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Abstract

LATERALIZATION OF AUDITORY 

STIMULI IN MONKEYS 

by

D irk  Houben 

A d v ise r :  P r o f e s s o r  George G ourev itch

The a b i l i t y  o f  one sp e c ie s  o f  monkey, M. n e rn e s tr in a , 

to  d i s c r im in a te  sm all i n t e r a u r a l  time and i n t e n s i t y  d i f f ­

e ren ces  was i n v e s t i g a t e d  a t  v a r io u s  f r e q u e n c ie s .  In one o f  

th e  th r e e  experim en ts  an im als  were t r a in e d  to  r e p o r t  which 

e a r  r e c e iv e d  th e  more in te n s e  s t im u la t io n  from a d i c h o t i c  

tone p u ls e .  A d i o t i c  r e f e re n c e  p u ls e  and the  d ic h o t i c  

comparison p u ls e  were p re se n te d  v i a  earphones a t  60 dB 

SPL. V arious i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s  were p r e s e n t  

ed in  a fo rc e d -c h o ic e ,  c o n s ta n t  s t i m u l i  p ro c ed u re .  In a 

second experim en t the  same p ro cedu re  was u sed  to  t r a i n  

monkeys to  r e p o r t  which e a r  re c e iv e d  the  le a d in g  s ig n a l  in  

a  phase  s h i f t e d  comparison p u l s e .

In b o th  experim en ts  th e  m easured th re s h o ld s  v a r ie d



as a fu n c t io n  o f  f re q u e n c y . The monkeys were m axim ally 

s e n s i t i v e  to  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s  a t  250 Hz 

and. 500 Hz, and l e a s t  s e n s i t i v e  a t  8 ,000 Hz; th r e s h o ld s  

v a r ie d  from 3 .6  dB to  7 .2  dB o v er t h i s  ra n g e .  U nlike  man, 

th e  s e n s i t i v i t y  to  i n t e r a u r a l  time d i f f e r e n c e s  o f  a l l  t h r e e  

monkeys ex tended  up to  2 ,000 Hz. T h resh o ld s  were about 

50 jusec f o r  f r e q u e n c ie s  above 750 Hz, h ig h e r  a t  250 Hz 

and 500 Hz.

In a t h i r d  experim en t the  e f f e c t  o f  combining phase 

and i n t e n s i t y  in fo rm a tio n  was i n v e s t i g a t e d .  R e su l ts  from 

a l l  th r e e  experim en ts  i n d i c a t e  t h a t  th e  monkey i s  d i f f e r e n t  

from man in h i s  a b i l i t y  to  d i s c r im in a te  sm all i n t e r a u r a l  

d i s p a r i t i e s .  P r e d ic t io n s  about th e  m onkey's a b i l i t y  to  

l o c a l i z e  a c tu a l  sound so u rce s  were based on th e  tim e d i f f ­

e ren ce  th re s h o ld s  m easured in  t h i s  s tu d y . These p r e d ic t i o n s  

a r e  w e ll  su p p o rted  by p re v io u s ly  re p o r te d  m easures o f  

l o c a l i z a t i o n  a b i l i t y .

v
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Introduction

The a u d i to ry  system  o f  an an im al n o t  o n ly  can 

a l e r t  him to  an a c o u s t i c  e v e n t  o f  p o s s ib le  consequence, 

b u t can a l s o  l o c a t e  i t s  so u rc e .  This c h a r a c t e r i s t i c  o f  

h e a r in g  i s  l a r g e l y  b i n a u r a l ,  and depends on th e  occurence 

o f  n o n - id e n t i c a l  a c o u s t i c a l  s i g n a l s  a t  the  two e a r s ,  from 

which d i r e c t i o n  o f  th e  sound i s  e x t r a c t e d .  Much o f  th e  

r e s e a r c h  on a u d i to r y  l o c a l i z a t i o n  has a ttem p ted  to  i d e n t i f y  

th e  v a r i a b le s  u n d e r ly in g  t h i s  fu n c t io n  and to  s p e c ify  

t h e i r  r e l a t i v e  c o n t r ib u t io n  to  th e  accu racy  o f  l o c a l i z a t i o n .

S ince th e s e  v a r i a b l e s  u s u a l l y  o ccu r  to g e th e r ,  a n o th e r  

ex p e r im e n ta l  arrangem ent i s  n e c e s sa ry  to  i s o l a t e  t h e i r  

s e p a ra te  e f f e c t s  on l o c a l i z a t i o n .  This i s  ach ieved  in  

l a t e r a l i z a t i o n  ex p e rim en ts  in  which s e p a ra te  a c o u s t i c  s i g ­

n a l s  a re  d e l iv e r e d  th rough  earphones to  each  e a r ,  and 

c o n t r o l l e d  in d e p e n d e n tly .  In t h i s  way o n ly  one v a r i a b le  

a t  a time can be i n v e s t i g a t e d  w h ile  th e  o th e r s  a re  h e ld  

c o n s ta n t .

Almost a l l  o f  th e  r e s e a r c h  done in  t h i s  a r e a  has 

been conducted  on man. W ithout a d o u b t,  h i s  a b i l i t y  to  

l o c a l i z e  sound and h i s  s e n s i t i v i t y  to  i n t e r a u r a l  cues as 

examined i n d i v id u a l l y ,  a re  im p ress iv e  in d eed .



Since few s tu d ie s  have been conducted  on a n im a ls ,  th e  

p r e s e n t  r e s e a rc h  i s  d i r e c t e d  a t  m easuring  the  s e n s i t i v i t y  

o f  one s p e c ie s  o f  monkey (M. n em es tr in a )  to  i n t e r a u r a l  

phase and i n t e n s i t y  d i f f e r e n c e s  in  an a ttem p t to  examine 

w hether anim al l o c a l i z a t i o n  resem bles  human l o c a l i z a t i o n ,

" and w hether th e  l a t t e r  can se rv e  as a model f o r  th e  fo rm er.



B in au ra l  A co u stic  V a r iab le s

I f  we assume t h a t  th e  human o r  monkey head i s  

ro ugh ly  a  sp h ere  we can ana lyze  how t h i s  sp here  i n t e r a c t s  

w i th  a p lan e  wave f r o n t .  Woodworth (1938) p roposed  an 

a n a ly s i s  which i s  rep roduced  in  m od if ied  form in  F ig u re  1. 

For sound so u rce s  g r e a t e r  than 1 m ete r  from the  sphere  

th e  wave f r o n t  a t  th e  sphere  may be c o n s id e re d  a p lane  

s u r f a c e .  In F ig u re  1, th e  page r e p r e s e n t s  th e  h o r i z o n t a l  

p lan e  ex ten d in g  from th e  e a r s .  In  t h i s  p lan e  sounds 

o r i g i n a t i n g  a t  an g le s  o th e r  than 0° azim uth  ( d i r e c t l y  

ahead) and 180° azim uth  ( d i r e c t l y  b e h in d ) , w i l l  have to  

t r a v e l  a d i s t a n c e  d to  th e  n e a r e r  e a r  and a d i s ta n c e  

d + Ad to  th e  f a r t h e r  e a r .  The e x t r a  d i s t a n c e ,  A d , i s  

the  sum o f  the s t r a i g h t  l i n e  segm ent, r  s in  9 , and th e  

a r c ,  r  0 ; i t  can be ex p re ssed  as 

Ad = r  (0 + s in  0)

where r  i s  the  r a d iu s  o f  th e  sp h ere  in 
c e n t im e te r s , and 0 i s  the  ang le  o f th e  sound 
so u rce  in  r a d ia n s .

S ince sound speed i s  ap p ro x im ate ly  340 m /sec in  a i r ,

th e  e la p se d  tim e p e r  u n i t  le n g th  o f  t r a v e l  i s  29 jusec/cm

[  340 x 10^ cm /sec ]  The tem p o ra l d i f f e r e n c e  a t  th e

two e a r s  can be sim ply ex p ressed  as

A t  = 4 d  (29)

where t  i s  in  ^isec and d i s  in  cm.



F ig u re  1

The a d d i t i o n a l  p a th  to  th e  d i s t a l  e a r  t r a v e l l e d  by a 
sound o r i g i n a t i n g  to  one s id e  o f  th e  an im al.  The b i -  
a u r a l  d i s t a n c e  d i f f e r e n c e ,  A d ,  i s  th e  sum o f  th e  s t r a i g h t  
l i n e  segment l a b e l l e d  r  s in  0 , and th e  a rc  l a b e l l e d  r  9 . 
Adapted from Woodworth (1938).
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The p h y s ic a l  a rrangem en t shown in  F igu re  1 su g g es ts  

im m ediately  cues t h a t  can se rv e  th e  organism  in  l o c a l ­

i z a t i o n .  I t  i s  ap p a ren t t h a t  s in c e  sound o r i g i n a t i n g  to  

the s id e  o f  th e  monkey must t r a v e l  f u r t h e r  to  th e  d i s t a l  

e a r ,  a d i f f e r e n c e  in  time o f  a r r i v a l  o f  the  s i g n a l  wave 

f ro n t  a t  the two e a r s  r e s u l t s .  This t r a n s i e n t  tim e d i f ­

fe re n c e  i s  e s p e c i a l l y  w e ll  d e l i n i a t e d  w ith  im p u ls iv e  

sounds, and may se rv e  as a cue to  the  d i r e c t i o n  o f  th e  

so u rce .  For c o n t in u in g  sounds, such as m a in ta in ed  s in u ­

s o id s ,  an on-go ing  phase d i f f e r e n c e  between th e  e a r s  

e x i s t s ,  which can a l s o  se rv e  as a l o c a l i z i n g  cu e . F in a l ly ,  

an i n t e n s i t y  d i f f e r e n c e  a c ro s s  the  e a rs  may o c c u r ,  and 

serve as d i r e c t i o n a l  in fo rm a t io n .  This happens when the 

dim ensions o f  an o b je c t  in  a sound f i e l d  a re  l a r g e  com­

pared to  the  wave le n g th  o f  th e  to n e . The sound shadow 

i s  n e g l ig ib le  a t  low f re q u e n c ie s  s in c e  the  w avelengths 

o f  such tones a re  lo n g  r e l a t i v e  to  the  o b je c t  and r e f r a c t  

around i t .  In  p r a c t i c e ,  t h i s  sim ple r e l a t i o n s h i p  i s  com­

p l i c a t e d  by th e  azim uth o f  th e  sound so u rc e .  F eddersen , 

Sandel, Teas, & J e f f r e s s  (1957) measured d i r e c t l y  th e  i n ­

t e n s i t y  d i f f e r e n c e  a t  the  e a r s  o f  human s u b je c t s  a t  v a r io u s  

f re q u e n c ie s  and f o r  d i f f e r e n t  az im u th s . They found t h a t  

i n t e n s i t y  d i f f e r e n c e s  depended in  a complex way on f r e ­

quency and az im uth . For example, they  observed  ap p ro x i-



m ate ly  a  20 db i n t e n s i t y  d i f f e r e n c e  f o r  a 6 kHz tone  

o r i g i n a t i n g  a t  90° az im uth ; b u t  a s i m i l a r  d i f f e r e n c e  was 

a l s o  seen a t  60°, 100°, and 110° az im uth .

F or humans and many sm a l le r  an im als  the arrangem ent 

d e p ic te d  in  F ig u re  1 i s  the  same. However, because  the  

head s i z e  o f  th e  anim al may be a f r a c t i o n  o f  th e  human, 

th e  tim e d i f f e r e n c e  cues a re  much s m a l le r .  S im i la r ly ,  

f o r  a g iven  f req u en cy , the  sound shadow c a s t  by sm all 

an im als  w i l l  be sm a l le r  than  f o r  man. H arrison  and 

Downey (1970) measured i n t e n s i t y  d i f f e r e n c e s  a t  th e  e a r s  

o f  s q u i r r e l  monkeys, r a t s ,  b a t s ,  as w e ll  as humans. They 

found t h a t ,  in  g e n e ra l ,  the  d i f f e r e n c e  in  i n t e n s i t y  f o r  

a p a r t i c u l a r  f req u en cy  o r i g i n a t i n g  a t  a g iven azim uth  

d ec rea se d  w ith  head s i z e .  Again, as in  humans, th e  i n t e r ­

a u r a l  i n t e n s i t y  d i s p a r i t i e s  th ey  observed  in  an im als  

depended in  a complex fa sh io n  on f req u en cy  and az im uth .



Human S tud ies

W allach , Newman, & Rosenzweig (1940) perform ed a 

s e r i e s  o f  experim en ts  t h a t  showed t h a t  th e  d i f f e r e n c e  in 

time o f  a r r i v a l  a t  th e  two e a r s  o f  a human s u b je c t  was 

a pow erfu l d e te rm in a n t  o f  where a  sound was p e rc e iv e d  to 

o r i g i n a t e .  Two sp e a k e rs  were p laced  in  f r o n t  o f  the  

s u b je c t  such th a t  th e  angle  between th e  sp eak ers  and the 

s u b je c t  was 60°, and th e  sp ea k e rs  were e q u i - d i s t a n t  from 

th e  s u b je c t .  Under th e se  c o n d i t io n s ,  w ith  b o th  speakers  

e m i t t in g  equa l i n t e n s i t y  in -p h a s e  c l i c k s ,  the s u b je c t  

r e p o r te d  th e  sound to  be em anating  from a p o in t  ha lf-w ay  

between th e  sp e a k e rs .  When one o f  th e  speakers  was moved 

30 cm c l o s e r  to  th e  s u b je c t ,  he r e p o r te d  t h a t  a l l  the  

sound appeared  to  o r i g i n a t e  from the c l o s e r  sp ea k e r .

This amounted to  a 30° s h i f t  in  th e  p e rc e iv e d  lo c a t io n  o f 

th e  sound so u rce . S ince th e  speed o f  sound i s  340 m /sec, 

moving one sp eaker 30 cm c l o s e r  r e s u l t e d  in  a 1 msec d i f ­

fe re n c e  in  the  tim e o f  a r r i v a l  o f  th e  c l i c k s  a t  the  sub­

j e c t ' s  e a r s .  In  a d d i t i o n ,  s in c e  the  sp eak ers  were o r i g i n a l  

ly  lo c a te d  3 ra from th e  s u b j e c t ,  a  10% d ec re a se  in  d i s ­

ta n c e ,  acco rd ing  to  th e  in v e r s e  square  law, would r e s u l t  

in  a  1 dB in c re a s e  in  i n t e n s i t y  from th e  n e a re r  sp eak er .

To show t h a t  i t  was th e  d i f f e r e n c e  in  time o f  a r r i v a l ,  

and n o t  th e  d i f f e r e n c e  in  i n t e n s i t y ,  t h a t  was re s p o n s ib le



f o r  th e  p e rc e iv e d  s h i f t s ,  th e  a u th o rs  once ag a in  p la c e d  

the  sp eak ers  e q u i - d i ^ t a n t  from the  s u b je c t  and t h i s  time 

e l e c t r i c a l l y  in t ro d u c e d  a 1 msec d e la y  between th e  c l i c k  

o f  one speak er and the c l i c k  o f  th e  o th e r .  Both c l i c k s  

were now e q u a l ly  in te n s e  b u t  th e  sound was s t i l l  p e rc e iv e d  

to  be coming from the  sp ea k e r  t h a t  p re s e n te d  th e  le a d in g  

c l i c k .  Comparable r e s u l t s  were o b ta in e d  u s in g  c l i c k s  

p re se n te d  v ia  ea rp h o n es ,  a p rocedure  t h a t  was presumed to  

a l lo w  a more p r e c i s e  c o n t r o l  ov er  i n t e n s i t y  and i n t e r a u r a l  

d e la y .  The th r e s h o ld  f o r  judgm ents o f  " l e f t "  o r  " r i g h t "  

when th e  c l i c k  le d  o r  lagged  in  th e  l e f t  e a r  was found to  

be around 45 jusec. The a u th o rs  emphasized t h a t  f o r  c l i c k s  

th e  "p recedence  e f f e c t "  was the  m ajor d e te rm in a n t  o f  

l o c a l i z a t i o n .

A nother approach to  l o c a l i z a t i o n  was proposed  by 

J e f f r e s s  & T a y lo r  (1961). They p re se n te d  b in a u r a l l y  two 

second n o is e  b u r s t s  d e l iv e r e d  by earphones and asked  t h e i r  

s u b je c t s  to  tu r n  on one lamp in  a s p a t i a l l y  d i s t r i b u t e d  s e t  

o f  lamps, co rre sp o n d in g  to  th e  lo c a t io n  o f  th e  p e rc e iv e d  

d i r e c t i o n  o f  th e  a c o u s t i c  image. The lo c a t io n  o f  th e  

image was v a r ie d  by in t ro d u c in g  i n t e r a u r a l  d e la y s  ra n g in g  

from 0 to  657 / i s e c .  These tim e d i f f e r e n c e s  had p re v io u s ly  

been observed  f o r  sounds o r i g i n a t i n g  a t  az im uth  p o s i t i o n s  

between 0° and 90° (F ed d e rsen , S ande l, Teas, & J e f f r e s s ,



1957). The s u b je c t s  were ab le  to  a s s ig n  e x t e r n a l  a n g u la r  

lo c a t io n s  q u i t e  a c c u r a te ly  and th e  a u th o rs  sug g es ted  

t h a t  th e  d i s t i n c t i o n  between l o c a l i z a t i o n  and l a t e r a l ­

i z a t i o n  be based  on what th e  s u b je c t  i s  asked to  do, 

r a t h e r  than  how th e  sound i s  p r e s e n te d .  I t  was o n ly  in  

1968 t h a t  the  d i s t i n c t i o n  between l o c a l i z a t i o n  ( f r e e -  

f i e l d  sound p r e s e n ta t io n )  and l a t e r a l i z a t i o n  (b in a u r a l  

earphone sound p r e s e n ta t io n )  was su g g es ted  (Sone, E ba ta , 

and Nimura, 1968). This conven tion  has been fo llow ed  in  

th e  sub sequ en t l i t e r a t u r e ,  as  i t  i s  h e r e .

Time d i s p a r i t y  which may se rv e  as a cue in  l o c a l i z a ­

t io n  has o f te n  been c a l l e d  "phase  d i f f e r e n c e "  and " tim e  d i f ­

f e re n c e " ,  le a d in g  to  some co n fu sio n  as to  w hether th e  terms 

r e f e r  to  th e  t r a n s i e n t  a r r i v a l  tim e d i f f e r e n c e  o f  th e  

i n i t i a l  wave f r o n t ,  o r  to  th e  on-go ing  tim e d i f f e r e n c e  

t h a t  l a s t s  f o r  th e  d u ra t io n  o f  p e r io d ic  sounds. The con­

v e n t io n  t h a t  appears  to  have been adopted  in  th e  r e c e n t  

l i t e r a t u r e  a llow s tim e and phase to  be u sed  in te rc h a n g e a b ly  

when r e f e r r i n g  to  on -g o ing  d i f f e r e n c e s .  A r r iv a l  tim e d i f ­

f e re n c e s  a re  now u s u a l l y  r e f e r r e d  to  as o n s e t ,  o r  t r a n s i e n t  

d i s p a r i t i e s .

The c o n t r ib u t io n  o f  th e s e  t r a n s i e n t  d i s p a r i t i e s  to  

l a t e r a l i z a t i o n  was th e  s u b je c t  o f  a s tu d y  by P e r r o t t  &

Baars (197 4 ). B in a u ra l  n o is e  b u r s t s  o f  v a r io u s  d u ra t io n s



were p re se n te d  to  s u b je c ts  who were r e q u ir e d  to  d e t e c t  

e i t h e r  i n t e r a u r a l  o n se t  o r  o f f s e t  d i s p a r i t i e s .  T hresho lds  

f o r  i d e n t i f y i n g  th e  d i r e c t i o n  o f th e  o n se t  o r  o f f s e t  d i f -  

f e re n c e s  were in v e r s e ly  p ro p o r t io n a l  to  b u r s t  d u r a t io n .

For a l l  p u lse  d u ra t io n s  th e  d i r e c t i o n  o f  th e  o n se t  d i s ­

p a r i t i e s  was e a s i e r  to  d e t e c t  than  th e  d i r e c t i o n  o f th e  

o f f s e t  d i s p a r i t i e s .  T ra n s ie n t  th re s h o ld s  ranged  from 

180 jusec f o r  o n s e t  o f  1 msec n o ise  p u ls e s ,  to  3 .2  msec 

f o r  o f f s e t  o f  1 sec  n o is e  p u l s e s .  The r e s u l t s  in d i c a t e  

t h a t  t r a n s i e n t  image s h i f t s  a re  e f f e c t i v e  cues f o r  l a t e r ­

a l i z a t i o n  on ly  when the  s ig n a l  d u ra t io n  i s  b r i e f .  For 

lo n g e r  d u ra t io n  s ig n a l s  th e  ongoing s t im u la t io n  d e te rm in es  

th e  lo c a t io n  o f  the  image.

One o f  th e  most e x te n s iv e  experim en ts  on a u d i to r y  

l o c a l i z a t i o n  was perform ed by M il ls  (1953). He no ted  

t h a t  p r i o r  to  h i s  s tu d y ,  i n v e s t i g a t o r s  o f  l o c a l i z a t i o n  

measured th e  a b s o lu te  e r r o r  o f  l o c a l i z a t i o n  by a s k in g  a 

s u b je c t  to  p o in t  toward a h idden  sound source  and n o t in g  

th e  d i f f e r e n c e ,  in  d e g re e s ,  between th e  in d ic a te d  and the 

a c tu a l  l o c a t io n  cf th e  sp ea k e r .  M il ls  was i n t e r e s t e d  in 

th e  r e s o lv in g  power o f  a u d i to ry  l o c a l i z a t i o n  and , by 

ana logy  w i th  th e  concep t o f  minimum v i s u a l  a n g le ,  he 

d e f in e d  th e  minimum a u d ib le  an g le  as " . . .  th e  s m a l le s t  

d e t e c ta b le  d i f f e r e n c e  between th e  azim uths o f  two id e n t -



i c a l  so u rc e s  o f  sound" (M i l l s ,  1958, p . 237).

S u b je c ts  were s e a te d  in  an an ech o ic  chamber. A 

speaker suspended from th e  c e i l i n g  cou ld  be r o t a t e d  about 

th e  s u b j e c t ’s head w h ile  always m a in ta in in g  the  same d i s ­

tan ce  from th e  head . The s t im u l i  were 13 d i f f e r e n t  f r e ­

q u e n c ie s ,  ra n g in g  from 250 to  10,000 Hz, p re se n te d  a t  

50 dB SPL. The p sy ch o p h y s ica l method was a fo rc e d -c h o ic e  

v a r i a t i o n  o f th e  method o f  c o n s ta n t  s t i m u l i .  A t r i a l  

c o n s i s t e d  o f  a s ta n d a rd  1 sec  tone b u r s t  fo llow ed  1 sec  

l a t e r  by a 1 sec  tone b u r s t  from the  sp eak er  which had been 

d i s p la c e d  e i t h e r  to  th e  l e f t  o r  t o  th e  r i g h t  d u r in g  th e  

i n t e r p u l s e  i n t e r v a l .  L e f t  and r i g h t  d isp lacem en ts  were 

randomized a c ro s s  t r i a l s ,  and the  amount o f  d isp lacem en t 

was v a r ie d  acco rd in g  to  th e  method o f  c o n s ta n t  s t i m u l i  

to  y i e ld  a com plete p sy ch o p h y s ica l  f u n c t io n .  The s u b je c t s  

were asked to  in d i c a t e  w hether th e  second tone b u r s t  was 

to  the  l e f t  o r  to  th e  r i g h t  o f th e  re fe re n c e  b u r s t  and 

were t o l d  to  guess i f  th e y  were n o t s u re .  The minimum 

a u d ib le  ang le  was d e f in e d  as h a l f  th e  d is ta n c e  between 

th e  25% and 15% p o in t s  f o r  say ing  " r i g h t " .

M i l l s  found t h a t  th e  minimum a n g le  was s m a l le s t  when 

th e  azim uth  o f  th e  r e f e r e n c e  tone was s t r a i g h t  ahead ( 0 ° ) ,  

and g r e a t e s t  when th e  azim uth  o f  th e  re fe re n c e  tone  was to  

the  extrem e r i g h t  (9 0 ° ) .  R eg a rd le ss  o f  the azim uth of



th e  r e f e r e n c e ,  th e  minimum ang le  fu n c t io n  d ec rea se d  between 

250 Hz and 1 ,000  Hz, in c re a s e d  r a p id l y  n e a r  2 ,000 Hz, and 

then  d ec rea se d  ag a in , re a c h in g  a second minimum between

3,000 and 8 ,00 0  Hz. The s m a l le s t  observed  minimum a u d ib le  

an g le  was f o r  a  750 Hz tone  a t  0° az im uth , and was l e s s  

than  1° . For h ig h  f r e q u e n c ie s  o r i g i n a t i n g  from extrem e 

l a t e r a l  p o s i t i o n s ,  the  minimum a n g le s  were e s t im a te d  to  

be g r e a t e r  th an  th e  a v a i l a b l e  40° r o t a t i o n  o f  the  sp ea k e r .

