi th  

t h e  minor s t ream p rocess  and t h e  s e r v i c e  d i s t r i b u t e d  a s  l a r g e  gaps  

i n  t h e  major s t r eam.  I n  t h e  second c a s e ,  count ing  d i s t r i b u t i o n  r a t h e r  

than  gap d i s t r i b u t i o n  is used t o  s p e c i f y  t h e  a r r i v a l  p roces s :  one 

c o n s i d e r s  t h e  queue s i z e  a t  t h e  beginning  of a  g r e e n - l i g h t  c y c l e  a s  

a  renewal p roces s  o r  queueing p r o c e s s .  Again, s t a n d a r d  methods g i v e  



average  w a i t i n g  t ime ,  average  queue s i z e ,  e t c .  The formulas  f o r  t h e s e  

r e s u l t s  may be found i n  Chapter  3 of I n t r o d u c t i o n  t o  T r a f f i c  Flow - 
Theory (HRB) and i n  Haight  ' s  book (1963) . 
L-- 

For  t h e  t h i r d  c a s e ,  r e s u l t s  a r e  a t  p r e s e n t  e n t i r e l y  unsa.tis;fac- 

t o r y ;  t h o s e  t h a t  e x i s t  w i l l  be found i n  t h e  same r e f e r e n c e s  a s  above.  

CAR-FOLLOWING THEORIES 

In  t h e s e  t h e o r i e s ,  t h e  c o n t r o l  s t r a t e g y  i s  assumed t o  depend 

on ly  upon t h e  g e n e r a l  c o n f i g u r a t i o n  of t h e  highway and upon both  t h e  

a b s o l u t e  and r e l a t i v e  a c c e l e r a t i o n ,  v e l o c i t y ,  and p o s i t i o n  of two 

v e h i c l e s  i n  t h e  t r a f f i c  s t r eam,  t h e  one be ing  c o n t r o l l e d  and t h e  one 

immediately p reced ing .  No work except  t h e  most q u a l i t a t i v e  has  i n d i -  

c a t e d  any th ing  about  dependence upon highway d e s i g n .  Various assump- 

t i o n s  about  t h e  p r e c i s e  form of t h e  c o n t r o l  s t r a t e g y  f u n c t i o n  have 

been made, and some a t t e n t i o n  has  been devoted t o  two problems,  (1)  

t h e  e f f e c t s  of t h e  c o n t r o l  s t r a t e g y  on t h e  r e l a t i o n  between t r a f f i c  

d e n s i t y  and t r a f f i c  f low ( g e n e r a l l y  a s  i n s t a n t a n e o u s ,  l o c a l  q u a n t i t i e s ,  

n o t  a s  a v e r a g e s ) ;  and ( 2 )  t h e  t r a n s m i s s i o n  of o s c i l l a t o r y  a c c e l e r a -  

t i o n  down a  l i n e  of t r a f f i c  ( t h e  s t u d i e s  of t r a f f i c  " s t a b i l i t y " ) .  

LITERATURE 

P r i n c i p a l  r e s u l t s  i n  t h i s  a r e a  have been o b t a i n e d  by R .  Herman 

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

Rothery (1965) ,  Herman and P o t t s  (1960) ,  and G a z i s ,  Herman and 

Rothery (no d a t e )  . 
The b a s i c  r e l a t i o n  g i v e n  i n  t h e s e  pape r s  is 

where y may t a k e  one of t h e  fo l lowing  o r  c e r t a i n  o t h e r  s i m i l a r  forms:  

y = a / ( p ~ ~ e  ( t )  - posf ( t ) )  (Case 1 )  

y = a  (Case 2) 

Y = u v e l f ( t ) / ( p o s  ( t )  - p o s f ( t )  4 (Case 3 )  



and where pos is p o s i t i o n  

v e l  is v e l o c i t y  

acc  is a c c e l e r a t i o n  

f  deno te s  t h e  fo l lowing  c a r  

deno te s  t h e  l e a d i n g  c a r  

T is t ime l a g  

is  a  c o n s t a n t  

t is t h e  t ime c o o r d i n a t e  

For  c a s e  2 ,  i t  has  been shown t h a t :  

I f  and only  i f  aT < 1 / 2 ,  a  d i s t u r b a n c e  due t o  a c c e l e r a t i o n  by t h e  

l e a d  c a r  of a  long l i n e  d e c r e a s e s  a s y m p t o t i c a l l y .  

