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INTRODUCTION

kany  l i f e  e l t u a t l o n  Judgm ents co n ce rn  th e  e x t r a p o la t io n  o f  p a i r s  

o f  co n v e rg in g  o b je c t s  such  a s  ap p ro ach in g  p e d e s t r i a n s ,  ap p ro ach in g  

v a l i d e s  a t  an  I n t e r s e c t i o n ,  ap p ro ach in g  t a r g e t s  on a  r a d a r  d isp la y *  

Common to  each  i s  in fo rm a tio n  as  to  ( a )  sp eed s  o f  th e  o b j e c t s ,  (b )  

d is ta n c e s  o f  th e  o b je c t s  from  t h e i r  i n t e r s e c t i o n ,  and (c )  t h e i r  a n g le  

o f  I n t e r s e c t i o n ,  T h is  c h o ic e  o f  c a t e g o r i e s ,  how aver, i s  n o t u n iq u e , 

b ecau se  no s in g le  c l a s s i f i c a t i o n  scheme a p p e a rs  d i c t a t e d  on a  p r i 

o r i  g ro u n d s . A lthough  c e r t a i n  minimum am ounts o f  in fo rm a tio n  a re  

n e c e s s a ry  f o r  a  s t r i c t l y  "m ath em atica l"  (a s  v e rs u s  " ju d g m en ta l" )  

s o lu t io n ,  th e  form t h i s  In fo rm a tio n  ta k e s  may be q u i te  v a r ie d .  F or 

exam ple, e q u a l ly  c o r r e c t  m a th e m a tic a l s o lu t io n s  may be o b ta in e d  u s 

in g  c a r t e s i a n  c o o r d in a te s ,  p o la r  c o o r d in a te s ,  v e c to r s ,  o r  any o f  

s e v e ra l  r e l a t i o n s  be tw een  s id e s  and a n g le s  o f  any p la n e  t r i a n g l e .  

P resum ably some m a th e m a tic a l sy stem s a r e  more a p p l ic a b le  th a n  o th e r s .  

I f  th e  couch ing  o f  th e  v a r i a b le s  a cc o rd in g  t o  one system  f a i l e d  to  

y i e l d  a  s a t i s f a c t o r y  r e l a t i o n  to  human p e rfo rm an ce , a n o th e r  system  

m ight l e g i t im a te ly  be  t r i e d *  T here i s  a n o th e r  way o f  p o s in g  th e  

problem* What s o r t  o f  m a th e m a tic a l system  m ig h t th e  human be s a id  

to  employ? When th e  i n v e s t i g a t o r  h as been  a b le  to  c o n s t r u c t ,  a cc o rd 

in g  t o  some sy s te m , a  m a th em a tic a l model t h a t  p r e d ic t s  e n q i l r ic a l ly  

o b se rv ed  b e h a v io r ,  he  i s  in c l i n e d  to  b e l ie v e  he h as a t  l e a s t  a  p a r 

t i a l  answ er t o  th e  q u e s tio n *

A t y p i c a l  e x t r a p o la t io n  judgm ent i s  th e  p r e d i c t io n  a s  to  w h eth er
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t h e  o b j e c t s  ( p e d e s t r i a n s ,  v e h i c l e s ,  t a r g e t s ,  e t c * )  vdJLl e v e n t u a l l y  

c o l l i d e  a s  a  r e s u l t  o f  s im u l ta n e o u s  a r r i v a l  a t  t h e i r  p a t h s '  p o i n t  o f  

i n t e r s e c t i o n .  To p r o v id e  some im m e d ia te  b a c k g ro u n d  i t  m ig h t b e  

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

d i s p l a y s  i n  t h e  c o n t r o l  o f  a i r  t r a f f i c .  H e re  one  o f  th e  t y p i c a l  t a s k s  

o f  t h e  o p e r a t o r  I s  t o  r e c o g n i z e ,  from  h i s  r a d a r  d i s p l a y .  Then tv/o a i r 

c r a f t  a r e  i n  d a n g e r  o f  c o l l i d i n g  an d  t o  t a k e  c o r r e c t i v e  s t e p s .  I n  a  

c h a r a c t e r i s t i c  s i t u a t i o n  th e  o p e r a t o r  s e e s  a  p a i r  o f  c o n v e rg in g  d o ts  

o f  l i g h t  ( o r  " b l i p s ” ) on  h i s  r a d a r  s c o p e .  The l e a d i n g  d o t s  r e p r e 

s e n t  th e  p r e s e n t  p o s i t i o n s  o f  t h e  a i r c r a f t *  The o t h e r  d o t s  r e p r e 

s e n t  fo rm e r  p o s i t i o n s  o f  th e  a i r c r a f t .  S in c e  t h e  d o t s  r e p r e s e n t  

s u c c e s s iv e  t im e  s a m p le s ,  t h e  s p e e d  o f  t h e  a i r c r a f t  i s  g iv e n  b y  th e  

d i s t a n c e  b e tw e e n  s u c c e s s iv e  d o t s .  The d i r e c t i o n  ( o r  c o u r s e )  o f  t h e  

a i r c r a f t  i s  r e p r e s e n t e d  b y  t h e  d i r e c t i o n  i n  w h ich  t t ie  d o ts  a r r  i> o in t-  

in g *  A lth o u g h  a i r c r a f t  i n  f l i g h t  a r e  i n  c o n t in u o u s  m o tio n ,  t h e i r  d i s 

p l a y  o n  a r a d a r  s c o p e  i s  d i s c r e t e ,  an d  when an  o p e r a t o r  g la n c e s  a t  a  

r a d a r  s c o p e  he  s e e s  e s s e n t i a l l y  a  s t a t i c  d i s p la y *

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

a b s t r a c t e d  i n  g e n e r a l  te rm s  t o  t h e  p o i n t  w h ere  th e  p r o b lc n  j s  a much 

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

e x p e r im e n ta l  p s y c h o lo g y  a s  d i s c u s s e d  below *

A lre a d y  r a i s e d  i s  t h e  q u e s t i o n  a s  t o  t h e  a n a lo g y  b e tw e e n  a  m ath e 

m a t i c a l  f o n n u la  and  t h e  h u m a n 's  mode o f  p e r fo rm a n c e .  Subsum ed u n d e r  

t h i s  a r e  o t h e r  q u e s t i o n s ,  Vi'hat k in d  o f  e r r o r s  a r c  made i n  s u c h  a  

p e r c e p t u a l  t a s k ?  How do th e  e r r o r s  r e l a t e  t o  t h e  s t im u lu s  d im e n s io n s



o f  th e  ta sk ?  What p a r t  o f  th e  t o t a l  e r r o r  r e l a t e d  to  r in g le  d i 

m ension? What a re  th e  dim ensions? Hot/ do th e  e r r o r s  combine?

The p re s e n t  s tu d y  i s  a ls o  r e l a t e u  to  th e  vrark on v ls n a l  i l l u 

s io n s ,  w ith in  th e  a re a  o f  p e r c e p t io n .  The g e n e ra l  f in d in g s  and th e o ry  

in  t h i s  a re a  a r e  d isc u s se d  e lsew h ere  ( f o r  exam ple, see  2 and I C ) .  In  

th e  s tu d ie s  o f  g eo m etric  i l l u s i o n s  i t  i s  n o t common to  f in d  a s in g le  

m ath em atica l fo rm ula f o r  th e  r e s u l t s  a s s o c ia te u  w ith  any one f ig u r e  

and i t s  V a r ia n ts ,  However, in  18%5 Heymans (6 ) to o k  a  stop  i n  t h i s  

d i r e c t io n  fo r  th e  K u llc r -L y e r  f ig u re  when lie founu th a t  th e  amount o f 

i l l u s i o n  was p ro p o r t io n a l  to  th e  c o s in e  o f  th e  an g le  betvrc.n  th e  

o b liq u e  and h o r iz o n ta l  s e c t io n s ,

A l im i te d  amount o f  r e s e a rc h  h as been conducted  in  th e  a re a  o f  

im m ediate i n t e r e s t  f o r  th e  p r e s e n t  p rob lem , Bowen and Y/oodhead (3) 

in  a  p an er and p e n c i l  t e s t  had jc  (o b s e rv e rs )  judge s in g le  r a d a r -  

ty p e  t r a i l s  app roach ing  a l i n e .  E r r o r  in  ju d g in g  th e  number o f  d o ts  

re q u ire d  to  f i l l  in  th e  d is ta n c e  betw een th e  le a d in g  b l ip  and tlie  

l i n e  were found to  in c r e a s e  w ith  d i s ta n c e ,  b u t  were n o t in f lu e n c e d  

by t r a i l  l e n g th .  In  a n o th e r  s tu d y  ( ) u s in g  a somev.'hat more r e a l i s 

t i c  d is u la y ,  p .a irs  o f  t r a i l s ,  and c o l l i s i o n  judgm en ts, t r a i l  le n g th  

d id  n o t havo a s ig n i f i c a n t  e f f e c t ,  b u t  an g le  o f  i n t e r s e c t io n  and d i s 

tan ce  to  i n t e r s e c t io n  u i d .  The l a t t e r  s tu u y  was p r im a r i ly  con

cerne !U ■v-'ith th e  e f f e c t s  o f  th e  number o f  d o ts  in  t}ie t r a i l  ( i , o , ,  

phosphor p e r s i s te n c e )  ana th e  rem ain ing  v a r ia b le s  were e iz lo y e d  o n ly  

to  le n d  g e n e r a l i ty  to  th e  m a ,jo r-v a riab le  f in d in g .  In  a ta rJ : renuiiw . 

in g  a p r e d ic t io n  as to  which o f  two p .a ra l le l  t a r g e t s  woulu reach  a



U n e  f i r s t ,  S c h ip p e r  an d  V e rsa c e  ( 8 ) foxHid s i g n i f i c a n t  e f f e c t s  a s s o c i 

a t e d  •Kith d i s t a n c e s  from  t h e  l i n e  an d  s p e e d s ,  b u t  no e f f e c t  due t o  d o t  

s i z e ,  d o t  s h a r p n e s s ,  o r  s c o p e  s i z e .

O ut o f  some o f  t h e s e  s t u d i e s  grew  t h e  s u s p ic io n  t h a t  s e v e r a l  

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

f o r  many o f  t h e  obsex*ved f i n d i n g s .  T hese  v a r i a b l e s  w ere  a n g le ,  d i s 

t a n c e s ,  an d  s p e e d s  ( o r  t h e i r  e q u iv a l e n t s  e jq ir e s s e d  i n  some o t h e r  s y s 

tem ) .  W ien t h e  p r e s e n t  r e s e a r c h  w as i n  t h e  p la n n in g  s ta g e  v a r io u s  

m a th e m a tic a l  m o d e ls  w ere  c o n s t r u c t e d  f o r  t h e  p u rp o se  o f  p r e d i c t i n g  

m an*8 p e rfo rm a n c e  i n  e x t r a p o l a t i n g  p a i r s  o f  l i n e s  ( i . e . ,  ju d g in g  whe

t h e r  o b j e c t s  w o u ld  c o l l i d e ) .  The p r a c t i c e  fo llo w e d  i n  c o n s t r u c t i n g  

t h e s e  m odels w as f i r s t  t o  wri"be some m a th e m a tic a l  e q u a t io n  id i ic h  was 

s e l e c t e d  on  an i n t u i t i v e  an d  b e s t- ju d g m e n t  b a s i s .  Such a n  e q u a t io n  

r e p ra s e n 'te d  th e  p r e c i s e  m a th a n a t i c a l  r e l a t i o n s h i p  among t h e  v a r i a b l e s  

c o n c e rn e d .  S in c e  th e  human s y s t a n ,  l i k e  o t h e r  s y s te m s ,  i s  s u b j e c t  to  

e r r o r s  i n  o p e r a t i n g ,  w ays w e re  e x p lo r e d  f o r  s u b je c t i n g  t o  v a r i a b i l i t y  

( o r  e r r o r )  th e  s e p a r a t e  te rm s  o r  members i n  th e  e q u a t io n  a l r e a d y  w r i t 

te n *  The m odels  o b ta in e d  w e re  th e n  ex am in ed  I n  te rm s  o f  t h e  e a s e  and  

k in d  o f  r e s e a r c h  r e q u i r e d  to  v e r i f y  and  m o d ify  them* The v a lu e  o f  

su c h  a  p r a c t i c e  w as th u s  h e u r i s t i c .  I n s t e a d  o f  m e re ly  th ro w in g  some 

v a lu e s  to g e th e r  ( " b l i n d  e m p ir ic is m " ,  i f  i t  in d e e d  r e a l l y  e x i s t s ) ,  by  

u s in g  th e  m odels i t  was p o s s i b l e  t o  e x e r c i s e  m ore ju d ^ n e n t  i n  t h e  

e x p e r im e n ta l  d e s ig n *  F o r  ax azq a le , t h e  e x p e r im e n te r  c o u ld  a r r a n g e  to  

o b t a i n  m ore d a t a  a t  p o in t s  a lo n g  a  c u rv e  w here  r a p i d  a c c e l e r a t i o n  w as 

e x p e c te d .