To e s t a b l i s h  the  r e l a t i v e  c o n t r ib u t io n s  o f  i n t e r a u r a l  

phase and i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s ,  M i l ls  measured 

th e se  d i r e c t l y  by r e p la c in g  the  human s u b je c t  w i th  a dummy 

head t h a t  had a  conden ser  microphone f i t t e d  in  each  

a r t i f i c i a l  e a r  where norm ally  th e  tympanum would be .

Phase measurements were made as a fu n c t io n  of azim uth  and 

f req u en cy , o n ly  up to  1 ,500  Hz. In g e n e ra l ,  as  azim uth 

in c re a s e d ,  so d id  phase d i f f e r e n c e .  Above 750 Hz the  

phase d i f f e r e n c e  f o r  l a t e r a l  az im uths a c tu a l l y  exceeded 

180° t h a t  i s ,  thei phase a t  th e  p rox im al e a r  lag ged  th e  

phase a t  th e  d i s t a l  e a r .  When th e  phase d i f f e r e n c e s  were 

co n v e rted  to  tim e d i f f e r e n c e s ,  a p l o t  o f  minimum a u d ib le  

ang le  as a  fu n c t io n  o f  f req u en cy  showed t h a t  th e  time 

d i f f e r e n c e  r e q u i r e d  to  l o c a l i z e  a sound n e a r  th e  m id lin e  

reached  a minimum of 10 jusec a t  about 800 Hz, and ro se  

r a p id ly  a t  h ig h e r  f r e q u e n c ie s .  M i l ls  concluded t h a t  the



u p per freq u en cy  l i m i t  f o r  phase d i s c r im in a t io n  i s  about 

1 ,400 Hz and t h a t  a t  h ig h e r  f r e q u e n c ie s  i n t e n s i t y  d i f ­

f e re n c e s  become the  p rim ary  cue.

In  an experim ent in  which eq ua l i n t e n s i t y  tone  p u lse s  

were d e l iv e r e d  th rough  ea rp h o n es , Z w islock i & Feldman 

(1956) found t h a t  th e  j u s t  n o t i c e a b le  i n t e r a u r a l  phase 

d i f f e r e n c e  changed w ith  frequ ency  in  th e  same way as 

r e p o r te d  l a t e r  by M i l ls  (1958) f o r  f r e e  f i e l d  s t im u la t io n .  

The e x c e l l e n t  agreem ent between th e se  two fu n c t io n s  

-ex ten d ed  up to  1,250 Hz, which th ey  de term ined  as the  

freq uen cy  l i m i t  f o r  l a t e r a l i z a t i o n  o f pu re  tones  by humans. 

S im ila r  f in d in g s  were r e p o r te d  by Klumpp Sc Eady (1956).

A nother s i g n i f i c a n t  f i n d in g  in  th e  l a t e r a l i z a t i o n  

s tudy  by Klumpp Sc Eady (1956) was t h a t  t h e i r  s u b je c t s  

could  d e t e c t  i n t e r a u r a l  time d i f f e r e n c e s  in h ig h  f r e ­

quency b a n d - l im i te d  n o i s e .  R ece n tly ,  a  renewed i n t e r e s t  

has emerged in  t h i s  tim e cue p rov ided  by complex waveforms 

w ith  energy  on ly  a t  h ig h  f r e q u e n c ie s .  Henning (1974ia) 

and McFadden Sc Pasanen (1976) used  as s t im u l i  tw o-tone  

complexes composed o f . a  high freq u en cy  c a r r i e r  and a low 

frequency  m odu la to r. Both i n v e s t i g a t o r s  used an in te n s e  

low -pass n o is e  to  mask out any p o s s ib le  d i f f e r e n c e  to n e s .  

H enning 's  r e s u l t s  in d i c a t e  t h a t  th e  th r e s h o ld  f o r  i n t e r ­

a u ra l  time d i f f e r e n c e s  i s  th e  same w hether the  s t im u lu s



i s  a  300 Hz pu re  to n e ,  a 3 ,900  Hz c a r r i e r  m odulated  by a  

300 Hz s in e  wave, o r  a two tone complex in  which on ly  the  

m odula ting  frequency  i s  d e lay e d . The l a s t  c o n d i t io n  

p ro v id es  a s ig n a l  in  which on ly  th e  en v e lo p e , n o t  the  

an t i r e  waveform, i s  d e la y e d .  In t h e i r  ex p e rim en t,  McFadden 

& Pasanen "p resen ted  tw o-tone  complexes c e n te re d  around

4,000 Hz. The frequency  d i f f e r e n c e  between th e  tones  

o f  th e  complex ranged  from 25 to  550 Hz. T h resho ld  f o r  

i n t e r a u r a l  d e la y  u s in g  th e s e  complexes d ec rea se d  as th e  

freq u en cy  s e p a ra t io n  in c re a s e d ,  up to  abou t 250 Hz. For 

s e p a ra t io n  g r e a t e r  than  275 Hz th e  l a t e r a l i z a t i o n  t h r e s h ­

o ld  in c re a s e d .  Here, as in  Henning’ s s tu d y , th e  th r e s h ­

o ld  f o r  l a t e r a l i z a t i o n  of complex to n es  approached the  

th r e s h o ld s  r e p o r te d  in  th e  l i t e r a t u r e  f o r  low frequency  

pure  to n e s .

The same i n v e s t i g a t o r s  (Henning, 1974, b ;  McFadden & 

Pasanen , 1976) a ls o  m easured l a t e r a l i z a t i o n  th re s h o ld s  f o r  

n o is e  s t im u l i  w ith  i n t e r a u r a l  d e la y s .  Henning p re se n te d  

bands o f  n o is e  c e n te re d  a t  3 ,900  Hz; no sy s te m a tic  change 

in  th re s h o ld  was found as a fu n c t io n  o f  bandw idth . Both 

o b se rv e rs  in  t h i s  s tu d y  had th r e s h o ld s  o f  about 10 jus f o r  

th e  600 Hz band and g r e a t e r  th r e s h o ld s  f o r  bandw idths 

ran g in g  from 100 to  2 ,500 Hz. McFadden & Pasanen used  

two d i f f e r e n t  c e n te r  f r e q u e n c ie s  f o r  th e  b a n d - l im i te d



n o ise  b u r s t s  p re s e n te d  in  t h e i r  ex p e rim en t.  For th e  low 

freq u en cy  n o is e  (500 Hz c e n te r  freq u en cy )  no improvement 

in  l a t e r a l i z a t i o n  perform ance was found as th e  bandw idth 

was in c re a s e d  from 1 (p u re "to n e )  to  100 Hz. In  c o n t r a s t ,  

l a t e r a l i z a t i o n  o f  h ig h  freq u en cy  n o ise  c e n te re d  about

4 ,000 Hz improved w ith  in c r e a s e s  o f  n o is e  bandw idth  from 

50 Hz to  800 Hz.

These s tu d i e s  do n o t  c o n t r a d i c t  the  p re v io u s  f in d in g s  

t h a t  f o r  pu re  tones  above 1,500 Hz human s u b je c t s  canno t 

u t i l i z e  on -go ing  i n t e r a u r a l  tim e d i f f e r e n c e s  f o r  l a t e r a l ­

i z a t i o n  judgm ents . They do i n d i c a t e ,  however, as has 

been sug g es ted  by McFadden & P asanen , t h a t  th e  s o - c a l l e d  

d up lex  th e o ry  o f  sound l o c a l i z a t i o n ,  based  as i t  i s  on 

pure  tone  d a t a ,  i s  l im i t e d  to  a r a t h e r  sm all c l a s s  o f  

a c o u s t i c  s t i m u l i .  McFadden & Pasanen a l s o  su g g es ted  t h a t  

i t  m ight be u s e f u l  to  d i s t i n g u i s h  th re e  d i s t i n c t  time 

r e l a t e d  cu es :  o n s e t - t im e  d i f f e r e n c e ,  on -go ing  time d i f ­

f e r e n c e ,  and envelope tim e d i f f e r e n c e s  in  complex s t i m u l i .

M i l l s  (1960) u s in g  a p sy ch o p h y s ica l  te ch n iq u e  s i m i l a r  

to  the  one he a p p l ie d  in  an e a r l i e r  p a p e r  ( M i l l s ,  1958), 

measured i n t e r a u r a l  i n t e n s i t y  th r e s h o ld s  by r e q u i r in g  h i s  

s u b je c t s  to  r e p o r t  w hether a t e s t  tone appeared  to  th e  

r i g h t  o r  l e f t  o f  a f ix e d  tone  p u l s e .  He in v e s t i g a t e d  

f re q u e n c ie s  from 250 Hz to  10,000 Hz and found t h a t  the



th re s h o ld  ranged  from a low o f  0 .5  dB a t  f re q u e n c ie s  above

1,000 Hz, to  1 .0  dB a t  about 1,000 Hz. H i l l s  a l s o  p l o t t e d  

the  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s  produced by a c tu a l  

s o u rc e s .  Between 1,500 Hz and 5 ,000 Hz t h i s  fu n c t io n  

a lm ost o v e r la y s  th e  fu n c t io n  o b ta in e d  u s in g  d ic h o t i c  

s t i m u l i ,  le n d in g  sup p o rt  to  th e  h y p o th e s is  t h a t  f o r  human 

s u b je c t s  i n t e n s i t y  i s  th e  b a s i s  f o r  l o c a l i z a t i o n  o f  pure 

to n es  above 1 ,500  Hz.

A r e c e n t  s tu dy  has  a ttem p ted  to  v a l i d a t e  th e  e x p e r i ­

m en ta l approach  o f  u s in g  earphone s im u la t io n  to  i n v e s t i g a t e  

th e  p a ram ete rs  o f  f r e e - f i e l d  l o c a l i z a t i o n  (M olino, 1974). 

Molino c a l c u l a t e d ,  based  on speed o f  sound and d i s ta n c e  

t r a v e r s e d ,  th e  i n t e r a u r a l  tim e d i f f e r e n c e  t h a t  would be 

exp ec ted  a t  th e  e a rs  o f  a s u b je c t  i f  sp eak e rs  were p lace d  

a t  20 azim uths in  an open f i e l d .  For each  o f  th e s e  20 

azim uths in  th e  f i r s t  q u ad ran t  he a ls o  o b ta in e d  e m p ir ic a l  

e s t im a te s  o f  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s  from th e  

l i t e r a t u r e .  These i n t e n s i t y  d i f f e r e n c e s  and time d i f f e r e n ­

ces were p re se n te d  v i a  earphones u s in g  a p sy ch o p h y s ica l 

p rocedure  s i m i l a r  to  M i l l s '  (1958); th e  minimum a u d ib le  

a n g le s  were de te rm ined  fo r  each  o f  fo u r  r e f e r e n c e  azim uths 

a t  th r e e  f r e q u e n c ie s .  The fu n c t io n s  r e l a t i n g  freq uen cy  

and j u s t  n o t i c e a b le  d i f f e r e n c e s  in  azim uth c lo s e ly  fo llow ed  

th o se  o f  M i l l s ,  and su p p o rted  th e  assum ption t h a t  a t  l e a s t



some o f  th e  v a r i a b le s  u n d er  f r e e - f i e l d  c o n d i t io n s  

d u p l ic a te d  by p r e s e n t in g  s t im u l i  v i a  ea rph ones .



Animal S tu d ie s

Few o f  th e  s tu d i e s  on l o c a l i z a t i o n  and l a t e r a l i z a t i o n  

in  an im als  have a ttem p ted  to  e s t a b l i s h  the  p r e c i s io n  w ith  

which an im als  l o c a l i z e ;  nor have th ey  been concerned w ith  

s y s te m a tic  exam ination  o f  p e r t i n e n t  a c o u s t i c  cues such as 

i n t e r a u r a l  i n t e n s i t y  and tim e d i f f e r e n c e s .  Most i n v e s t i ­

g a t io n s  have been concerned  w ith  th e  anatomy o f  th e  b r a in  

u n d e r ly in g  l o c a l i z a t i o n  and l a t e r a l i z a t i o n ;  t h a t  i s ,  th ey  

a s c e r t a in e d  w hether removal o f  s p e c i f i c  c o r t i c a l  o r  su b -  

c o r t i c a l  a r e a s  produced d e f i c i t s  in  th e se  a u d i to ry  fu n c ­

t i o n s .  T y p ic a l ly ,  th e  p sy ch o p h y s ica l  and b e h a v io ra l  

methods used  were q u i t e  c ru d e . F o r example, N eff , F i s h e r ,  

Diamond, & Yela (1956) t r a in e d  c a t s  to  o b ta in  food by 

w alk ing  toward one o f  two g o a l  boxes beh ind  which a b u zze r  

had sounded. The g o a l  boxes were s e p a ra te d  by 25° o r  more; 

normal c a t s  co u ld  r e a d i l y  le a r n  t h i s  d i s c r im in a t io n .  Cats 

w ith  l a r g e  b i l a t e r a l  a u d i to ry  c o r te x  l e s i o n s  d id  n o t  r e ­

t a i n  th e  d i s c r im in a t io n ,  n o r co u ld  th ey  be r e t r a i n e d .  They 

c o u ld , how ever, perfo rm  th e  t a s k  when v i s u a l  cues were 

s u b s t i t u t e d ,  th u s  r u l i n g  o u t an o v e r a l l  perform ance d e f i c i t .

To avo id  th e  p o t e n t i a l l y  c o n tam in a tin g  e f f e c t s  o f  

b e h a v io r  d e f i c i t s  caused  by l a rg e  l e s i o n s ,  Thompson &

Welker (1963) used  th e  o r i e n t i n g  r e f l e x  (head tu rn in g  

toward th e  sound so u rce )  o f  a c a t  as th e  i n d i c a t o r  o f



l o c a l i z a t i o n .  A lthough c o r t i c a l  a b la t io n  m od ified  th e  

o r i e n t i n g  re s p o n s e s ,  no a c c u ra te  measure o f  a u d i to ry  

s p a t i a l  r e s o lv in g  a b i l i t y  was o b ta in e d .

In a d e r ie s  o f  l a t e r a l i z a t i o n  s tu d ie s  w ith  c a ts  

(M aste rton  & Diamond, 1964; M as te r to n , J a n e ,  & Diamond, 

1967, 1968) C lic k s  were d e l iv e r e d  th rou gh  earphones mounted 

on h e lm ets  worn by the  an im a ls .  They were t r a i n e d  in  a 

d o u b l e - g r i l l  s h u t t l e  box to  avoid  shock by moving to  th e  

a l t e r n a t e  compartment d u r in g  th e  "w arning s i g n a l " .  The 

" s a f e  s ig n a l "  c o n s i s te d  o f  a d i c h o t i c  c l i c k  t r a i n  in  

which th e  c l i c k  to  one e a r  l e d  th e  o th e r  by 0 .5  msec. The 

"w arn ing  s ig n a l "  was th e  r e v e r s e .  Again, in th e se  

experim en ts  l e s io n s  were made a t  v a r io u s  s i t e s  in  the  

a u d i to r y  pathway and th e  perform ance a s s e s s e d .  In o n ly  

one s tu d y  was an i n t e r a u r a l  tim e d i f f e r e n c e  th re s h o ld  

de te rm ined  and t h i s  was o n ly  done on one i n t a c t  c a t  

(M aste rton  e t  a l . ,  1967). The th r e s h o ld  was s t a t e d  to  

be between 50 and 100 jusec.

In t h e i r  s tu d y  R avizza & M asterton  (1972) r e p o r te d  

minimum a u d ib le  an g le s  in  the  norm al and a b la te d  opossum. 

They used  a c o n d i t io n e d  su p p re s s io n  te ch n iq u e  in  which 

th e  s a fe  s ig n a l  was a s e r i e s  o f  n o is e  b u r s t s  p re s e n te d  to  

th e  l e f t  o f  th e  m id l in e ,  and the  warning s ig n a l  was. a 

s e r i e s  o f  n o is e  b u r s t s  p re se n te d  to  th e  r i g h t  o f  th e  mid­



l i n e .  The a n g u la r  s e p a ra t io n  between the  s a fe  and warning 

s ig n a l s  was d im in ished  sy m m etr ica l ly  abou t th e  m id lin e  to  

de term ine  th e  th r e s h o ld .  U n fo r tu n a te ly ,  th e  o r d in a te  o f  

th e  d i s c r im in a t io n  fu n c t io n  was ex p re ssed  in  term s o f  a 

l i c k - s u p p r e s s io n  r a t i o  and no m ention was made o f  a c r i ­

t e r i o n  f o r  s u p p re s s io n .  For th e  purpose o f  comparing 

normal an im als  to  a b la te d  an im als  t h i s  r e p o r t in g  was a d e ­

qu a te  ; b u t  a l l  t h a t  cou ld  be seen in  th e  graphs was t h a t  

th e  r a t i o  was 0 (no su p p re s s io n )  when the  a n g u la r  s e p a ra ­

t io n  was 0 ° ,  and t h a t  by th e  tim e th e  a n g u la r  s e p a ra t io n  

was 30° th e  su p p re ss io n  r a t i o  had re ach ed  0 .8 0 .

F i n a l ly ,  two a d d i t i o n a l  s t u d i e s  dem onstra ted  t h a t  

monkeys and r a t s  w i l l  r e a d i l y  l e a r n  to  l o c a l i z e  a sound 

sou rce  when th ey  a re  p e rm it te d  to  move toward i t  (B eecher & 

H a r r iso n ,  1971; H a r r iso n ,  Downey, S eg a l ,  & Howe, 1971).

Only r e c e n t l y  have a few anim al s tu d ie s  appeared  

t h a t  have in v e s t i g a t e d  s y s t e m a t i c a l ly  some o f  th e  p a ram ete rs  

o f  l o c a l i z a t i o n  and l a t e r a l i z a t i o n .  Casseday & N eff (1973) 

r e p o r te d  th e  minimum a u d ib le  ang le  f o r  c a t s  in  a  f r e e  f i e l d  

u s in g  a method s i m i l a r  to  t h a t  o f  N eff e t  a l .  (1956). C ats 

were t r a in e d  to  leav e  a s t a r t i n g  box when a tone  sounded 

beh ind  one o f  two g oa l b o x es .  I f  th e  c a t  approached th e  

c o r r e c t  box i t  was rew arded w ith  th e  food t h a t  had been 

p laced  i n s id e .  I f  th e  c a t  made an i n c o r r e c t  re sp o n se ,



b o th  boxes were locked  and no re in fo rc e m e n t  was g iv e n .  The 

sp ea k e rs  were 3 f e e t  from the  s t a r t i n g  box. The s e p a ra t io n  

o f  th e  sp ea k e rs  was changed in  a  d e c re a s in g  method o f  l i m i t s .  

T hresho ld  f o r  i n t e r - s p e a k e r  azim uth  d i f f e r e n c e  was d e f in e d  

as  t h a t  a n g u la r  s e p a r a t io n  which r e s u l t e d  in  75% c o r r e c t  

re sp o n d in g . Tones o f  s i x  d i f f e r e n t  f r e q u e n c ie s ,  a t  o c tav e  

s te p s  from 250 Hz to  8 ,000 Hz, were p re se n te d  a t  about 

50 dB above th e  p u b l is h e d  th r e s h o ld  f o r  th e  c a t .  The 

s ig n a l  to  be l o c a l i z e d  had a r i s e - d e c a y  time o f  100 msec 

and was p re s e n te d  f i v e  tim es f o r  each t r i a l  w ith  d u ra t io n  

1 sec  on, 1 sec  o f f .

Curves o f  a n g u la r  s e p a ra t io n  th r e s h o ld s  as a f u n c ­

t i o n  o f freq u en cy  f o r  e i g h t  c a t s  a re  q u i te  s i m i l a r .  The 

average  th r e s h o ld  curve shows a s l i g h t  d e c re a se  from 11° 

m inim al ang le  a t  250 Hz to  8° minim al ang le  a t  2,000 Hz.

At 4 ,000  Hz th e  th r e s h o ld  i s  up to  25° and a t  8 ,000 Hz 

i t  i s  back  down to  abou t 18°. Human o b s e rv e rs  were a l s o  

t e s t e d  in  t h i s  s tu d y  to  p ro v id e  an ancho ring  p o in t  f o r  

th e  c a t  d a ta .  O bservers  p lace d  t h e i r  heads a t  th e  p o s i ­

t i o n  o f  the  s t a r t i n g  box and made a t  l e a s t  100 judgm ents 

p e r  f req uen cy  u s in g  th e  same d e c re a s in g  method o f  l i m i t s .

The average curve f o r  f i v e  human o b se rv e rs  shows a s te a d y  

r i s e  in  minimum a u d ib le  an g le  between 250 Hz and 2 ,000 Hz 

(from  abou t 5° to  1 8 ° ) .  At 4 ,000  Hz th e  th r e s h o ld  d rops



to  abou t 12° and rem ains ap p ro x im a te ly  th e  same a t  8 ,000  Hz. 

One d i f f e r e n c e  in  th e  c a t  and human d a ta  appears  a t  250 Hz, 

where the  human o b se rv e rs  appear to  be more s e n s i t i v e .

The o th e r  m ajor d i f f e r e n c e  i s  in  th e  p o in t  o f w o rs t  p e r ­

form ance. Human s u b je c t s  a re  l e a s t  s e n s i t i v e  a t  2 ,000 Hz, 

w h ile  in  th e  c a t  th e  l e a s t  s e n s i t i v e  freq uen cy  i s  4 ,000  Hz. 

The g e n e ra l  shape o f  th e  minimum a u d ib le  ang le  curve f o r  

human o b se rv e rs  ag ree s  w e l l  w i th  t h a t  p u b lish e d  by M il ls  

(1958), ex cep t t h a t  i t  seems to  be s h i f t e d  upward by a t  

l e a s t  6 ° .

Casseday & N eff (1973) made no a t te m p t  to  r e s t r a i n  

head movement so t h a t  th e  anim al could  presum bly maximize 

th e  cues by b o th  head and p inn a  o r i e n t a t i o n .  A l a t e r a l ­

i z a t i o n  s tu d y  by Wakeford & Robinson (1974) examined th e  

s e n s i t i v i t y  o f  th e  c a t  to  i n t e r a u r a l  phase  and i n t e n s i t y  

d i f f e r e n c e s .  In a s h u t t l e - b o x  avo idance s i t u a t i o n ,  c a ts  

were t r a i n e d  to  move to  a n o th e r  compartment whenever the 

on-go ing  i n t e r a u r a l  d i s p a r i t y  f a v o r in g  one e a r  was s h i f t e d  

to  th e  o th e r  e a r .  F or th e  i n t e r a u r a l  i n t e n s i t y  s tu d y  

500 msec tone  b u r s t s  a t  70 dB SPL were p re s e n te d .  The 

w arning s t im u lu s  c o n s i s t e d  o f  th r e e  p u ls e s  in  which the  

s ig n a l  i n t e n s i t i e s  a t  th e  two e a r s  were r e v e r s e d .  The 

i n t e r v a l  between p u ls e s  was 1 .17  s e c ,  r i s e - d e c a y  time was 

50 msec. T h re sh o ld s ,  d e f in e d  as P(C) = 0 .8 0 ,  were found



to  v a ry  as a fu n c t io n  o f th e  th r e e  f re q u e n c ie s  i n v e s t i g a t e d .  

For th r e e  c a t s  th e  i n t e n s i t y  d i f f e r e n c e  th re s h o ld  d ec rease d  

rao n o to n ica lly  from 500 Hz to  3 ,000  Hz. The h ig h e s t  t h r e s h ­

o ld  was about 2 dB a t  500 Hz and th e  lo w est was 0 .5  dB a t

3 .000  Hz. The c a t  i s  about 1 dB l e s s  s e n s i t i v e  a t  500 Hz 

than  a re  humans, b u t  a lm ost i d e n t i c a l  a t  1 ,000 Hz and

3.000 Hz, when compared to  the  d a ta  o f  M i l ls  (196 0 ). The 

i n t e r a u r a l  tim e d i f f e r e n c e  th re s h o ld  was o b ta in e d  a t  fo u r  

f r e q u e n c ie s ,  u s in g  the  same p ro c ed u re .  Average th re s h o ld s  

f o r  500 Hz and 1 ,000 Hz were about 25 jusec (P(C) = 0 .7 5 ) ,  

and in c re a s e d  to  about 90 / is e c  a t  2 ,000 Hz. None o f  th e  

th re e  c a t s  could  u t i l i z e  tem pora l cues a t  3 ,000 Hz.

Over th e  range o f  f r e q u e n c ie s  t e s t e d ,  th e s e  d a ta  

i n d i c a t e  t h a t  th e  c a t  i s  a lm ost as  s e n s i t i v e  to  i n t e r ­

a u r a l  i n t e n s i t y  d i f f e r e n c e s  as man. However, w ith  r e s p e c t  

to  th e  time d i f f e r e n c e  cue the c a t  appears  to  be q u i t e  

d i f f e r e n t .  Cats a re  ab le  to  u t i l i z e  time d i f f e r e n c e  cues 

to  l a t e r a l i z e  tones  up to  a t  l e a s t  2,000 Hz, whereas man 

i s  u n ab le  to  l a t e r a l i z e  beyond 1 ,500  Hz. A lso , the  tim e 

d i f f e r e n c e  th r e s h o ld s  f o r  th e  c a t  a t  500 Hz and 1,000 Hz 

a re  about tw ice  as l a r g e  as th o se  r e p o r te d  f o r  man 

(Z w is lo ck i  & Feldman, 1956 ). These l a r g e r  tim e d i f f e r e n c e  

th r e s h o ld s ,  coup led  w ith  th e  s m a l le r  i n t e r a u r a l  d i s t a n c e  

f o r  c a t s ,  le a d  to  th e  p r e d ic t i o n  t h a t  th e  c a t  cannot



l o c a l i z e  low freq u en cy  pure  tones  as a c c u r a te ly  as man.