I f  and on ly  i f  aT < l / e ,  t h e  spac ing  between any p a i r  of c a r s  

is n o n o s c i l l a t o r y  and damped. 

Ana lys i s  i n d i c a t e s  t h a t  t h e  s t a b i l i t y  l i m i t s  a r e  s l i g h t l y  g r e a t e r  

i n  c a s e  1. 

Case 1 has a l s o  been ana lyzed  t o  show t h a t  i f  a  p a i r  of c a r s  

proceeds  f o r  a  long t ime a f t e r  t h e  l a s t  a c c e l e r a t i o n  by t h e  l e a d  c a r ,  

t h e  asymptot ic  headway-velocity r e l a t i o n  i s  e q u i v a l e n t  t o  G r e e n b e r g f s  

f low-dens i ty  r e l a t i o n .  

Other r e s u l t s  have i n d i c a t e d  t h a t ,  under normal c o n d i t i o n s ,  t h e  

accuracy  of t h e  r e s u l t s  is s l i g h t l y  improved i f  y is assumed t o  have 

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

and t h a t  t h e r e  is almost  no improvement i f  t h e  formula is  extended 

t o  i n c l u d e  a  dependency on t h e  c a r  preceding  t h e  l e a d  c a r .  

I t  should  be noted t h a t  t h e s e  s t a b i l i t y  s t u d i e s  might be consid-  

e r ed  under  a c c i d e n t - p r e d i c t i o n  models,  r a t h e r  t han  f low models ,  inas-  

much a s  t hey  a r e  a c t u a l l y  concerned wi th  t h e  c o n d i t i o n s  of rear -end  

c o l l i s i o n s  i n  s i n g l e - l a n e  t r a f f i c .  

The examples of r e s e a r c h  r e s u l t s  i n  each of t h e  f o u r  a r e a s  of 

t r a f f i c  f low t h e o r y  g iven  above a r e  no t  complete  i n  any s e n s e ,  bu t  

e x p l o r e  t h e  g e n e r a l  r e s u l t s  of t h e  a r e a s .  Genera l  s o u r c e s  from which 

a  f a i r l y  complete  b i b l i o g r a p h y  of t h e  a r e a  is  r e a d i l y  ob ta ined  a r e :  



Highway Capaci ty Manual, 1965, Bureau of Pub l i c  Roads 

I n t r o d u c t i o n  t o  T r a f f i c  Flow Theory, Highway Research Board 

F .  Ha igh t ,  - l l a themat ica l  Theory of T r a f f i c  Flow, Academic P r e s s ,  
1963 

-- - 

F .  Haight ,  "Annotated Bib l iography of S c i e n t i f i c  Research i n  
Road T r a f f i c  and S a f e t y , "  - Opera t ions  Research,  Vol. 1 2 ,  pp .  976- 
1039. 

I t  i s  obvious t h a t  of t h e  f o u r  approaches only  two, t h e  car-  

fo l lowing  and queueing approaches,  p r e s e n t  a  composite model i n  which 

t h e  s t r u c t u r e  i s  analogous i n  any way t o  t h e  s t r u c t u r e  of t h e  r e a l -  

world p r o c e s s .  B e t t e r  t r a f f i c  t h e o r i e s  might b e s t  be ob ta ined  by ex- 

t end ing  t h e s e  approaches i n  t h e  d i r e c t i o n  of improved correspondence 

t o  r e a l i t y .  

In  a d d i t i o n  t o  t h e  e x t e n s i o n s ,  a l l uded  t o  above, queueing t h e o r i e s  

need improved d e s c r i p t i o n s  of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  

t r a f f i c  queue. S t u d i e s  a r e  needed t o  d e s c r i b e  t h e  dependence of t h e  

flow and d e n s i t y  of t h e  t r a f f i c  on t h e  t r a f f i c  queue pa rame te r s .  

Development of t h e s e  s t u d i e s  w i l l  be a ided  by t h e  d a t a  a l r e a d y  ob ta ined  

i n  experiments  concerned with a l l  f o u r  types  of t r a f f i c  models: t h e s e  

d a t a  w i l l  be u sab le  i n  many model v e r i f i c a t i o n  t e s t s  wi thout  r e q u i r -  

ing  completely new experiments .  

