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- V ABSTRACT' : ' "  ' A . / A.V.- .• T \ -

This p ap e r  p re s e n ts  a th e o ry  for a n  e x p lan a t io n  of m onaura l 

d ip l a c u s i s .  The th e o ry  is  su p p lem en ted  b y  th e  b eh av io r  of a n  e l e c t r i c a l  

a n a lo g  of th e  hum an c o c h le a .  D e s ig n  of a m onaura l d ip la c u s i s  au d io m e te r  

is  d e t a i l e d .  E x perim en ta l  r e s u l t s  of t e s t s  for s ix -p e o p le  a re  p re sen te d  

and ;cqmpared w ith  th eo ry  . .B ecause  of the. e x c e l le n t  c o m p ar iso n ,  - . . v ' 

ex p e r im en ta l  r e s u l t s  se rv e  to  s t re n g th e n  th e  underly ing  p a t te rn -p la c e  

th eo ry  for h ea r in g  and  re c o g n i t io n .  ' . ' . ;
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CHAPTER ONE

/-  ' ' THEORETICAL DEVELOPMENT

1 .1  In tro d u c tio n  . . ,; v . . ■

" . M onaura l  d ip la c u s i s  w h ich  is  a s s o c i a t e d  w ith  nerve  dam age  in  th e  

■ in n e r  e a r  i s  id e n t i f ie d  by th e  a u d io lo g is t  w hen  a pure to n e  f p re se n te d  7 ■ •' / 

u n i la te ra l ly ^  is  ^reportedly heard  by  a s u b je c t  a s  a n o is y ,  som ew hat : 

random  to n e .  In th e  c a s e  of ex trem e ly  lo c a l iz e d  nerve  d a m a g e ,  a s in g le  ’ 

to n e  may be heard  a s  tw o  e n t i r e ly  s e p a ra te  t o n e s „ . .

; W e w il l  re d e f in e  m onaura l  d ip la c u s i s  a s  th e  a p p a re n t  ch an g e  in  

p i tch  (p itch  b e in g  th e  s u b je c t iv e  m easu re  of frequency ) of a  to n e  p a r t ia l ly  

m ask ed  by  n o is e  a s  com pared  to  th e  sam e to n e  unm asked  by  n o i s e e This  

d e f in i t io n  c o v e rs  a much b ro ad e r  ran g e  of nerve  dam age  th a n  th e  p rev ious

d e f in i t io n  s ih c e  i t  need  not im ply g ro ss  traum a to  p roduce  a d e te c ta b le
■■ ' \  : b a -a w -m - ■ , -  : : • v ■ : : .,;.7

•pitch c h a n g e o ' y ■'■•,7 ■•■'''• ■ A ; 1' ' 7 ' 7 - A , :7 '71 ' 7'"'

:. - 7 D ip la c u s i s  may be produced, by  pe rm anen t nerve dam age  a s  in  

p re s b y a c u s i sY  le s io n s  a lo n g  th e  b a s i l a r  m embrane * co n g en itaL  d e fe c ts  t  

or any  a c t io n  that, w i l l  p roduce a h o n - r e v e r s ib le  lo s s  in  s e n s o r y  d is c r im i­

n a t io n ,  or i t  may on ly  be tem pora ry  a s  in  fa t ig u e  p roduced  by  exposu re  to  

h igh  but n o t ' t r a u m a t ic  spund  in te n s i t i e s  . . ..



It is  th e  pu rpose  of th i s  paper to  show  th a t  th is  d ip la c u s i s  i s  ■ '• :

in d eed  re la te d  to  nerve d a m a g e :in  th e  co ch le a ^  and  h e n ce  to  hear in g  lo s s„  ■

■ Also th e  e x te n t  and. re g io n s  of th i s  dam age  may be id e n t i f ie d  in  te rm s of ' 

p a r t ic u la r  p o s i t io n s  a lo n g . th e  b a s i l a r  m em brane.

1*2 P h y s io lo g ic a l  B ackground .