T hroe p e rfo rm a n c e  s c o r e s  t r a d i t i o n a l  t o  p s y c h o p h y s ic s  w ere
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s e l e c t e d :  c o n s ta n t  e r r o r ,  a v e ra g e  e r r o r ,  and  v a r i a b l e  e r r o r .  A l

th o u g h  t r a d i t i o n a l ,  th e y  a r e  a l s o  c a p a b le  o f  s o p h i s t i c a t e d  m a th em a ti

c a l  m a n ip u la t io n .  V a r ia b le  e r r o r ,  e x p re s s e d  a s  th e  s ta n d a r d  d e v i a t i o n ,  

was o f  s p e c i a l  i n t e r e s t  i n  th e  p r e s e n t  s tu d y ,  and  f o r  s e v e r a l  r e a s o n s .  

F o r s c ie n c e  i n  g e n e r a l ,  t h e  u n c e r t a i n t y  i n  p r e d i c t i n g  phenom ena h a s  

l e d  to  p r o b a b i l i s t i c  ap p ro a c h e s  su c h  a s  s t a t i s t i c a l  m ech an ic s  i n  phy

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

a s  w e l l  a s  t h e  s t a t i s t i c a l  l e a r n i n g  and  s t a t i s t i c a l  p e r c e p tu a l  t h e o r i e s  

i n  p s y c h o lo g y . D e a lin g  f r e q u e n t l y  a s  i t  d oes w i th  m an-m achine s y s te m s , 

e n g in e e r in g  p s y c h o lo g y  i s  i n t e r e s t e d  i n  random ly  o c c u r r in g  e r r o r s .

Such e r r o r s  a r e  a p t  t o  b e  th e  m ost d i f f i c u l t  k in d  t o  e l im in a te  and 

a r e  i n c l i n e d  to  h av e  th e  m ost s e r io u s  c o n s e q u e n c e s .

The s tu d y  th u s  s e t  f o r t h  t o  i n v e s t i g a t e  m a n 's  a b i l i t y  t o  e x t r a 

p o l a t e  p a i r s  o f  s t r a i g h t  l i n e s  ( i . e . .  Ju d g e  c o l l i s i o n ) ,  w i th  p a r t i c u 

l a r  em p h asis  on v a r i a b i l i t y ,  a s  a f f e c t e d  by  d i s t a n c e ,  v e l o c i t y ,  and 

a n g le  o f  i n t e r s e c t i o n .



læTHOD

A pparatuB . — Two sound i n s u l a t e d  b o o th s  w ere  u s e d .  The observer#*  

(0*6) b o o th  shown i n  F ig .  1 c o n ta in e d  a  2 l  i n .  x  2I4 i n ,  sq u a re  o p a l 

g la s s  s c re e n  d i r e c t l y  below  w h ich  was a  2- 1/ 2* i n .  d ia m e te r  h a n d -c ran k  

and a  to g g le  s w i tc h .  The h a n d -c ra n k  was u se d  by  U to  make h i s  r e 

s p o n s e s ,  The s w itc h  w as u se d  by Ü to  t u r n  o f f  th e  d i s p la y  and th u s  

s ig n a l  t h a t  h e  had  c c m p le ted  h i s  a d ju s tm e n t .  Am bient i l l u m in a t io n  was 

p ro v id e d  by a  L i t e - i I t e  f lu o r e s c e n t  lam p lo c a t e d  b e h in d  0 and eq u ip p ed  

w ith  two l i -w a tt  S y lv a n ia  " c o o l Trtiite" s ta n d a rd  t u b e s .  The experim en

t e r ’ s ( E 's )  b o o th  shown i n  F ig ,  2 c o n ta in e d  two O p t ic a l  T a rg e t  Gen

e r a t o r s  w hich  s e rv e d  a s  th e  s t im u lu s -p ro d u c in g  com ponent. The O p ti

c a l  T a rg e t  G e n e ra to r  (OTG) i s  an  a p p a ra tu s  d ev e lo p ed  by  th e  L abora

t o r y  o f  A v ia tio n  P sy c h o lo g y , The Ohio S ta t e  U n iv e r s i ty  ( 1 ) •  E ssen 

t i a l l y  th e  a p p a ra tu s  i s  a  p h o to g ra p h ic  2 i n .  x  2 i n .  sq u a re  e l i d e  

p r o je c t o r  and i t e  u n iq u e  f e a t u r e  i s  t h a t  an y  p h o to g ra p h ic  image p ro 

j e c t e d  on th e  s c re e n  can  be  moved c o n t in u o u s ly  and  e v e n ly  o v e r  a  w ide 

a r e a  w ith o u t  d i s t o r t i o n .  The üTG w hich  p r o je c te d  th e  v a i i a b l e  o b je c t  

was c o n n e c te d  w ith  O’s  h a n d -c ra n k . B oth  OTG'e w ere m ounted on a 

s l i d i n g  p la t fo r m  w hich  co u ld  be moved p a r a l l e l  w ith  th e  s c r e e n .  Work 

l i g h t  f o r  th e  e x p e r im e n te r  was p ro v id e d  by  a  L i t e - ^ t e  w ith  b lu e  f i l 

t e r  a t t a c h e d .  An o ra n g e  f i l t e r  a g a in s t  E 's  s id e  o f  th e  o p a l g la s s  

s c re e n  p r o h ib i t e d  t r a n s m is s io n  o f  any v i s i b l e  w o r k - l ig h t  i n t o  O’ s 

b o o th .

O b se rv e rs  . — F our m ale  s tu d e n ts  a t  The Ohio S t a t e  U n iv e r s i ty

6
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se rv ed  as Û5 . Three were n a iv e  to  th e  s p e c i f i c  ta s k  employed; one 

had se rv e u  in  an e a r l i e r  s tu d y  em ploying th e  same t a s k .  S ince th e  

s tu d y  was conceived  as b e in g  e s s e n t i a l l y  psychophysical, th e  number o f  

Os employed u as  s e le c te d  as f a l l i n g  tv ith in  th e  custom ary ra n g e .

I n s t r u c t io n s  . —Two one-hour p r a c t ic e  s e s s io n s  were g iven  each U. 

The p r a c t ic e  problem s were s im i la r  b u t n o t i d e n t i c a l  to  th o se  in  th e  

experim ent p ro p e r . Knofirledge o f  r e s u l t s  was g iv en  o n ly  d u rin g  t r a i n 

in g  s e s s io n s .  To do t h i s ,  E moved th e  v a r ia b le  t a r g e t  from O 's re 

sponse p o s i t io n  to  th e  c o r r e c t  p o s i t io n  w h ile  0 w atched th e  c o r re c t io n  

on th e  s c re e n . No f u r th e r  t r a in in g  o r  knowledge o f  r e s u l t s  ;Tere 

g iv e n . Our ex p erien ce  (7) and t h a t  o f  o th e rs  (3) had su g g ested  r e l a 

t i v e l y  l i t t l e  le a rn in g  e f f e c t  as  m easured by v a r ia b le  and average e r 

r o r s ,  and th e  p re s e n t  ctud;r I see  S e c tio n  I I I )  bore o u t t h i s  b e l i e f .

As an a id  to  ra p p o rt and o r ie n ta t io n ,  th e  L a b o ra to ry  o f  A v ia tio n  Psy

chology o f  th e  Ohio S ta te  U n iv e rs i ty , and th e  g o a ls  o f  th e  stucfy were 

d e sc rib e d  i n  g e n e ra l te rm s . TTie s p e c i f ic  v a r ia b le s  and v a lu e s  em

p loyed  in  tlxe p re s e n t  s tu d y  Wei'S o m itte d , p r im a r i ly  because i t  was 

b e lie v e d  t h a t  knowledge o f  them Tjould c o n tr ib u te  n o th in g  h e lp fu l  to  

judgm ents and by t h e i r  i r r e le v a n c y  m ight even be c o n fu s in g . The in 

s t r u c t io n s  quoted  below  were ro ad  b e fo re  each  o f  th e  two p r a c t ic e  

s e s s io n s .

One o f  th e  ta s k s  o f  th e  a i r  t r a f f i c  c o n t r o l l e r  i s  to  
p r e d ic t  w hether o r  n o t th e  o b je c ts  he se a s  on li is  r a d a r  d is 
p la y  w i l l  c o l l i d e ,  V/e a re  i n t e r e s te d  i n  how w ell he can make 
th e se  ju d g o en ts  under v a rio u s  c o n d it io n s .

Here we have a s im u la ted  r a d a r  d is p la y  w ith  th e s e  two 
o b je c ts  on converg ing  co u rses  such t h a t  th e y  w i l l  c ro ss  
th rough  t h e i r  in te r s e c t io n  (E p o in ts )  a t  sometime in  th e
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ru ttu re *  The l e a d in g  d o ts  i n d i c a t e  t h e  p r e s e n t  p o s i t i o n  o f  
t h e  two o b j e c t s .  The l e n g th s  o f  t h e  c o n f ig u r a t io n s  i n d i c a t e  
t h e i r  s p e e d .  Your t a s k  i s  t o  s l i d e  t h i s  o b j e c t  b ack  and  
f o r t h  a lo n g  i t s  c o u rs e  t o  a  p o s i t i o n  su c h  t h a t  th e  two ob
j e c t s  w i l l  r e a c h  th e  i n t e r s e c t i o n  s im u l ta n e o u s ly  i f  th e y  b o th  
v e r e  t o  c o n t in u e  a t  t h e i r  d i s p la y e d  sp e e d s  an d  h e a d in g s .  We 
C a l l  t h i s  o b j e c t  t h e  v a r i a b l e  and  y o u  a d j u s t  i t s  p o s i t i o n  b y  
m eans o f  t h i s  c r a n k .  The o t h e r  o b j e c t  i s  n o t  c o n t r o l l e d  b y  
y ou  and  i s  c a l l e d  t h e  s ta n d a r d .

The e x p e r im e n te r  w i l l  c lo s e  a  srdLtch v h ic h  w i l l  l i g h t  up 
th e  o b j e c t s  i n  an  o f f  p o s i t i o n .  You w i l l  m a n ip u la te  th e  knob 
and  p o s i t i o n  t h e  v a r i a b l e  o b j e c t  so  a s  t o  p ro d u c e  a  c o l l i s i o n .  
As soon  a s  you make y o u r  s e t t i n g ,  p r e s s  t h i s  s w i tc h .  Y our 
a c c u ra c y  w i l l  th e n  b e  r e c o r d e d ,  an d  th e  p r o c e s s  r e p e a te d  un
t i l  10  o b s e r v a t io n s  a r e  o b ta in e d ,  D ie c o r r e c t  answ er w i l l  
b e  shown a f t e r  t h e  f i f t h  and  t e n t h  s e t t i n g  d u r in g  y o u r  two 
p r a c t i c e  h o u r s .  No f u r t h e r  c o r r e c t  an sw ers  w i l l  b e  shown i n  
t h e  s e s s io n s  w h ich  fo l lo w  th e  p r a c t i c e  h o u r s .  Be on y o u r  
g u a rd  a g a i n s t  u s in g  i r r e l e v a n t  c u e s .  I t  i s  o u r  e x p e r ie n c e  
t h a t  t h e s e  u s u a l l y  l e a d  to  a  p o o r e r  p e r fo rm a n c e . S t r i v e  p r i 
m a r i ly  f o r  a c c u r a c y .  We f i n d  t h a t  a f t e r  a  few  h o u rs  p r a c t i c e ,  
p e o p le  a r e  m aking  t h e i r  o b s e r v a t io n s  a t  t h e  r a t e  o f  t e n  s e c 
o n d s p e r  o b s e r v a t i o n ,  and  t h i s  i s  a d e q u a te .