Car-fol lowing t h e o r i e s  should be extended i n  e s s e n t i a l l y  tw~o 

ways : 

(1)  Continue and expand t h e  a n a l y s i s  of t h e  e f f e c t s  of car , -  

fo l lowing  behavior  on g r o s s  t r a f f i c  parameters  ( f l ow,  d e n s i t y ,  e , t c . ) .  

P re sen t  asymptot ic  r e s u l t s  a r e  a t  b e s t  on ly  moderately u s e f u l .  

(2) Extend t h e  car - fo l lowing  model t o  i nc lude  nonfollowing be- 

h a v i o r .  The c o n t r o l  system behavior  a c t u a l l y  depends on p e r c e p t i o n s  

o t h e r  t han  those  of t h e  immediately preceding  v e h i c l e ;  t h e s e  depen- 

denc ie s  (on v i s i b l e  highway geometry, v i s i b l e  t r a f f i c  c o n t r o l  d e v i c e s ,  

v i s i b l e  l a t e r a l  o b s t r u c t i o n s ,  e t c . )  must be e x p l i c i t l y  modeled. 

These ex tens ions  of p r e s e n t  theory  w i l l  r e q u i r e  major ,  long--term 

s t u d i e s .  But t h e r e  i s  a  f a i r l y  ea sy ,  shor t - te rm p r o j e c t  which o f f e r s  

immediate rewards i n  i nc reased  unders tanding  of t r a f f i c  and would con- 

t r i b u t e  t o  t h e  ex t ens ions  of car - fo l lowing  theory  c a l l e d  f o r  above. 

Th i s  i s  t h e  u n i f i c a t i o n  of t h e  p r e s e n t  c a p a c i t y  and f low-dens i ty  



t h e o r i e s ,  and t h e  s t u d y  of t h e i r  un ion  wi th  t h e  queueing t h e o r i e s .  

S ince  t h e  c a p a c i t y  of a  f a c i l i t y  is a  s i n g l e  p o i n t  on i t s  f low-dens i ty  

c u r v e ,  t h e  union  i s  r e a d i l y  accomplished.  The u n i f i c a t i o n  w i l l  g i v e  

r e s u l t s  i n d i c a t i n g  t h e  dependence of t r a f f i c  behavior  on bo th  c o n t r o l -  

system and geometr ic  f a c t o r s  ( t h e  cont ro l .  system be ing  r e f l e c t e d  i n  

t h e  form of t h e  f low-dens i ty  c u r v e ,  t h e  geometry i n  t h e  c a p a c i t y  p o i n t  

and perhaps  a l s o  i n  t h e  form of t h e  c u r v e ) .  The i n c r e a s e d  under-  

s t a n d i n g  of t h i s  dependence w i l l  a i d  i n  modeling t h e  a c t u a l  p roces s  

through which t h e  geometry i n f l u e n c e s  t h e  b e h a v i o r ,  j u s t  a s  t h e  flow- 

d e n s i t y  r e l a t i o n  s t u d i e s  a ided  and l e d  t o  t h e  ca r - fo l lowing  r e s u l t s .  
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ACCIDENT PREDICTION 

The a c c i d e n t  p r e d i c t i o n  model d e s c r i b e s  t h e  occu r rence  of a c c i -  

den t  e v e n t s  i n  t h e  highway system. The necessary  i n p u t s  t o  suclh a  

model a r e :  

1. The j o i n t  performance c a p a b i l i t i e s  of t h e  v e h i c l e ,  con , t ro l -  

l e r  , and highway 

2 .  A d e s c r i p t i o n  of c o n t r o l  s t r a t e g i e s  f o r  t h e  v e h i c l e s  i n -  

volved i n  t r a v e l  

3 .  Summary s t a t e m e n t s  concern ing  t h e  n a t u r e  of t h e  t r a f f i c  f low 

i n  t h e  system ( o u t p u t s  of t h e  t r a f f i c  f low model) 

4 ,  Environmental s p e c i f i c a t i o n s  

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

g i v i n g :  

1. Locat ions  

2 .  Types and numbers of v e h i c l e s  involved  

3 .  D i s t r i b u t i o n  of t imes  of a c c i d e n t s  

4 .  D i s t r i b u t i o n  of impact v e c t o r s  and o b j e c t s  impacted a g a i n s t  

The l i t e r a t u r e  on models f o r  p r e d i c t i n g  c o l l i s i o n s  i s  s p a r s e .  