A sound im ping ing  on the  pinna p a s s e s  th rough  th e  o u te r  and m iddle  '• • 

e a r  a n d 'in to  th e  in n e r  ear:.■1 The inner  e a r  i s  c a l le d  th e  c o c h le a  and i s  

• com posed  of th e  s e a  la v e s t ib u l i  and  th e  s e a  la tym pan i (both f lu id  f i l led  

c h a n n e ls )  s e p a ra te d  by  th e  c o c h le a r  d u c t .  On th e  b a s i l a r  m em brane of 

t h e  c o c h le a r  d u c t  is  th e  0 rg a n  of C orti  w ith  "its a s s o c i a t e d  h a ir  c e l l s , 

and  overly ing  th is  i s  th e : t e c to r i a l  m em brane; '  F igure 1 .1  show s ;a:'cross . ' 

s e c t io n  of th e  c o ch le a  „ ' . ' . ■ . . . . v V

As a r e s u l t .o f  sou n d  s tim u la t io n ^  a v ib ra t io n a l  p a t te rn  i s  s e t  up :

a long  th e  b a s i l a r  m em brane su ch  th a t  for e a c h  d i f fe ren t  s u s ta in e d  sound  •:

. th e re  a r i s e s  a d e f in i t iv e  p a t te rn .  ' ' /  . • - . -  - ; ’

It i s  b e l ie v e d  th a t  th e  r e la t iv e  m otion  b e tw een  th e  t e c to r i a l  mem brane 

c a u s e s  a sh ea r in g  a c t io n  on th e  c i l ia  of th e  h a ir  c e l l s  of th e  Organ of C o r t i .  

This a c t io n  r e s u l t s  in  a "firing '^  of th e  h a i r  c e i l s . S in c e  .'the sh ea r in g  fo rce  : 

on th e  c i l ia  i s  p roduced  b y  th e  m otion of th e  membrane  ̂ th e  p o s i t io n  of th e  v 

e x c i te d  ha ir  c e l l s  and. th e  ra te  a t  w h ich  th e y  fire  d epend  on th e  v ib ra t io n a l  

p a t te rn  of th e  m em brane. ' '  '' ' '
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: The ra te  of f i r in g , a t  l e a s t  for th e  h ig h e r  f r e q u e n c ie s  , i s  in  d ire c t

re la t io n  to  the  i n te n s i ty  of th e  s tim u lu s  and  is  b e l ie v e d  to  r e p re s e n t  ; . '  ,

i n t e n s i ty  in  th e  n e u ra l  .represen ta tion ,, This, r e la t io n s h ip  d o e s  not hold  . ■ 

a t  h igh in te n s i ty  le v e l s  due  to  th e  r e f ra c to ry  tim e of in d iv id u a l  h a ir  c e l l s  . 

As in te n s i ty  is  i n c r e a s e d ,  e a c h  c e i l .u l t im a te ly  re a c h e s  i t s  maximum fir ing  

ra te  and fu r ther i n c r e a s e s  in  in te n s i ty  no longer produce more rap id  f i r in g „ 

The n eu ra l  p a t te rn  is  th e n  no longer a t ru e  r e p re s e n ta t io n  of th e  s tim ulus  

and th e  e a r  is  s a id  to  h av e  r e a c h e d  s a tu r a t io n .  - 7 ' ■ ; ,

The p a t te rn  of th e  n e u ra l  im p u lse s  perta in ing , to  h a ir  c e l l s  a long  th e  • 

b a s i l a r  m em brane is  b e l ie v e d  to  ra th e r  c lo s e ly  app rox im ate  th e  membrane 

inotion . That is  , th e  h a i r  c e l l s  of th e  O rgan  of Gorti a c t  a s  m e c h a n ic a l -  

e l e c t r i c a l  t r a n s d u c e r s  co n v er t in g  th e  m embrane m otion  in to  n e u ra l  form .. • 

w h ich  th e n  t r a v e l s  to  th e  b ra in ,  / - y  ' -  ■■■ A: 7  .