B e fo re  s t a r t i n g  t h e  f i r s t  p r a c t i c e  p ro b le m , l e t ' s  ta k e  
t h r e e  h y p o th e t i c a l  exam ples to  h e lp  g iv e  you  th e  f e e l  o f  th e  
t a s k .

1 ,  I f  th e  sp e e d s  o f  th e  s ta n d a rd  and  v a r i a b l e  a r e  b o th  
1  u n i t ,  how f a r  s h o u ld  t h e  v a r i a b l e  b e  from  th e  I n t e r s e c t i o n ?  
(A nsw er: t h e  same d i s t a n c e  a s  th e  s t a n d a r d . )

2 ,  I f  t h e  sp e e d  o f  th e  s ta n d a r d  i s  20 u n i t s ,  and  th e  
s p e e d  o f  th e  v a r i a b l e  i s  LO u n i t s ,  how f a r  sh o u ld  th e  v a r i 
a b le  be from  t h e  i n t e r s e c t i o n ?  (A nsw er: tw ic e  a s  f a r ,  )

3* I f  t h e  sp e e d  o f  th e  s ta n d a r d  i s  30 u n i t s ,  and  th e  
s p e e d  o f  t h e  v a r i a b l e  i s  31 u n i t s ,  how f a r  s h o u ld  th e  v a r i 
a b le  be  from  t h e  i n t e r s e c t i o n ?  (A nsw er: ta k in g  th e  s ta n d 
a r d 's  d i s t a n c e  from  th e  i n t e r s e c t i o n  a s  30 u n i t s ,  t h e  v a r i 
a b le  sh o u ld  b e  31 u n i t s . )

ho you h ave  any  q u e s t io n s  b e f o ie  we b e g in  th e  p r a c t i c e  
p rob lem ?

I n  th e  e v e n t  o f  a  q u e s t i o n ,  E w as p r e p a r e d  to  r e r e a d  t h e  p e r t i 

n e n t  s e c t i o n  o f  t h e  i n s t r u c t i o n s ,  H ow ever, no n e  was a s k e d .
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B % )e r ifv n ta l  d e s ig n »"—As a  p r e f a c e  to  th e  e x p e r im e n ta l  d e s ig n ,  an  

I l l u s t r a t i o n  o f  te rm s  a p p e a rs  d e s i r a b l e .  F ig u re s  3 and  I4 shoT; a  t y p i 

c a l  p ro b lem  c o r r e c t l y  p o s i t i o n e d  to  g iv e  a  c o l l i s i o n *  The v a r i a b l e  

o b j e c t  a lw ay s h a d  a  com pass h e a d in g  o f  90° ( i . e . ,  a  h o r i z o n ta l  c o u rs e  

m oving from  l e f t  t o  r i g h t ) .  The a n g le  o f  i n t e r s e c t i o n  was d e f in e d  as  

th e  a n g le  fo rm ed  b y  th e  two o b j e c t s ;  i n  th e  I l l u s t r a t i o n  th e  a n g le  i s  

The sp e e d s  o f  th e  o b j e c t s  a r e  r e p r e s e n te d  p i c t o r i a l l y  b y  th e  

l e n g t h  o f  t h e  c o n f ig u r a t io n  m easu red  b e tw een  c o r re s p o n d in g  p a r t s  o f  

th e  d o ts  ( e . g . ,  c e n t e r - t o - c e n t e r  s e p a r a t i o n ) .  A c o n f ig u r a t io n  tTd.ce 

th e  l e n g t l i  o f  a n o th e r  w ould  have  t r r ic e  th e  s p e e d .  T hese sp e e d s  w ere 

a s s ig n e d  r e l a t i v e  to  th e  b l i p  d ia m e te r  w h ich  was I / I 6  i n .  Thus th e  

c o n f ig u r a t io n  o f  s p e e d  L was o f  a  l e n g th  su c h  t h a t  h a d d i t i o n a l  d o t s ,  

o K a c tly  t a n g e n t  t o  th e m se lv e s  and  th e  c o n f ig u r a t io n  d o t s ,  m ig h t have 

b e e n  in t e r p o s e d .  The " d l s t a n c e - t o - g o " o r  d i s t a n c e  e x t r a p o la t e d  i s  

shovai i n  th e  f i g u r e s  and i s  th e  d i s t a n c e  from  th e  c e n t e r  o f  t h e  l e a d 

in g  d o t  t o  th e  i n t e r s e c t i o n .  The f i g u r e s  show th e  v a r i a b l e ,  w hich  

h as  th e  same s p e e d  a s  th e  s ta n d a r d ,  c o r r e c t l y  p o s i t i o n e d  e q u i d i s t a n t  

from  th e  i n t e r s e c t i o n .

A U X h X 7 f a c t o r i a l  d e s ig n  was u se d  i n  v .hich t h e r e  w #re fo u r  

v a lu e s  f o r  th e  sp eed  v a r i a b l e ,  f o u r  f o r  d i s t a n c e ,  and  s e v e n  f o r  a n g le .  

Tlie sp e e d  o f  th e  v a r i a b l e  o b j e c t  h ad  r e l a t i v e  v a lu e s  o f  1 ,  2 , U, and  

5 ,  w h ich  c o r re s p o n d e d  t o  th e  a b s o lu te  v a lu e s  shown i n  T a b le  1 ,  The 

s ta n d a r d  was a lw ay s sp ee d  5 ,  i . e . ,  ,625  i n .  d i s t a n c e  bctvreen  d o ts  

m easu red  c e n t e r - t o - c e n t e r .

The V alues s e l e c t e d  f o r  th e  sp e ed  o f  t h e  v a r i a b l e  o b j e c t  r e p r e -
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F lp .  3 . O bserver'G  view  o f  a  t y p i c a l  n ro b le n . 
(The a c tu a l  d is p la y  showed l i g h t  b l ip s  on a dark  back- 
gi'ound. )
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Angle of 
Intersection

Length lend hence 
speed) of standard

/xtrapolation 
distonce of 
standard

.ength (and 
hence speed) 
of variable

itersection 
-Extrapolation distance 

of variable

U. O b se rv e r’s viev/ o f  a  t y p ic a l  problem  
1 th  i l l u s t r a t i o n  o f  term s*



T a b le  1 

V a lu e s  o f  S o eed  S tu d ie d

II4

S p eed  o f  
V a r ia b le  

O b je c t

C e n t e r - t o - C e n t e r  
S e p a r a t io n  

o f  D o ts

1

2

a

5

.1 2 5 "

. 250"

.5 0 0 "

.6 2 5 "

D is ta n c e
B x tr a p o la te d y

V a r ia b le
O b je c t

T a b le  2

V a lu e s  o f  d i s t a n c e  S tu d ie d  
( i n  i n c h e s )

D is ta n c e  E x t r a p o l a t e d ,  S ta n d a r d  O b je c t  

.7 5 "  1 .5 "  3 “ 6"

S peed  1 

S p eed  2 

S p eed  ii 

S p eed  5

.1 5

.3 0

.6 0

.7 5

.3 0

.6 0

1.20

1 .5 0

.6 0  

1.20  

2 . ho 

3.00

1.20

2 . ho 

h .8 0  

6.00
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s e n te d  a  com prom ise b e tw een  a  d e s i r e  t o  s tu d y  th e  e f f e c t s  r e s u l t i n g  

from  a  g e o m e tr ic  s e r i e s  on th e  one h an d , and on th e  o th e r  to  in c lu d e  

one s i t u a t i o n  i n  w h ich  th e  v a r i a b l e  and  s ta n d a rd  had n e a r ly  e q u a l 

s p e e d s ,

TTie fo u r  v a lu e s  f o r  d i s ta n c e  e x t r a p o la te d  r e f e r  to  th e  s ta n d a r d ,  

ana  w ere ,7 5  i n ,  1 ,5  i n , ,  3 i n , ,  and 6 i n .  The d i s ta n c e  e x t r a p o la te d  

f o r  th e  v a r i a b le  depended  on b o th  th e  sp eed  o f  th e  v a r i a b l e  and th e  

d i s t a n c e  o f  U ie s ta n d a rd  as  shown i n  T a b le  2 ,

The sev en  v a lu e s  f o r  a n g le  o f  i n t e r s e c t i o n  and th e  c o rre s p o n d in g  

h e a d in g s  o f  th e  s ta n d a rd  o b j e c t  a r e  shown i n  T ab le  3 ,  The v a r i a b l e  

o b j e c t  a lw ays h ead ed  90°  a s  m en tio n ed  ab o v e .

The 112 s e p a r a te  p ro b lem s r e s u l t i n g  from  th e  x  x  7 d e s ig n  

w ere  o rg a n iz e d  i n t o  a  L x  s q u a re  i n  w hich  each  c e l l  vras a  u n iq u e

T ab le  3

V alues o f  A ngle o f  I n t e r s e c t i o n  s tu d ie d

A ngle o f  Compass H eading
I n t e r s e c t i o n  o f  S ta a d a rd  O b je c t

10°  100°

20°  110°

1(5° 135°

50°  180°

1 35° 225°

160°  250°

170°  260°
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c o m b in a tio n  o f  d i s t a n c e  and s p e e d ,  b u t  c o n ta in e d  a l l  s e v e n  a n g le s .  A 

L a t in  s q u a re  o f  fo u r  b lo c k s  and  f o u r  c e l l s  and  f o u r  0 * s  w as fo rm ed  so  

t h a t  t h e  f o u r  0*s had  th e  same f o u r  c e l l s  w i t h i n  any b lo c k ,  b u t  i n  d i f 

f e r e n t  o rd e r*  The s e v e n  a n g le s  w ere  a s s ig n e d  random ly  to  e a c h  c e l l*

A s i n g l e  e x p e r im e n ta l  s e s s io n  c o n s i s t e d  o f  th e  sev en  a n g le s  and one 

o f  th e  d i s t a n c e —sp e e d  c o m b in a tio n s .  A t o t a l  o f  16 s e s s i o n s ,  o f  ap

p ro x im a te ly  one h o u r p e r  s e s s i o n ,  was r e q u i r e d  p e r  Ü, Q u o tid ia n  

v a r i a b i l i t y  was th u s  a v e ra g e d  o u t  i n  each  s e s s io n  f o r  a n g le ,  and 

c o u n te rb a la n c e d  w i th in  o b s e r v e r - b lo c k s  f o r  d i s t a n c e  and  speed*

The p s y c h o p h y s ic a l  m ethod o f  a d ju s tm e n t  was ençîLoyed w i th  Os 

m aking t e n  o b s e r v a t io n s  p e r  c o n d i t i o n .  Of th e  t e n  o b s e r v a t io n s ,  h a l f  

w ere  a s c e n d in g  and h a l f  d e s c e n d in g , i n  random o r d e r .  Vühen E tu r n e d  

on  th e  d i s p l a y ,  0 saw a  p a i r  o f  c o n v e rg in g  tw o -d o t  c o n f i g u r a t i o n s .