A l l  of t h e  l i t e r a t u r e  on c o l l i s i o n  p r e d i c t i o n  was concerned w i t l n  

models of a  t ype  r e f e r r e d  t o  i n  Chapter  1 a s  c o r r e l a t i o n a l  models .  

Suchman (1961) l a b e l s  t h i s  type  a s  t h e  "ep idemio log ica l  model" and 

s u g g e s t s  t h a t  t h i s  approach i s  l i m i t e d  i n  i t s  u t i l i t y .  Jacobs  (1961) 

p u t s  i t  more s t r o n g l y :  

I t  has  always been b e l i e v e d  t h a t  one of t h e  most power- 
f u l  approaches t o  t h e  problem of i d e n t i f y i n g  a c c i d e n t  causes  
is t h a t  of exp lo r ing  t h e  n a t u r e  of t h e s e  d i f f e r e n c e s  (among 
a c c i d e n t s )  and of a t t empt ing  t o  de te rmine  t h e  c h a r a c t e r i s t i c s  
t h a t  account  f o r  them. Th i s  r e s e a r c h  fo rmula t ion ,  u n f o r t u -  
n a t e l y ,  has  encountered some of t h e  most profound and d i f f i -  
c u l t  concep tua l  and methodological  problems i n  a c c i d e n t  re-- 
s e a r c h .  Equal ly u n f o r t u n a t e l y ,  t h e s e  problems have r a r e l y  
been recognized  by r e s e a r c h  i n v e s t i g a t o r s  working i n  t h e  
a r e a ,  wi th  t h e  r e s u l t  t h a t  most of t h e  f i n d i n g s  t h a t  have 
been r e ~ o r t e d  a r e  meaningless .  



The l i t e r a t u r e  s e a r c h  d i d  uncover two r e s e a r c h  p r o j e c t s  (no pub- 

l i c a t i o n s )  whose ~ b ~ j e c t i v e s  appear  t o  be d i r e c t e d  toward t h e  develop-  

ment of composi te  c o l l i s i o n  p r e d i c t i o n  models ,  i . e . ,  models f o r  which 

t h e  i n t e r n a l  s t r u c t u r e  cor responds  t o  t h e  rea l -wor ld  p roces s  i n  terms 

of t h e  sequence of e v e n t s  which l e a d  t o  t h e  c o i l i s i o n .  D e s c r i p t i o n s  

of t h e s e  p r o j e c t s  fo l low 

C o r n e l l  Aeronau t i ca l  Labora tory  

P r o j e c t :  Urban I n t e r s e c t i o n  Accidents  

Sponsor: Bureau of P u b l i c  Yoads, 
O f f i c e  of Research and Development 

Purpose:  To observe  t h e  a c t u a l  dynamics of a c c i d e n t s  and normal 
t r a f f i c ,  e s p e c i a l l y  a s  t hey  r e l a t e  t o  t h e  geometry of 
t h e  i n t e r s e c t i o n  and t h e  response  l i m i t a t i o n s  of t h e  
d r i v e r ,  and t o  develop a  s i m u l a t i o n  model of t h e  a c c i -  
den t  producing p r o c e s s .  

Harvard U n i v e r s i t y  

A p r o j e c t  underway a t  Harvard U n i v e r s i t y  i nvo lves  t h e  
use  of i n t e r d i s c i p l i n a r y  teams of p h y s i c i a n s ,  l awyer s ,  
e n g i n e e r s ,  and b e h a v i o r a l  s c i e n t i s t s  who proceed t o  
t h e  scene  of a  t r a f f i c  a c c i d e n t  a s  soon a s  p o s s i b l e  
and a t t empt  t o  make an on-the-spot  e v a l u a t i o n .  

Some e f f o r t s  have a l s o  been made t o  s i m u l a t e  t h e  a c c i -  
den t  sequence under  exper imenta l  c o n d i t i o n s .   his 
type  of systems a n a l y s i s  a t t e m p t s  t o  c o o r d i n a t e  a l l  
t h r e e  f a c t o r s  of h o s t ,  agent  and environment i n t o  a  
s i n g l e  human-vehicle environment system i n c l u d i n g  a  
s e r i e s  of c o n t r o l s  a f f e c t i n g  d r i v e r  v e h i c l e  and envi -  
ronment s imu l t aneous ly .  I t  i s  t o o  e a r l y  t o  e v a l u a t e  
t h e  r e s u l t s  of t h i s  approach,  bu t  t h i s  k ind  of systems 
model i s  a  f a r  c r y  from t h e  s imple  c l a s s i f i c a t i o n  of 
h o s t ,  agen t  and environmental  f a c t o r s  a s s o c i a t e d  wi th  
t r a d i t i o n a l  ep idemio log ica l  r e s e a r c h  on a c c i d e n t s .  - 
Suchman, 1961. 