When th e  l o c a l i z a t i o n  f u n c t io n  f o r  c a t s  (C asseday & N eff , 

1973) i s  compared to  th e  fu n c t io n  o b ta in e d  f o r  humans by 

M il ls  (1958), t h i s  p r e d ic t i o n  i s  v e r i f i e d .  However, i f  

we in s t e a d  compare th e  c a t  l o c a l i z a t i o n  fu n c t io n  to  the  

minimum a u d ib le  a n g le s  Casseday & N eff (1973) o b ta in e d  

f o r  t h e i r  human s u b j e c t s ,  th e  p r e d ic t io n  i s  n o t  v e r i f i e d .

At 1 ,000  Hz and 2 ,000 Hz th e  c a t s  u sed  in  t h a t  s tudy  had 

s m a l le r  minimum a u d ib le  a n g le s  than  the  human s u b je c t s  

t e s t e d  w ith  th e  same a p p a ra tu s .

K e lly  (1974) i n v e s t i g a t e d  th e  p recedence  e f f e c t  in  

r a t s  and h as  a ls o  o b ta in e d  e s t im a te s  o f  the  r a t ' s  se n ­

s i t i v i t y  to  i n t e r a u r a l  time d e la y s .  The an im als  were 

f i r s t  t r a i n e d  to  make a  s im ple  l e f t - r i g h t  d i s c r im in a t io n  

in  a c o n d i t io n e d  su p p re s s io n  paradigm  a c c o rd in g  to  which 

r a t s  d r in k in g  w a te r  from a spou t were g iven a t  tim es an 

a c o u s t i c  s ig n a l  which was always te rm in a te d  w i th  an e l e c t r i c  

shock . The s a fe  s ig n a l  c o n s i s te d  o f  l / s e c  c l i c k s  from a 

sp eak e r  lo c a te d  a t  270° az im u th ; f o r  th e  f i v e  second 

w arn ing  i n t e r v a l  th e  c l i c k s  were s h i f t e d  to  a speaker 

lo c a te d  a t  90° az im u th . Each sp e a k e r  was lo c a te d  18 

in ch es  from th e  w a te r  sp o u t .

A f te r  the  an im als  r e l i a b l y  su p p ressed  l i c k i n g  in  

th e  p re se n c e  o f  th e  w arn ing  s i g n a l ,  th e  m onaural c l i c k s



were re p la c e d  by d e layed  b in a u r a l  c l i c k  p a i r s .  For 

d e la y  between 0 .5  msec and 4 msec, perform ance was 

r e l a t i v e l y  u n a f f e c te d  by th e  change in  s t im u lu s  c o n d i t io n s .  

T his  in d ic a te d  t h a t  th e  l e f t - r i g h t  d i s c r im in a t io n  t a s k  

and th e  d e lay ed  b in a u r a l  c l i c k  t a s k  were s i m i l a r .  The 

an im als  responded  as though the sound were em anating from 

the  sp eak er  w ith  the  le a d in g  c l i c k ,  which i s  c o n s i s t e n t  

w i th  th e  b e l i e f  t h a t  th e  p recedence  e f f e c t  i s  a  d e te rm in an t 

in  sound l o c a l i z a t i o n  in  an im a ls .

K e l ly  a l s o  t r a i n e d  f i v e  of the r a t s  to  d i s c r im in a te  

s m a l le r  i n t e r a u r a l  time d e la y s .  T h resh o ld  f o r  d e t e c t in g  

the  r e v e r s a l  in  c l i c k  p a i r s  was between 31 jusec and 62 ;usec, 

depending on the  c r i t e r i o n  f o r  a  th re s h o ld  su p p re ss io n  

r a t i o .  A lthough th e  sp eak ers  were lo c a te d  18 in ch es  from 

the  a n im a ls 1 head , the  r e s u l t s  were s i m i l a r  to  c l i c k  

l a t e r a l i z a t i o n  th r e s h o ld s  f o r  the  c a t  (M aste rton  e t  a l . ,  

1976). As p o in te d  ou t by K e l ly ,  th e  s i z e  o f  th e  r a t ' s  

head l i m i t s  time d i f f e r e n c e  cues to  113 ;usec maximum.

I t  i s  t h e r e f o r e ,  u n l i k e l y  t h a t  phase in fo rm a tio n  a lone  

would a l lo w  th e  r a t  to  l o c a l i z e  sounds as a c c u r a te ly  as  

an im als  w i th  l a r g e r  h ead s .

L o c a l i z a t io n  in  monkeys has  been s tu d ie d  by Brown, 

B eecher, Moody, & S teb b in s  (1975, 1976), b o th  as a f u n c ­

t i o n  o f  f re q u en cy  and a s  a fu n c t io n  o f n o is e  bandw idth .



The monkeys (Macaca) were t r a in e d  to  r e l e a s e  a re sp o n se  

d i s k  when a s e r i e s  o f  a c o u s t ic  p u ls e s  was sw itched  from 

a  sp eak er  lo c a te d  a t  0° azim uth  to  one o f  fo u r  o t h e r  

lo c a t io n s  on th e  o b s e r v e r 's  r i g h t  . The minimum a u d ib le  

ang le  fu n c t io n  f o r  pure  to n e s ,  averaged  a c ro s s  th e  th r e e  

s u b je c t s ,  re ach es  a minimum o f  4° a t  1 ,000 Hz. At low er 

f re q u e n c ie s  l o c a l i z a t i o n  a b i l i t y  d e t e r i o r a t e s  r a p id ly ;  a t  

250 Hz th e  th r e s h o ld  i s  up to  21 ° .  Above 1,000 Hz t h r e s h ­

o ld  in c r e a s e s  g ra d u a l ly  up to  11,200 Hz, where i t  reach es  

18°; a t  16,0.00 Hz, th e  h ig h e s t  f req u en cy  t e s t e d ,  th e  

th re s h o ld  d e c l in e s  somewhat to  about 12°.

An i n t e r e s t i n g  f e a tu r e  o f th e  d a ta  p re se n te d  by Brown, 

e t  a l .  (1976) concerns th e  r o l e  o f  n o is e  bandw idth . In gen ­

e r a l ,  as th e  bandw idth  o f  a n o is e  c e n te re d  a t  v a r io u s  f r e ­

quenc ies  i n c r e a s e s ,  the  minimum a u d ib le  ang le  d e c re a s e s .  

This r e l a t i o n s h i p  h o ld s  f o r  s t i m u l i  c e n te re d  a t  250, 4 ,0 0 0 ,

8,000 and 11,200 Hz, and l e s s  c l e a r l y  a t  16,000 Hz. How- 
a

e v e r ,  in c re vs in g  bandwidth f o r  in te rm e d ia te  s t i m u l i  c e n te re d  

a t  500, 1 ,0 0 0 , and 2 ,000  Hz b r in g s  l i t t l e  o r  no improvement 

in  minimum a u d ib le  a n g le ,  in d eed , a t  1 ,000  Hz th e  b e s t  p e r ­

formance i s  o b ta in e d  f o r  a  pure to n e .  These r e s u l t s  su g g es t 

t h a t  a d i f f e r e n t  cue appears  a t  low f r e q u e n c ie s ,  which i s  

in  acco rd  w ith  th e  dup lex  th e o ry  o f  l o c a l i z a t i o n .

The f i r s t  l a t e r a l i z a t i o n  s tu d y  on monkeys was r e -



p o rted  by Don & S t a r r  (1972). C lic k  t r a i n s  were p r e ­

sen ted  to  s q u i r r e l  monkeys v i a  conden ser  microphones 

p o s i t io n e d  so t h a t  they  j u s t  touched th e  t ra g u s  o f  each 

e a r .  The monkey was r e q u i r e d  to  p re s s  th e  r i g h t  l e v e r  

when the  c l i c k  to  th e  r i g h t  e a r  was le a d in g  o r  more in te n s e  

and th e  l e f t  l e v e r  when th e  s ig n a l  to  th e  l e f t  e a r  was 

le a d in g  o r  more i n t e n s e .  The 250 ;usec d u ra t io n  c l i c k s  

were p re se n te d  a t  a  r e p e t i t i o n  r a t e  o f  3 2 /s e c .  The monkey1 

response  te rm in a te d  th e  c l i c k s  and th e  t r i a l ;  c o r r e c t  

re sp o n ses  were rew arded by food , i n c o r r e c t  re sp o n se s  were 

fo llow ed  by a  10 sec t im e -o u t .  The th r e e  i n t e n s i t y  l e v e l s  

used  were 40, 50, and 60 dB above the  e x p e r im e n te r 's  

t h r e s h o ld .  I n t e r a u r a l  d i s p a r i t y  was v a r ie d  u s in g  a b lo ck  

up-down method w i th  s te p  s i z e s  o f  20 jusec f o r  th e  time 

d i f f e r e n c e  and 2 dB f o r  th e  i n t e n s i t y  d i f f e r e n c e .

Using a th r e s h o ld  l e v e l  o f  85% c o r r e c t ,  ( a p p a re n t ly  

two o f  th e  fo u r  monkeys r e fu s e d  to  work a t  s t im u lu s  d i s ­

p a r i t i e s  t h a t  produced l e s s  th an  78% c o r r e c t )  y ie ld e d  

th re s h o ld  e s t im a te s  f o r  i n t e r a u r a l  time d i f f e r e n c e  ra n g in g  

from 60 to  180 jusec depending  on th e  monkey and th e  i n ­

t e n s i t y  l e v e l .  A lthough n o t  a l l  monkeys were t e s t e d  a t  

a l l  l e v e l s ,  tim e d i f f e r e n c e  th r e s h o ld s  ten d  to  be low er 

f o r  more in t e n s e  s t i m u l i .  The two monkeys t h a t  y ie ld e d  

no d a ta  p o in t s  below 78% gave v e ry  sha llow  psychom etric



fu n c t io n s  t h a t  b a r e ly  ro se  above 85% even a t  200 jasec.

The i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  fu n c t io n s  were 

more o r d e r ly  and com ple te , s u g g e s t in g  t h a t  t h i s  was an 

e a s i e r  t a s k  f o r  th e  monkeys, a p o in t  t h a t  was a ls o  r a i s e d  

by th e  a u th o r s .  T hresho ld s  f o r  the  fo u r  monkeys ranged 

from 6 to  10 dB, and th e r e  d id  n o t  seem to  be an o v e r a l l  

i n t e n s i t y  e f f e c t .  The c l i c k  tim e d i f f e r e n c e  th re s h o ld s  

were h ig h e r  than  th e  11 ;usec r e p o r te d  by Klumpp & Eady 

(1956) f o r  human s u b je c t s ,  b u t  compared fa v o ra b ly  w ith  

th e  50 to  100 jusec re p o r te d  f o r  c a ts  by M asterton  e t  a l .  

(1967).

As p a r t  o f  a whole s e r i e s  o f  ta sk s  to  a s s e s s  th e  

e f f e c t  o f  a b l a t i o n  on l o c a l i z i n g  a b i l i t y ,  H effner (1973) 

u sed  a tw o - le v e r  t a s k  v e ry  s im i l a r  to  the  one used in  th e  

s tu d y  by Don & S t a r r  (1972). He r e p o r te d  measurements 

on o n ly  one i n t a c t  monkey who was ab le  to  d i s c r im in a te  27 

jasec  time d i f f e r e n c e s  and 2 .25  dB i n t e n s i t y  d i f f e r e n c e s  in  

d i c h o t i c  3 / s e c  c l i c k  t r a i n s .  These th r e s h o ld s  were low er 

than  th o se  r e p o r te d  by Don & S t a r r  (1972), which may have 

been due to  H e f f n e r 's  ch o ice  o f  th e  75% c o r r e c t  r a t h e r  

than  85% c o r r e c t  l e v e l  to  d e f in e  th r e s h o ld .

I n t e r a u r a l  time and i n t e n s i t y  th r e s h o ld s  f o r  the  

same genus, Macaca, in v e s t ig a t e d  in  t h i s  s tu d y ,  have been 

p u b lish e d  by Wegener (1974). Only 1 ,000 Hz pure ton es



were p re se n te d  and th e  monkeys were t r a in e d  to  i n d ic a te  

on one o f  two l e v e r s  which e a r  had been s t im u la te d  by th e  

more in t e n s e ,  o r  le a d in g ,  to n e .  The mean th r e s h o ld  (n in e  

monkeys) f o r  i n t e n s i t y  d i f f e r e n c e s  was 2 .7  dB, and th e  

mean th r e s h o ld  f o r  time d i f f e r e n c e s  was 53 jusec.

Research O b je c t iv e s

A number o f  p h y s io lo g i s t s  and p s y c h o lo g is ts  p roceed  

u nder the  assum ption t h a t  an im als  t h a t  respond to  sound, 

can a l s o  l o c a l i z e  sound a c c u r a te ly  (E ru lk a r ,  1972). I f  

t h i s  assum ption i s  accep ted  and i f  a f u r t h e r  assum ption 

i s  made, i . e . ,  t h a t  i t  i s  im p o rtan t  f o r  a monkey to  l o c a l ­

iz e  as a c c u r a te ly  as a human, then  s e v e ra l  p r e d ic t io n s  

a re  p o s s ib le  about th e  r e s u l t s  o f  a l a t e r a l i z a t i o n  e x p e r ­

iment u s in g  monkeys as s u b je c t s .

The dup lex  th e o ry  o f  pure tone l o c a l i z a t i o n  s t a t e s  

t h a t  in  man, a t  f r e q u e n c ie s  below 1,500 Hz, i n t e r a u r a l  

time d i f f e r e n c e  i s  th e  cue f o r  p e rc e iv in g  the  d i r e c t i o n  

o f  a sound so u rce . As d e s c r ib e d  e a r l i e r ,  a g eom etric  

a n a ly s i s  o f  th e  p a th  covered by a wave f r o n t  from a d i s t a n t  

source  i n d i c a t e s  t h a t  the  e x t r a  d i s t a n c e  t r a v e r s e d  in  

re ac h in g  th e  d i s t a l  e a r  i s  a fu n c t io n  o f the  r a d iu s  o f  th e  

sp h e re . For any azim uth  p o s i t i o n ,  s m a l le r  r a d i i  produce 

sm a lle r  d i s ta n c e  d i f f e r e n c e  cu e s .  To be ab le  to  l o c a l i z e  

low freq u en cy  pure tones  as a c c u r a te ly  as humans, monkeys



would need to  have low er i n t e r a u r a l  tim e d i f f e r e n c e  t h r e s h ­

o ld s  than th ose  r e p o r te d  f o r  humans. I f ,  on the o t h e r  

hand , monkeys were n o t  more s e n s i t i v e  than  humans to  on­

going  time d i f f e r e n c e s ,  then  t h e i r  a b i l i t y  to  l o c a l i z e  

based  on tim e cues would have to  d im in ish  in  p ro p o r t io n  

to  th e  r a t i o  o f th e  r a d iu s  o f  th e  monkey head to  th e  r a d iu s  

o f  th e  human head.

The i n t e n s i t y  d i f f e r e n c e  m easured d i r e c t l y  a t  th e  e a r s  

o f  s q u i r r e l  monkeys i s  l e s s  than  0 .5  dB when f r e e - f i e l d  

t o n a l  s t im u l i  below 4 kHz o r i g i n a t e  w ith in  an a rc  o f  30° 

o f  th e  m id lin e  (H a rr iso n  & Downey, 1970). The m agnitude 

o f  t h i s  cue below 4 kHz i s  presumably i n s u f f i c i e n t  f o r  

a c c u ra te  l o c a l i z a t i o n .  A s i m i l a r  argument a p p l ie s  to  

M. n em es tr in a  w ith  th e  d i f f e r e n c e  t h a t  th e  somewhat l a r g e r  

head o f t h i s  monkey would b eg in  to  produce d e t e c ta b le  

i n t e n s i t y  d i f f e r e n c e s  a t  a low er f req u en cy , p ro bab ly  in  

th e  n e ig h b o rh o o d  o f  3 kHz. Below t h i s  f req u en cy  the  

monkey would have to  be ab le  to  u t i l i z e  time d i f f e r e n c e  

cu es .

At a l l  f r e q u e n c ie s  th e  monkey head w i l l  produce a 

s m a l le r  "sound shadow" th an  w i l l  a human head . Reasoning 

a lo n g  l i n e s  s i m i l a r  to  th e  above a n a ly s i s  o f  time d i f f e r e n c e  

cu e s ,  p r e d ic t i o n s  can be made t h a t  e i t h e r  th e  monkey w i l l  

be more s e n s i t i v e  than  man to  i n t e n s i t y  d i f f e r e n c e s  a t



co rre sp o n d in g  f r e q u e n c ie s ,  o r  t h a t  i t s  a b i l i t y  to  l o c a l i z e  

w i l l  be p o o re r  than  m a n 's .

S ince th e  phase and i n t e n s i t y  d i f f e r e n c e s  w i l l  be 

s m a l le r  f o r  organ ism s w ith  sm all  h e a d s ,  th e se  anim als 

might s t i l l  l o c a l i z e  s u c c e s s f u l ly  by r e ly in g  on th e  com­

b in ed  e f f e c t s  o f  time and i n t e n s i t y  d i s p a r i t i e s  which w ould 

always occu r  to g e th e r  in  f r e e - f i e l d  s t im u la t io n .

The purpose  o f  t h i s  s tu dy  was to  de te rm in e  f o r  monkeys 

th e  e f f e c t i v e n e s s  o f  two o f  th e  cues t h a t  a re  a v a i l a b l e  f o r  

l o c a l i z a t i o n .  Since th e  a c o u s t ic  v a r i a b le s  in v o lv ed  could  

be p r e c i s e l y  c o n t r o l l e d  u s in g  earphone s t im u la t io n ,  a l a t ­

e r a l i z a t i o n  t a s k  was u se d .  Two experim en ts  were conducted  

to  de term ine  th e  th r e s h o ld  f o r  i n t e r a u r a l  time and i n t e n s i t y  

d i f f e r e n c e s ,  b o th  as a fu n c t io n  o f  f re q u en cy . In a  t h i r d  

experim en t an a t te m p t was made to  i n v e s t i g a t e  th e  e f f e c t  

o f  s im u lta n e o u s ly  p r e s e n t in g  tim e and i n t e n s i t y  d i f f e r e n c e s ,  

a l s o  as a fu n c t io n  o f  f re q u en cy .



EXPERIMENT I

Discrimination of interaural intensity difference as a 

function of frequency
Method

S u b jec ts

Three fem ale p i g - t a i l e d  monkeys (Macaca n e m e s tr in a ) 

se rved  as s u b j e c t s .  A l l  s u b je c t s  were o b ta in e d  from an 

an im al im p o r te r  and had been a c c l im a te d  to  th e  anim al 

q u a r te r s  f o r  a t  l e a s t  one y ea r b e fo re  they  were i n t r o ­

duced to  th e  ex p e r im e n ta l  c o n d i t io n s .  Two o f  th e  sub­

j e c t s ,  B.F. and No Name, were a d u l t s .  They were main­

ta in e d  a t  w e ig h ts  o f  3 .0  and 3 .8  kg th ro ughou t th e  e x p e r ­

im ent. The o th e r  s u b j e c t ,  Mimi, was a ju v e n i le  w ith  a 

w eigh t range from 2 .7  to  3 .6  kg.

B.F. had p r e v io u s ly  se rved  as a s u b je c t  in  a s ig n a l  

d e te c t io n  ta s k  des igned  to  measure the monkeys' a b i l i t y  to  

d i s c r im in a te  i n t e r a u r a l  o n s e t  time d i f f e r e n c e s  (Houben & 

G o u rev itch , 1974). The o th e r  two s u b je c t s  were ex p e r im e n ta l  

ly  n a iv e  a t  th e  b eg in n in g  o f  t r a i n i n g .

The s u b je c t s  were housed in d iv id u a l ly  in  s t a i n l e s s  

s t e e l  p rim ate  cages in  a sm a ll ,  c l im a te - c o n t r o l l e d ,  co lony  

room. An au to m atic  w a te r  d e l iv e r y  system  p ro v id ed  f r e e  

access  to  w a te r  between 7 p.m. and 1 p.m. W ater was n o t  

a v a i l a b le  to  any colony member d u r in g  the  rem ain ing  s ix



hours  to  r e s t r i c t  t h e i r  in ta k e  a t  fe ed in g  time and p re v e n t  

g a s t r i c  d i s t e n s io n .  The th re e  s u b je c t s  were weighed d a i l y  

and re c e iv e d  enough P u r in a  monkey chow a f t e r  each  d a i l y  

ex p e r im e n ta l  s e s s io n  to  m a in ta in  a r e l a t i v e l y  c o n s ta n t  

w e ig h t .  The d i e t  was supplem ented w ith  250 mg v i ta m in  C 

p i l l s  g iven weekly and w i th  Beechnut J u n io r  ap p lesau ce  which 

was earned  in  th e  e x p e r im e n ta l  s e s s io n s .

Apparatus
The equipment used  f o r  g e n e ra t in g ,  c o n t r o l l i n g ,  and 

p re s e n t in g  s t im u l i  and re c o rd in g  re sp o n se s  i s  shown in  

F igure  2. Tones were g e n e ra te d  by a G eneral Radio model 

1309-A o s c i l l a t o r .  Low-pass ( c u t - o f f  a t  10 kHz) n o ise  

was g e n e ra te d  by a G eneral Radio model 1381 n o is e  g e n e ra to r  

and a Krohn-Hite model 2242 f i l t e r .  The o u tp u t  o f  the  

o s c i l l a t o r  o r  f i l t e r  was b u f fe re d  and s p l i t  i n t o  two id e n ­

t i c a l  s ig n a l s  by the  phase s h i f t e r  which i s  d e s c r ib e d  in  

Experim ent I I .  From t h i s  p o in t  to  th e  earphones th e re  

were two independen t c h a n n e ls ,  channel A and channel B.

Each channel could be independently attenuated and gated.
The programmable a t t e n u a to r s  were custom b u i l t  w i th  

minimum s te p  s iz e s  o f  0 .8  dB o v e r  the  range  0 to  100 dB 

and could  be computer c o n t r o l l e d .  The random c ro s s in g  

aud io  sw itch es  were a l s o  custom b u i l t ;  an im p o rtan t  f e a tu r e  

o f  th e s e  sw itch es  was th e  g r e a t e r  p r e c i s io n  o f  r i s e - d e c a y



Figure 2

Block d iagram  of th e  a p p a ra tu s  used  to  g e n e ra te  a c o u s t i c  
s t im u l i  and re c o rd  th e  monkey’s re sp o n s e s .  The components 
a r e  d e s c r ib e d  in  th e  t e x t .  For the  i n t e n s i t y  d i f f e r e n c e  
s tu d y  th e  phase s h i f t e r  was s e t  to  d e l i v e r  in -p h ase  s i g ­
n a l s  and th e  r e v e r s i n g  sw itch  was i n a c t iv e .  A n o ise  g e ­
n e r a t o r  and f i l t e r  re p la c e d  th e  o s c i l l a t o r  when n o is e  
s ig n a l s  were r e q u i r e d .
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time th e y  o f f e r e d  compared to  commercial u n i t s .  Thus th ey  

could be g a te d  s im u lta n e o u s ly  w ith o u t  in t ro d u c in g  i n t e r ­

channel d e la y s  a t  any p o in t  on th e  o n s e t  o r  o f f s e t  ramp.

The f i n a l  a t t e n u a t o r s  (H ew le tt-P ack ard  model 350D) were 

used to  change o v e r a l l  i n t e n s i t y  d u r in g  p re l im in a ry  t e s t i n g  

b u t rem ained f ix e d  d u r in g  f i n a l  t e s t i n g .

S t im u li  were p re se n te d  to  th e  s u b je c t s  v i a  F i s h e r  

HP-100 h ig h  f i d e l i t y  earphones w ith  foam c u sh io n s .  These 

earphones were chosen because th ey  d id  n o t  r e q u i r e  a good 

a c o u s t i c  s e a l ,  a d i f f i c u l t  t a s k  on sm all f u r r y  h ead s , to  

produce a r e l a t i v e l y  f l a t  re sp o n se  a c ro s s  the  f req u en cy  

range used  in  t h i s  ex p e rim en t.  The c a l i b r a t i o n  p ro ced u res  

and freq u en cy  re sp o n se  cu rves  a re  shown in  Appendix A.