The v a r i a b l e  was a d ju s te d  by 0 by  c ra n k in g  i t  t o  a  p o s i t i o n  c l o s e r  

t o  ( o r  f a r t h e r  from ) t h e  i n t e r s e c t i o n  u n t i l  t h e  o b j e c t s  a p p e a re d  t o  be  

i n  a  c o l l i d i n g  a t t i t u d e .  The 0  th e n  s w itc h e d  o f f  t h e  d i s p l a y ,  and E 

r e c o rd e d  th e  s e t t i n g  t o  th e  n e a r e s t  1 /3 7  i n .  The E th e n  d i s p la c e d  

t h e  v a r i a b l e  a g a in ,  an d  s h i f t e d  th e  p l a t f o r u  m o u n tin g  th e  OTGs to  a  

new p o s i t i o n .  The s h i f t i n g  w as done t o  h e lp  overcom e any te n d e n c y  

Os m ig h t have t o  make s u c c e s s iv e  d e p e n d en t p o s i t i o n  r e s p o n s e s  a s  a  

r e s u l t  o f  any  sp e c k s  o r  im i ie r f e c t io n s  t h a t  n i g h t  have b e e n  on th e  

d i s p l a y  s u r fa c e *



RESULTS

C o n s ta n t  e r r o r  (C E ), a v e ra g e  e r r o r  (A E ), an d  v a r i a b l e  e r r o r  (VE 

o r  SD) i r e r e  com pu ted  f o r  t h e  t e n  o b s e i-v a t lo n s  i n  e a c h  ü*c 112 p ro b 

le m s .  (B e ca u se  t h e r e  i s  o c c a s i o n a l  l a c k  o f  a g re e m e n t a s  t o  t h e  d e f i 

n i t i o n  o f  t h e s e  t e r m s ,  t h e  c o m p u ta t io n a l  f o rm u la s  t h a t  w ere  em ployed  

a r e  g iv e n  i n  f o o t n o t e s  1 - 3 . )  The s u b s e q u e n t  a n a l y s i s  w as b a s e d  p r i 

m a r i l y  on  t h e s e  t h r e e  s t a t i s t i c s .  The p r e s e n t  s e c t i o n  p r e s e n t s  t h e  

r e s u l t s  o f  a n  a n a l y s i s  b y  b lo c k  (w h ic h  m e a su re d  l e a r n i n g  e f f e c t s  ) ,  

an d  i s  f o l lo w e d  b y  a  p r e s e n t a t i o n  i n  te rm s  o f  t h e  f a c t o r s  a f f e c t i n g  

th e  v a r i a b l e  a n d  a v e ra g e  e r r o r s .  S e p a r a te  c o n s i d e r a t i o n  h a s  n o t  

b e e n  a f f o r d e d  c o n s t a n t  e r r o r s  f o r  t h e  r e a s o n  t h a t  th e y  te n d e d  t o  b e  

p o s i t i v e  i n  v a lu e  an d  w o u ld  t h e r e f o r e  a p p r o x im a te ly  d u p l i c a t e  th e  

f u n c t io n s  o b t a in e d  f o r  a v e ra g e  e r r o r .

A n a ly s is  b y  b lo c k  . — The p ro b le m s  c o n ta in e d  i n  t h e  l 6  s e s s io n s  

T/ere d iv id e d  i n t o  f o u r  b lo c k s  o f  f o u r  s e s s i o n s  e a c h ,  s u c h  t h a t  \p o n

1 An e r r o r  ( e )  w as d e f in e d  a s  th e  d i f f e r e n c e  b e tw e e n  t h e  
c o r r e c t  and  t h e  o b s e rv e d  r e s p o n s e  ( X ) .  The c o m p u ta t io n a l  
f o rm u la  f o r  c o n s t a n t  e r r o r  i s

CE =

2
The c o m p u ta t io n a l  f o rm u la  f o r  a v e ra g e  e r r o r  i s  

AE = .

The V a r ia b le  e r r o r  w as b a s e d  on d e v i a t i o n s  (d )  o f  r e s p o n s e s  
fro m  0 * s own m ean , i . e . ,  d  = X ^ .  The c o m p u ta t io n a l  fo rm u 
l a  f o r  t h e  v a r i a b l e  e r r o r  i s

MSD

17
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co n q jle tlo n  o f  each  b lock*  n i l  Os had done th e  same s e r i e s  o f  problem s 

a lth o u g h  in  d i f f é r a i t  o r d e r s .  F ig u re  S shows c o n s ta n t ,  a v e ra g e , and 

v a r i a b le  e r r o r s  a s  a n a ly se d  by  b lo c k . V a r ia b le  e r r o r  mas c o n s is t e n t 

l y  s m a lle r  th a n  e i t h e r  av e rag e  o r  c o n s ta n t  e r r o r s ,  and shorred v i r t u 

a l l y  no le a r n in g  e f f e c t .  B oth c o n s ta n t  and av erag e  e r r o r s  became 

s m a lle r  i n  th e  c o u rse  o f  th e  e x p e rim e n t, and th e  re d u c t io n  i n  th e  ca se  

o f  av e rag e  e r r o r  mas a p p ro x im a te ly  ,2  i n .  o r  25 p e r  c e n t .

F a c to rs  a f f e c t in g  th e  v a r i a b le  e r r o r , —Angle o f  i n t e r s e c t i o n  had 

a pronounced and s y s te m a tic  e f f e c t  on v a r ia b le  e r r o r  a s  shorm in  F ig ,

6 and 7 ,  F ig u re  6 shows an in c r e a s in g  d eg ree  o f  d i f f i c u l t y ,  ivhen 

m easured by  th e  SD, a s  th e  a n g le  approached  180®, I t  i s  b e l ie v e d  

(se c  s e c t io n  V) t h a t  t h i s  f in d in g  i s  r e l a t e d  to  th e  in c r e a s in g  d i f f i 

c u l ty  i n  d e te rm in in g  th e  i n t e r s e c t i o n  p o in t  tow ard  180®, w hereas th e  

red u ced  v a r i a b i l i t y  n e a r  0® i s  r e l a t e d  to  t h e  in c r e a s in g  n e a rn e ss  o f  

th e  o b je c ts  (w hich i s  tu r n  p ro v id e s  b o th  an anchor p o in t  and g r e a te r  

ease  i n  coBç>arlng th e  two c o n f ig u ra t io n  l e n g t h s ) .  F ig u re  6 a ls o  

shows f o u r  d i s t i n c t  cu rv es  w hich appeal' to  be  members o f  th e  same 

fa m ily  and vdiich w ere g e n e ra te d  from  th e  f o u r  d is ta n c e s  e x t r a p o la te d .  

The g r e a te r  v a r i a b i l i t y  was c o n s i s t e n t ly  a s s o c ia te d  w ith  th e  g r e a t e r  

d is ta n c e  e x t r a p o la te d .  I n  F ig ,  7 a  fa m ily  o f  cu rv es  i s  a g a in  ap p ar

e n t  f o r  th e  fo u r  sp e e d s , w ith  a  c ro s s o v e r  p o in t  a t  L 5°, I t  ap p ears  

t h a t  0*6 vroric-oethod may d i f f e r  a t  th e  s m a lle r  an g le s  o f  IcP  and 

20° w h ere , f o r  exam ple, th e  speed  5 p rob lem s (same speed ) m ere ly  r e 

q u ire  p la c in g  th e  two o b je c ts  e q u id i s t a n t  from  th e  i n t e r s e c t i o n  (o r  

f o r  t h a t  m a t te r ,  e q u id i s t a n t  from any p o in t  on th e  p e rp e n d ic u la r
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Constant Error 
Average Error 
Variable Error

o  6

LÜ .5

s .

O  0

Block (Each block contains four sessions)

. 5 .  Conî>t?mt e r r o r ,  avcrafin o r r o : , and vai'ialiLe 
e r r o r  as p. f u n c t io n  o f  b lock*
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Distance Extrapolated

10 20 45 90 139 160 170
Angle of Intersection In Degrees

/ i [ ; ,  6 ,  '/ . î r ia b le  e r r o r  f o r  fo u r u l r ta n c e s  eo ctrapo la ted  
ae a  fu n c tio n  o f  a n c le  o f  in te r c e c t io n *
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Speed

10 20 45 90 155 ISO 170
Angle of Intersection In Degrees

l-'ip:. 7* V a r ia b le  e r r o r  f o r  fo ’or speeds a s  n T im ction  
o f  a n r le  o f  in te r s e c t io n *
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b i s e c to r  o f  th e  a n g le ) .  O bservers commented to  th e  e f f e c t  t h a t  t h i s  

was t h e i r  appi*oach to  problem s in v o lv in g  th e  sm all an g le s  and equal 

o r  n e a r ly  eq u a l sp e e d s . The ju d g n en t o f  th e  i n t e r s e c t io n  may be con

s id e r a b ly  In  e r r o r  w ith o u t d i f f e r e n t i a l l y  a f f e c t in g  th e  judged  d i s 

ta n c e s  o f  th e  two o b je c ts  from t h a t  i n t e r s e c t i o n .  However, f o r  more 

d is c re p a n t  sp eed  com binations th e  u n c e r ta in ty  o f  i n t e r s e c t io n  would 

have a  d i f f e r e n t i a l  e f f e c t .  F or exam ple, th e  problem s in  w hich th e  

v a r i a b l e 's  speed  was 2 r e q u ire d  t h a t  th e  v a r ia b le  be p la c e d  2 /5  t h a t  

o f  th e  s ta n d a rd  frcm  th e  i n t e r s e c t i o n .  I n  such a  c a se  th e  judged  d i s 

ta n c e  betw een th e  s ta n d a rd  and p o in t  o f  i n t e r s e c t io n  n a t t e r s  c o n s i

d e ra b ly .  F o r a n g le s  g r e a te r  th a n  th e  g r e a te r  m agnitude o f  e r 

r o r  i s  a s s o c ia te d  w ith  th e  g r e a te r  sp e e d , ex cep t f o r  th e  in v e r s io n  o f  

th e  cu rv es fo r  speeds 1 and 2 .  T his nu^ sb n p ly  be r e l a t e d  to  th e  

f a c t  t h a t  o b je c ts  d is p la y in g  g r e a te r  speeds m ust be p la c e d  a t  g r e a te r  

d is ta n c e s  from th e  i n t e r s e c t i o n ,  and a t  g r e a te r  d is ta n c e s  th e  ju d g 

ment as  to  th e  lo c a t io n  o f  th e  in t e r s e c t io n  becomes in c r e a s in g ly  

d i f f i c u l t .  The p o s s ib le  s ig n i f ic a n c e  o f  th e  in v e r s io n  i s  d is c u s s e d  

in  S e c tio n  V.

F ig u re  8 shows t h a t  v a r ia b le  e r r o r  as  a fu n c tio n  o f  d is ta n c e  

e x tr a p o la te d  i s  e s s e n t i a l l y  a  s t r a i g h t - l i n e  r e l a t io n s h ip  o v er th e  

range  in v e s t ig a te d .  This f in d in g  may be in t e r p r e t e d  a s  say in g  t h a t  

th e  Weber r a t i o  gave n e a r ly  p e r f e c t  acco u n tin g  o f  th e  o b ta in e d  d a ta ,  

wtiere one d e f in e s  th e  Weber r a t i o  as  Si) o f  judgm ents d iv id e d  by ex

t r a p o la te d  d is ta n c e  o f  th e  s ta n d a rd .  No sy s te m a tic  e f f e c t  was ob

s e rv e d  when th e  SD -dista n c e  r e l a t io n s h ip  was an a ly zed  s e p a r a te ly  

by  sp ee d .
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U J .2

Distance Extrapolated in Inches

Fif. Ü* Variable error ac a i>mction oi' uiEt-mco extra.;olatoa.
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F ig tire  9 ,  v a r i a b l e  e r r o r  a s  a  f u n c t io n  o f  sp e e d  o f  v a r i a b l e  ob

j e c t  f o r  th e  f o u r  d i s t a n c e s  e x t r a p o l a t e d ,  shows t h a t  v i r t u a l l y  no in 

f lu e n c e  was e x e r te d  b y  speed  p e r  s e .  As n o te d  e a r l i e r ,  how ever, sp e e d  

and a n g le  a p p e a r  t o  i n t e r a c t .  F ig u re  9 a l s o  shows t h a t  th e  d i s t a n c e  

e x t r a p o la t e d  c u rv e s  m a in ta in  t h e i r  i d e n t i t y  and do n o t  i n t e r a c t  i? i th  

s p e e d .