Aside from t h e s e  two a s  y e t  uncompleted p r o j e c t s ,  t h e  t y p i c a l  

approach is i l l u s t r a t e d  a t  i t s  b e s t  by Head (1959) ,  i n  which a c c i d e n t  

f requency ( o v e r a l l )  i s  c o r r e l a t e d  wi th  s i x  v a r i a b l e s  d e s c r i b i n g  t h e  

roadway and environment 

(1)  Number of commercial u n i t s  pe r  m i l e  a d j a c e n t  t o  roadway 

( 2 )  Number of t r a f f i c  s i g n a l s  p e r  m i l e  

( 3 )  Number of grade  i n t e r s e c t i o n s  pe r  m i l e  

( 4 )  Amount of t r a f f i c  (ADT) 



(5)  I n d i c a t e d  speed ( a c c i d e n t s  i n c r e a s e d  a s  t h e  speed i n d i c a t e d  

on speed s i g n s  was lowered)  

(6 )  Pavement width 

The s tudy  i n d i c a t e d  t h a t  a c c i d e n t  f requency  i n c r e a s e d  wi th  each param- 

e t e r  excep t  f o r  ( 5 ) ,  t o  which i t  was i n v e r s e l y  r e l a t e d .  The motst s i g -  

n i f i c a n t  c o r r e l a t i o n  was wi th  ( 1 ) .  But i t  i s  c l e a r  t h a t  commercial 

developments n e a r  r o a d s i d e s  do not  a c t u a l l y  of themselves  cause  a c c i -  

d e n t s ;  t h e y  may d i s t r a c t  t h e  a t t e n t i o n  of t h e  d r i v e r s ,  o r  t h e  d r i v e r s  

may be c o n c e n t r a t i n g  on t h e i r  shopping r a t h e r  t han  t h e i r  d r i v i n g ,  o r  

t hey  may be a s s o c i a t e d  wi th  a  l a r g e r  number of  e n t r a n c e  and e x i t  mo- 

t i o n s ,  e t c .  The mere f a c t  of c o r r e l a t i o n  t e l l s  very  l i t t l e .  Evidence 

of t h e  dangers  i n h e r e n t  i n  approaches which f a i l  t o  c o n s i d e r  t h e  over -  

a l l  s t r u c t u r e  of t h e  a c c i d e n t  p roces s  is r e p o r t e d  i n  a  s tudy  (Automo- 

t i v e  S a f e t y  Foundat ion and U. S. Bureau of P u b l i c  Roads, 1963) of 

median d i v i d e r s  i n  New J e r s e y  which had been found t o  reduce  a c c i d e n t s  

by 40%. When d i v i d e r s  of t h e  same type  were p l aced  on a  s i m i l a r  (w i th  

r e s p e c t  t o  t h e  pa rame te r s  involved)  s t r e t c h  of roadway i n  Ca l i f l o rn i a ,  

they  were a s s o c i a t e d  w i t h  a  75% i n c r e a s e  i n  t h e  a c c i d e n t  r a t e  and a  

116% i n c r e a s e  i n  t h e  i n j u r y  r a t e .  

I n  summarizing t h e  l i t e r a t u r e  s e a r c h  i t  is c l e a r  t h a t  t h e r e  is 

no danger  of n e e d l e s s  d u p l i c a t i o n  of e f f o r t  on t h e  p a r t  of The Univer- 

s i t y  of h l ich igan ' s  Highway S a f e t y  Research I n s t i t u t e  i f  t h e  systems 

approach is fo l lowed i n  deve loping  a c c i d e n t  p r e d i c t i o n  models .  I t  

i s  a l s o  c l e a r  t h a t  t h e  l i t e r a t u r e  does no t  c o n t a i n  even a  f i r s t - o r d e r  

approximation t o  t h e  composi te  model of t h e  acc ident -producing  p r o c e s s .  