T e s t in g  was conducted in  a d o u b le -w a lle d  i s o l a t i o n  

chamber, I n d u s t r i a l  A co u s t ic s  model 1200. The monkey was 

se a te d  in  a custom b u i l t  a c r y l i c  p rim ate  c h a i r ,  w i th  th e  

head r e s t r a i n e d  by a nose b a r  and a p l a t e  a g a in s t  th e  back 

of th e  head (F ig u re  3 ) .  The lamp s l i g h t l y  above th e  

monkey's l i n e  o f  s ig h t  se rv ed  as a s e s s io n  l i g h t  and a l s o  

as an i n d i c a t o r  o f  i n c o r r e c t  re sp o n d in g . A c e n te r  knob 

and th e  two s id e  le v e r s  were u sed  to  re c o rd  th e  m onkey's 

re sp o n se s .  R einforcem ent was d e l iv e r e d  d i r e c t l y  to  th e  

s u b j e c t ' s  mouth v ia  a fe e d in g  tube  clamped to  th e  c h a i r .  

During e a r l y  t r a i n i n g  w i th  two o f  th e  s u b j e c t s ,  B.F. and



Figure 3

One o f th e  s u b je c t s ,  B .F . ,  s e a te d  in  the  t e s t  c h a i r .  
Headphones and re in fo rc e m e n t  d e l i v e r y  tube are  in  p la c e .
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No Name, shock was used  b r i e f l y  to  p u n ish  i n c o r r e c t  

r e s p o n s e s .

A ll  s t i m u l i  and re sp o n ses  were c o n t r o l l e d  and reco rd ed  

by a PDP-12 l a b o r a to r y  com puter.

P rocedure

The cho ice  o f  p sy ch o p h y s ica l  p ro cedu re  f o r  an 

anim al d i s c r im in a t io n  s tudy  i s  a d i f f i c u l t  one. The 

i d e a l  p rocedure  would be one chosen from th e  l i t e r a t u r e  

on human p sy ch o p h y s ics ;  i t  would combine e f f i c i e n c y  w ith  

low, s t a b l e ,  b i a s - f r e e  th re s h o ld  e s t im a te s .  U n fo r tu n a te ­

l y ,  an im als  cannot respond  to  v e r b a l  i n s t r u c t i o n s ,  no r 

a re  they  capab le  o f  g iv in g  d i r e c t  i n t r o s p e c t i v e  r e p o r t s .

Our i n a b i l i t y  to  communicate d i r e c t l y  w ith  an im als  i s  

circum ven ted  by t r a i n i n g  them to  respond  d i f f e r e n t i a l l y  

to  two o r  more c l a s s e s  o f  ev e n ts  and in  t h i s  way inform  

th e  ex p e r im en te r  as to  what c a te g o r i e s  o f  s t im u l i  they  

can i d e n t i f y .  T his  i s  o f te n  ach ieved  by means o f  o p e ra n t  

c o n d i t io n in g  te c h n iq u e s  (S te b b in s ,  1970).

A g re a t  concern  in  s e l e c t i n g  th e  a p p r o p r ia te  t e s t i n g  

method i s  tim e e f f i c i e n c y ;  t h a t  i s ,  th e  r a p i d i t y  w ith  

which th e  method a llow s th re s h o ld  d e te r m in a t io n .  Quick 

e s t im a te s  o f  th re s h o ld  av o id  th e  e f f e c t s  o f  tim e dependent 

v a r i a b le s  such as f a t i g u e ,  s a t i a t i o n ,  e t c .  In man, h ig h ly  

e f f i c i e n t  p ro c ed u res  a r e  the  t r a c k in g  method and th e  b lo c k



up-down method. However, when th e s e  methods have been 

a p p l ie d  to  an im al d i s c r im in a t io n  s tu d ie s  th ey  have l o s t  

much o f  t h e i r  e f f i c i e n c y .  This comes about because  o f  

m o d if ic a t io n s  t h a t  must be made in  t h i s  p rocedure  to  

m a in ta in  th e  d i s c r im in a t io n  and to  g ive  s u f f i c i e n t  a c c e ss  

to  r e in fo rc e m e n t .  Dewson & Burlingame (1975), f o r  

exam ple, i n t e r s p e r s e d  t e s t i n g  w i th  s e s s io n s  o f  c l e a r l y  

d i s c r im in a b le , u n t i t r a t e d  s i g n a l s .  Moreover, they  o v e r ­

t r a i n e d  t h e i r  monkeys in  th e  b a s i c  d i s c r im in a t io n  t a s k .

Such m a n ip u la t io n s  d e c re a s e  s i z a b ly  th e  e f f i c i e n c y  o f  

th e  up-down method.

Another approach to  d i s c r im in a t io n  in  an im als 

d e f in e s  th e  t a s k  as one o f  d e t e c t io n ;  t h a t  i s ,  th e  anim al 

sim ply r e p o r t s  a change in  s t im u la t io n  r a t h e r  than  id e n ­

t i f y i n g  th e  d i r e c t i o n  o f  th e  s t im u lu s  change. Wakeford & 

Robinson (1974), f o r  example, r e q u i r e d  t h e i r  c a ts  to  s i g ­

n a l  when th e  d i s p a r i t y  in  a sequence o f  tone p u lse s  s h i f t e d  

from one e a r  to  th e  o t h e r .  There are  two problems w ith  

t h i s  approach . The f i r s t  concerns th e  f a l s e  a larm  r a t e  

which in  such a s i t u a t i o n  r e f l e c t s  th e  s u b j e c t ' s  c r i t e r i o n  

and re sp o n se  b ia s  and n o t  th e  c r i t e r i o n  a lo n e .  The second 

problem w ith  th e  d e te c t io n  method i s  t h a t  t y p i c a l l y  l a t e r ­

a l i z a t i o n  and l o c a l i z a t i o n  a r e  d e f in e d  as ta s k s  t h a t  r e q u i r e  

i d e n t i f y i n g  th e  lo c a t io n  o f  th e  sound, whereas t h i s  p rocedure



does n o t .

For th e  re a so n s  s t a t e d  above, a  s in g le  i n t e r v a l ,  fo rc e d -  

ch o ice  p rocedure  w ith  s t im u l i  p re s e n te d  acco rd in g  to  th e  

method o f  c o n s ta n t  s t i m u l i  was ad o p ted . The method o f  

c o n s ta n t  s t i m u l i  p ro v id es  f o r  th e  p r e s e n ta t io n  o f c l e a r l y  

s u p ra - th r e s h o ld  s t im u l i  t h a t  se rv e  to  m a in ta in  th e  a n im a l 's  

le a rn e d  re sp o n se s .  In a tw o - a l t e r n a t iv e  fo rc e d -c h o ic e  p r o ­

cedure  th e  e f f e c t  o f  re sp onse  b i a s ,  i f  any, can be e s t im a te d  

from the  p r o b a b i l i t y  c o r r e c t  f o r  each  o f  th e  two a l t e r ­

n a t iv e s  (Green & Swets, 1966). An added b e n e f i t  o f  th e  

u se  o f  t h i s  paradigm  i s  t h a t  i t  i s  v e ry  s i m i l a r  to  th e  

p rocedure  used  by M il ls  (1960) w ith  human s u b je c t s ,  and 

t h e r e f o r e  th e  r e s u l t s  o f  th e  two s tu d ie s  shou ld  be more 

d i r e c t l y  com parable than i f  a n o th e r  method had been 

u se d .

T ra in in g  p ro c e d u re . The t r a i n i n g  o f  th e  d e s i r e d  

d i s c r im in a t io n  proceeded  th rough  s ix  s e p a ra te  s t a g e s .

The monkeys were d e p r iv e d  to  80% o f t h e i r  f r e e - f e e d in g  

w eigh t and were p lace d  in  th e  p r im a te  c h a i r  to  a c c l im a te  

them to  p h y s ic a l  r e s t r a i n t .  During th e  one to  two weeks 

o f  d a i ly  c h a i r in g ,  fe e d in g  was l im i te d  to  p e l l e t s  p r e ­

sen ted  whenever the  monkey s a t  q u i e t l y  w ith o u t  s t r u g g l in g .

At t h i s  p o in t  a c tu a l  t r a i n i n g  was begun. The earphones 

were p lace d  on th e  monkey's head and a con tinuous  tone



was p re se n te d  to  th e  r i g h t  e a r .  The r i g h t  l e v e r  o n ly  

was mounted on th e  re sp o n se  p a n e l ,  and any p u l l  o f  s u f ­

f i c i e n t  fo rc e  to  a c t i v a t e  a m ic ro -s w itc h  r e s u l t e d  in  th e  

d e l iv e r y  o f  a - sm a ll  amount o f  ap p lesau ce  which could  be 

l i c k e d  o f f  th e  tube p la c e d  a t  th e  monkey's mouth. The 

re sp o n se  was shaped u s in g  t r a d i t i o n a l  o p e ra n t  c o n d i t io n in g  

te c h n iq u e s .  Once the  r i g h t  l e v e r  re sponse  was e s t a b l i s h e d  

th e  l e f t  l e v e r  was mounted i n s t e a d ,  and th e  tone  was 

now p re se n te d  to  th e  l e f t  e a r  o n ly .  The l e f t  l e v e r  r e s ­

ponse was shaped as d e s c r ib e d  above.

A f te r  re sp o n d in g  had been e s t a b l i s h e d  on b o th  l e v e r s  

th e  c e n te r  key was added to  th e  re sp o n se  pane l and b o th  

th e  l e f t  and r i g h t  l e v e r s  were i n s t a l l e d .  The monkeys 

now had to  p re ss  th e  c e n te r  key to  i n i t i a t e  a t r i a l .  A 

p re ss  on th e  c e n te r  key r e s u l t e d  in  a tone  to  e i t h e r  th e  

l e f t  o r  th e  r i g h t  e a r  and th e  tone was te rm in a te d  when 

th e  monkey p u l le d  e i t h e r  c h o ice  l e v e r .  P u l l i n g  th e  

l e v e r  on th e  same s id e  t h a t  had re c e iv e d  th e  ton e  r e ­

s u l t e d  in  th e  d e l i v e r y  o f  a p p le s a u c e ,  re sp o n se s  on th e  

o p p o s i te  s id e  r e s u l t e d  in  a s ix  second tim e o u t  (T .O .) 

which was s ig n a l l e d  by e x t in g u is h in g  th e  s e s s io n  l i g h t .  

Responses on any o f  the  t h r e e  m anipulanda d u r in g  th e  T.O. 

r e s e t  th e  d u ra t io n  to  s i x  seconds so t h a t  the s e s s io n  l i g h t  

would not go on u n t i l  s i x  r e s p o n s e - f r e e  seconds had e la p s e d .



Reaching t h i s  s ta g e  o f  t r a i n i n g  r e q u ir e d  from s i x  to  

twenty s e s s io n s  f o r  t r a i n i n g  th e  cho ice  l e v e r  re sp o n se s ,  

and a n o th e r  two to  tw elve  s e s s io n s  f o r  t r a i n i n g  th e  

c e n te r  key re sp o n se .  During t h i s  shap ing  phase s e s s io n s  . 

v a r ie d  in  le n g th  from one hour to  fo u r  h o u rs ,  depending 

on w hether th e  monkey was a c t i v e  o r  i n a c t i v e ,  and on how 

q u ic k ly  th e  monkey was s a t i a t e d .  The v a r i a b i l i t y  in  

t r a i n i n g  tim e was n o t  c o n s i s t e n t  f o r  th e  fo u r  monkeys 

shaped in  t h i s  way. Two monkeys, B.F. and Mimi, r e q u ir e d  

more than  15 s e s s io n s  to  le a r n  th e  l e f t  and. r i g h t  l e v e r  r e s  

ponses b u t q u ic k ly  le a rn e d  the  re sp o n se  cha in  o f  p r e s s in g  

th e  c e n te r  key fo llow ed  by a  cho ice  l e v e r .  No Name was 

j u s t  th e  o p p o s i te ,  she q u ic k ly  le a rn e d  to  p u l l  b o th  le v e r s  

b u t  r e q u i r e d  tw elve s e s s io n s  to  le a r n  th e  c e n te r  key r e s ­

ponse.

The monkeys were l e s s  v a r i a b l e  in  l e a r n in g  th e  l e f t -  

r i g h t  d i s c r im in a t io n .  A l l  fo u r  r e q u i r e d  f i f t y  o r  more 

s e s s io n s  to  beg in  to  respond  c o r r e c t l y  on b e t t e r  than  

50% o f  the  t r i a l s .  To speed up th e  t r a i n i n g  o f  the  d i s ­

c r im in a t io n  s e v e r a l  m o d i f ic a t io n s  were t r i e d .  The f r e ­

quency o f  th e  tone to  be l a t e r a l i z e d  was changed from 

s e s s io n  to  s e s s io n ,  as was the  i n t e n s i t y  o f  th e  to n e .

The l a s t  monkey to  be t r a i n e d ,  Mimi, was g iven  n o ise  

s t im u l i  d u r in g  t h i s  p a r t  o f  the  t r a i n i n g  and she le a rn e d



f a s t e s t .  To e l im in a te  p o s i t io n  b i a s  a  c o r r e c t io n  p r o ­

cedure  was added; th e  l e f t - r i g h t  sequence o f s t im u lu s  

p r e s e n ta t io n s  was v a r ie d  randomly u n le s s  an in c o r r e c t  

re sp o n se  was made. F o llow ing  an i n c o r r e c t  re spo nse  the  

same s t im u lu s  was r e p e a te d  on subseq uen t t r i a l s  u n t i l  i t  

was i d e n t i f i e d  c o r r e c t l y ,  then  th e  random procedure  was 

r e i n s t i t u t e d .  For two o f  th e  fo u r  monkeys t h i s  c o r r e c ­

t i o n  p rocedure  had to  be a l t e r n a t e d  w ith  co m ple te ly  

random s e s s io n s  s in c e  th e y  le a rn e d  to respond on one 

l e v e r  e x c lu s iv e ly  u n le s s  they  had re c e iv e d  a time o u t .  

A f te r  a time o u t th ey  sw itch ed  to  th e  o th e r  l e v e r  f o r  

one t r i a l  and, i f  the  c o r r e c t io n  p rocedure  was in  u s e ,  

th ey  would be 100%> c o r r e c t  on t r i a l s  fo l lo w in g  in c o r r e c t  

t r i a l s .  Compound s t im u l i  have sometimes been used  to  

t r a i n  anim als to  make d i f f i c u l t  d i s c r im in a t io n s  and t h i s  

approach  was a ls o  t r i e d .  In a d d i t io n  to  th e  l e f t  o r  

r i g h t  a u d i to ry  s t im u lu s ,  a l i g h t  was tu rn e d  on above 

th e  c o r r e c t  cho ice  l e v e r .  The hope was t h a t  th e  v i s u a l  

component could  be faded  o u t and th a t  th e  a u d i to ry  d i s ­

c r im in a t io n  would rem ain . The a t tem p t f a i l e d .  W ithin  

one s e s s io n  o f  add ing  th e  cue l i g h t s  th e  monkeys were 

re sp o n d in g  100% c o r r e c t l y .  A f te r  two 100 t r i a l  s e s s io n s  

o f  p e r f e c t  d i s c r im in a t io n  th e  l i g h t s  were faded  in  two 

ways; th e  i n t e n s i t y  was low ered , and th e  d u ra t io n  was



sh o r te n e d .  As the  v i s u a l  d i s c r im in a t io n  became more 

d i f f i c u l t ,  th e  monkeys, in s te a d  o f  r e ly in g  on the  a u d i to ry  

in fo rm a tio n  which was presum ably e a s i l y  d i s c r im in a b le , 

k e p t  lo o k in g  f o r  the  cue l i g h t .  E v e n tu a l ly ,  th ey  r e v e r ­

te d  to  a  p o s i t io n  p re f e r e n c e .

The fo u r  monkeys u l t im a t e l y  l e a rn e d  to  respond 

c o r r e c t l y  c lo s e  to  100% o f  the  tim e in  d a i l y  s e s s io n s  

ran g in g  from 100 to  400 t r i a l s  ea ch . Choice resp o n d in g  

o c c u rred  w ith  a v e ry  s h o r t  l a te n c y  and the  a u d i to ry  

s t im u lu s  was sh o r ten ed  to  a f ix e d  d u ra t io n  o f  250 msec.

The f i n a l  s ta g e  o f  t r a i n i n g  invo lved  the  a d d i t io n  o f  a 

s ta n d a rd ,  " c e n te re d "  s t im u lu s  •which preceded th e  l e f t  o r  

r i g h t  s t im u lu s  on every  t r i a l .  T his  s tan d a rd  s t im u lu s  

was p re s e n te d  to  b o th  e a r s  s im u lta n e o u s ly  w ith  equa l 

i n t e n s i t y  ( d i o t i c ) . The s ta n d a rd  was a lso  250 msec in  

d u ra t io n  and th e  i n t e r v a l  between th e  s ta n d a rd  and com­

p a r iso n  s t i m u l i  was 250 msec. R i s e / f a l l  time f o r  b o th  

b u r s t s  was 10 msec. This com pleted th e  t r a i n i n g  o f  th e  

d e s i r e d  d i s c r im in a t io n .

T e s t in g  p ro c e d u re . F igu re  4 shows th e  s t im u lu s  

c o n d i t io n s  and re sp o n se  consequences f o r  the  p sy ch o p h y s ica l 

t e s t i n g .  The i n t e r a u r a l  i n t e n s i t y  d i s p a r i t y  o f  th e  com­

p a r is o n  to n e  was produced by a t t e n u a t i n g  th e  s ig n a l  in  

one e a r ,  r e l a t i v e  to th e  i n t e n s i t y  o f  the  s ta n d a rd  to n e .
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F ig u re  4

S tim ulus c o n d i t io n s  and re sp o n se  consequences f o r  
Experim ent I .  On ev ery  t r i a l  the  s ta n d a rd  s t im u lu s  
shown on the  l e f t  s id e  o f  th e  top  pane l was fo llow ed  
by th e  comparison s t im u lu s .  In th e  comparison s t im u lu s  
e i t h e r  th e  l e f t  o r  the  r i g h t  s ig n a l  was a t t e n u a te d  
r e l a t i v e  to  th e  i n t e n s i t y  o f  th e  s ta n d a rd .  R i s e / f a l l  
time o f  th e  s ig n a l s  was 10 m i l l i s e c o n d s .  The bottom  
pane l shows th e  p o s s ib le  outcomes o f  a  t r i a l .  Responding 
on th e  c o r r e c t  l e v e r  was rewarded w ith  a  drop o f  a p p le ­
sauce . I n c o r r e c t  re sp o n se s  were fo llow ed  by a s ix  second 
t im e -o u t  d u r in g  which no new t r i a l s  could  be i n i t i a t e d .
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250 MSEC ---------250 MSEC------- H
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The top  p an e l o f  F ig u re  4 shows th e  s t im u lu s  con­

d i t i o n s  f o r  a  s in g le  t r i a l  in  which the  comparison s i g ­

n a l  to  th e  r i g h t  e a r  was a t t e n u a te d .  As may be seen in  

th e  bottom p a n e l ,  l e f t  l e v e r  re sp o n se s  were r e in f o rc e d  

when th e  comparison s ig n a l  was more in te n s e  in  th e  l e f t  

phone, and r i g h t  l e v e r  re sp o n ses  were r e in f o r c e d  i f  th e  

comparison s ig n a l  was more in te n s e  in  th e  r i g h t  phone. 

I n c o r r e c t  re sp o n ses  r e s u l t e d  in  a s i x  second time o u t ,  

same as d u r in g  t r a i n i n g .

The i n t e n s i t y  of the d i o t i c  s ta n d a rd  p u lse  and the  

u n a t te n u a te d  com parison p u lse  was 60 dB SPL. T his  i n ­

t e n s i t y  a s su re d  t h a t  a t  a l l  f r e q u e n c ie s  t e s t e d ,  th e  se n ­

s a t io n  l e v e l  o f  th e  s t im u l i  would be a t  l e a s t  40 dB above 

th e  p u b l ish e d  th r e s h o ld  f o r  o ld  world monkeys (S te b b in s ,  

1973). No a ttem p t was made to  measure th e  a b s o lu te  

th r e s h o ld s  o f  the  s u b je c t s  u sed  in  t h i s  s tu d y .

A d a i l y  t e s t  s e s s io n  c o n s i s te d  o f  400 o r  more t r i a l s  

a t  one f re q u e n c y .  From t r i a l  to  t r i a l  th e  l o c a t io n  ( r i g h t  

v s .  l e f t  e a r )  o f  the  more in te n s e  o f  th e  s ig n a l  p a i r  was 

randomized in  b lo ck s  o f  20 t r i a l s .  S im i la r ly ,  f iv e  i n t e r -  

a u r a l  i n t e n s i t y  d i f f e r e n c e s  u sed  in  th e  method o f  c o n s ta n t  

s t im u l i  were randomized in  b lo ck s  o f  20 t r i a l s .  Thus, 

in  th e s e  b lo ck s  each  i n t e n s i t y  d i f f e r e n c e  was p re se n te d  

fo u r  t im e s ,  tw ice  fa v o r in g  l a t e r a l i z a t i o n  to  th e  l e f t ,



and tw ice  f a v o r in g  l a t e r a l i z a t i o n  to  th e  r i g h t .  The 

range  o f  c o n s ta n t  s t im u lu s  v a lu e s  was de term ined  f o r  

each  monkey, a t  each f re q u en cy , d u r in g  p re l im in a ry  t e s t i n g .  

Four p sychom etric  f u n c t io n s  a t  one freq u en cy  were o b ta in e d  

in  a s in g le  day . These fu n c t io n s  were based  on 100 t r i a l s  

each .

These measurements were re p e a te d  w ith  seven f r e ­

q u en c ie s  ran g in g  from 125 Hz to  8 kHz in  o c tav e  s t e p s ,  

and w ith  a 10 kHz low -pass n o i s e .  The o rd e r  o f  t e s t i n g  

a t  th e  v a r io u s  f r e q u e n c ie s  was randomized f o r  each  o f  

th e  monkeys. Each anim al was t e s t e d  d a i l y ,  s i x  days 

p e r  week; an ex p e r im e n ta l  s e s s io n  l a s t e d  from one to  

th r e e  hours  depending  on th e  l e v e l  o f  perfo rm ance . The 

perform ance o f  th e  t a s k  d id  n o t  t r a n s f e r  r e a d i l y  a c ro s s  

f r e q u e n c ie s ,  e s p e c i a l l y  i f  the f req u en cy  to  be t e s t e d  

was w id e ly  s e p a ra te d  from th e  p re v io u s  one . As many as 

t h i r t y  d a i l y  s e s s io n s  were r e q u i r e d  to  e s t a b l i s h  th e  

a p p r o p r ia te  range o f  c o n s ta n t  s t im u lu s  v a lu e s  f o r  a new 

freq u en cy .-  In t r a i n i n g  th e  an im als  to  perform  a t  a new 

freq u en cy  i t  was sometimes n e c e s s a ry  to  t r a i n  a t  i n t e r ­

m ed ia te  f r e q u e n c ie s  to  h e lp  a f f e c t  th e  t r a n s f e r .



R e s u l ts

The d a ta  in  a c o n s ta n t  s t im u lu s  p rocedure  a re  in  

th e  form: p ( c o r r e c t )  as a fu n c t io n  o f s t im u lu s  m agnitude.

In  t h i s  ex pe rim en t, each  o f  the  f i v e  v a lu e s  o f  i n t e r a u r a l  

i n t e n s i t y  d i f f e r e n c e  has a s s o c ia te d  w ith  i t  a p r o b a b i l i t y  

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

range from 0 .5  to 1 .0 ,  a consequence o f  th e  tw o - a l t e r n a t iv e ,  

fo rc e d -c h o ic e  p ro c ed u re .  S ince th e  d i r e c t i o n  o f  th e  d i s ­

p a r i t y  was v a r ie d  randomly, w i th  an equa l p r o b a b i l i t y  o f 

l e f t  and r i g h t ,  even random re sp o n se s  have a p r o b a b i l i t y  

o f  0 .5  o f  b e in g  c o r r e c t .

The monkey’s perform ance in  d i s c r im in a t in g  i n t e r a u r a l  

i n t e n s i t y  d i f f e r e n c e  a t  each  f req u en cy  was measured ov er  

fo u r  b lo ck s  o f  100 t r i a l s  each . The 100 t r i a l  b locks 

were s e p a ra te d  by a  tw o-m inute b re a k ,  th e  time re q u ire d  

to  punch a  t r i a l  by t r i a l  re c o rd  on paper ta p e .  P erfo rm ­

ance ov er  such a la rg e  number o f  t r i a l s  could  co n ce iv ab ly  

have shown s y s te m a t ic  changes due to  p r a c t i c e ,  o r ,  d e t e r ­

i o r a t i o n  due to  f a t i g u e  o r  o th e r  f a c t o r s .  Combining t r i a l s  

a t  d i f f e r e n t  perform ance l e v e l s  would have r e s u l t e d  in  a 

th re s h o ld  e s t im a te  t h a t  r e f l e c t e d  added v a r i a b i l i t y .  A way 

to  check the  v a l i d i t y  o f  combining d a ta  was to  do an 

a n a ly s i s  o f  v a r ia n c e  on s u b s e ts  o f  th e  d a ta  to  t e s t  f o r  

s i g n i f i c a n t  changes over s u c c e s s iv e  b lo c k s .  The r e s u l t s



o f  t h i s  a n a ly s i s  a re  shown in  Table 1 . For th e  two ex -
\

treme f r e q u e n c ie s ,  125 Hz and 8 ,000  Hz, the  d a ta  were 

an a lyzed  in  b lo c k s  o f  100 t r i a l s ,  and in  b lo ck s  o f  200 

t r i a l s .  The p r o b a b i l i t i e s  were f i r s t  c o r r e c te d  f o r  chance 

by the  fo rm u la : p = 2 (p -  . 5 ) ,  which had th e  e f f e c t  o f

changing the range  from 0 .5  - 1 .0  to  0 - 1 .0  (G u i l fo rd ,  

1954, Pg. 146). The c o r r e c te d  p r o b a b i l i t i e s  were then 

tran sfo rm ed  by the  a r c - s i n e  t ran s fo rm  ( X = s in  ^V P c) be- 

fo re  b e in g  su b m itted  f o r  a n a ly s i s .  None o f  th e  an a ly se s  

summarized in  Table 1 were s i g n i f i c a n t  w ith  r e s p e c t  to  the  

b lo ck s  v a r i a b l e ,  t h e r e f o r e ,  the h y p o th e s is  t h a t  th e re  

were no sy s te m a tic  changes in  perform ance cou ld  no t be 

r e j e c t e d .  As a consequence, a l l  subsequen t a n a ly s e s  o f  

th e  d a ta  were based  on th e  combined 400 t r i a l s .