1 .3  Theory  of P a tte rn  R ecogn ition  : ’

At th is  ju n c tu re  one may w e l l  a s k  w h a t  fe a tu re  i t  i s  in  th e  n eu ra l  

e q u iv a le n t  p a t te rn ,  or e q u iv a le n t  y ib ra t io n a l  p a t t e r n , th a t  i s  im portan t to  

th e  b ra in  for r e c o g n i t io n .  There, a re  a number of th e o r ie s  in  a n s w e r ,  or 

p a r t ia l  a n s w e r ,  to  th i s  q u e s t i o n . . One of th e  more lo g ic a l  of th e s e  i s  th e  ' 

"p la ce "  th e o ry  of h e a r in g .  This th eo ry  c o n ten d s  th a t  p o s i t io n  a long  th e  , _ 

b a s i l a r  m embrane of som e fe a tu re  of th e  v ib ra t io n a l ,  p a t te rn  i s  of major 

im portance  to  re c o g n i t io n ,  or a t  l e a s t  to  p i tch  d e te rm in a t io n . This .



fe a tu re  i s  u s u a l ly  taken ; to  be. th e  p o s i t io n  of th e  po in t of maximum - 

v ib ra t io n f  bu t ju s t  a s  v a l id  a sp eo if ic a t io n .m ig h t  be  th e  c en tro id  of th e  

patterno Aithough c a s e s  c an  be made fo r  o th e r f n o n -am b ig u o u s  

v -tiharac tefis t ic ':fea tu ree- 'd f th e  pa tte rn^  we w il l  a s su m e  th a t  i t  is  the  i' / 

c en tro id  of th e  p a t te rn  sh ap e  th a t  is  of prime im p o r ta n c e . .

v Although th e  p la c e  th e o ry  is  w id e ly  a c c e p te d  and  d a n ’' .ex p la in .m an y ::■ 

p s y c h o a c o u s t ic  phenom ena t  i t  i s  s t i l l  som ew hat in c o m p le te .  To augm ent 

th e  p la ce  th e o ry  we sup p lem en t i t  w ith  th e  p a t te rn  th e o ry .  T h is  th eo ry  ! ;:

; co n ten d s  th a t  i t  is  th e  p a t te r n 's  sh ap e  th a t  th e  b ra in  u t i l i z e s  f o r . - ■ ' V;

recogn ition ,, This m ay be : p a r t ia l ly  true  bu t i t  has, b e e n .n o te d  th a t  p a t te rn  

sh a p e s  a re  much th e  sam e  for a la rge  range  of. s in e  w ave  f re q u e n c ie s  and  ■' 

in d eed  for o ther  more com plex  s o u n d s . . R ea so n ab ly  th e  d is c r im in a t io n  

p re se n t  .in th e  e a r  cou ld  not be a c c o u n te d  for s o le ly  on th e  b a s i s  of s l ig h t  

p a t te rn  sh ap e  c h a n g e s .  • ■ • A-V-V’ : /  ■ ’ / : :n '::.VAv. , x;:,

■ , W e th e re fo re  hold, th a t  bo th  th e  p a t te rn  sh ap e  and  som e d is t in c t iv e  . 

fea tu re  gf th is  sh ap e , ,  ( e . g . t th e  cen tro id )^  a re  u s e d  in  r e c o g n i t io n .  • ;• ’. 

T h ese  tw o p ro p e r t ie s  may not be of e q u a l  im portance  in  a l l  c a s e s ,  or .even 

in  m ost c a s e s , but bo th  a re  b e l ie v e d  to  be im portan t to  re c o g n i t io n  in  

• g e n e ra l  and  re c o g n i t io n  o f  a tone  in  .p a r t ic u la r . . , r ; '  . T

As s ta t e d  b e f o r e , th e  n e u ra l  e q u iv a le n t  p a t te rn  i s  s e n t  to  th e  b ra in  

. for th e  re c o g n i t io n  p r o c e s s .  It is  r e a s o n a b le  to  h y p o th e s iz e  th a t  the  

cortex, perform s a so rt  of c o r re la t io n  b e tw e e n  th e  d a ta  s e n t  to  i t  from th e  ;



e a r  and  d a ta  s to red  in  th e  .memory. This, memory shou ld  c o n s i s t  of a f i le  ' : 

of p a t te rn s  b u i l t  up over  a period  of t im e a s  a r e s u l t  of e x p e r ien ce ' and: 

l e a r n in g . . Thusj. th e  f i r s t  t im e  we a re  e x p o se d  to  a n o is e  or s ig n a l?  we'. • 

m ay f a i l  to  a c h ie v e  re c o g n i t io n ,  or a c h ie v e  an  e rroneous  id e n t i f ic a t io n  

of th e  s ig n a l ,  s im ply  b e c a u s e  th e re  is  no e q u iv a le n t  p a t te rn  in  our 

• memory. W e m ay g e t  an  e rroneous  id e n t i f ic a t io n  by v ir tu e  of th e ' f a c t  