One approach t o  t h e  development of such a  model might be based 

upon t h e  assumption t h a t  c o l l i s i o n s  occur  when t h e  maximum performance 

c a p a b i l i t i e s  of t h e  v e h i c l e - d r i v e r  combinat ion f o r  t h e  p a r t i c u l a r  

environment a r e  l e s s  t h a n  t h e  performance c a p a b i l i t i e s  r e q u i r e d  t o  

avo id  a  c o l l i s i o n .  The i n p u t s  f o r  such a  model would be  t h e  range  

of  v e h i c l e  performance c a p a b i l i t i e s  ( l i s t e d  i n  Chapter  2)  such a s  

a c c e l e r a t i o n ,  d e c e l e r a t i o n ,  speed ,  e t c ,  a s  c o n s t r a i n e d  by t h e  d r i v e r ' s  

performance c a p a b i l i t i e s  ( r e a c t i o n  t ime ,  s e n s e s ,  e t c . )  t o  p rov ide  a  

range  of performance c a p a b i l i t i e s  f o r  v e h i c l e - d r i v e r  combina t ions  

which a r e  f u r t h e r  c o n s t r a i n e d  by t h e  roadway f a c t o r s  (w id th ,  informa- 

t i o n  sys tem,  v i s i b i l i t y ,  e t c . ) .  Add i t i ona l  i n p u t s  a r e  t h e  demand f o r  



s e r v i c e  (number of c a r s )  on t h i s  p a r t i c u l a r  s t r e t c h  of roadway, and 

those  d r i v i n g  s t r a t e g i e s  ( d e c i s i o n s  t o  p a s s ,  slow down, s t o p ,  e t c . )  

which a r e  independent  of t h e  s t r a t e g i e s  of t h e  o t h e r  d r i v e r s .  

The model would then  compute t h e  dynamic t r a j e c t o r i e s  f o r  each 

v e h i c l e ,  and f o r  any two t r a j e c t o r i e s  on a  c o l l i s i o n  c o u r s e ,  i f  t h e  

performance c a p a b i l i t y  r e q u i r e d  t o  avoid  t h e  c o l l i s i o n  exceeds t h e  

maximum performance c a p a b i l i t i e s  of t h e  p a i r ,  t h e  p r o b a b i l i t y  of c o l -  

l i s i o n  is 1. When t h e  maximum performance c a p a b i l i t i e s  of t h e  vehi -  

c l e s  a r e  not  exceeded,  t h e  l i k e l i h o o d  of a c o l l i s i o n  i s  t h e  l i k e l i -  

hood t h a t  t h e  v e h i c l e - d r i v e r  combinat ion w i l l  o p e r a t e  a t  t h e  r e q u i r e d  

l e v e l  o r  g r e a t e r .  The ou tpu t  of such a  model would be t h e  l o c a t i o n ,  

t ime ,  impact magnitude, and ang le  f o r  each c o l l i s i o n .  These should  

be a s u f f i c i e n t  s e t  of i n p u t s  t o  t h e  second c o l l i s i o n  (passenger  and 

v e h i c l e )  model. Other  o u t p u t s  such a s  t h e  number of n e a r - c o l l i s i o n s ,  

t o t a l  number of a c c i d e n t s  by t y p e ,  f requency  of a c c i d e n t s  p e r  mi l e  of 

road ,  e t c . ,  c o u l d ,  i n  p r i n c i p l e ,  a l s o  be computed. 

The d i f f i c u l t y  wi th  t h e  above approach is t h a t  i t  would seem t o  

be imposs ib l e  t o  do t h e  computat ions even i f  g iven  t h e  v a l u e s  f o r  a l l  

of t h e  inpu t  v a r i a b l e s .  Some s t a t i s t i c a l  method would be r e q u i r e d  t o  

t r e a t  t h i s  problem. Almost c e r t a i n l y ,  o r i g i n a l  a t t e m p t s  t o  s t r u c t u r e  

such a  model would have t o  simply t r e a t  one o r  more s e p a r a t e  t y p e s  of 

road s i t u a t i o n ,  and q u i t e  p o s s i b l y  one o r  more s e p a r a t e  t y p e s  of a c c i -  

dent  ( e . g . ,  rear -end  c o l l i s i o n s  on expressway f a c i l i t i e s ,  two-car 

a c c i d e n t s  a t  u rban  i n t e r s e c t i o n s ,  o r  one-car a c c i d e n t s  on r u r a l  r o a d s ) .  
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