F ig u re s  5 th rough  12 d e p ic t  p sychom etric  f u n c t io n s  

o b ta in e d  from th re e  monkeys a t  each  o f  the  t e s t  f re q u e n ­

c i e s .  In d iv id u a l  cu rv es  a r e  based  on 400 t r i a l s ,  80 

t r i a l s  a t  each  o f  th e  f i v e  s t im u lu s  v a lu ed  in d ic a te d  on 

th e  a b s c i s s a .  The o r d in a te  r e p r e s e n t s  th e  p e rc e n t  c o r r e c t  

l a t e r a l i z a t i o n ,  u n c o r re c te d  f o r  chance re sp o n d in g . At 

most f r e q u e n c ie s ,  th e  f i v e  p a r t i c u l a r  i n t e n s i t y  d i f f e r e n c e s  

u sed  were th e  same f o r  the th re e  monkeys. E xcep tions  were 

f o r  Mimi a t  500 Hz and under low -pass n o is e  s t im u la t io n  

and f o r  No Najne a t  1 ,000 Hz. As a l re a d y  m entioned , th e



TABLE 1

A nalys is  o f  V ariance f o r  Experim ent I :  P ro p o rt io n  C o rre c t  a t  two F requ en c ies  
as F unction  o f  S tim ulus D is p a r i ty  and Blocks o f  T r i a l s

Blocks o f  200 T r i a l s Blocks o f  100 T r i a l s

125 Hz 8,000 Hz 125 Hz 8,000 Hz

Monkey Source d f MS F MS F d f MS F MS F

Stim ulus(A) 4 3 .14 10.39* 2.14 5. §5* 4 3 .14 17.70* 2.14 5.65*

B.F. Block(B) 1 2.25 7.45 1.96 5.17 3 0 .75 1.92 0.71 1.87

A X B 4 0.63 2.09 0 .24 0 .64 12 0.49 2 .76 0.39 1.01

Stim ulus(A) 4 2.45 4 .75* 4.82 9.56* 4 2.45 4.43* 4 .28 11.15*

No Name Block(B) 1 0 .25 0 .48 0 .11 0 .24 3 0 .24 0 .43 0 .59 1.53

A X B 4 0 .54 1.05 0.55 1 .24 12 0 .51 0 .92 0 .53 1.37

Stim ulus (A) 4 4 .23 15.08* 1.19 3.29 4 4.23 11.84* 1.19 2.65

Mimi Block(B) 1 0.03 0 .10 0 .11 0 .31 3 0 .04 0 .10 0.07 0 .1 4

A X B 4 0.27 0.97 0 .50 1.37 12 0 .19 0.53 0 .31 0 .70

*p<:.01



range o f  s t im u l i  used was de term ined  fo r  each monkey 

in  p re l im in a ry  t e s t i n g .  In  a lm ost a l l  th e  t e s t i n g  con ­

d i t i o n s  th e  chosen range o f  i n t e r a u r a l  i n t e n s i t y  d i f ­

fe re n c e s  y ie ld e d  a f a i r l y  com plete p sychom etric  fu n c t io n  

ex ten d in g  from below  60% to  above 907. c o r r e c t .

Not a l l  th e  in d iv id u a l  p sychom etric  fu n c t io n s  a re  

m onotonic. Thus, a sha llow  r e v e r s a l  appears  in  B . F . ' s  

fu n c t io n  a t  125 Hz.

M im i's p sychom etric  fu n c t io n s  are  s l i g h t l y  i r r e g u l a r  

a t  250 Hz and 2 ,000  Hz; a t  4 ,000 Hz and 8 ,000 Hz deep 

r e v e r s a l s  o ccu r  in  h e r  f u n c t io n s .  However, in  no case  

do th e s e  a b e r r a t io n s  take  p la c e  w ith in  the  707. to  80% 

c o r r e c t  range . F i n a l ly ,  two o f No Name's p sy cho m etric  

fu n c t io n s  are  non-m onotonic. One, a t  250 Hz, had a sm all 

r e v e r s a l ;  the o t h e r ,  f o r  th e  n o is e  s ig n a l ,  i s  lo c a te d  

a t  th e  c e n te r  o f  the  fu n c t io n ,  w i th in  th e  range  o f  70% 

to  80% c o r r e c t  l a t e r a l i z a t i o n .

There a re  s e v e ra l  p ro ced u res  by which a th re s h o ld  

can be e s t im a te d  from a  p sych om etric  f u n c t io n .  The 

s im p le s t  p ro c ed u re ,  and th e  one r e q u i r in g  th e  few es t  

assumptions, i s  th e  one o f  l i n e a r  i n t e r p o l a t i o n  (G u i l fo rd ,  

1954). The th re s h o ld  i s  d e f in e d  as the  p o in t  f a l f -w a y  

between chance perform ance and p e r f e c t  d i s c r im in a t io n .

In a tw o - a l t e r n a t iv e  p rocedure  t h i s  would be the  75%



Figure 5

Psychom etric  l a t e r a l i z a t i o n  fu n c t io n s  of i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th re e  monkeys a t  125 Hz. Each 
fu n c t io n  i s  based on a t o t a l  o f  400 t r i a l s .
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Figure 6

Psychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th re e  monkeys a t  250 Hz. Each 
fu n c t io n  i s  based  on a t o t a l  o f 400 t r i a l s .
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Figure 7

Psychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th re e  monkeys a t  500 Hz. Each 
fu n c t io n  i s  based on a  t o t a l  o f  400 t r i a l s .
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Figure 8

Psychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th re e  monkeys a t  1 ,000 Hz. 
Each fu n c t io n  i s  based on a t o t a l  o f 400 t r i a l s .
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Figure 9

P sychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th re e  monkeys a t  2 ,000 Hz. 
Each fu n c t io n  i s  based  on a t o t a l  o f  400 t r i a l s .
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Figure 10

P sychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th re e  monkeys a t  4 ,000 Hz. 
Each fu n c t io n  i s  based  on a t o t a l  o f  400 t r i a l s .
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Figure 11

Psychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th r e e  monkeys a t  8 ,000 Hz. 
Each fu n c t io n  i s  based  on a t o t a l  o f  400 t r i a l s .
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Figure 12

P sychom etric  l a t e r a l i z a t i o n  f u n c t io n s  o f  i n t e r a u r a l  
i n t e n s i t y  d i f f e r e n c e  f o r  th re e  monkeys f o r  n o i s e .  Each 
fu n c t io n  i s  based  on a t o t a l  o f  400 t r i a l s .
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c o r r e c t  l e v e l ,  s in c e  th e  50% l e v e l  r e p r e s e n t s  chance p e r ­

form ance. L in e a r  i n t e r p o l a t i o n  does have i t s  drawbacks; 

the  p rocedure  ig n o re s  a l l  b u t  two o f  the d a ta  p o in ts  on 

th e  p sy cho m etric  f u n c t io n ,  and assumes t h a t  th e  fu n c t io n  

i s  l i n e a r  between th e  two p o in ts  t h a t  b ra c k e t  75% c o r r e c t .  

The f i r s t  drawback i s  m ain ly  one hav ing  to  do w ith  e f f i ­

c ie n c y .  The second c r i t i c i s m ,  which in v o lv e s  the  assump­

t i o n  o f l i n e a r i t y ,  i s  in  p r a c t i c e  n o t  too  s e r io u s  s in c e  

fu n c t io n s  a re  t y p i c a l l y  q u i t e  s te e p  in  th e  re g io n  of 

th e  th r e s h o ld .

O ther p ro ced u res  f o r  e s t im a t in g  th r e s h o ld s  from, 

p sy cho m etric  fu n c t io n s  in v o lv e  curve f i t t i n g  and assump­

t io n s  about th e  shape o f  th e  f u n c t io n .  Two o f  th e s e  

p ro ced u res  a re  p r o b i t  a n a ly s i s  and z - t r a n s f o r m a t io n .

Both p ro ced u res  assume t h a t  th e  fu n c t io n  has th e  shape o f  

th e  norm al og ive  and in v o lv e  r u l e s  f o r  g e n e ra t in g  th e  

b e s t - f i t t i n g  ogive to  th e  o b ta in e d  d a ta  p o i n t s .  P r o b i t  

a n a ly s i s  a l s o  a s s ig n s  w eigh ts  t h a t  g ive  r e l a t i v e l y  l e s s  

im portance to  extrem e p r o b a b i l i t i e s ,  and in c o rp o r a te s  

th e  maximum l ik e l ih o o d  tech n iq u e  to  c a l c u l a t e  th e  b e s t -  

f i t t i n g  curve (F in n ey , 1971).

There a re  v e ry  few extrem e p r o b a b i l i t i e s  in  th e  d a ta  

p re se n te d  h e re  and th e r e f o r e  a  p rocedure  t h a t  w eigh ts  

extrem e sc o re s  l e s s  th an  m id-range sco re s  was deemed



u n n e c e s sa ry .  F u rthe rm o re , the  c o r r e c t io n  f o r  chance 

reduces  th e  number o f  extreme s c o re s  t h a t  do o ccu r .

These c o n s id e r a t io n s  le d  to  th e  cho ice  o f  th e  l e a s t -  

sq u a re s  z - s c o re  te c h n iq u e .  Z -v a lu es  were a ss ig n ed  to  

each  c o r r e c te d  p ro p o r t io n  and a s t r a i g h t  l i n e  was f i t t e d  

to  th e s e  v a lu e s  by th e  l e a s t - s q u a r e s  method. T hresho lds 

c a lc u la t e d  by t h i s  p ro cedu re  ap p ear  in  Table  2 f o r  each  

o f  th e  s u b j e c t s ,  a t  each  freq u en cy . The th re s h o ld  

e s t im a te s  based  on l i n e a r  i n t e r p o l a t i o n  a r e  a ls o  shown 

in  th e  t a b l e .  In most ca ses  th e  e s t im a te s  from the two 

p ro ced u res  a re  in  c lo s e  agreem ent; m ajor d i f f e r e n c e s  occu r 

a t  8 ,000 Hz f o r  a l l  t h r e e  s u b je c t s .

One o f  th e  advan tages  o f  u s in g  curve f i t t i n g  te c h n iq u e s

i s  t h a t  th e  goodness o f  f i t  can be checked by s u b je c t in g  

th e  d e v ia t io n s  o f th e  observed  and exp ec ted  p ro p o r t io n s  

to  a c h i - s q u a re  t e s t .  The r e s u l t s  o f  th e s e  t e s t s  a re  a ls o  

shown in  Table 2. H a lf  o f  th e  ta b le d  c h i - s q u a re  v a lu e s  

exceed 7 .8 ,  which dem arcates  the 0 .05  s ig n i f i c a n c e  l e v e l .  

This s i g n i f i c a n t  d e v ia t io n  from n o rm a l i ty  was the  reason  

f o r  ad o p tin g  th e  l i n e a r  i n t e r p o l a t i o n  th r e s h o ld s  f o r  

subsequen t g raph in g  and d i s c u s s io n .

One o f  th e  problem s which a r i s e s  when th e  psycho­

m e t r ic  fu n c t io n  i s  non-m onotonic in  th e  re g io n  o f  th e

t h r e s h o ld ,  i s  t h a t  more than  one s t im u lu s  v a lu e  i s



TABLE 2

I n t e r a u r a l  I n t e n s i t y  D if fe re n c e  Thresholds in  dB f o r  
Seven F req u en c ies  and f o r  Noise

125 250 500

Frequency (Hz) 

1000  2000 4000 8000 Noise

L in e a r  I n t e r p o la t i o n  
L ea s t  Squares Z 
Chi-Square

L in e a r  I n t e r p o la t i o n  
L ea s t  Squares Z 
Chi-Squared-

L in e a r  I n t e r p o la t i o n  
L ea s t  Squares Z 
Chi-Squared-

4 .0
3 .4
9 .65*

4 .6  
4 .5  
2.62

4 .8
5 .2
1 .56

BF
3 .6  3 .4  3 .2  6 .2  6 .3
4 .0  4 .1  3 .7  6 .8  6 .9
4 .82  1 8 .4 .*  23.01* 4 .49 7 .8*

3 .4  4 .4
3 .7  4 .5
10.72* 8.85*

No Name 
5 .5  7 .7  6 .9
5 .0  7 .6  7 .1
4 .60  5 .61 2 .99

Mimi
3 .7  2 .8  4 .3  5 .0  3 .9
4 .5  2 .6  4 .3  5 .2  4 .5
32.84* 8 .63*  3 .11  10.58* 21.03

5 .9  3 .2
7 .9  3.7
4.67 4 .30

10 .5
11.6  
7.81*

5.3
6.6
1 8 . 42*

3 .0
4 .7
22.84*

2 .7
2.7  
1.06

1 The c h i- s q u a re  a s s o c ia te d  w ith  the  d e v ia t io n  o f  th e  observed  p r o b a b i l i t i e s  from 
n o rm a li ty .

* The s t a r r e d  e n t r i e s  exceed th e  ta b le d  v a lu e  (7 .8 )  f o r  a s ig n i f i c a n c e  l e v e l  o f  
0 .05  (d f  = 2 )



a s s o c ia te d  a t  th e  75% l e v e l .  In  the  p re s e n t  experim en t 

such a  r e v e r s a l  o c c u r re d  o n ly  in  No Name's n o is e  fu n c t io n  

(F ig u re  1 2 ) .  The r u le  adopted  f o r  h a n d lin g  such c a se s  

was t h a t  th e  th r e s h o ld  would be d e f in e d  by the  p o in t  a t  

which th e  fu n c t io n  f i r s t  c ro s s e d  th e  75% l e v e l .

I n d iv id u a l  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  th re s h o ld  

fu n c t io n s  a re  shown in  F ig u re  13. Each p o in t  on th e  

graph  was d e r iv e d  by l i n e a r  i n t e r p o l a t i o n  from th e  

p sychom etric  f u n c t io n .  At th e  lower f re q u e n c ie s  and 

w ith  n o is e  s t im u la t i o n ,  th e  agreem ent among th e  t h r e s h ­

o ld s  i s  q u i t e  good; th ey  a re  no more than  ± 1 dB a p a r t .  

V a r i a b i l i t y  in c r e a s e s  somewhat from 1,000 Hz, where the  

th re s h o ld s  a re  w ith in  i 1 .2  dB o f each  o th e r  to  8,000 Hz 

where th ey  a re  w ith in  - 2 . 6  dB. For each  monkey the  i n ­

t e n s i t y  d i f f e r e n c e  th r e s h o ld  f o r  n o is e  s t im u la t io n  i s  

equa l to  o r  s l i g h t l y  l e s s  than  th e  lo w es t  th r e s h o ld  o b ­

ta in e d  w ith  to n e s .

The mean i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  fu n c t io n  

f o r  th e  th r e e  monkeys i s  p l o t t e d  in  F igure  14. Between 

125 Hz and 1 ,000  Hz th e  fu n c t io n  i s  r e l a t i v e l y  f l a t ,  e x ­

h i b i t i n g  o n ly  a s l i g h t  bow. At h ig h e r  f r e q u e n c ie s ,  i n ­

t e n s i t y  d i f f e r e n c e  th r e s h o ld s  a re  a l l  more e l e v a te d ,  th e  

h ig h e s t  th r e s h o ld  o c c u r r in g  a t  8 ,000  Hz.

The i n t e r a u r a l  i n t e n s i t y  th r e s h o ld  o b ta in e d  w ith



Figure 13

I n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  th re s h o ld s  f o r  to nes  
and f o r  a 10 kHz low -pass n o ise  in  th re e  monkeys.
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Figure 14

Mean i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  th re s h o ld s  f o r  
th r e e  M. n e m e s t r in a , de te rm ined  under tone and n o is e  
s t im u la t io n .  13 , I n t e n s i t y  d i f f e r e n c e  th re s h o ld s  f o r  
M. m u la t ta  (Wegener, 1974); A , Human i n t e n s i t y  d i f ­
fe re n c e  th re s h o ld s  ( M i l l s ,  I9 6 0 ) .



II
10

9

8
7
6

5

4
3

2

I

 1------------1------------ 1------------ 1— -------1------------ r

• AVERAGE, 3 MONKEYS 
■ WEGENER (1974) 
a MILLS (I960)

NOISE

125 250 500 1,000 2,000 4,000 8,000

FREQUENCY (Hz)



10 kHz low -pass n o is e ,  a l s o  shown in  F igure  14, i s  0 .5  dB 

lower than  th e  low est i n t e n s i t y  d i f f e r e n c e  th re s h o ld  o b ­

ta in e d  w ith  t o n a l  s t i m u l i .

Only a  s in g le  mean i n t e r a u r a l  i n t e n s i t y  th re s h o ld  

has been r e p o r te d  f o r  M. m u la t ta  (Wegener, 1974). I t  i s  

p l o t t e d  in  F igu re  14 and i s  ap p ro x im a te ly  1 .5  dB below

measurements made in  the  p r e s e n t  s tu d y .

Human i n t e r a u r a l  i n t e n s i t y  th re s h o ld s  a r e  a ls o  shown 

in  F ig u re  14 (M i l l s ,  1960). The fu n c t io n  i s  e s s e n t i a l l y

f l a t  over th e  f req u en cy  spectrum  from 125 Hz to  10,000 Hz.

Between 125 Hz and 1 ,000 Hz the  monkey fu n c t io n  i s  about 

3 dB above th e  human fu n c t io n .  At h ig h e r  f re q u e n c ie s  the  

human and monkey fu n c t io n s  d iv e rg e ,  re ach in g  a s e p a ra t io n  

o f  ap p ro x im a te ly  7 dB a t  8 ,000 Hz.

The u s u a l  p rocedure  f o r  d e te rm in in g  response  b ia s  in  

a m u lt i re s p o n s e  ta s k  in v o lv es  p l o t t i n g  th e  p r o b a b i l i t y  

o f  one o f  th e  re sp o n se s  as a fu n c t io n  o f  s t im u lu s  mag­

n i tu d e .  Another way o f  lo o k in g  a t  re sp o n se  b ia s  i s  to  

examine the  p ro p o r t io n  o f  c o r r e c t  re sp o n se s  as a fu n c t io n  

o f  re sp o n se  c a te g o ry .  I f ,  as in  t h i s  ex perim en t, th e  a 

p r i o r i  p r o b a b i l i t i e s  o f  l e f t  and r i g h t  s t im u l i  a r e  e q u a l ,  

then  co m p le te ly  u n b ia sed  resp o n d in g  would be in d ic a te d  by 

equ a l p e r c e n t  c o r r e c t  re spon d in g  on the  two cho ice  l e v e r s .  

These equ a l p e rc e n ta g e s  would h o ld  r e g a r d le s s  o f  th e  l e v e l



o f  the  p e rfo rm an ce . F o r  exam ple, i f  the  o v e r a l l  p e r f o r ­

mance on the  t a s k  i n d i c a t e s  80% c o r r e c t  re sp o n d in g , then  

th e  p r o b a b i l i t y  o f  a  c o r r e c t  re sp o n se  on th e  l e f t  l e v e r  

shou ld  be 0 .8 ,  and th e  p r o b a b i l i t y  o f  a c o r r e c t  re sp o n se  

on th e  r i g h t  l e v e r  shou ld  a l s o  be 0 .8 .  Any la rg e  d e v ia ­

t i o n  from e q u a l  p r o b a b i l i t y  i n d i c a t e s  t h a t  th e r e  was a 

b i a s  toward th e  cho ice  a s s o c ia te d  w ith  th e  low er p ro b a ­

b i l i t y  c o r r e c t .  F ig u re  15 shows th e  p r o b a b i l i t y  o f  a 

c o r r e c t  re sp o n se  on th e  two l e v e r s  as a fu n c t io n  o f  f r e ­

quency. Of th e  th r e e  s u b je c t s  o n ly  B.F. e x h ib i t e d  a con­

s i s t e n t  p re fe re n c e  f o r  the  r i g h t  l e v e r  re sp o n se .  The o th e r  

two s u b je c t s  e i t h e r  showed no ev id ence  o f  b ia s  o r  sm all 

n o n -s y s te m a t ic  s h i f t s  in  b i a s .



Figure 15

P r o b a b i l i t y  c o r r e c t  f o r  l e f t  and r i g h t  ch o ice s  f o r  each  
freq u en cy . The p o in t s  r e p r e s e n t  the  d a ta  r e p o r te d  in  
Experim ent I .  The c i r c l e s  i n d i c a t e  th e  p ro p o r t io n  o f  
l e f t  l e v e r  re sp o n se s  t h a t  were c o r r e c t ;  th e  s t a r s  r e ­
p re s e n t  th e  p ro p o r t io n  o f  r i g h t  l e v e r  re sp o n ses  t h a t  
were c o r r e c t .  Any la rg e  d i s p a r i t y  between p l o t t e d  
p o in ts  a t  a f req u en cy  i n d i c a t e s  a b ia s  f o r  the  ch o ice  
a s s o c ia te d  w ith  th e  low er p r o b a b i l i t y .
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Experim ent I I

D is c r im in a t io n  o f i n t e r a u r a l  tim e d i f f e r e n c e  as a fu n c ­

t io n  o f  f req uen cy  

Method

S u b je c ts  and a p p a r a tu s . The s u b je c t s  and a p p a ra tu s  

were th e  same as in  Experim ent I .  The programmable a t t e n ­

u a to r s  were s e t  f o r  ze ro  a t t e n u a t i o n .  The custom b u i l t  

phase s h i f t e r  shown in  F ig u re  2 , was capab le  d e la y in g  an 

incoming s in e  wave by any o f  f iv e  p r e - s e l e c t e d  phase an g les  

R egard less  o f  th e  amount -of phase s h i f t ,  th e  am p litu d es  o f  

th e  b u f fe re d  in p u t  s ig n a l  and the  s h i f t e d  o u tp u t  s ig n a l  

were i d e n t i c a l .  The f iv e  p r e - s e l e c t e d  d e la y s  cou ld  be 

sw itched  u n der computer c o n t r o l ;  so cou ld  th e  d o u b le -p o le ,  

d o ub le -th row  r e l a y  which se rv e d  to  sw itc h  th e  de layed  

s ig n a l  from one aud io  chan ne l to  th e  o th e r .  For c a l i b r a ­

t io n  o f  th e  d e la y s ,  th e  s h i f t e d  and u n - s h i f t e d  s ig n a l s  

were l e d  to  a custom d es ig n ed  z e r o - c r o s s in g  sw itc h .  This 

sw itch  p rov id ed  1 .0  / is e c  p u ls e s  whenever the  incoming 

s ig n a l s  c ro sse d  ze ro  p o t e n t i a l  in  th e  p o s i t i v e  d i r e c t i o n .  

These p u ls e s  in  tu rn  g a ted  a H ew le tt-P ackard  model 5325B 

c o u n te r .  In t h i s  way the  i n t e r v a l  between c o r re sp o n d in g  

p o r t io n s  o f  th e  undelayed  and d e lay ed  s ig n a l s  cou ld  be 

m onito red  c o n t in u o u s ly  w i th  1 .0  jus r e s o l u t i o n .

P ro c e d u re . A f te r  th e  com ple tion  o f  Experim ent I



i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  measurements a t  1 ,000 Hz 

were re p e a te d  f o r  each  monkey. When perform ance on the 

i n t e n s i t y  d i f f e r e n c e  ta s k  had  s t a b i l i z e d ,  th e  s t im u lu s  

c o n d i t io n s  f o r  th e  com parison tone were sw itched to  tho se  

shown in  th e  top  p a n e l  o f  F ig u re  16. I t  can be seen th a t  

co rresp o n d in g  p o in t s  A and B on th e  waveforms d id  n o t  e x i s t  

to g e th e r ,  B o c c u r r in g  l a t e r  in  t im e ; t h i s  same tim e d i f ­

fe re n c e  was m a in ta in ed  f o r  a l l  o th e r  co rresp o n d in g  p o in t s .  