F a c to r s  a f f e c t i n g  a v e ra g e  e r r o r  . — F ig u re  10 shows w hat a p p e a rs  

t o  b e  a U -sh ap ed  r e l a t i o n  f o r  a v e ra g e  e r r o r  a s  a  f u n c t io n  o f  a n g le ,  

w i th  minimum e r r o r  o b s e rv e d  a t  t h e  c a r d i n a l  a n g le  p o s i t i o n  o f  90®,

The o v e r - a l l  e f f e c t ,  how ever, was th e  r e s u l t  o f  th e  s e p a r a te  and d i f 

f e r e n t i a l  e f f e c t  o f  t h e  fo u r  sp e e d s  em p lo y ed . Ac shown i n  F ig .  1 1 , 

t h e r e  i s  a  te n d e n c y  f o r  th e  m ore d i s c r e p a n t  sp ee d s  t o  b e  a s s o c ia te d  

w i th  g r e a t e r  a v e ra g e  e r r o r  a t  s m a l le r  a n g le s ,  f i g u r e  1 2 ,  a v e ra g e  e r 

r o r  a s  a  f u n c t io n  o f  a n g le  f o r  f o u r  d i s t a n c e s  e x t r a p o l a t e d ,  a g a in  

shows a  d i f f e r e n t i a l  e f f e c t  due t o  d i s t a n c e  e x t r a p o l a t e d .  IVhereas 

e q u a l o r  n e a r ly - o q u a l  d i s t a n c e s  a p o e a r  t o  g iv e  a v e ra g e  e r r o r s  w hich  

in c r e a s e  e x p o n e n t ia l ly  a s  th e  a n g le  a p p ro a c h e s  180®, d i s c r e p a n t  sp e ed s  

g iv e  r i s e  t o  a  U -sh ap ed  f u n c t io n .  As shown i n  F i g .  1 3 , a v e ra g e  e r r o r  

i n c r e a s e s  w ith  d i s t a n c e  e x t r a p o l a t e d ,  i n  a  l i n e a r  f a s î i io n .  A verage 

e r r o r  a l s o  i n c r e a s e s  w i th  i n c r e a s i n g l y  d i s c r e p a n t  sTjeed r a t i o s  a s  

shown in  F ig .  i J j .  A p p a re n tly  a  d i s c r e p a n t  sp e e d  r a t i o  was h a n d le d  

r e a s o n a b ly  w e ll  i f  e x t r a p o l a t i o n  d i s t a n c e  was q u i t e  s m a ll  (n o te  cu rv e  

f o r  ,7 5  i n . ) ,  b u t  p o o r ly  h a n d le d  i n  p ro b lem s w i th  l a r g e  e x t r a p o l a t io n  

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

I t  ifl t h e  p u rp o se  o f  th e  p r e s e n t  s e c t i o n  t o  t r a c e  th e  d e v e lo p 

m en ts  l e a d in g  t o  a  p ro p o se d  m a th e m a tic a l  m o d e l, i . e . ,  a  s i n g l e  q u a n t i 

t a t i v e  e x p r e s s io n ,  t o  a c c o u n t f o r  th e  o b s e rv e d  d a ta  a s  r e g a r d s  v a r i 

a b le  e r r o r .  The r e q u ire m e n ts  made o f  s u c h  a  m odel a r e  t h a t  i t  sh o u ld  

b e  p a r f l ia o n io u s  an d  s h o u ld  a c c u r a t e ly  p r e d i c t  th e  e f f e c t s  a s s o c ia te d  

T flth  th e  t h r e e  v a r i a b l e s ,  i . e . ,  a n g le ,  s p e e d , and  d i s t a n c e .

I n  c o n s t r u c t in g  a  m odel t o  p r e d i c t  v a r i a b i l i t y ,  a  l o g i c a l  p o in t  

o f  d e p a r tu r e  a p p e a re d  to  b e  t h e  p o s i t i v e l y  a c c e l e r a t e d ,  in c r e a s in g  

m on o to n ie  cu rv e  o b ta in e d  a s  a  f u n c t io n  o f  a n g le  o f  i n t e r s e c t i o n  ( F ig .  

6 ) ,  and  th e  s t r a i g h t  l i n e  as  a  f u n c t io n  o f  d i s t a n c e  o x t r a p o la te d  o f  

th e  s ta n d a r d  ( F ig .  8 ) ,  A c c o rd in g ly , a v e ra g e  SDs T»ere d iv id e d  by  

d i s t a n c e  e x t r a p o la t e d  o f  th e  s ta n d a r d ,  and p l o t t e d  a s  a  f u n c t io n  o f  

th e  a n g le .  The r e s u l t i n g  f u n c t io n  i s  show n in  F ig ,  1 $ ,  I t  was ap

p a r e n t  t h a t  th e  t r a n s f o r m a t io n  d id  n o t  a d e q u a te ly  a c c o u n t f o r  d i f 

f e r e n c e s  i n  d i s t a n c e  e x t r a p o l a t e d .  I t  a p p e a re d  t h a t  some o th e r  

t r a n s f o r m a t io n  w ould  b e  r e q u i r e d  to  a c c o u n t f o r  d i s t a n c e ,  p r e f e r a b ly  

some m a n ip u la t io n  w h ich  w ould  in v o lv e  t h e  e x t r a p o l a t i o n  d i s t a n c e s  o f  

b o th  s ta n d a r d  and  v a r i a b l e .  M o reo v er, an a c c o u n tin g  f o r  sp e e d s  a l s o  

a p p e a re d  d e s i r a b l e .  An a t te m p t  a lo n g  th e s e  l i n e s  was t h e r e f o r e  

Tnade.

T h ere  w ere  f o u r  d i s t a n c e  m ag n itu d e s  w h ich  u m u st i n  some f a s h io n  

u t i l i z e . T hese m ag n itu d e s  a r e  t h e  tw o o b j e c t  l e n g th s  (v d ic h  r e p r e 

s e n t  s p e e d ) ,  and th e  two d l s t ^ c e s  e x t r a p o l a t e d ,  a s  shown i n  F ig .  1 6 .
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- » e
0, I

H  Tc m Uv‘

F i g .  1 6 .  ikn i l l u s t r a t i v e  p ro b lem  shoming; th e  f o u r  
e s s e n t i a l  m a g n itu d e s ,  m here

Oy ■ l e n g t h  o f  t h e  v a r i a b l e  o b j e c t .
Os “  l e n g th  o f  th e  s t a n d a r d  o b j e c t ,
Dy ® d i s t a n c e  e x t r a p o l a t e d  f o r  t h e  v a r i a b l e  o b j e c t ,  and  
üg "  d i s t a n c e  e x t r a p o l a t e d  f o r  t h e  s ta n d a r d  o b j e c t .

L e t u s  assum e t h a t  t h e r e  i s  v a r i a b i l i t y  a s s o c i a t e d  w i th  th e  p e r 

c e p t io n  o f  e a c h  o f  t h e  f o u r  m a g n itu d e s  (O y, Og, Dy, Dg) and  t h - t  e r 

r o r s  a r e  I n d e p e n d e n t ,  i . e . ,  t h e i r  v a r i a n c e s  a r e  a d d i t i v e .

^ t o t a l  “  Y- Og^ f  Y" . (1 )

Now th e  W eber r a t i o  may b e  w r i t t e n

( ^ d i s t a n c e  s  -  c o n s ta n t  = k  (2 )
d i s t a n c e  d

o r

<3Ts kd  (3 )

Assum ing t h e  same W eber r a t i o  t o  h o ld ,  one may th e n  u s e  fo rm u la  

(3 )  a s  a  p r e d i c t o r  o f  v a r i a b i l i t y  f o r  th e  f o u r  m a g n itu d e s*

*  Oy^ (ii)

<3E4
Og2 (5 )

e f i i . -  ^ (6 )

.  k2 (7 )



3i:

b u b s t i t n t i n p  (i ) th r o u g h  ( 7 )  i n  ( l )

I  r\ O '?  _ O 2
/ / k ^  C h /-^  Ug^ fk  by ^  kt o t a l (

V
o r

y- U s" Us* (*'•>

<J1t o t a l

*Jo^  ̂ •/• üg^ Uy^ */• il 2s
(10;

ITie cu n r .ta n t  k t h u s  d o r iv o u  i s  a k in a  o f  " a d a n tea  h e b e r  r a t io "  

anti i s  d e f i n e u  by fo r m u la  ( i r  ) .  I t  i s  o v i u e n t  from F i g . 17 t i i a t  the  

a d a p tc u  Vieber r a t i o  now ncc a n t s  more c o n r l e t r l y  f o r  t h e  e f f e c t s  e i  

t i i s t a n c e  e x t r a p o l a t e o  th a n  die; t h e  k in o  o f  :.eber  r a t i o  cJtovm i n  F i g .

I t .  The C o n s ta n t  k a s  a j u n c t i o n  >1' S’ -eec o f  t l i e  v a r i a b l e  o b j e c t  i s  

shown i n  F i g .  i d .  i  e a s  ir^ ŝ j f  goo o n e r s  o f  f i t  ana r > r e o ir t jo n  w ere c a l 

c u l a t e d  t o  p r o v id e  a r e c i r  c i n d e n t i o n  o f  t h e  t r a n s f o r r .a t i o n s  ' e f 

f e c t i v e n e s s .  The r e s u l t i n g  s t a n o a r a  e r r o r  o f  e s t i m a t e  ( tvas

.1 1 9  i n .  a n ti t h e  c o r r e c o o n u in g  c o e f f i c i e n t  oj.’ c o r r e l a t i o n  was . ^ l i ,  

b o th  b a s e d  on tn e  112 sei a r a t e  c n d t i o n s  r o o l e u  f o r  tii^ foiii- o r .  The 

moans f o r  th e  a a a o to a  h e b c r  r a t i o  a t  e a cn  o f  t l i e  s e v e n  v a l u e s  o f  a n g le  

v.ere t i ie n  com p u ted , ana t h e  r e s ' j l t  was a r a t i i e r  smouth p o s i t i v e l y  a c -  

c e le r a te u ^  m o n o t ic  i n c r e a s i n g  f u n c t i o n ,  A t r i g o n o m e t r i c  f u i i c t i o n  o f  t h e  

f .u ' .  s .lo .m  i n  l o m u l n  (1 1 )  was tnt;n f i t t c u  by x c a s t  r p u a r e s  t< t i .e  

r. rm s u: ta c  aua t e a  ./eb er  I’s t i o s .

k * a b t a n   ̂11 ,

v.nere k_ i s  t i a  a u a ; 'tea  . .eb er  r a t i o ,  a ,  b a r e  c o n s t a n t s ,  anu i s  t h e  

a n g le  o f  i n t e r s e c t i o n .

The r e r u a t  was a f  o z a d  a ( 1 2 )  givin>- a u i 'o o ic  tcu v a lu e  (k )  f o r  

tn e  a d a p t  eu v.'eber r a t i o .
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ïc = .031860 /  .009177 t a n , (12)

S u b c t i tu t in g  k (12 ) in to  fo rm ula ( 9 ) ,  one o b ta in s  form ula (13) 

w hich p ro v id e s  a p r e d ic te d  m easure o f  v a r ia b le  e r r o r  ( 3 )  a s  a func

t i o n  o f  a l l  th r e e  ex p e rim en ta l v a r i a b le s .

3  s  (.03186  f  .009177 ta n  - | -  ) (13)

Form ula (13) as th u s  p roposed  h an d le s  th e  e f f e c t s  o f  an g le  by th e  

e x p re ss io n  in  p a re n th e s e s , and th e  e f f e c t s  o f  d is ta n c e  and speed  by

a  k in d  o f  a  Weber r a t i o  in  th e  e x p re ss io n  u n d er th e  sq u a re  r o o t .

In  o rd e r  to  d e term in e  th e  goodness o f  f i t  o f  th e  model p roposed  

i n  fo rm ula  (13 ) ,  th e  s ta n d a rd  e r r o r  o f  e s t im a te  was c a lc u la te d

f o r  th e  112 s e p a ra te  c o n d itio n s  p o o led  f o r  th e  fo u r  O s. The r e s u l t 

in g  s ta n d a rd  e r r o r  o f  e s tim a te  was .098 i n .  and th e  co rresp o n d in g  

c o e f f i c i e n t  o f  c o r r e la t io n  (P earso n  p roduct-aom ent r )  was *87, ag a in  

b ased  on N * 112 . The a d d it io n  o f  the tangent function in o re aeed  the 

vmlme of r  from .52  to  *87 and the difference vaa s ig n ific an t ( p ^ .O l) .