T h a t ,  if  th e re  i s  a som ew hat s im ila r  p a t te rn  in  our m em ory, th e  mind m ay 

c h o o se  an  id e n t i f ic a t io n  th a t  r e s u l t s  in  th e  c l o s e s t  f i t  to  th e  inpu t s ig n a l  

in  som e s e n s e ,  a s  p o s s ib ly  l e a s t  me a n - s q u a r e  e rro r. '

How our mind is  a b le  to  a c c o m p lis h  c o rre la t io n  an d  th e  s p e c i f ic  

re g io n s  th a t  do i t  need  not c o n ce rn  us h e re .  It is  s u f f ic ie n t  for us th a t  

th e  b ra in  i s  a b le  to  com pare tw o  s ig n a ls  ,  c lo s e ly  sp a c e d  in  t i m e , arid to  

d is c r im in a te  .be tw een  r e l a t iv e ly  sm all  d i f fe re n c e s  in  p i tc h  b e tw ee n  th e  

tw o . Our long term  memory of an y  s p e c i f ic  tone  i s  v e ry  poor; wo c an  ■ f 

id e n t i fy  on ly  abou t s e v e n  c l a s s i f i c a t i o n s  of p i tch  i f  t im e b e tw ee n  

co m p ar iso n s  i s  lo n g .  Our sho rt  term  memory i s  v e ry  much b e t te r  and 

fa i r ly  a c c u ra te  judgm en ts  may be made in  com paring  tw o to n e s  w here  th e  ; 

sh o r te r  th e  in te rv a l  b e tw ee n  co m p ar iso n s  th e  more s e n s i t iv e  w il l  be the  

:c bm parison#up to  a p o in t .  O .T ' ^ V : . y  ■

The d if fe ren c e  lim en  i s  a m easu re  of ju s t  how a c c u r a te ly  th e  ear  

m ay d is t in g u is h  d i f fe re n c e s  in  p i tch  b e tw e e n  two to n e s  o f th e  sam e h



in ten s i ty o  The d i f fe ren c e  I lm en , or d l ,  is  de f in ed  a s  th e  s m a l le s t  ' 

d i f fe ren ce  in  f req u e n cy  we may e s t a b l i s h  and s t i l l  d is c r im in a te  b e tw een  

tw o  d if fe ren t  t o n e s » ■ ; - v.v ; 1 ;

Table  1 g iv e s  th e  v a lu e s  .of th e  d if fe ren c e  lim an for v a r io u s  

•: f r e q u e n c ie s  for tw o  i n t e n s i f i e s  of s in e  w a v e s , w h ich  a re  th e  tw o 

in t e n s i t i e s  u s e d  in  t e s t s  to  be d e s c r ib e d  in  th i s  re p o r t .  It may be noted  

t h a t ,  a s  f r eq u en cy  i s  in c r e a s e d ,  a larger, ch an g e  i s  re q u ired  in  order to  

be d e te c te d .  '

; There is  a l s o  e v id e n c e  for a s u b je c t iv e  change  in  p i tc h  b e tw ee n  tw o 

to n e s  of th e  sam e freq u e n cy  w h ich  h av e  d if fe ren t  i n t e n s i t i e s . This may 

be e x p la in e d  if th e  e a r  is  a power law  d e te c to r  w ith  a. pow er law  exponen t • 

. som ew hat la rg e r  th a n  u n ity  and if  th e  p a t te rn  i s  a sy m m etr ic r  Figure  1 „ 2 

show s a ty p ic a l  p a t te rn  a lo n g  th e  m em brane for a high f req u e n cy  t o n e . 

Figure 1 .2  a l s o  show s a n o th e r  p a t te rn  for th e  sam e tone  b u t  a t  a h igher 

i n t e n s i ty .  If th e  power law; e x p o n e n t  i s  s l ig h t ly  g r e a te r  th a n  u n i ty ,  i t .  is  

r e a d i ly  a p p a ren t  th a t  th e  p a t te rn  sh ap e  i s  ch an g ed  and  h e n c e  s u b je c t iv e  

id e n t i f lc a t io h  is  m odif ied . . The p a t te rn  sh i f t  i s  th e o r e t ic a l ly  tow ard  ; :

' h igher f r e q u e n c ie s  w ith  h ig h e r  in t e n s i ty  and th is  i s  borne out by  •

■ ex p er im en t a t  h igh  au d io  f r e q u e n c ie s .  . At low er a u d io . f r e q u e n c ie s , by 

v ir tu e  of a ch an g e  in  th e  c h a r a c te r i s t i c  p a t te rn  s h a p e , th e  sh i f t  is  tow ard  , 

low er f r e q u e n c ie s  w ith  in c re a s e d  in t e n s i t y .  \  ; .