Thus, in  the  com parison tone  the  waveform to  th e  r i g h t  

e a r  was d e lay e d , w h ile  in  th e  s ta n d a rd  tone the  l e f t  and 

r i g h t  s ig n a l s  were in  u n is o n .  Less o b v io u s ly  d e p ic te d  

in  t h i s  f ig u r e  i s  the  f a c t  t h a t  th e  s ta n d a rd  and com­

p a r is o n  to n es  in  b o th  channe ls  were g a te d  s im u lta n e o u s ly .  

This means t h a t  t h e r e  were no o n s e t  o r  o f f s e t  d i s p a r i t i e s ,  

o n ly  on -g o ing  phase d i f f e r e n c e s .

As in  Experiment I ,  th e  d i r e c t i o n  o f  th e  d i s p a r i t y  

( l e f t  le a d in g  v s .  r i g h t  le a d in g )  was randomized in  b lo ck s  

o f  20 t r i a l s .  S im i la r ly ,  th e  f iv e  v a lu e s  o f  d e la y  f o r  

th e  c o n s ta n t  s t im u lu s  p ro ced u re  were randomized in  b lo ck s  

o f  20. S ince a t  th e  b eg in n in g  o f  Experiment I I  i t  was 

n o t  known o v e r  which ra n g e  th e  monkeys cou ld  d i s c r im in a te  

i n t e r a u r a l  tim e d i f f e r e n c e s ,  the  o rd e r  o f  t e s t i n g  was 

s y s te m a t ic .  A l l  th r e e  monkeys were t e s t e d  f i r s t  a t .1 kHz, 

then  a t  500 Hz, 250 Hz, and 125 Hz.



Figure 16

Stim ulus c o n d i t io n s  and respo nse  consequences f o r  Ex­
perim ent I I .  On ev e ry  t r i a l  th e  s ta n d a rd  s t im u lu s  
shown on th e  l e f t  s id e  o f  th e  top  p a n e l ,  was fo llow ed  
by the  comparison s t im u lu s .  In the comparison s t im u lu s  
drawn h e r e ,  th e  s ig n a l  to  th e  r i g h t  e a r  i s  de layed  
r e l a t i v e  to  th e  s ig n a l  going to  the  l e f t  e a r .  The 
enve lopes  o f  th e  s ig n a l s  a re  g a ted  s im u lta n e o u s ly  w ith  a 
10 m i l l i s e c o n d  r i s e / f a l l  t im e . The bottom  pane l shows 
th e  p o s s ib le  outcomes o f  a t r i a l .  Responding on th e  
c o r r e c t  l e v e r  was rewarded w ith  a drop o f a p p le sa u ce . 
I n c o r r e c t  re sp o n ses  were fo llow ed  by a s ix  second t im e­
o u t d u r in g  which no new t r i a l s  could  be i n i t i a t e d .
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Whenever th e  freq u en cy  was low ered to  125 Hz, th e  

perform ance c£ th e  monkeys broke down, r e g a r d le s s  o f  the  

d e la y s  u sed . Thus th e  lo w es t  f req u en cy  f o r  which psycho- , 

p h y s ic a l  fu n c t io n s  were o b ta in e d  i s  250 Hz. At t h i s  p o in t  

perform ance a t  1 kHz was re -exam ined  and then  1,500 Hz,

1 ,750  Hz, and 2 kHz were te 's te d .  As a t  the  low frequ ency  end, 

a t tem p ts  to  measure i n t e r a u r a l  tim e d i f f e r e n c e  t h r e s h ­

o ld s  a t  2 ,250 Hz led  to ‘ a com plete break-down o f  p e rfo rm ­

an ce . Over each  o f th e  n ex t  ten  d a i l y  s e s s io n s  r e l i a b l e  

perform ance a t  2 ,000 Hz was v e r i f i e d  and was im m edia te ly  

fo llow ed  by t e s t i n g  o f  th e  2,250 Hz to n e .  In  every  s e s s io n ,  

th e  perform ance under the 2,250 Hz tone was random. Thus, 

the  h ig h e s t  f req u en cy  a t  which tim e d i f f e r e n c e  th re s h o ld s  

were o b ta in e d  was 2 ,000 Hz.

In a l l ,  th r e s h o ld s  were m easured a t  e ig h t  f r e q u e n c ie s  

e x ten d in g  from 250 Hz to  2 ,000  Hz in  250 Hz s t e p s .  The 

o th e r  d e t a i l s  o f  th e  p rocedure  were i d e n t i c a l  w i th  those  

o u t l in e d  in  Experim ent I .

R e su l ts

The d a ta  o b ta in e d  in  t h i s  experim en t were ana lyzed  

as  in  Experiment I .  An a n a ly s i s  o f  v a r ia n c e  was perform ed 

to  check f o r  s y s te m a t ic  v a r i a t i o n s  in  perform ance as a 

fu n c t io n  o f  b lo ck s  o f  100 and 200 t r i a l s .  The summai^r f o r  

t h i s  a n a ly s i s  a t  th e  two ex trem e f r e q u e n c ie s ,  250 Hz and



2,000  Hz, i s  shown in  Table 3 . Perform ance i s  n o t  s i g ­

n i f i c a n t l y  d i f f e r e n t  a c ro s s  b lo c k s  f o r  any o f  the  th r e e  

s u b j e c t s .  C onsequen tly  a l l  o f  th e  subsequen t a n a ly se s  

a r e  based  on th e  combined 400 t r i a l s  t h a t  were p re se n te d  

a t  each f req u en cy .

P sychom etric  fu n c t io n s  de term ined  on a l l  th e  s u b je c t s  

a t  the  e ig h t  t e s t  f r e q u e n c ie s  appear in  F ig u re s  17 th rough  

24. Each p o in t  p l o t t e d  in  th e s e  f i g u r e s  r e p r e s e n t s  p e r ­

c e n t  c o r r e c t  l a t e r a l i z a t i o n  based  on 80 t r i a l s .

As was th e  case in  Experim ent I ,  m ost, a l th o u g h  n o t  

a l l  o f  th e  p sy ch o m etr ic  fu n c t io n s  in  Experim ent I I  were 

m onotonic . Some o f  th e  r e v e r s a l s  were m inor ones as seen 

f o r  B.F. a t  250 Hz and 2,000 Hz, and f o r  Mimi a t  1 ,750 Hz. 

In o th e r  in s ta n c e s  a g r e a t e r  d e p a r tu r e  from the  s ta n d a rd  

shape o f th e  p sy ch o m etr ic  fu n c t io n  took  p la c e .  These 

i r r e g u l a r i t i e s  d id  n o t  occur in  th e  neighborhood o f  the  

75% c o r r e c t  l e v e l  e x c ep t  f o r  M im i's f u n c t io n ,  a t  1 ,250 Hz, 

which c ro sse d  the  75% l e v e l  tw ic e .  As in  Experiment I ,  

th e  th r e s h o ld  was taken  a t  th e  f i r s t  c r o s s in g .

I t  shou ld  be p o in te d  o u t  t h a t  in  o rd e r  to  g e n e ra te  

th e s e  fu n c t io n s  d i f f e r e n t  ran g es  o f  i n t e r a u r a l  tim e d i f ­

f e r e n c e s ,  i n d i v id u a l l y  s e l e c te d  f o r  the p a r t i c u l a r  monkey, 

were r e q u i r e d .  I t  does n o t  seem t h a t  a f a v o ra b le  cho ice  

was made in  two i n s t a n c e s ,  which could  accoun t f o r  th e  ab-



TABLE 3

A nalys is  o f  V ariance f o r  Experiment I I :  P ro p o rtio n  C o rre c t  a t  two F requenc ies  
as F unction  o f S tim ulus D is p a r i ty  and Blocks o f  T r i a l s

Blocks o f  200 T r i a l s Blocks o f  100 T r i a l s

250 Hz 2,000 Hz 250 Hz 2,000 Hz

Monkey Source d f MS F MS F d f MS F MS F

Stim ulus(A) 4 3 .60 8.83* 3.30 13.58* 4 3 .60 7.34* 3.30 13.35*

B .F . Block(B) 1 0.17 0 .42 1.27 5.22 3 0 .61 1.23 0 .62 2.57

A X B 4 0.27 0.67 0 .39 1.60 12 0 .16 0.32 0 .28 1 .11

S tim ulus (A) 4 1.40 7.15* 1.67 6.47* 4 1.40 5.93* 1.67 5.09*

No Name Block(B) 1 0.08 0.38 0.75 2.90 3 0 .09 0 .40 0 .26 0 .81

A X B 4 0.37 1.91 0.09 0 .36 12 0.20 0 .86 0 .13 0 .38

Stim ulus (A) 4 1.68 6.80* 2.05 5.69* 4 1.68 6.00* 2 .05 4 .47*

Mimi Block(B) 1 0.13 0 .51 0 .80 2.22 3 0 .10 0.35 0 .60 1 .31

A X B 4 0.62 2.51 0 .12 0 .32 12 0 .35 1.23 0 .09 0 .20

*p<.01



Figure 17

P sychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
t im e d i f f e r e n c e  f o r  th re e  monkeys a t  250 Hz. Each 
fu n c t io n  i s  based  on 400 t r i a l s .
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Figure 18

P sychom etric  l a t e r a l i z a t i o n  f u n c t io n s  o f i n t e r a u r a l  
tim e d i f f e r e n c e  f o r  th r e e  monkeys a t  500 Hz. Each 
fu n c t io n  i s  based on 400 t r i a l s .
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Figure 19

P sychom etric  l a t e r a l i z a t i o n  fu n c t io n s  of i n t e r a u r a l  
tim e d i f f e r e n c e  f o r  t h r e e  monkeys a t  750 Hz. Each 
fu n c t io n  i s  based  on 400 t r i a l s .
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Figure 20

Psychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
time d i f f e r e n c e  f o r  th r e e  monkeys a t  1 ,000 Hz. Each 
fu n c t io n  i s  based  on 400 t r i a l s .
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Figure 21

P sychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
time d i f f e r e n c e  f o r  th r e e  monkeys a t  1 ,250 Hz. Each 
fu n c t io n  i s  based  on 400 t r i a l s .
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Figure 22

Psychom etric  l a t e r a l i z a t i o n  fu n c t io n s  of i n t e r a u r a l  
time d i f f e r e n c e  f o r  th re e  monkeys a t  1 ,500 Hz. Each 
fu n c t io n  i s  based on 400 t r i a l s .



o

70

60

20 40 60 80 100

100

90

80

70

60

50'

TIME

1,500 Hz

MIMINO NAME 100

90

20 40 60 80 10020 40 60 80 100
DIFFERENCE (jusec)



Figure 23

P sychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a r u a l  
tim e d i f f e r e n c e  f o r  th r e e  monkeys a t  1,750 Hz. Each 
fu n c t io n  i s  based  on 400 t r i a l s .
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Figure 24

P sychom etric  l a t e r a l i z a t i o n  fu n c t io n s  o f  i n t e r a u r a l  
tim e d i f f e r e n c e  f o r  th r e e  monkeys a t  2 ,000 Hz. Each 
fu n c t io n  i s  based on 400 t r i a l s .
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n o r m a l i t i e s  o f  th o se  psychom etric  fu n c t io n s .  Thus, a t  

250 Hz, th e  b e s t  perform ance e x h ib i te d  by Mimi was around 

th e  80% c o r r e c t  l e v e l .  Perhaps use  o f  th e  same range o f  

i n t e r a u r a l  time d i f f e r e n c e s  as  w ith  the  o th e r  two monkeys 

would have ex tended  h e r  perform ance l e v e l .

A nother example o f  t h i s  problem  i s  v i s i b l e  in  B .F . ' s  

p sychom etric  fu n c t io n  a t  1 ,000 Hz. The i n t e r a u r a l  tim e 

d i f f e r e n c e s  used  w ith  B.F. were tw ice  as long  a s  those  

p re se n te d  to  th e  o th e r  two monkeys. The s te e p  a s c e n t  o f  

th e  fu n c t io n  between 40 jusec and 80 jusec su g g e s ts  t h a t  

th e  s te p  s iz e  o f  th e  s t im u lu s  was too  c o a rs e .  Moreover, 

th e  o s c i l l a t i o n s  in  th e  psychom etric  fu n c t io n  f o r  g r e a t e r  

tim e d i f f e r e n c e s  may i n d i c a t e  t h a t  th e  range o f  th e se  time 

d e la y s  was e x c e s s iv e  and produced a l e s s  co h e re n t  sound 

image. I t  i s  no tew orthy  t h a t  o th e r  ranges and s te p  s i z e s  

o f  i n t e r a u r a l  time d i f f e r e n c e s  were t r i e d  w ith  t h i s  an im al, 

in c lu d in g  th o se  u sed  w ith  th e  o th e r  two monkeys. Y et, 

when long  d e la y s  were n o t  a v a i l a b l e ,  B .F . ' s  perform ance 

d e t e r io r a t e d  co m p le te ly .

Table  4 shows th e  l i n e a r  i n t e r p o l a t i o n  th r e s h o ld  e s ­

t im a te s  based  on th e  fu n c t io n s  d is c u s s e d  above. Also 

e n te re d  in  th e  t a b l e  are  th r e s h o ld  e s t im a te s  based  on a 

z t r a n s fo rm a t io n .  As in  Experim ent I ,  t h i s  t r a n s fo rm a t io n  

was made on th e  p e rc e n t  c o r r e c t  re s p o n s e s .  By means of



TABLE 4

I n t e r a u r a l  Time D if fe re n c e  T hresho lds  in  >isec f o r
E igh t F requ en c ies

250 500 750

Frequency (Hz) 

1000 1250 1500 1750 2000

L in e a r  I n t e r p o la t i o n  
L eas t  Squares Z 
C hi-Square^

L in ea r  I n t e r p o la t i o n  
L eas t  Squares Z 
Chi-Squared-

L in e a r  I n t e r p o la t i o n  
L ea s t  Squares Z 
C hi-Square

62 .6  94 .4
72.7  91 .6
18.28* 6.41

168.6 96 .9
154.7 103.6
15.86* 9 .59*

132.3
145.1
7.10

106.5
99 .8
11.56*

46.7
65.7  
39.32*

35.5
4 0 .4
10.40

80 .0
87.3
4.97

BF
63.7
80.9
44.72*

32.7
31 .4
11.23*

No Name 
43 .3  69.6
40 .6  64.1
11.25* 4 .35

Mimi 
52.0 38.9
51.5 60.2
17.03* 19.58*

33.3
45 .9
14.98*

60.0
60.2
0.10

41.3
54.1
41.48*

64.4
65.7
17.07*

63.6
60.0
3 .61

53.0
65.2
19.05*

58.9
66.7
9.41*

52.0
53.0 
3 .8

45 .0
58.8
15.55*

1 The c h i- sq u a re  a s s o c ia te d  w ith  th e  d e v ia t io n  o f  th e  observed  p r o b a b i l i t i e s  from 
n o rm a li ty .

* The s t a r r e d  e n t r i e s  exceed th e  ta b le d  va lu e  (7 .8 )  f o r  a s ig n i f i c a n c e  l e v e l  o f  
0 .05  (d f  = 2)



th e  l e a s t - s q u a r e s  te c h n iq u e  a s t r a i g h t  l i n e  was f i t t e d  

to  th e  z s c o re s  and a th r e s h o ld  d e r iv e d  from t h i s  l i n e .

The r e s u l t s  o f  a c h i - s q u a re  t e s t  to  e v a lu a te  th e  

d i s c r e p a n c ie s  between o b ta in e d  z sc o re s  and co rre sp o n d in g  

p o in t s  on th e  b e s t - f i t t i n g  s t r a i g h t  l i n e  a l s o  ap p e a r  in  

Table 4 . Large d i s p a r i t i e s  between th r e s h o ld s  e s t im a te d  

by l i n e a r  i n t e r p o l a t i o n  and by th e  z t r a n s fo rm a t io n  p r o ­

cedure  a re  in  a lm ost a l l  c a se s  a s s o c ia te d  w ith  a s i g n i ­

f i c a n t  c h i - s q u a re  (p - 0 .0 5 ) .  T his  i n d i c a t e s  t h a t  the  

u n d e r ly in g  psychom etric  f u n c t io n s  d e p a r te d  from n o rm a li ty .  

For t h i s  reaso n  th e  th r e s h o ld s  e s t im a te d  by l i n e a r  i n t e r ­

p o la t io n  were chosen f o r  p r e s e n t a t io n  in  subsequen t f i g u r e s .

F ig u re  25 shows th e  in d iv id u a l  i n t e r a u r a l  time d i f ­

fe re n c e  th r e s h o ld s  as a  fu n c t io n  o f  f re q u en cy . The a g re e ­

ment among th e  th r e s h o ld s  o f  the  th r e e  monkeys i s  good 

a t  a l l  f re q u e n c ie s  e x c ep t  a t  250 Hz. The th r e s h o ld s  c l u s t e r  

most a t  500 Hz and l e a s t  a t  750 Hz, f a l l i n g  w i th in  i 6 ;usec 

and w i th in  ^23 yusec o f  each  o t h e r .  At 250 Hz th e  s c a t t e r  

o f  th e  th r e s h o ld s  i s  l a r g e r ,  e x te n d in g  over 100 ;usec; i t  i s  

p r im a r i ly  due to  th e  d iv e rg e n ce  o f  B .F . ' s  f u n c t io n .  The 

in d iv id u a l  tim e d i f f e r e n c e  f u n c t io n s ,  w i th  th e  ex c ep tio n  

no ted  above f o r  B .F . ,  d e c re a se  w ith  in c r e a s in g  freq uen cy  

b e fo re  b eg in n in g  to  l e v e l  o f f  around 750 Hz.

Mean i n t e r a u r a l  tim e d i f f e r e n c e  th re s h o ld s  f o r  th re e



Figure 25
I n t e r a u r a l  tim e d i f f e r e n c e  th re s h o ld s  f o r  to n a l  s t im u l i  
in  th r e e  monkeys.
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monkeys a re  p lo t t e d  in  F ig u re  26. The fu n c t io n  d e c l in e s
• •• o

r a p id l y  from 250 Hz to  750 Hz. Above t h i s  freq u en cy  the  

tim e d i f f e r e n c e  th re s h o ld s  remain p r e t t y  much c o n s ta n t  

a t  about 50 ;usec up to  2 ,000 Hz, which i s  th e  u pper l i m i t  

f o r  l a t e r a l i z a t i o n  o f  pure  to n es  in  monkeys.

The o n ly  o th e r  time d i f f e r e n c e  th re s h o ld  f o r  pu re  

tones  r e p o r te d  f o r  monkeys (Wegener, 1974) i s  a lso  d e p ic ­

te d  in  F ig u re  26 and a g re e s  v e ry  c lo s e ly  w i th  th e  p r e s e n t  

r e s u l t s .

Human tim e d i f f e r e n c e  th r e s h o ld s  o b ta in e d  by Z w islock i 

and Feldman (1956) a re  a ls o  in c lu d e d  in  F ig u re  26. The 

fu n c t io n  d e c l in e s  s l i g h t l y  from 250 Hz to  1 ,000 Hz, and 

r i s e s  a t  1 ,250  Hz. This f req u en cy  i s  the  u pper l i m i t ,  

in  man, f o r  l a t e r a l i z a t i o n  o f  p u re  to n e s .

The g r e a t e s t  d i f f e r e n c e  between th e  human and monkey 

fu n c t io n s  occur a t  250 Hz, and th e  s m a l le s t  a t  1 ,250 Hz.

Exam ination o f  th e  p r o b a b i l i t y  o f c o r r e c t  re sp o n d in g  

as  a fu n c t io n  o f  l e v e r  i n d i c a t e s  t h a t  b i a s  was n o t  a s e r io u s  

problem  in  t h i s  experim en t (F ig u re  27 ). I f  th e re  had been 

a p re fe re n c e  f o r  one l e v e r  o v e r  th e  o t h e r ,  th e  p r o b a b i l i t y  

c o r r e c t  on th e  p r e f e r r e d  l e v e r  would have been c o n s i s t e n t ­

l y  low er, independen t o f  f re q u e n c y ,  which was no t th e  c a se .



Figure 26

Mean i n t e r a u r a l  tim e d i f f e r e n c e  th re s h o ld s  f o r  th re e  
M. n e m e s t r in a . 0  , Time d i f f e r e n c e  th re s h o ld s  f o r  M. 
m u la t ta  (Wegener, 1974); A , Human time d i f f e r e n c e  
th r e s h o ld s  (Z w is lo ck i  & Feldman (1956).
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Figure 27

P r o b a b i l i t y  c o r r e c t  f o r  l e f t  and r i g h t  ch o ice s  f o r  each  
f re q u en cy . The p o in ts  r e p r e s e n t  th e  d a ta  r e p o r te d  in  
Experim ent I I .  The c i r c l e s  i n d i c a t e  the  p ro p o r t io n  
o f  l e f t  l e v e r  re sp o n se s  t h a t  were c o r r e c t ;  the  s t a r s  
r e p r e s e n t  th e  p ro p o r t io n  o f  r i g h t  l e v e r  re sp o n se s  t h a t  
were c o r r e c t .  Any l a r g e  d i s p a r i t y  between p l o t t e d  
p o in t s  a t  a f req u en cy  i n d i c a t e s  a b i a s  f o r  th e  cho ice  
a s s o c ia te d  w i th  th e  low er p r o b a b i l i t y .
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Experiment III

L a t e r a l i z a t i o n  o f  combined i n t e r a u r a l  tim e and i n t e n s i t y  

cues a t  1,000 Hz

The s u b j e c t s ,  a p p a ra tu s ,  and p sy ch o p h y s ica l  method 

used  in  t h i s  p a r t  o f  th e  s tudy  have a l re a d y  been d e s ­

c r ib e d  in  Experim ents I  and I I

Only a 1 ,000 Hz d i c h o t i c  tone  was used  in  t h i s  

exp erim en t. I t  was f i r s t  p re se n te d  to  th e  monkey a t  

an i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  s e l e c te d  from Table 2 

which co rresponded  to  th e  a n im a l 's  th r e s h o ld .  As e x p e c te d , 

in  100 t r i a l s  a l l  th r e e  an im als l a t e r a l i z e d  c o r r e c t l y  on 

737o to  77% o f  th e  t r i a l s .  A f te r  t h i s  v e r i f i c a t i o n  o f  th e  

i n t e n s i t y  d i f f e r e n c e  th r e s h o ld s  was com pleted th e  s ig n a l  

was m o d if ied . Thresho ld  i n t e r a u r a l  time d i f f e r e n c e s  were 

s e l e c te d  from Table 4 and imposed on th e  s i g n a l .  Now, th e  

s ig n a l  c o n s is te d  o f  a j o i n t  i n t e r a u r a l  i n t e n s i t y  and tim e 

d i f f e r e n c e ,  w i th  b o th  components f a v o r in g  l a t e r a l i z a t i o n  

in  th e  same e a r .  The perform ance o f  th e  an im als  dropped 

to  n e a r  50% c o r r e c t .  T his  f in d in g  was un expec ted  s in c e  

i t  was assumed t h a t  d i s c r im in a t io n  o f  th e  compound s t im u lu s  

would improve o r ,  a t  l e a s t ,  be no worse than  w ith  e i t h e r  

component a lo n e .

While m a in ta in in g  th e  i n t e n s i t y  d i f f e r e n c e  a t  t h r e s h ­

o ld ,  o th e r  t i m e . d i s p a r i t i e s  were i n v e s t i g a t e d .  When the



tim e d i f f e r e n c e  was reduced  to  z e ro  th e  perform ance 

based  on th e  i n t e n s i t y  cue a lone  ag a in  reach ed  about 

75% c o r r e c t .  I n t r o d u c t io n  o f  tim e d i f f e r e n c e s  in  10 Msec 

s te p s  caused  th e  perform ance to  d e t e r i o r a t e  p ro g r e s s iv e ly  

u n t i l  i t  reached  th e  50% l e v e l ,  which co rresponded  to  a 

40 Msec time d i f f e r e n c e  f o r  No Name and a  60 Msec time 

d i f f e r e n c e  f o r  b o th  B .F , and Mimi. Each o f  th e  above 

d e te rm in a t io n s  was based on 100 t r i a l s .

In a  f u r t h e r  a t te m p t to  c l a r i f y  th e  n a tu re  o f  th e  

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

had been l a t e r a l i z e d  c o r r e c t l y  90% o r  b e t t e r  in  Experim ent 

I  were combined w ith  tim e d i f f e r e n c e s .  The a d d i t io n  o f  

tim e d i f f e r e n c e s  ra n g in g  from 20 Msec to  100 Msec (se e  

p ro ced u re  in  Experim ent I I )  d id  n o t  a l t e r  in  any way the  

perfo rm ance ; i t  rem ained in  the  v i c i n i t y  o f  90% c o r r e c t .

These r e s u l t s  were c o n s i s t e n t  w ith  o b s e rv a t io n s  made 

d u r in g  t r a i n i n g  o f  the  time d i f f e r e n c e  d i s c r im in a t io n .  In 

a t te m p t in g  t o  f a c i l i t a t e  a c q u i s i t i o n  o f  the  d i s c r im in a t io n ,  

a compound s t im u lu s  c o n s i s t i n g  o f  b o th  tim e and i n t e n s i t y  

cues was p re s e n te d .  As long  as th e  i n t e r a u r a l  i n t e n s i t y  

d i f f e r e n c e  was m a in ta in ed  a t  above th re s h o ld  l e v e l s ,  p e r -
\

formance to  th e  compound s t im u lu s  was good. However, 

when th e  i n t e n s i t y  d i f f e r e n c e  was reduced  as p a r t  o f  th e  

f a d in g  o u t p ro c e d u re ,  perform ance dropped to  chance l e v e l .