DISCUSSION AND CONCLUSIONS

C o n s ta n t ,  a v e r a g e , and  v a r i a b l e  c ir ro r s  ire re  f i r s t  a n a ly z e d  f o r  

l e a r n i n g  e f f e c t s  th ro n g h o u t  th e  c o a r s e  o f  t h e  e x p e r im e n t i n  fo u r  

b lo c k s  o f  se v e n  a n g le s  e a ch  ( F ig ,  5 )*  No p a r t i c u l a r  l e a r n i n g  e f f e c t  

was e v id e n c e d  in  te rm s  o f  v a r i a b l e  e r r o r ,  a l th o u g h  t h e r e  was some 

l e a r n i n g  i n  te n u s  o f  a  r e d u c t io n  i n  c o n s ta n t  and  a v e ra g e  e r r o r s .  I t  

i s  b e l i e v e d  t h a t  su c h  l e a r n in g  a s  o c c u r re d  had  b u t  m in o r e f f e c t  on th e  

f u n c t io n s  o b ta in e d  f o r  t h e  t h r e e  m a jo r  v a r i a b l e s .  A ll sev en  a n g le s  

w ere  p r e s e n te d  i n  d i f f e r e n t  random o r d e r s  f o r  e a c h  s e s s io n ,  m d  su ch  

a  d e s ig n  w ou ld  th u s  h a n d le  an y  l e a r n i n g  e f f e c t s  f o r  a n g le .  I n  t h a t  

e ac h  b lo c k  r e p r e s e n te d  f o u r  p a i r i n g s  o f  th e  f o u r  d i s t a n c e s  and fo u r  

s p e e d s ,  t h e  e x p e r im e n ta l  d e s ig n  te n d e d  t o  s p re a d  o u t  l e a r n i n g  e f f e c t s  

e v e n ly ,  A d e s ig n  w h ich  p ro v id e d  s u f f i c i e n t  Or t o  p r e s e n t  t h e  l 6  d i s — 

ta n c e - s p e e d  c o m b in a tio n s  i n  a l l  p o s s ib l e  o r d e r s  w ould o f  c o u r s e  have 

a c h ie v e d  a  c a m i l e t e ly  ev en  d i s t r i b u t i o n  o f  l e a r n in g  e f f e c t s ,  a lth o u g h  

a t  v i r t u a l l y  p r o h i b i t i v e  axf>enso. H ow ever, th e  r e g u l a r i t y  o f  th e  

f u n c t io n s  o b ta in e d  a p p e a r s  to  b e  j u s t i f i c a t i o n  f o r  th e  e x p e r im e n ta l  

d e s ig n  em ployed .

As n o te d  e a r l i e r  i n  F i g ,  6 ,  v a r i a b l e  e r r o r  a p p e a rs  to  be  a  p o s i 

t i v e l y  a c c e l e r a t e d ,  in c r e a s in g  m o n o to n ie  f u n c t io n  o f  a n g le  from  lOP to  

170®, th e  ra n g e  s t u d i e d .  The e f f e c t  o f  in c r e a s e d  v a r i a b i l i t y  as  th e  

a n g le  o f  i n t e r s e c t i o n  a p p ro a c h e s  l8 0 °  i s  b e l i e v e d  due p r im a r i l y  t o  

t h e  d i f f i c u l t y  in v o lv e d  i n  ju d g in g  th e  p o s i t i o n  o f  th e  i n t e r s e c t i o n ,  

G eo m etric  a n a lo g ie s  may b e  o f f e r e d  f o r  t h i s  phernoaenon, e . g . ,  ta k e

38
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aoay p a i r  o f  c o n v e r g in g  l i n e s  w h ic h  w hen e x t r a p o l a t e d  fo rm  a n  a n g le  B , 

a n d  l e t  o n e  o f  t h e  l i n e s  b e  s u b j e c t  t o  some g iv e n  a n g u l a r  e r r o r  o f  

e x t r a p o l a t i o n 9 t h e n  t h e  c h a n g e  I n  t h e  p o i n t  o f  i n t e r s e c t i o n  w i l l  ap 

p r o a c h  i n f i n i t y  a s  B a p p r o a c h e s  l8 0 ^  • The s t e e p n e s s  o f  t h e  r i s e  a p 

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

a n g l e s  a n d  l a r g e  d i s t a n c e s  t h e  v a r i a b l e  e r r o r  i e  co m p o u n d ed . H o w ev er, 

g e o m e t r i c a l l y  t h e  sam e u n c e r t a i n t y  a s  t o  i n t e r s e c t i o n  m ig h t  b e  t h o u g h t  

t o  a p p l y  f o r  a n g le s  a p p r o a c h in g  0 ^  • The a n s w e r  seem s t o  b e  t h a t  i t  

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

c u l a r  r a n g e s  o f  v a l u e s  f o r  s p e e d  an d  d i s t a n c e .  On t h e  o n e  h a n d ,  n e a r  

* e r o  v a r i a b i l i t y  m ay b e  e x p e c t e d  f o r  e i t h e r  i n f i n i t e l y  s m a l l  e x t r a p o 

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

a t  a n g l e s  a p p r o a c h in g  0 ° .  The l a t t e r  e f f e c t  seem s d u e  t o  i n c r e a s e d  

e a s e  i n  j u d g in g  t h e  s p e e d s  o f  t h e  o b j e c t s  a s  b e i n g  e q u a l ,  a n d  t o  t h e  

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

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

t h e  a n g l e ) .  A f i n a l  v a r i a b i l i t y - r e d u c i n g  e f f e c t  i s  p e r h a p s  r e l a t e d  

t o  t h e  p r o x im i t y  o f  t h e  tw o  o b j e c t s  s u c h  t h a t  t h e  s t a n d a r d  a c t s  a s  

a  f i x e d  r e f e r e n c e  p o i n t  a n a  t h u s  e x e r t s  a n  a n c h o r in g  e f f e c t  o n  s u c 

c e s s i v e  a d ju s tm e n t s  o f  t h e  v a r i a b l e .  The s u g g e s t i o n  o f  a n  a n c h o r in g  

e f f e c t  i s  n o t  o f f e r e d  i n  t h e  s e n s e  o f  sh o w in g  c a u s a t i o n ,  b u t  r a t h e r  

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

t h e  o b j e c t s  a r e  s e e n  t o  o c c u r  c l o s e  t o  o n e  a n o t h e r .

Now a s  t o  c i r c u m s ta n c e s  w h ic h  m ig h t  r e s u l t  i n  a n  i n c r e a s e  i n  

v a r i a b l e  e r r o r  f o r  a n g l e s  a p p r o a c h in g  0 ° ,  t h e r e  s e e n  t o  b e  s e v e r a l .
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Ajs s u g g e s te d  a l r e a d y ,  s u c h  a n  e f f e c t  s h o u ld  n o t  b e  s o u ^ t  f o r  c o n d i 

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

s p e e d s *  HoTO ver, g iv e n  g r e a t e r  e x t r a p o l a t i o n  d i s t a n c e s  co m b in ed  w i th  

i n c r e a s i n g l y  d i s c r e p a n t  s p e e d s ,  a n  i n c r e a s e  w as d e m o n s t r a te d  ( F i g ,  6 

ayifi 7 )*  D i s c r e p a n t  s p e e d s  m ig h t b e  e x p e c te d  t o  h a v e  s e v e r a l  e f f e c t s *  

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

l o c a t e d  i n c r e a s i n ^ y  d i s t a n t  f rc m  t h e  s lo w e r  i f  c o l l i s i o n  i s  t o  r e s u l t .  

As t h e y  c o n s e q u e n t ly  a r e  i n c r e a s i n g l y  s e p a r a t e d  one  frc m  t h e  o t h e r ,  

t h e y  becom e h a r d e r  t o  c o m p a re , a n d  a t  t h e  sam e t im e  a n c h o r in g  d e 

c r e a s e s .  F i n a l l y ,  i t  m ig h t  b e  p o s t u l a t e d  t h a t  t h e  human h a s  i n c r e a s 

i n g  d i f f i c u l t y  i n  q u a n t i t a t i v e  d e a l i n g s  w i th  i n c r e a s i n g l y  d i s c r e p a n t  

m a g n itu d e s *  The e v id e n c e  i n  s u p p o r t  o f  t h i s  l a s t  i n t e r p r e t a t i o n  comes 

fro m  P i g .  7 ,  i n  w h ic h  t h e r e  i s  c o n s i s t e n t l y  g r e a t e r  v a r i a b i l i t y  f o r  

s p e e d  1  ( a  r a t i o  o f  1 * 5 ) t h a n  f o r  s p e e d  2 ( 2 * 5 ) ,  a n d  fro m  F i g .  9 i n  

w h ic h  t h e  c u r v e s  f o r  d i s t a n c e s  3 i n .  a n d  6 i n .  show  a r i s e  a t  s p e e d  1 .  

I n d e e d ,  t h e  t r u e  e f f e c t  o f  t h e  d i s c r e p a n t  s p e e d s  w#s p r o b a b ly  r e d u c e d  

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

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

t a n c e  h a s  p o t e n t  e f f e c t s  a s  a l r e a d y  n o t e d .  T he e x p e r im e n ta l  d e s ig n  

th u s  p e r fo rm e d  a  s e v e r e  t e s t  o f  t h e  d i s c r e p a n t  m a g n i tu d e s  h y p o t h e s i s .

D ep en d in g  o n  w h ic h  s p e e d s  w e re  i n v o l v e d ,  e i t h e r  1 0 °  o r  90 ° w ere  

ju d g e d  b e s t  i n  te rm s  o f  b o th  v a r ia b l» ^  a n d  a v e r a g e  o r r o r .  P e rfo rm a n c e  

w as a c c u r a t e  >rhen t h e  a n g le  w as s m a l l  an d  s p e e d s  w e re  e q u a l .  I n  s u c h  

a  c a s e  t h e  t a s k  r e d u c e d  t o  s im p ly  p l a c i n g  o n e  o b j e c t  b e lo w  t h e  o t h e r ,  

an d  ju d g e d  i n t e r s e c t i o n  w as u n im p o r t a n t .  V/hen s p e e d s  w e re  u n e q u a l .
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h o irev er, th e  ju d g ed  i n t e r s e c t i o n  became im p o r ta n t .  The 90® a n g le  was 

a s s o c ia te d  w ith  th e  more a c c u ra te  perfo rm ance i n  t h i s  c a s e ,  presum ably  

b ecau se  l e s s  e r r o r  accom panied th e  judgm ent o f  i n t e r s e c t i o n ,

iVhen v a r ia b le  e r r o r  vraa pooled, o v e r  a l l  c o n d it io n s  f o r  th e  fo u r  

e x t r a p o la t io n  d is ta n c e s  o f  th e  s ta n d a rd ,  th e  r e s u l t  was a m arkedly  

l i n e a r  ty p e  fu n c t io n  a s  shown in  F ig ,  8 , T hus, th e  V/ober r a t i o ,  when 

d e f in e d  as  th e  SD d iv id e d  by  th e  corres% x)nding d is ta n c e  e x tr a p o la te d  

o f  th e  s ta n d a rd ,  showed v e ry  l i t t l e  v a r i a b i l i t y  abou t th e  v a lu e  o f  

.072  o v e r  th e  ran g e  s tu d ie d .  P erhaps th e  s ig n i f ic a n c e  o f  t h i s  f in d in g  

l i e s  i n  th e  f a c t  t h a t  a  m easu re  as t r a d i t i o n a l  a s  th e  Weber r a t i o  can 

be a p p lie d  t o  th e  c o n ^ lex  p e r c e n tu a l  s i t u a t i o n  such as  was r e p re s e n te d  

by th e  p re s e n t  s tu d y .

S in ce  c o n s ta n t  e r r o r s  te n d e d  to  be p o s i t i v e ,  th e  fu n c tio n s  f o r  

b o th  c o n s ta n t  e r r o r  (n o t shown) and av erag e  e r r o r  ( F ig ,  lO - lli)  te n d e d  

to  be th e  sam e. F o r t h i s  re a so n  i t  seemed more econom ical and l e s s  

red u n d an t i f  b u t  one s e t  o f  fu n c t io n s  w ere p r e s e n te d ,  and a v e r a ^  e r 

r o r  was s e le c t e d .  As was th e  ca se  TdLth v a r ia b le  e r r o r ,  an g le  o f  i n 

t e r s e c t i o n  had a  s tro n g  e f f e c t  on av erag e  e r r o r  ( F ig ,  1 0 -1 2 ) , In  

g e n e r a l ,  th e  c a r d in a l  an g le  p o s i t io n  o f  90® r e s u l t e d  i n  th e  s m a lle s t  

av erag e  e r r o r  ( F ig ,  1 0 ) ,  The g e n e ra l  r e l a t io n s h ip  te n d e d  to  be U- 

sh ap ed , w ith  g r e a te r  e r r o r  o c c u r r in g  tow ard  0® and I 80®, However, 

as so o f te n  i s  th e  c a s e ,  th e  a p p a re n tly  s im p le  r e l a t io n s h ip  a c tu a l ly  

r e p r e s e n ts  th e  r e s o lu t io n  o f  s e v e ra l  s e p a ra te  e f f e c t s .  The speed  

c u rv e s  v a ry  frcm  a  J -sh a p e d  f u n c t io n  f o r  e q u a l speeds ( i , e . ,  speed  5 , 

F ig ,  11) to  a  U -shaped fu n c t io n  f o r  in c r e a s in g ly  d is c r e p a n t  speeds
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( e « g , ,  sp eed  1 ,  same f i g u r e ) .  T hus, th e  r e s u l t s  o f  any s tu d y  l im i te d  

to  th e  d e m o n s tra tio n  o f  some o v e r f a l l  o r ro r -a n g le  r e l a t io n s h ip  ■nould 

be dependen t upon th e  p a r t i c u l a r  v a lu e ( s )  o f  speed  s e le c te d .  The 

same s i t u a t i o n  a ls o  a p p l ie s  to  th e  o b serv ed  e f f e c t s  o f  d is ta n c e  ex

t r a p o la te d  ( F ig ,  1 2 ) .  The d is ta n c e  s e le c te d  w ould de term ine  Tihether 

one o b ta in e d  a  fu n c tio n  w hich was b u t  v e ry  s l i g h t l y  bowed ( e . g . ,  ,7 ? -  

i n ,  c u rv e . F ig .  12) o r  one w hich  had a pronounced U -shape ( 6 - in .  

c u rv e , same f i g u r e ) .  As su g g e s te d  e a r l i e r ,  th e  o v e r - a l l  d i f f i c u l t y  

l e v e l  i s  low f o r  ta s k s  enqaloying s h o r t  e x t r a p o la t io n  d i s ta n c e s ,  and , 

m e th o d o lo g ic a lly , th e  s h o r te r  d is ta n c e s  p ro v id e  a  re g io n  b o th  in s e n 

s i t i v e  and uneconom ical f o r  th e  t e s t i n g  o f  a  number o f  v a r i a b le s ,  

v iie th e r  c o n f ig u r a t io n a l  ( i . e . ,  t r a f f i c  v a r ia b le s )  o r  d is p la y  v a r i a b le s .  

The f in d in g  t h a t  av e rag e  e r r o r  in c r e a s e s  w ith  d is ta n c e  e x t r a p o la te d  

c o r ro b o ra te s  th e  f in d in g  by Bowen and Woodhead (3 ) i n  a r e l a t e d  ex 

t r a p o la t i o n  ta s k  w hich u sed  one o b je c t  and a  l i n e ,  and w hich re q tii r e d  

an e s t im a t io n  o f  th e  m n b e r  o f  m iss in g  d o ts  betw een th e  l i n e  and 

c lo s e s t  d o t .

The m ath em atica l model a s  d eveloped  (fo rm u la  13 , S e c tio n  IV) 

was d e s ig n e d  to  p r e d ic t  v a r ia b le  e r r o r  on th e  b a s is  o f  a n g le ,  sp eed , 

and d i s ta n c e .  Human v a r i a b i l i t y  i s  o f  p a r t i c u l a r  i n t e r e s t  to  en g i

n e e r in g  p sy ch o lo g y , among o th e r  r e a s o n s ,  b ecau se  o f  i t s  e f f e c t  on 

nanH nachine sy s tem s. C o n s tan t e r r o r s  in tro d u c e d  by  th e  human can  

o f te n  be co rrec ted , th ro u g h  t r a in in g  o r  equipm ent d e s ig n . Hovfever, 

v a r ia b le  e r r o r s  w hich rem ain  i n  th e  t r a in e d  o p e ra to r  o r  o b s e rv e r  a re  

p a r t i c u l a r l y  d i f f i c u l t  t o  cope w i th .  Such e r r o r s  a re  th u s  o f  con

c e rn  to  e n g in e e r in g  psych o lo g y  i n  a d d i t io n  t o  t h e i r  o v e r a l l  t h e o r e t i c a l
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i n t e r e s t *  The m odel d e v e lo p e d  d o es  n o t  g iv e  p e r f e c t  } i r e d lc t io n  to  th e  

e a iq jir ic a l  d a t a ;  no m odel e v e r  d o e s .  W ith a  P e a rso n  p ro d u c t-iao m en t 

r  s  ,3 7  b e tw een  o b s e rv e d  and p r e d i c t e d  v a lu e s ,  a p p ro x im a te ly  th r e e »  

f o u r t h s  o f  th e  v a r ia n c e  was th u s  a c c o u n te d  f o r .  A lth o u g h  th e  m odel 

show ed a  r e a s o n a b ly  good f i t  w i th  t h e  em g )ir ic a l d a t a ,  t h e r e  i s  no way 

o f  know ing w h e th e r  some o th e r  f u n c t io n  s h o u ld  h ave  b e e n  s e l e c t e d ,  

s in c e  conçxromise m u st a lw ay s b e  made b e tw een  s in ç ^ l i c i ty  and  a c c u ra c y  

o f  p r e d i c t i o n .  P e r f e c t  p r e d i c t i o n  c o u ld  have b een  o b ta in e d  a t  t h e  

p r i c e  o f  c o n s id e r a b le  m a th e m a tic a l  c o m p le x i ty .  H ow ever, th e  fo rm u la  

th u s  o b ta in e d  w ould  h ave  f i t t e d  b o th  e x p e r im e n ta l  e r r o r  and m ain  e f 

f e c t s ,  and  c o n s e q u e n t ly  w ould h av e  b e e n  g r o s s ly  l a c k in g  i n  g e n e r a l 

i t y .  The s e l e c t e d  ta n g e n t  f u n c t io n  i s  b y  no means a  u n iq u e  c h o ic e  

among th e  m aiy  s im p le  p o s i t i v e l y  a c c e l e r a t e d ,  in c r e a s in g  m ono ton ie  

f u n c t io n s  ( e . g . ,  l o g a r i th m s ,  pow er f u n c t io n s ,  p a r a b o la s ,  s e c a n t s ,  

e t c * ) .  I n  v im . o f  th e  e a r l i e r  d i s c u s s io n  i n  r e g a rd  t o  in c r e a s e d  

v a r i a b i l i t y  i n  Judgm ents in v o lv in g  in c r e a s i n g l y  d i s c r e p a n t  sp e e d  r a 

t i o s  i t  w ou ld  b e  c o r r e c t  t o  c o n c lu d e  t h a t  t h e  p ro p o se d  m odel f a i l s  

t o  h a n d le  t h i s  phenom enon. O ver th e  r a n g e s  o f  sn e e d  s tu d i e d  th e  e f 

f e c t  r e d u c e s  th e  g o o d n ess  o f  f i t ,  a l th o u g h  n o t  s e r i o u s l y .  G r e a te r  

sp e e d  r a t i o s  vrould h ave  an e f f e c t  p r o g r e s s iv e ly  more s e r i o u s .  I t  i s  

b e l i e v e d ,  how ever, t h a t  g iv e n  a d d i t i o n a l  d a t a  a s t i l l  m ore g e n e r a l  

m odel th a n  th e  one p ro p o se d  c o u ld  b e  d e v e lo j rd w ith o u t  much a d d i t io n  

i n  com l e x i t y .

S e v e r a l  p o s s i b l e  l i n e s  o f  a t t a c k  m ig h t be s u g g e s te d  f o r  f u tu r e  

im provem ent o f  th e  m o d e l. F o m u la  1 3 , t h e  m odel p ro p o s e d , does n o t
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c a r r y  a n y  c o r r e l a t i o n  t e r m s  ^12*  i * e # ,  in d e p e n d e n c e  i s

a s  s to n e d . I t  m ig h t  b e  I 'e a s o n a b le  t o  a s k  i t h e t h e r  t h e  e r r o r s  a r e  c o r r e 

l a t e d ,  I f  t h e y  a r e ,  p r e d i c t i o n  T /on ld  im p ro v e  v r i th  t h e  i n t r o d u c t i o n  o f  

a d d i t i o n a l  t e r r a s .  The s i m p l e s t  c a s e  w o tild  b e  o n e  i n  v d iic h  a l l  t h e  c o r 

r e l a t i o n s  T /ere  e q u a l .  S in c e  t h e r e  a r e  f o u r  v a r i a n c e s  i n v o l v e d  ( f ro m  

t h e  tw o  d i s t a n c e s  a n d  tw o  s p e e d s ) ,  u n e q u a l  c o r r e l a t i o n s  w o u ld  a d d  s i x  

c o e f f i c i e n t s  o f  c o r r e l a t i o n  ( r e s u l t i n g  fro m  t h e  f o u r  v a i 'i a n c e s  t a k e n  

tw o  a t  a  t i m e ) .  A n o th e r  p o s s i b l e  a p p r o a c h  w o u ld  b e  t o  s t a r t  w i t h  t h e  

r e l a t i o n  Og /  Dg ■ O y /ü y ,  T he o b j e c t s  w i l l  c o l l i d e  w hen  t h i s  e q u a 

t i o n  i s  t r u e ,  H o w ev er, s i n c e  t h e  m a g n i tu d e s  a r e  s u b j e c t  t o  p e r c e p 

t u a l  e r r o r s ,  o n e  m ig h t  w r i t e  ^ O g  / ^ b g  ~ T h is  a p p r o a c h

s u g g e s t s  t h e  h y p o t h e s i s  t h a t  t h e  hum an a c t s  a s  i f  h e  w e re  a  r a t i o  

a n d  p r o p o r t i o n  c o m p u te r  o p e r a t i n g  o n  i m p e r f e c t  i n p u t s .

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

t e r e s t  o n  s e v e r a l  g r o u n d s . As d e v e lo p e d ,  t h e  a d a p t e d  V /eber r a t i o  

( k )  w o u ld  p r e d i c t  a n  i n c r e a s e  i n  v a r i a b l e  e r r o r  i n  s i t u a t i o n s  w h e re  

t h e  e x t r a p o l a t i o n  d i s t a n c e  w as h e l d  c o n s t a n t  a n d  l e n g t h  o f  o b j e c t  

( o r  i n  r a d a r  t e r m i n o l o g y ,  t r a i l  l e n g t h )  w as i n c r e a s e d .  I n v e s t i g a 

t i o n s  b o t h  h e r e  ( 7 )  a t  t h e  L a b o r a t o r y  o f  A v i a t i o n  P s y c h o lo g y ,  I h c  

O h io  S t a t e  U n i v e r s i t y ,  a n d  t h e  A p p l i e d  P s y c h o lo g y  U n i t ,  C a m b rid g e  

U n i v e r s i t y ,  E n ^ a n d  ( 3 ) ,  h a v e  f a i l e d  t o  show  g a i n s  i n  T ie rfo m ia n c e  

w i t h  i n c r e a s e d  o b j e c t  l e n g t h .  I t  m ig h t  b e  n o t e d  t l i a t  t l i e  i n v e s t i 

g a t o r s  a t  b o t h  l a b o r a t o r i e s ,  p r i o r  t o  obtainA qg t h e i r  r e s u l t s ,  h a d  e x 

p e c t e d  a n  im p ro v e m e n t o f  p e r fo r m a n c e  w i t h  i n c r e a s e d  l e n g t h ,  ’.T h l le ,  

a c c o r d i n g  t o  t h e  m o d e l ,  v a r i a b i l i t y  s h o u ld  i n c r e a s e  w i t h  o b j e c t
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o f  r e l a t i v e l y  lo n g  e x t r a p o la t io n  d is ta n c e s  in  p ro p o r t io n  to  o b je c t  

l e n g th s .  C o n seq u en tly , th e  c o n t r ib u t io n  o f  o b je c t  le n g th  to  t o t a l  

v a r ia n c e  yras v e ry  s m a ll ,  and made a l l  th e  more so as a  r e s u l t  o f  th e  

sq u a r in g  o f  th e  m agnitudes u n d er th e  sq u are  r o o t  s ign*  I t  sh o u ld  be 

m en tioned  t h a t  th e  tiro  s tu d ie s  em ployed v a lu e s  o p e ra t in g  i n  u s u a l 

r a d a r  s i t u a t i o n s  an d , e i t h i n  th e  ra n g e s  s tu d ie d ,  th e  c o n c lu s io n  o f  no 

e f f e c t  due t o  o b je c t  ( t r a i l )  le n g th  was J u s t i f i e d  b o th  on th e  b a s is  

o f  th e  s tu d ie s  th em se lv es  as  w e ll  as th e  t h e o r e t i c a l  grounds j u s t  

p r e s e n te d .