F u r th e r  t r a i n i n g  w i th  i n t e r a u r a l  tim e d i f f e r e n c e s  a lone  

was s u c c e s fu l  and was r e p o r te d  in  Experim ent I I .



D iscu ss io n  

I n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e

The i n t e n s i t y  d i f f e r e n c e  th re s h o ld  fu n c t io n  shown 

in  F igure  14, as was m entioned e a r l i e r ,  i n d i c a t e s  t h a t  

monkeys a re  q u i t e  a b i t  l e s s  s e n s i t i v e  than  humans a t  a l l  

f r e q u e n c ie s  between 125 Hz and 8 ,000  Hz. Below 1,000 Hz 

th e  th re s h o ld s  range from 3 .5  dB to  4 .5  dB whereas m an's 

ho vers  j u s t  below 1 dB. Above 1 ,000  Hz th e  two fu n c t io n s  

d iv e rg e ,  th e  s h a rp e s t  r i s e  o c c u r r in g  between 1,000 Hz and

2.000 Hz. S ince over the  same f re q u e n c ie s  the human fu n c ­

t io n  d e c re a se s  somewhat, i t  i s  s u r p r i s i n g  to  f in d  t h a t  

th e  monkey fu n c t io n  in c r e a s e s  s u b s t a n t i a l l y .  This r i s e

in  the  fu n c t io n  cannot be a t t r i b u t e d  to  low er s e n s a t io n  

l e v e l s  a t  th e s e  f r e q u e n c ie s ,  s in c e  the lo w es t  s e n s a t io n  

l e v e l s  o cc u rred  a t  th e  low est f re q u e n c ie s  (250 Hz and 

500 Hz) and a t  th e se  f r e q u e n c ie s  th e  i n t e n s i t y  d i f f e r e n c e  

th re s h o ld s  were a t  t h e i r  minimum.

Support f o r  th e  shape o f  th e  i n t e n s i t y  d i f f e r e n c e  

fu n c t io n  comes from th e  l o c a l i z a t i o n  s tu d i e s  by Brown 

e t  a l .  (1975, 1976). They found t h a t  monkeys l o c a l i z e  

pure tone  so u rces  l e s s  a c c u r a te ly  a t  f r e q u e n c ie s  above

1.000 Hz even though i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  cues 

a re  presum ably in c r e a s in g  w i th  freq u en cy .

The p o o re r  perform ance o f  monkeys r e p o r te d  h e re  and



observed  by o th e r s  (Don & S t a r r ,  1972; Wegener, 1974) 

r a i s e s  th e  q u e s t io n  w hether t h i s  s m a l le r  s e n s i t i v i t y  i s  

a  c h a r a c t e r i s t i c  o f  monkeys o r  o f  o th e r  non-human s p e c ie s .  

The o n ly  o th e r  anim al t h a t  has  been t e s t e d  in  a l a t e r a l ­

i z a t i o n  s tu d y  i s  th e  c a t  (Wakeford & Robinson, 1974).

As r e p o r t e d ,  th e  c a t  th r e s h o ld s  range from a  h ig h  o f  2 dB 

a t  500 Hz to  a low o f  0 .5  dB a t  3 ,000 Hz arid a re  lower 

than  any re p o r te d  f o r  the  monkey, r e g a r d l e s s  o f  th e  wave­

form o f  th e  s t im u lu s .  This would s u g g e s t  t h a t  th e  c a t ' s  

s e n s i t i v i t y  to  i n t e n s i t y  d i f f e r e n c e s  i s  s im i l a r  to  m an 's .  

There a r e ,  however, m e th o d o lo g ic a l  d i f f e r e n c e s  between 

th e  c a t  s tu d y  and th e  monkey s tu d ie s  r e p o r te d  in  th e  

l i t e r a t u r e .  The c a t s  were r e q u i r e d  to  d e t e c t  a r e v e r s a l  

in  t r a i n s  o f  tone  p u ls e s  h av ing  an i n i t i a l  i n t e r a u r a l  d i s ­

p a r i t y ,  w h ile  th e  monkeys were r e q u i r e d  to  i d e n t i f y  th e  

d i r e c t i o n  o f  a s in g l e  d i c h o t i c  p u l s e .^  The lower d e t e c ­

t io n  th r e s h o ld s  were due in  p a r t  t o  th e  d i f f e r e n c e  in  t a s k  

r a th e r  than  t o  a  d i f f e r e n c e  in  s e n s i t i v i t y .

A no ther, p o s s ib ly  more im p o r ta n t ,  d i f f e r e n c e  between 

th e  c a t  and monkey s tu d ie s  con cern s  th e  d e f i n i t i o n  o f  th e  

m agnitude o f  i n t e r a u r a l  d i f f e r e n c e .  I m p l i c i t  in  th e

This d i f f e r e n c e  in  t a s k  was p o in te d  o u t  by 
Wegener (1974).



experim en ts  o f  Don & S t a r r  (1972) and Wegener (1974) i s  

th e  assum ption t h a t  on ev e ry  t r i a l  th e  s u b je c t s  were 

making a judgment about w he the r  th e  s t im u lu s  appeared  

to  be to  th e  l e f t  o r  r i g h t  o f  th e  m id l in e .  In  th e  p re s e n t  

s tu dy  a  s ta n d a rd  tone  b u r s t  was p re s e n te d  t h a t  served  as 

a r e f e r e n c e  a g a in s t  which th e  t e s t  to n e  cou ld  be compared. 

I t  i s  c l e a r  t h a t  in  th e s e  ca se s  th e  m agnitude o f  the  

s t im u lu s  i s  eq u a l  to  th e  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  

p re s e n te d  on a p a r t i c u l a r  t r i a l .  In  the  s tu dy  o f  Wakeford 

& Robinson (1974) th e  s t im u lu s  c o n s i s te d  o f  to ne  p u lse s  

w ith  an i n i t i a l  i n t e n s i t y  d i f f e r e n c e  which was s h i f t e d  

sy m m etr ica lly  to  th e  o th e r  e a r .  Thus, i f  th e  i n i t i a l  

tone p u ls e s  were 1 dB more in te n s e  in  th e  l e f t  e a r ,  then 

th e  w arning  s ig n a l  p u ls e s  were 1 dB more in te n s e  in  the  

r i g h t  e a r .  The i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  i s  1 dB, 

b u t th e  m agnitude o f  th e  s h i f t  i s  2 dB. I t  ap pears  t h a t  

th e  a u th o rs  r e p o r te d  th e  s te a d y  s t a t e  i n t e n s i t y  d i f f e r e n c e ,  

and n o t  th e  m agnitude o f  th e  s h i f t .  I f  t h a t  i s  th e  c a se ,  

th e  th r e s h o ld s  r e p o r te d  f o r  th e  c a t  shou ld  be doubled  to  

make th e  s t im u lu s  c o n d i t io n s  com parable to  th o se  used  in  

the  monkey s t u d i e s .  This would cause th e  c a t  th re s h o ld s  

to  ran g e  from 1 dB to  4 dB, and p o s s ib ly  h ig h e r  i f  the  

m e th o d o lo g ica l d i f f e r e n c e s  p o in te d  o u t  by Wegener (1974) 

a re  c o n s id e re d .  The e le v a te d  c a t  th re s h o ld s  would then



su p p o r t  th e  su g g es tio n  t h a t  an im als  a re  l e s s  s e n s i t i v e  to  

i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s  than  i s  man.

I n t e r a u r a l  tim e d i f f e r e n c e

The time d i f f e r e n c e  th re s h o ld  fu n c t io n  shown in  

F ig u re  26 in d i c a t e s  t h a t  f o r  t h i s  cue the  monkeys a re  a ls o  

l e s s  s e n s i t i v e  than  a re  humans. The monkeys were u n ab le  

to  l a t e r a l i z e  to n es  o f  125 Hz o r  2,250 Hz, r e g a r d le s s  o f  

the i n t e r a u r a l  time d i f f e r e n c e .  Human s e n s i t i v i t y  to  

i n t e r a u r a l  phase d i f f e r e n c e s  ex tends  below 250 Hz; t h r e s h ­

o ld  d e te rm in a t io n s  a t  125 Hz and 90 Hz i n d i c a t e  t h a t  se n ­

s i t i v i t y  d e c re a se s  r a p id l y  to  56 jusec and 75 >usec, r e s p e c ­

t i v e l y  (Klumpp & Eady, 1956).

Also p l o t t e d  in  F ig u re  26 i s  th e  one pu re  tone i n t e r ­

a u r a l  time d i f f e r e n c e  th re s h o ld  de term ined  by Wegener (1974). 

The mean th r e s h o ld  f o r  th e  n ine  monkeys u sed  in  W egener's  

s tu d y  i s  1 jusec g r e a t e r  than th e  one de te rm in ed  in  t h i s  

s tu d y .  These t h r e s h o ld s ,  h ig h  compared to  th e  human d a t a ,  

a re  a ls o  su p p o rted  by th e  60 ;usec c l i c k - t r a i n  tim e d i f ­

f e re n c e  th re s h o ld  in  s q u i r r e l  monkeys (Don & S t a r r ,  1972).

The th re s h o ld s  r e p o r te d  f o r  the  c a t  (Wakeford & Robinson, 

1974) have been i n t e r p r e t e d  by th e s e  a u th o rs  as be ing  s im i­

l a r  to  th o se  o f  man, a l th o u g h  th e y  do p o in t  o u t  t h a t  th e  

c a t  th r e s h o ld s  a t  500 Hz and 1 ,000 Hz (24 ;usec in bo th  

c a s e s )  a re  abou t 10 ;usec g r e a t e r  than  the  human th r e s h o ld s .



The arguments r a i s e d  in  th e  l a s t  s e c t io n  w i th  r e s p e c t  to  

th e  s tudy  by Wakeford & Robinson (1974), ap p ly  e q u a l ly  

h e r e .  An on -go ing  tim e d i f f e r e n c e  w ith  one e a r  le a d in g  

was s h i f t e d  to  th e  o p p o s i te  s i d e ,  th e  t o t a l  s h i f t  in  tim e 

d i f f e r e n c e  b e in g  tw ice  the  i n i t i a l  d i f f e r e n c e .  U nless 

t h i s  do ub lin g  was tak en  i n t o  a c c o u n t ,  th e  th re s h o ld s  

should  be in c re a s e d  tw o - fo ld ;  th e  r e s u l t i n g  48 jusec 

th re s h o ld  a t  b o th  500 Hz and 1 ,000  Hz would then  p la c e  th e  

c a t  c lo s e r  to  th e  monkey in  s e n s i t i v i t y .

In t h e i r  c o n c lu s io n  Wakeford & Robinson (1974) s t a t e  

t h a t  t h e i r  d a ta  o f f e r  no ev id en ce  o f  s i g n i f i c a n t  d i f f e r e n c e s  

between c a t  and man in  t h e i r  a b i l i t y  to  r e s o lv e  b in a u r a l  

tim e d i f f e r e n c e s .  T his  co n c lu s io n  ig n o re s  th e  f a c t  t h a t ,  

l i k e  th e  monkey, t h e i r  c a t s  were ab le  to  u t i l i z e  time cues 

to  l a t e r a l i z e  2 ,000  Hz pure to n e s .  In t h i s  r e s p e c t  b o th  

an im als  a re  c l e a r l y  d i f f e r e n t  from man. While r e c e n t  

s tu d ie s  (Henning, 1974; McFadden & P asanen , 1976) have 

shown t h a t  human s u b je c t s  can use  v a r i a t i o n s  in  th e  enve­

lo p es  o f  tim e d e lay e d  complex tones  and n o is e ,  no s tu d y  

has shown t h a t  human s u b je c t s  can l a t e r a l i z e  pure  tones  

o f  1 ,500 Hz o r  g r e a t e r  based  on tim e d i f f e r e n c e s .

E s tim a te s  o f  monkey l o c a l i z a t i o n  a b i l i t y  based on th e  

Woodworth m odel.

F r e e - f i e l d  sound so u rce s  produce d i f f e r e n c e s  in



i n t e n s i t y  a t  th e  e a r s  o f  human and anim al s u b je c t s  t h a t
%

a re  a complex fu n c t io n  o f  b o th  f req u en cy  and azim uth  o f  th e  

source (F edde rsen , S andel, Teas, & J e f f r e s s ,  1957; H arr iso n  

& Downey, 1970). I t  i s  t h e r e f o r e  d i f f i c u l t  to  make i n ­

f e re n c e s  about l o c a l i z a t i o n  ac cu rac y  based on i n t e r a u r a l  

i n t e n s i t y  d i f f e r e n c e  th r e s h o ld s .

Time d i f f e r e n c e s  produced by a c tu a l  sound so u rce s  are  

p r e d ic te d  by th e  g eo m etr ic  model proposed by Woodworth (1938). 

T his  model, which i s  d e s c r ib e d  in  th e  in t r o d u c t io n ,  a llow s 

th e  th r e s h o ld  tim e d i f f e r e n c e  o b ta in e d  in  t h i s  s tu d y  to  

be co n v e rted  to  az im uth  a n g le s .  A th re s h o ld  tim e d i f f e r ­

ence can thu s  be ex p re ssed  as an e q u iv a le n t  minimum a u d ib le  

a n g le .  The adequacy o f  th e  Woodworth model f o r  p r e d i c t i n g  

i n t e r a u r a l  tim e d i f f e r e n c e s  produced by c l i c k s  has been 

d em on stra ted  by Feddersen  e t  a l .  (1957). These i n v e s t i g a t o r s  

found a lm ost p e r f e c t  agreem ent between th e  p r e d ic te d  and 

a c tu a l  f u n c t io n s  r e l a t i n g  i n t e r a u r a l  time d i f f e r e n c e s  to  

d i r e c t i o n  o f  c l i c k  so u rc e .

The e q u a tio n  f o r  i n t e r a u r a l  tim e d i f f e r e n c e  i n t r o ­

duced e a r l i e r ,

A t  a 29 usec /cm  X r  cm X (9 + s in  9) 

can be so lv ed  f o r  9 . For a n g le s  l e s s  than  25 d eg rees  

(0 .436  r a d i a n s ) ,

s in  9 ^ 9 ;



th u s ,

2 sin 0 = A t/(29  X r) 

sin 8 = A t / (2 9  X 2 X r)

The mean d iam e te r  o f  th e  heads o f  th e  monkeys used  in  

t h i s  s tu d y  was found to  be 9 cm; th e  v a lu e  o f  r  f o r  th e  

p re c e d in g  e q u a tio n s  i s  th us  4 .5  cm. The tim e d i f f e r e n c e  

th r e s h o ld s  from F igure  26 were co n v e r ted  to  a n g le s  and 

the  r e s u l t i n g  e s t im a te s  o f  minimum a u d ib le  ang le  based  on 

on-go ing  time cues alone a re  shown in  F ig u re  28 ( to p  p a n e l ) .  

These e s t im a te s  may be compared to  th e  f r e e - f i e l d  l o c a l i ­

z a t io n  th re s h o ld s  o b ta in e d  by Brown e t  a l .  (1976), a l s o  

d e p ic te d  in  th e  f i g u r e .  The two fu n c t io n s  a re  e s s e n t i a l l y  

p a r a l l e l ,  w ith  th e  e s t im a te s  based  on time d i f f e r e n c e  

th r e s h o ld s  e le v a te d  r e l a t i v e  to  the  a c tu a l  l o c a l i z a t i o n  

fu n c t io n .

S im ila r  e s t im a te s  o f  minimum an g le s  f o r  the c a t  can 

be made, u s in g  th e  d a ta  o f  Wakeford & Robinson (1974); 

th e  geom etric  c o n s id e r a t io n s  a re  s im p le r .  The c a t  head i s  

as a sphere  w ith  th e  p innae  a t t a c h e d  on top  and f a c in g  

foward in  such  a way t h a t  th e  sp h e re  does n o t  add to  th e  

d i s t a n c e  t r a v e l l e d  by a  sound o r i g i n a t i n g  a t  az im uths o th e r  

th an  0° and 180°. Given t h i s  assum ption , th e  e x t r a  d i s ­

ta n c e  i s  s im ply ,

A d = dp X s in  9



Figure 28
E stim a ted  minimum a u d ib le  a n g le s  f o r  c a t  and monkey based 
on i n t e r a u r a l  time d i f f e r e n c e  th r e s h o ld s .  Top p a n e l:  9  
E s tim a te s  o f  minimum a n g le s  d e r iv e d  ac co rd in g  to  th e  Wood- 
w orth  model from r e s u l t s  o f  the  p r e s e n t  s tu d y ;  B Minimum 
a n g le s  f o r  macaques (Brown e t  a l . ,  1976). Bottom p a n e l :A  
E s t im a te s  o f  minimum a u d ib le  an g le  f o r  th e  c a t  based on 
i n t e r a u r a l  tim e d i f f e r e n c e s  (Wakeford & Robinson, 1974 ); 9  
The same e s t im a te s  based  on a tw o fo ld  in c r e a s e  o f  th e  i n t e r ­
a u r a l  i n t e n s i t y  d i f f e r e n c e  th r e s h o ld s ;  si Minimum a n g le s  
f o r  c a t s  (C asseday & N e f f ,  1973).
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where i s  the  s e p a ra t io n  between th e  p in n ae . As in  th e  

a n a ly s i s  done f o r  th e  monkey, (p . 124)»

A t  = 29 usec /cm  X Ad 

and by s u b s t i t u t i o n ,

A t  = 29 X dp X s in  9 

so lv in g  f o r  0 ,

0 = s in ”'*' (A t /2 9  X dp)

I f  we assume t h a t  th e  d i s t a n c e  between the  p innae in  the  

c a t  i s  th e  same as  th e  d ia m e te r  o f  our monkey h ea d s ,  9 cm, 

then  th e  e s t im a te s  shown in  F ig u re  28 (bottom  p a n e l)  can 

be made. One fu n c t io n  d e p ic t s  e s t im a te d  minimum a n g le s  

d e r iv e d  from the  th r e s h o ld  r e p o r te d  by Wakeford & Robinson

(1974). The o th e r  c o r r e c t s  f o r  t h e i r  i n t e r p r e t a t i o n  o f  

i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  th re s h o ld  and r e p r e s e n t s  

a  tw o -fo ld  in c re a s e  o f  th e se  th r e s h o ld s  (see  p . 123).  

F i n a l ly ,  a  p o r t io n  o f  th e  l o c a l i z a t i o n  fu n c t io n  f o r  c a t s  

o b ta in e d  by Casseday & N eff (1973) i s  a l s o  p l o t t e d .

I t  i s  d i f f i c u l t  to  imagine t h a t  th e  time cue alone 

could  le a d  to  minimum a u d ib le  angle  e s t im a te s  t h a t  a re  

low er than  th r e s h o ld s  measured in  f r e e - f i e l d  c o n d i t io n ,  

where b o th  head movement and i n t e n s i t y  d i f f e r e n c e s  can 

p ro v id e  a d d i t i o n a l  cu e s . I t  would seem more re a s o n a b le  

to  a c c e p t  th e  minimum a n g le  e s t im a te s  given by th e  u pper 

curve as r e p r e s e n t a t i v e  o f  th e  c o n t r ib u t io n  o f  th e  tim e



cue to  l o c a l i z a t i o n  o f  low f r e q u e n c ie s .  The co rre sp o n d en ­

ce o f  m i n im u m  an g le  e s t im a te s  w ith  th o se  de term ined  by 

Casseday & N eff (1973) i s  q u i t e  good f o r  500 Hz and 1 ,000 Hz. 

The poor f i t  a t  2 ,000 Hz i s  d i f f i c u l t  to  e x p la in  s in c e  i n ­

t e n s i t y  d i f f e r e n c e s  should  p ro v id e  even l e s s  o f  a cue f o r  

c a t s  w i th  t h e i r  h ig h  p inna  p lacem en t, than  f o r  monkeys. 

P resum ably th e n ,  th e  much b e t t e r  than  p r e d ic te d  l o c a l ­

i z a t i o n  perform ance o f  th e  c a t s  a t  2 ,000  Hz i s  due to  head 

and p in n a  movement and, p o s s ib ly ,  th e  combined e f f e c t s  o f  

b o th  tim e and i n t e n s i t y  cu es .

E s t im a te s  o f  monkey l o c a l i z a t i o n  a b i l i t y  based  on m o d if i ­

c a t io n s  o f  th e  Woodworth model

I t  was n o te d  in th e  p re v io u s  s e c t io n  t h a t  th e  e s t im a te s  

o f  minimum a u d ib le  ang le  d e r iv e d  in  th e  p r e s e n t  s tu d y  were 

h ig h e r  than  th o se  measured d i r e c t l y  by Brown e t  a l .  (1976). 

The b e t t e r  than  p r e d ic te d  l o c a l i z a t i o n  a b i l i t y  o f  th e  

monkeys i s  n o t  l i k e l y  to  be due to  i n t e n s i t y  cues s in c e  

th e  monkey head does n o t  c a s t  an a p p re c ia b le  "sound shadow" 

below 4 ,000  Hz. I t  i s  a l s o  n o t  l i k e l y  t h a t  th e  b e t t e r  

perform ance was due to  head movement c u e s ,  s in c e  Brown had 

r e s t r a i n e d  h i s  s u b j e c t s '  h e a d s .

A nother e x p la n a t io n  f o r  the  h ig h  e s t im a te s  i s  t h a t  

th e  model on which th e  c a l c u l a t i o n s  were based  u n d e re s t im a te s  

th e  i n t e r a u r a l  d e lay  produced  by o f f - c e n t e r  sound s o u rc e s .



The Woodworth (1938) model i s  independen t o f  f req u en cy , 

and, as  a l r e a d y  m en tioned , i t  a c c u r a te ly  p r e d ic t s  the  

i n t e r a u r a l  d e la y  in tro d u c e d  by c l i c k  s t i m u l i  from sp eak ers  

p laced  a t  v a r io u s  az im uth  p o s i t i o n s  (Feddersen e t  a l .  1957). 

Recent p h y s ic a l  measurements o f  i n t e r a u r a l  d e lay s  produced 

by pure  tone  so u rce s  i n d i c a t e  t h a t  a f re q u en cy - in d e p en d en t 

model may n o t  be a p p r o p r i a t e .  Abbagnaro, Bauer, & T orick

(1975) m easured i n t e r a u r a l  tim e and i n t e n s i t y  d i f f e r e n c e s  

as  a  fu n c t io n  o f  f req u en cy  on human s u b je c t s  and f o r  a 

m anik in . F o r a l l  az im uth  p o s i t i o n s  (30°, 60°, 120°, 150°) 

th e  m easured phase d i f f e r e n c e  between th e  e a rs  was f r e ­

quency d ep en den t.  The phase s h i f t  was g r e a t e s t  f o r  f r e ­

qu enc ie s  n e a r  250 Hz, and d im in ish ed  to  a c o n s ta n t  v a lu e  

a t  f r e q u e n c ie s  g r e a t e r  than 2 ,000  Hz.

Kuhn (1976) ex tended  th e se  measurements and proposed 

a f re q u en cy  dependen t model f o r  d e s c r ib in g  th e  i n t e r a u r a l  

d e la y  f u n c t io n .  The observed  d e la y s  f o r  to n e s  below 500 Hz 

were freq u en cy  independen t f o r  az im uth  p o s i t i o n s  between 

15° and 90°. Above 3 ,000  Hz th e  i n t e r a u r a l  time d i f f e r e n ­

ce was freq u en cy  independen t f o r  azim uth  p o s i t io n s  b e ­

tween 15° and 60°. For f r e q u e n c ie s  between th e s e  l i m i t s ,  

th e  time d i f f e r e n c e  d im in ish ed  w ith  in c r e a s in g  fre q u en cy .

The approxim ate  r a t i o  between th e  low freq u en cy  d e lay s  

and th o se  o b ta in e d  a t  h ig h  f r e q u e n c ie s  was 3 /2 .



F o r  man, th e  Woodworth model a c c u r a te ly  p r e d i c t s  

i n t e r a u r a l  d e la y s  f o r  f r e q u e n c ie s  above 3 ,000 Hz; below 

t h i s  frequency  the  model u n d e re s t im a te s  th e  d e la y s .  Kuhn 

developed  a model t h a t  ta k e s  in to  accoun t th e  s c a t t e r i n g  

o f  sound by a r i g i d  sp h e re .  This model, which p r e d ic t s  

sound t r a n s m is s io n  time as  a  fu n c t io n  o f  an g le  o f  in c id e n c e ,  

w av e leng th , and r a d iu s ,  a c c u r a te ly  f i t s  th e  p h y s ic a l  measu­

rem en ts .

The model c o n s i s t s  o f  two p a r t s .  At h ig h  f r e q u e n c ie s ,  

above 3 ,000  Hz f o r  humans, Kuhn's m athem atica l  and p h y s ic a l  

model c l o s e l y  approx im ates  th e  g e o m e tr ic a l  model o f  Waodworth. 

To p r e d ic t  th e  azim uth  ang le  a s s o c ia te d  w ith  an i n t e r a u r a l  

tim e d i f f e r e n c e  Kuhn d e r iv e d  th e  fo l lo w in g  e q u a tio n :

s in  0 = A t /2 X a /C 0 (1)

where At i s  th e  i n t e r a u r a l  tim e d i f f e r e n c e  in  se c ,  a  i s  

th e  r a d iu s  o f  th e  s p h e re ,  and CQ i s  th e  speed o f  sound 

(34 X 10  ̂ c m /sec ) .  T his  i s  the e q u iv a le n t  to  th e  eq u a tio n  

u sed  in  th e  p re v io u s  s e c t io n  to  e s t im a te  minimum a u d ib le  

a n g le s  f o r  th e  monkey.

For low f r e q u e n c ie s ,  below abou t 500 Hz f o r  man,

Kuhn's model s t a t e s  t h a t

s in  0 = A t / 3  X a/C Q (2)

w i l l  p r e d i c t  th e  azim uth an g le  a s s o c i a t e d  w ith  a p a r t i c u l a r  

i n t e r a u r a l  d e la y .



The on ly  d i f f e r e n c e  between e q u a tio n s  (1) and (2) i s  in  

th e  A t  d i v i s o r ;  th u s ,  f o r  the  same i n t e r a u r a l  tim e d i f ­

f e re n c e ,  th e  r a t i o  o f  low freq u en cy  a n g le s  to  h ig h  f r e ­

quency a n g le s  i s  2 /3 .  The model a l s o  s t a t e s  t h a t  f o r  f r e ­

quenc ies  between 500 Hz and 3 ,000  Hz th e  r a t i o  changes 

smoothly from 2/3  to  1. P h y s ic a l  measurements su p p o rted  

th e s e  p r e d i c t i o n s .

Kuhn's model a p p l i e s  to  sp h e re s  o f  any r a d iu s ,  so 

t h a t  p r e d ic t i o n s  can be made f o r  organism s w ith  heads 

s m a l le r  than  man. The o n ly  d i f f e r e n c e  would be th e  f r e ­

quency b o u n d a r ie s  f o r  u s in g  th e  e q u a t io n s .  These b o u n d a r ie s  

a r e  r e l a t e d  to  th e  p a ram e te rs  k  and a ,  where k i s  th e  a c o u s t i c  

wave number ( 2 i f f / c )  and a i s  th e  r a d iu s  o f  the  h ead . The 

model and th e  e m p ir ic a l  resu lts  i n d i c a t e  t h a t  when kaA 1 

eq u a tio n  (2) f o r  low f re q u e n c ie s  i s  a p p r o p r ia te ;  on th e  

o th e r  hand, when k a ^ 5 ,  the  h ig h  f req u en cy  eq u a tio n  (1 ) ,  

i s  a p p l ic a b le .

In man, assuming a head r a d iu s  o f  9 cm, kef i s  equa l 

to  1 a t  about 500 Hz, and ka i s  eq u a l  to  5 a t  abou t 3 ,000  Hz. 

For th e  monkey, w i th  a  head r a d iu s  o f  4 .5  cm, s i m i l a r  c a l ­

c u la t io n s  show t h a t  the  f req u en cy  c u t - o f f s  co rre sp o n d in g  

to  ka eq u a l  to  1 and ka equ a l to  5 a r e  1 ,250 Hz and 6 ,000 Hz, 

r e s p e c t i v e l y .

To summarize, Kuhn 's e m p ir ic a l  f in d in g s  and h i s



p h y s ic a l-m a th e m a tic a l  model i n d i c a t e  t h a t  a t  low f re q u e n c ie s  

th e  Woodworth model u n d e re s t im a te s  th e  i n t e r a u r a l  tim e 

d i f f e r e n c e  produced by an o f f - m id l in e  sound so u rc e . "Low 

frequency"  i s  d e f in e d  in  term s o f  the  r a d iu s  o f  th e  head 

by k a £ l .  The converse  i s  a l s o  t r u e ;  a t  low f re q u e n c ie s  

th e  Wbodworth model o v e r e s t im a te s  th e  azim uth p o s i t io n  

a s s o c ia te d  w ith  an i n t e r a u r a l  d e la y .

F ig u re  29 d i s p la y s  th e  e s t im a te d  minimum a u d ib le  an g les  

d e r iv e d  from th e  tim e d i f f e r e n c e  th re s h o ld s  measured in  t h i s  

experim en t and a d ju s te d  ac co rd in g  to  th e  freq u en cy -d ep en ­

d en t m odel. There i s  v e ry  c lo s e  agreem ent between them and 

th e  l o c a l i z a t i o n  th r e s h o ld s  o b ta in e d  by Brown e t  a l .  (1976), 

which su g g e s ts  t h a t  f o r  th e  monkey th e  cue f o r  l o c a l i z a t i o n  

up to  2 ,000 Hz i s  i n t e r a u r a l  phase d i f f e r e n c e .

Combined i n t e r a u r a l  time and i n t e n s i t y  d i f f e r e n c e s

The e f f e c t  o f  combined phase  and i n t e n s i t y  cues on 

l a t e r a l i z a t i o n  b e h a v io r  in  an im als  i s  co m p le te ly  unknown.

We i n f e r  t h a t  an an im al can d e a l  w ith  such com binations 

because th ey  s u r e ly  o ccu r  in  o p e n - f i e ld  l o c a l i z a t i o n  o f  

a c tu a l  sound s o u rc e s .  By d e f i n i t i o n ,  such com binations o f  

phase and i n t e n s i t y  a re  " n a t u r a l " ,  i . e . ,  a t  a g iven  azim uth 

th e  tim e d i f f e r e n c e  and i n t e n s i t y  d i f f e r e n c e  a t  th e  ea rs  

w i l l  be governed by th e  geom etry o f  th e  a n im a l’s head and



Figure 29

E stim a ted  minimum a u d ib le  an g les  based  on a frequency  
dependent model f o r  i n t e r a u r a l  d e la y s ,  o  E s tim a te s  d e ­
r iv e d  from th r e s h o ld s  o f  th e  p r e s e n t  s tu d y . 0  Minimum 
an g les  f o r  macaques (Brown e t  a l . ,  1976). ▲ Minimum an g le s  
f o r  th e  c a t  (Casseday & N eff ,  1973). O Human minimum 
a u d ib le  an g les  (M i l l s ,  1958).
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the  s p e c t r a l  c o n te n t  o f  th e  sound. Molino (1974) p re se n te d  

such " n a tu r a l "  com binations o f  phase  and i n t e n s i t y  to  human 

s u b je c t s  v i a  earphones and v e r i f i e d  t h a t  th e s e  com binations 

would indeed  r e s u l t  in an a p p r o p r ia te  p e rc e p t io n  o f sound 

azim uth  p o s i t i o n .  Molino a l s o  p re s e n te d  com binations o f  time 

and i n t e n s i t y  no t found in  n a tu r e .  At 500 Hz the  p e rc e iv e d  

lo c a t io n  was p r a c t i c a l l y  u n a f f e c te d  by i n t e n s i t y  c u e s ,  and 

a t  8 ,000  Hz judgm ents o f  image lo c a t io n  were independen t 

o f  tim e cu es . These f in d in g s  i n d i c a t e  t h a t  human s u b je c t s  

have no d i f f i c u l t y  in  l a t e r a l i z i n g  com binations o f  tim e and 

i n t e n s i t y ,  w he the r  th ey  o ccu r  n a t u r a l l y  o r  n o t ;  th e  s u b je c t s  

sim ply  a s s ig n e d  l a t e r a l  p o s i t io n  acco rd in g  to  th e  dominant 

cue -  i n t e n s i t y  a t  h igh  f r e q u e n c ie s ,  phase a t  low f r e q u e n c ie s .

G il l io m  & S ork in  (1972) sought to  determ ine  th e  ex a c t  

n a tu re  o f  such tim e and i n t e n s i t y  i n t e r a c t i o n s .  They con­

cluded  t h a t  the  s e n s a t io n s  a r i s i n g  from i n t e r a u r a l  time and 

i n t e n s i t y  cues c o r r e l a t e  to  a  h ig h  d eg ree  ( r= 0 .8 8 ) .  T his  

would mean th a t  th e  s e n s a t io n  from one cue adds as a s c a l a r  

q u a n t i ty  to  the  s e n s a t io n  from th e  o th e r  cue. The la c k  o f  

p e r f e c t  c o r r e l a t i o n  means t h a t  some r e s i d u a l  s e n s a t io n  would 

remain which would p re v e n t  th e  tim e and i n t e n s i t y  image from 

com ple te ly  fu s in g  in to  a s in g le  l a t e r a l i z e d  image.

A s i m i l a r  co n c lu s io n  was reached  by H a f te r  & C a r r ie r



(197 2 ). In a s a m e - d i f f e r e n t  s ig n a l  d e te c t io n  paradigm  v a r io u s  

com binations o f  tim e and i n t e n s i t y  d i f f e r e n c e s ,  bo th  con­

g ru e n t  and in  o p p o s i t io n ,  were p re s e n te d  to  s u b je c t s  who 

were a lso  g iven  a 500 Hz d i o t i c  r e f e re n c e  to n e .  In g en ­

e r a l ,  congruent phase and i n t e n s i t y  d i f f e r e n c e s  combined 

to  y i e l d  h ig h e r  d* m easures than phase in fo rm a tio n  a lo n e .

When the  cues were in  o p p o s i t io n ,  d 1 was low er than  f o r  

e i t h e r  cue a lo n e ,  b u t no com bination  o f  opposing  time and 

i n t e n s i t y  was e f f e c t i v e  in  d ropp ing  d '  to  z e ro .  Again, 

t h i s  s tudy  i n d i c a t e s  t h a t  i n t e r a u r a l  time and i n t e n s i t y  

produce s e n s a t io n s  in  man t h a t  a re  a t  l e a s t  p a r t i a l l y  i n ­

dependent .

Moushegian & J e f f r e s s  (1959) used a tech n iq u e  t h a t  

r e q u ir e d  s u b je c t s  to  m atch th e  lo c a t io n  o f  an image s h i f t e d  

by combined i n t e n s i t y  and tim e cues by a d ju s t i n g  th e  i n t e r ­

a u r a l  time d i f f e r e n c e  in  a n o is e  " p o in t e r " .  Such m atches 

were p o s s ib le  f o r  b o th  congruen t and opposing cu es . The 

a u th o rs  p o in te d  ou t t h a t  the  s u b j e c t s  had g r e a t  d i f f i c u l t y  

making m atching  judgm ents in v o lv in g  com binations o f  l a rg e  

tim e and i n t e n s i t y  d i f f e r e n c e s .  Sayers (1964) r e p o r te d  

s i m i l a r  d i f f i c u l t i e s  when s u b je c t s  were asked to  a s s ig n  

p e r ip h e r a l  p o s i t io n s  to  l a t e r a l i z e d  im ages. "Experim ents 

u s in g  pure to n es  w ith  s i g n i f i c a n t  IAD a re  d i f f i c u l t  to



condu c t. When the i n t e r a u r a l  am plitude  d i f f e r e n c e  s i g n i f ­

i c a n t l y  exceeded about 12 dB, a l l  l i s t e n e r s  r e p o r te d  t h a t  

th e  image became too d i f f u s e  and i l l - d e f i n e d  to  judge  i t s  

p o s i t io n  (p . 9 2 5 ) ."

In th e  l i g h t  o f  th e s e  v a r io u s  human s t u d i e s ,  how can 

one i n t e r p r e t  the  f in d in g s  in  th e  p re s e n t  s tu d y  w ith  r e s p e c t  

t o  com binations o f  i n t e r a u r a l  phase and i n t e n s i t y ?  An i n ­

t u i t i v e  p r e d ic t io n  o f  th e  r e s u l t s  o f  Experim ent I I I  would 

have re q u i r e d  equa l o r  b e t t e r  perform ance when th re s h o ld  

time and i n t e n s i t y  cues a re  combined. Much o f  e a r ly  psycho­

p h y s ic s  r e s t e d  on th e  assum ption  t h a t  j u s t  n o t i c e a b le  

d i f f e r e n c e s  produce e q u iv a le n t  s e n s a t io n s .  This does n o t  

seem to  be t r u e  f o r  th e  monkey when a j u s t  n o t i c e a b le  d i f f ­

erence  in  phase i s  added to  a j u s t  n o t i c e a b le  d i f f e r e n c e  in  

i n t e n s i t y .  The com bination  o f  th e se  supposed ly  e q u iv a le n t  

s e n s a t io n s  le a d s  to  a com plete breakdown o f  th e  d i s c r im in a ­

t io n  .

The r e s u l t s  o f  G il l io m  & Sork in  (1972) a l s o  would le a d  

to  a p r e d ic t io n  o f  eq u a l  o r  b e t t e r  perform ance when co n g ru en t 

cues a r e  combined. I f  tim e and i n t e n s i t y  add as s ig n ed  

s c a l a r  s e n s a t io n s  w ith  o n ly  a sm all r e s i d u a l  component, then  

th e  r e s u l t  should  be a  dom inant fu se d  image. One p o s s ib le  

e x p la n a t io n  f o r  th e  la c k  o f  sim ple  a d d i t io n  o f  s e n s a t io n



in  th e  monkey i s  t h a t ' t i m e  s h i f t e d  and i n t e n s i t y  s h i f t e d  

images a re  n o t  e q u iv a le n t  and do n o t  th e r e f o r e  sum. I f  

t h i s  i s  t r u e  th e  monkey m ight be h e a r in g  an image s h i f t e d  

by th r e s h o ld  tim e d i f f e r e n c e  in  one lo c a t i o n ,  and an image 

s h i f t e d  by th r e s h o ld  i n t e n s i t y  d i f f e r e n c e  in  a n o th e r  l o c a t i o n .  

The com bination  o f  th e  two might then  be a d i f f u s e  image th a t  

i s  d i f f i c u l t  to  l a t e r a l i z e .

The fo re g o in g  h y p o th e s is  assumes t h a t  f o r  th e  monkey 

th e r e  i s  an i n t r a c r a n i a l  image l i k e  th e  one re p o r te d  by 

human s u b j e c t s .  O ther than  th e  f a c t  t h a t  monkeys can le a rn  

to  respond " l e f t "  and " r ig h t "  to  phase and i n t e n s i t y  d i f f ­

e re n c e s ,  we have no i n s i g h t  i n t o  t h e i r  p e r c e p tu a l  w orld .

I t  i s  p o s s ib le  t h a t  one cue, p h ase ,  r e s u l t s  in  an i n t r a ­

c r a n i a l  image t h a t  v a r i e s  lo c a t io n  as a fu n c t io n  o f  d e la y ,  

and t h a t  i n t e n s i t y  r e s u l t s  in  a b in a ry  p e r c e p t io n :  in  the  

head f o r  below  th re s h o ld  i n t e n s i t y  d i f f e r e n c e s ,  and a t  the  

e a r  r e c e iv in g  th e  lo u d e r  s t im u lu s  f o r  above th re s h o ld  

i n t e n s i t y  d i f f e r e n c e s .  Such a h y p o th e s is  would e x p la in  th e  

d i f f i c u l t y  w i th  which th e  t r a n s f e r  from th e  i n t e n s i t y  t a s k  

to  th e  phase t a s k  was accom plished .

F i n a l ly ,  a lth o u g h  Molino (1974) r e p o r te d  t h a t  humans 

had no d i f f i c u l t y  w ith  u n n a tu r a l  com binations o f  phase  and 

i n t e n s i t y ,  th e  same may n o t  be t r u e  f o r  th e  monkey. T hresh-



o ld  tim e d i f f e r e n c e  o f  53 jjusec a t  1 ,000 Hz was e s t im a te d  in  

th e  p rev io u s  s e c t io n  to  be a s s o c ia te d  w ith  an azim uth p o s i ­

t i o n  o f  8 ° . The th r e s h o ld  i n t e n s i t y  d i f f e r e n c e  o f  4 .5  dB 

a t  1 ,000  Hz i s  much l a r g e r  than  cou ld  occur n a t u r a l l y ,  

r e g a r d le s s  o f  az im uth  p o s i t i o n .  I f  th e  monkey l a t e r a l i z e s  

and l o c a l i z e s  based  on ex p e rien ce  w ith  the  environm ent and 

th e  com binations a v a i l a b le  n a t u r a l l y ,  then  he might be 

u n ab le  to  c a te g o r iz e  u n n a tu r a l  com binations o f  th re s h o ld  

d i s p a r i t i e s .



Conclusion

The d a ta  and the  arguments p re s e n te d  h e re  su g g es t  

t h a t  non-human mammals a re  u n a b le  to  l o c a l i z e  pure to n e s  

as  a c c u r a te ly  a s  i s  man. Minimum a u d ib le  ang le  as a fu n c ­

t i o n  o f  f req u en cy  i s  p o o re r  f o r  b o th  c a t  and monkey (Casseday 

& N e f f ,  1973; Brown e t  a l . ,  1976) than  i t  i s  f o r  humans 

(M i l l s ,  1958). There a re  two re a so n s  f o r  t h i s  p o o re r  

perfo rm ance . At a g iven  f req u en cy  the  l o c a l i z a t i o n  cues 

a v a i l a b l e  to  an anim al w ith  a sm all  head a re  s m a l le r ,  

and , as r e p o r te d  h e r e ,  th e  s e n s i t i v i t y  to  th e  cues t h a t  

a r e  p re s e n te d  i s  p o o re r .

M an's s u p e r i o r i t y  in  l o c a l i z i n g  and l a t e r a l i z i n g  com­

p le x  sounds i s  somewhat l e s s  pronounced, b u t s t i l l  c l e a r l y  

in  ev id en c e . Minimum a u d ib le  an g le s  f o r  w ide-band c l i c k s  

a r e  abo u t 3 /4 °  f o r  human s u b je c t s  (Banks & Green, 1973).

In c o n t r a s t ,  th e  c a t ' s  th r e s h o ld  f o r  l o c a l i z i n g  b ro a d ­

band n o is e  i s  abou t 6° (C asseday & N e f f ,  1973) and th e  

monkey's th r e s h o ld  i s  no b e t t e r  than  ab ou t 5° f o r  b ro a d ­

band n o is e  (Brown e t  a l .  1976). A gain , th e  r e s u l t s  from 

l a t e r a l i z a t i o n  s t u d i e s  p o in t  a t  the  re a so n  f o r  th e  a n im a l 's  

r e l a t i v e l y  p o o re r  a b i l i t y  to  l o c a l i z e .  For th e  monkey, 

th re s h o ld s  f o r  c l i c k  i n t e n s i t y  d i f f e r e n c e s  have been r e ­

p o r te d  as 2 .25  dB, and 6-10 dB (H e f fn e r ,  1973; Don & S t a r r ,  

1972). The i n t e n s i t y  d i f f e r e n c e  th re s h o ld  f o r  n o is e  r e -



p o r ted  in  t h i s  s tu d y  i s  s l i g h t l y  lower th an  th e  b e s t  pure 

tone t h r e s h o ld ,  b u t  s t i l l  f a r  from th e  human s e n s i t i v i t y  

to  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s .  S im i la r  m easures a re  

n o t a v a i l a b l e  f o r  the  c a t .

On th e  b a s i s  o f  a  n e g a t iv e  c o r r e l a t i o n  between 

maximum i n t e r a u r a l  tim e a v a i l a b l e  to  an im als  because  o f 

t h e i r  head s iz e  and th e  upp er f req u en cy  c u t - o f f  in  t h e i r  

audiogram s, i t  was su g g es ted  t h a t  th e  h ig h  f req u en cy  

h e a r in g  c h a r a c t e r i s t i c  o f  most mammals " . . .  i s  a  r e s u l t  

o f  s e l e c t i v e  p re s s u re  to  a l lo w  a c c u ra te  and in s ta n ta n e o u s  

l o c a l i z a t i o n  o f  b r i e f  so u n d s ."  (M as te r to n , H e f fn e r ,  & 

R avizza , 1969, p. 983 ). A lthough th e  upper f req u en cy  o f  

monkey h e a r in g  i s  about an o c tav e  h ig h e r  than m an's 

(M asterton  e t  a l . ,  1969; S te b b in s ,  1973), t h i s  does n o t 

f in d  e x p re s s io n  in  th e  m onkey's a b i l i t y  to  l o c a l i z e  w ith  

any g r e a t e r  accu racy  a t  h ig h  f r e q u e n c ie s .  On th e  c o n t r a ry  

o v e r  the  l im i t e d  range o f  f r e q u e n c ie s  t e s t e d  in  t h i s  s tu d y  

s e n s i t i v i t y  to  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e s  d ec rea se d  

w i th  in c r e a s in g  f re q u e n c y .  As th e  l o c a l i z a t i o n  fu n c t io n  

o f  Brown e t  a l .  (1976) shows, t h i s  d ec re a se  in  s e n s i t i v i t y  

to  i n t e n s i t y  d i f f e r e n c e s  le a d s  to  a s t e a d i l y  in c r e a s in g  

th r e s h o ld  f o r  a n g u la r  s e p a r a t io n ,  a t  l e a s t  up to  11,200 Hz 

(se e  F ig u re  2 9 ) .  I t  i s  o n ly  a t  16 kHz t h a t  th e  monkey i s  

a b le  to  l o c a l i z e  pure to n es  w ith  somewhat g r e a t e r  accu racy



bu t th e  th re s h o ld  i s  s t i l l  h ig h  (1 3 ° ) .

F in a l ly ,  th e  h e a r in g  o f  monkeys and o th e r  an im als  

app ears  to  be d i f f e r e n t  from man’ s in  one o th e r  r e s p e c t .

They can d i s c r im in a te  i n t e r a u r a l  time d i f f e r e n c e s  f o r  pu re  

to n es  a t  h ig h e r  f re q u e n c ie s  than man. As m entioned e a r l i e r ,  

monkeys can l a t e r a l i z e  phase  s h i f t e d  to n es  up to  2 ,000  Hz, 

and th e  same f in d in g  has been r e p o r te d  f o r  th e  c a t  (Wakeford 

& Robinson (1 974 ). A p paren tly  th e  r a t  and th e  t r e e  shrew  

a re  s im i l a r  in  t h i s  r e s p e c t  (M aste rton , Thompson, B ech to ld ,

6c Robards, 1975). The accu racy  o f  l o c a l i z a t i o n  f o r  b o th  

o f th e s e  organism s d e c l in e s  a t  f r e q u e n c ie s  above 2 ,000 Hz, 

and in c r e a s e s  again  f o r  f r e q u e n c ie s  above 8,000 Hz.

Thus, i t  ap p ears  t h a t  th e  s e l e c t i v e  p re s s u re s  on th e  

l o c a l i z a t i o n  mechanisms o f  a u d i to r y  system s in  an im als  

may n o t  have been th e  same as in  man. In  th e  l i g h t  o f 

th ese  f in d in g s ,  d i f f e r e n t  m e tr ic s  f o r  accu racy  o f  l o c a l ­

i z a t i o n  may be needed  when c o n s id e r in g  l o c a l i z a t i o n  in  

an im als and man.



APPENDIX

C a l ib r a t io n  o f  th e  headphones was c a r r i e d  o u t  in  th e  

I n d u s t r i a l  A co u s tic s  t e s t  chamber. The re sp o n se  curve o f  

th e  phones was measured by p la c in g  a 1 /4" B & K condenser 

microphone p e rp e n d ic u la r  to  each phone, j u s t  touch ing  the  

cu sh io n . Output was m onito red  v i a  a H ew le tt-P ackard  # 302A 

wave a n a ly z e r  and # 7035B X-Y r e c o r d e r .  Over the  range from 

125 Hz to  8 kHz th e  re sp o n se  o f th e  phones v a r ie d  6 dB; 

a t  a l l  t e s t  f r e q u e n c ie s  the  SPL o f  th e  l e f t  and r i g h t  phones 

was w ith in  2 dB.

F in a l  c a l i b r a t i o n  of l e v e l  was done w ith  th e  headphones 

in  p lace  on the  monkey. An 1 /8 "  B & K. m icrophone, to g e th e r  

w i th  th e  ca thode  fo l lo w e r  , was sandwiched between th e  

monkey’s head and th e  cush ion  such t h a t  th e  t i p  o f  th e  

microphone was p o s i t io n e d  a t  th e  e a r  c a n a l  e n t ra n c e .  Small 

changes in  th e  p o s i t io n  o f th e  microphone caused l e s s  than 

1 dB v a r i a t i o n  in  th e  measured o u tp u t  l e v e l .  The f i n a l  

a t t e n u a to r s  were a d ju s te d  to  match th e  o u tp u t  o f  th e  phones 

a t  100 dB SPL. Then b o th  channels  were a t t e n u a te d  a f u r t h e r  

40 dB to  a r r i v e  a t  th e  60 dB l e v e l  f o r  t e s t i n g .  No more 

than  1 dB in te r c h a n n e l  d i f f e r e n c e  was re q u i r e d  to  match th e  

o u tp u t  o f  th e  phones a t  any o f th e  e lev en  t e s t  f r e q u e n c ie s .
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