Form ula 13 i s ,  e i t h e r  in  i t s  f i n a l  form  o r  th ro u g h  i t s  d e r iv a 

t i o n ,  r e l a t e d  to  s e v e r a l  o ld e r  m o d els . E q u a tio n s  If th ro u f^  7 w are 

u se d  as  s u b s t i t u t i o n  i d e n t i t i e s  and a re  Vfeber-type fu n c tio n s  T dth  

th e  s ta n d a rd  d e v ia t io n  u sed  in  th e  p la c e  o f  a j u s t  n o t ic e a b le  d i f f e r 

ence ( A I ) ,  One a s p e c t o f  fo rm ula 13 makes i t  d i f f e r e n t  from  th e  

P u l l  e rto n -C  a t  t e l l  sq u are  r o o t  law  ( h ) ,  from YVbodworth ' s  g e n e r a l is e d  

law  ( 5 ) ,  and from G u i l f o r d 's  power fu n c tio n  ( 5 ) .  T h is  d i f f e r e n c e  

a r i s e s  from  i t s  u se  o f  th e  s tim u lu s  d e s c r ip t io n  (k d , fo rm u la  3) 

r a t h e r  th a n  a re sp o n se  d e s c r ip t io n  ( A  I  o r  one o r  th e  o th e r  o f  

w hich i s  u sed  in  th e  o th e r  m o d e ls ) . Were th e  item s  siamned u n d er th e  

sq u a re  ro o t  s ig n  A  v a lu e s ,  th e  model co u ld  be s a id  to  in c o rp o r 

a te  b o th  th e  F u l l e r to n - C a t t e l l  sq u are  r o o t  law  and th e  s p e c ia l  case  

o f  th e  G u ilfo rd  law  v/here nm .$ . Were th e  item s v a lu e s ,  th e

model co u ld  be s a id  to  in c o rp o ra te  th e  'Woodworth law  f o r  th e  ca se  

w here r  ■ 0 .
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I f  t h e r e  wae j u s t i f i c a t i o n  i n  th e  e a r l i e r  s ta te m e n t  a s  t o  th e  

s ig n i f i c a n c e  o f  th e  a p p l i c a t i o n  o f  th e  Weber r a t i o  to  th e  d i s t a n c e -  

T a r i a b i l i t y  f u n c t io n  ( F ig ,  1 0 ) ,  th e n  th e  s ta te m e n t  sh o u ld  sç»ply even 

more t o  th e  developm ent o f  th e  m odel d e r iv e d  from  c l a s s i c a l  th e o ry  to  

f i t  a  com plex p e r c e p tu a l  s i t u a t i o n .  B a s ic a l ly  th e  s i t u a t i o n  in v o lv e d  

f i v e  q u a n t i t i e s  (a n g le  o f  i n t e r s e c t i o n ,  two d i s t a n c e s ,  and two ob

j e c t  l e n g th s )  each  o f  w hich was s u b je c t  t o  some amount o f  v a r i a b i l i t y  

o r  judgm en t e r r o r .  The p rob lem  was one o f  d e te rm in in g  th e  amount o f  

e r r o r  a s s o c ia te d  w ith  each  o f  th e  com ponents s e p a r a t e ly  and  th e n  

l e a r n in g  t h e i r  form  o f  co m b in in g . I t  was n e c e s s a ry  to  a c c o m rlish  

t h i s  by  w ork ing  i n  th e  t o t a l  s i t u a t i o n  w ith  one o u tp u t m easure  ( u ' s  

v a r i a b i l i t y  i n  a d ju s t i n g  th e  v a r i a b l e  o b j e c t ) .

I n  c o n c lu s io n ,  i t  i s  b e l ie v e d  t h a t  th e  fo rm u la t io n  d ev e lo p ed  

g iv e s  p r e d i c t io n  s u f f i c i e n t  t o  j u s t i f y  an a s s e r t i o n  t h a t  th e  m etho

d o lo g ie s  o f  e x p e r im e n ta l  p sy ch o lo g y  a r e  e q u a l t o  th e  t a s k  o f  th e  p r e 

c i s e  q u a n t i t a t i v e  h a n d lin g  o f  some o f  th e  more cccçDlex p e r c e p tu a l  

a c t i v i t i e s  i n  w hich  th e  human e n g a g e s .
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APPENDIX 

Smmar}' D ata

T ab le  h

C o n sta n t E r ro r  In  In ch es  T a b u la te d  by  D is tan ce  
E x tra p o la te d  and Speed P oo led  f o r  F our Os

D is ta n c e  E x p rap o la ted
Speed .75" 1 .5 " 3" 6 " Kean

1 .179 .313 . n h 1 .516 .696

2 .lo h •I496 1 .160 .511

.121 *296 .301 .910 .>iC7

5 *266 .277 .357 .670 .393

Mean .167 *3k6 Ji59 I . 06I

li8



k9

T ab le  5

C o n stan t E r ro r  i n  In ch es  T ab u la ted  by Speed, and 
Angle o f  I n te r s e c t io n  P oo led  f o r  Four üc

A ngle o f  
I n te r s e c t io n 1 2

Speed

h 5 Mean

10® .8ii3 .619 ♦301 ♦089 ♦563

20® .995 .918 ♦300 ♦088 ♦563

♦638 .51h ♦079 ♦126 ♦339

90® ♦k39 .377 .068 ♦122 ♦251

135® #61j8 .502 ♦509 ♦658 .577

160® .535 ♦607 .565 ♦685 .598

170° .771 .219 1 ,0 2 6 ♦991 .752

Mean ♦696 ♦511 .507 .393
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T a b le  6

C o n s ta n t E r r o r  I n  In c h e s  T a b u la te d  by D is ta n c e  E x t r a p o la te d  
and  A ngle o f  I n t e r s e c t i o n  P o o le d  f o r  F our

A ngle o f  
I n t e r s e c t i o n .7 5 "

D is ta n c e

1 .5 "

E x t r a p o la te d  

3 " 6" Mean

10® .129 .2 2 0 .L38 1 .0 6 6 .1x63

20® .093 .237 .707 1 .2 9 k .583

.0 9 2 . l i a 0 .7 1 . .9 5 0 .339

.085 JL82 .2 1 6 .523 .2 5 1

135® .152 .393 .600 1 .1 6 2 .577

160® .2 2 1 .7 1 2 .Jio 1 .0 ii9 .5 9 8

170® .hO l .5 3 6 .667 I.I105 .752

Mean .167 .3 1 6 .ii59 1.061i



T a b le  7

A v e rag e  E r r o r  i n  I n c h e s  T a b u la te d  b y  I d s ta z ic e  
E x t r a p o l a t e d  a n d  S p e e d  P o o le d  f o r  F o u r

D is ta n c e  E x t r a p o l a t e d

S p eed *75" 1 . 5 "  3" 6" M ean

1 .1 8 5 .3 2 6  .9 3 2 1.6oh .7 6 3

2 .H i3 .1-96 .711i 1 .2 6 2 .6 5 9

h ♦lilO .3 7 9  .3 6 2 .9 5 9 .ii6 0

.2 7 1 . l i l o  . h 60 1 .1 8 2 .5 6 1

Mean .1 8 6 Ja03  .6 1 7 1 .2 5 7
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T ab le  8

A verage E r r o r  I n  In c h e s  T a b u la te d  b y  D is ta n c e  E x tr a p o la te d  
and  A ngle o f  I n t e r s e c t i o n  P o o led  f o r  F our ^

A ngle o f  
I n t e r s e c t i o n .7 5 ”

D is ta n c e  E x tr a p o la te d

1 .5 ” 3” 6 " Mean

10° .130 .220 .5 0 1 1 .0 9 6 .169

20° a 0 3 .239 .707 1 .2 9 k .5 6 6

li5° .095 .203 .li?0 .97k .li36

90° . n i l .233 .329 .725 .350

135® .1 6 6 .395 .6 5 2 1 .1 6 6 .605

160° .2liO .7liO .563 1 .3 7 7 .7 3 0

170° .li25 .789 1 .0 9 6 2 .1kk 1 0 1 3

Mean .1 6 6 .J4O3 .617 1 .2 5 7
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T ab le  9

A verage E r r o r  i n  In c h e s  T a b u la te d  b y  tipeed  and 
A ngle o f  I n t e r s e c t i o n  P o o le d  f o r  F our Os

A ngle o f  
I n t e r s e c t i o n 1 2

S peed

k 5 Mean

10° .873 .590 .301 .091 .1:69

20° .9 9 5 .950 .303 . .OoG .5 6 6

li5° .8 8 9 .533 .1 9 2 .128 .1:36

90° .150 .377 .2U i .329 .3 5 0

135° .61:9 .555 .5 3 0 .6 0 5 .6 0 5

160° .5 5 5 .715 .592 1 .0 5 5 .730

1 70° .9 2 6 .782 1 .0 5 7 1 .6 6 6 1 0 1 3

Kean .7 6 3 .659 . 1;60 .5 8 1
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T a b le  10

V a r ia b le  E r r o r  (SD) i n  In c h e s  T a b u la te d  b y  D is ta n c e  
E x t r a p o l a t e d  a n d  S p eed  P o o le d  f o r  F o u r  Os

D is ta n c e  E x t r a p o l a t e d
S p eed .7 2 " 1 .2 " 3 " 6 " Mean

1 .0 2 7 .1 0 1 .21:7 JiO li .202

2 .0 2 2 .1 2 7 .2 0 2 .3 2 k .1 7 7

k .0 8 1 .1U3 a 8 3 *393 .2 0 1

5 O li6 .2 3 3 .k l 2 .2 3 6

Mean .0 8 6 *129 .2 1 6 . 38k
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T a b le  11

V a r ia b le  B r ro r  (SD) i n  In c h e s  T a b u la te d  By D is ta n c e  E x t r a p o la te d  
and A ngle o f  I n t e r s e c t i o n  P o o led  f o r  F o u r Os

A ngle o f  
I n t e r s e c t i o n .7 5 "

D is ta n c e  E x t r a p o la te d

1 .5 "  3 "  6 " Mean

10° .0 2 7 .017 .127 .1 7 5 .09b

20° .0 3 1 .Ob? .0 6 1 »15? .080

15° .oli9 .0 6 6 .1 1 2 .1.60 .097

90° .053 .0 8 0 a 3 3 .2 7 6 .136

135® .1 0 2 .-U 2 .2 9 6 .5 2 2 #266

160° JL36 .2 b 6 .3 5 3 .563 .325

170° .20b .2 7 5 J 4I I .8 3 0 J i3 0

Mean .0 8 6 a 2 9 .2 1 6 . 38b
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T a b le  12

V a r ia b le  E r r o r  (SD) i n  In c h e s  T a b u la te d  b y  S peed  and  
A ngle o f  I n t e r s e c t i o n  P o o le d  f o r  P o u r 0

A ngle  o f S peed
I n t e r s e c t i o n 1 2 h 5 Mean

1 0 ° •177 .121 .Oh 2 .0 3 6 .0 9 h

20® •108 •102 .062 . 0)47 .079

U5® •099 •099 .099 •091 .097

90° •121 U.09 0)47 a 6 5 .1 3 6

135° .2 3 2 .222 .2 8 0 .3 2 9 .2 6 6

160° •29h .2 6 0 .3 2 0 •h25 .3 2 5

170° .381 •32k •  *456 •558 •h30

Mean .202 .177 .201 .2 3 6
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Table 13

V a ria b le  i ï r r o r  (üD) in  In ch es  TabarLated by iâ s-tan ce  
Ebctrapolatedy S peed , and An^^le o f  I n te r s e c t io n

Angle of Speed Distance Extrapolated
Intersection .75" 1 .9 " 3" 6"

10° 1 .031 .071 .3 1 9 ,286
2 .Oli2 .072 .112 .299
h .017 .028 .037 .006
5 .017 .016 .Ob2 .060

20° I .Oit9 .099 .111 .193
2 .O la .ob5 .109 .813
u .020 .Ob6 .093 .130
5 ,01U .02b .090 .099

1 .069 .071 .107 .191
2 .031) .Cb5 .157 l6l
I .092 .293 0 1 6 1 9 0
5 ,0h$ .069 .069 1 8 0

90° 1 .028 . 06b .095 .296
2 .032 .067 .120 .217
I •061i .089 . lb 3 .298
5 .090 .103 OL73 .299

135° 1 .069 .081 .289 Ji9Q
2 .0 6 6 .133 .266 .322
It .1 1 0 .173 .331 .505
5 .167 0 .8 1 .303 . 66b

160® 1 .063 0 .61 .399 .993
2 .081 .222 .326 .b07
h .19b .291 .316 .916
5 .2bJ: .311 .b l 2 .739

170° 1 .093 .177 .b97 .609
2 .081 .3 0 7 .321 .907
u .17b .299 .287 1.063
5 .b70 .319 .981 .061
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