Table 1

D if f e r e n c e  Llmen

D if f e r e n c e  Llmen (cn s)fx  equenuj 
(c p s ) 15 db above  

th r e s h o ld
25 db above  

th r e s h o ld
1000 5 .0 4 . 0
11300 6 .6 4 . 5
2000 8 .0 6 .0
3000 1 2 .6 9 / 5
4000 16 .0 12 .0

"""550b ' 2 7 .6 2 6 .0
Sooo 3 8 .4 3 2 .0
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H igher Sound

I n t e n s i t y

Low Sound I n t e n s i t y

D is ta n ce  Along The B a s i la r  Membrane

F ig u re  1 .2  Neural P a tte r n  Along th e  B a s i la r  Membrane 
f o r  Two Sound I n t e n s i t i e s .
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1 .4  D evelopm ent of th e  R ecogn ition  F unction

It would be v e ry  in form ative  a t  th i s  po in t to  d e v e lo p  th e  r e la t io n ­

sh ip  b e tw ee n  s u b je c t iv e  lo u d n e ss  and th e  t im e -p r e s  sure  w aveform  of the  

so u n d . There  is  s u f f ic ie n t  e x p e r im en ta l  e v id e n c e  a v a i la b le  to  su g g es t  

a r e la t io n s h ip  a s

w here K is  a c o n s ta n t  of p ro p o r t io n a l i ty  th a t  may be r e la te d  to  the  

in d iv id u a l  e a r ,  n is  an  ex p o n en t (approx im ate ly  unity) and F is  the  

m e a n - sq u a re  v a lu e  of the  s t im u lus  tem p o ra l  waveform f(t).

In g e n e ra l iz e d  e q u a t io n  form we p resum e t h a t ,  for f(t) sm all

in  w hich  "Av11 d e n o te s  a su i ta b le  tim e a v e r a g e .  For c o n v e n ie n c e  C 0 is  

a ssu m e d  to  be u n ity  in  th e  s u b se q u e n t  d e v e lo p m en t ,  w h ich  a l s o  p resum es  

th a t  Co is  in d e p en d e n t  of t im e .

For in f in i te - d u ra t io n  a v e rag in g  w ithou t time w e ig h tin g  e q u a tio n  2 

becom es

L= KFn//2 (1)

oO

L =  Av C k I f Ml  n+k

=  Av [ c 0 |f( t)l  " + C i  |f ( t) l  n+1+ . . . 1

(2 )

L =

(3 )

w hich  is  fam ilia r  in  com m unications  th e o ry . 6
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The u se  of th e  a b so lu te  va lu e  of the  g ro ss  s t im u lu s  f(t) im plies

7
r e c t i f i c a t io n  of th e  fu n c tio n ;  the  ea r  is  know n to  perform th is  o p e ra t io n .  

A lthough th i s  e q u a t io n  is  for in f in i te  tim e  a v e ra g in g ,  a n  o b v io u s ly  

im p o ss ib le  p h y s io lo g ic a l  p r o c e s s ,  it  is  v a l id  in so fa r  a s  th e  av erag in g  

tim e is  long in  co m p ar iso n  w ith  the  p e r io d ic i t ie s  of th e  w aveform .

To be s p e c i f ic  we may le t  the  tim e fu n c tio n  be com posed  of an  

in fo rm ation  s ig n a l  s (t)  and a n o ise  s ig n a l  n(t) a s

f(t) =  s (t) + n(t) (4)

For our dev e lo p m en t we ta k e  th e  r e la t iv e ly  s im ple  c a s e  of s(t) a s ine  

w ave  and  n(t) a G a u s s ia n  random n o ise  v a r ia b le .  We w il l  m ake the  

a s su m p tio n  th a t  th e s e  a re  s t a t i s t i c a l l y  in d ep en d en t and  a d o p t  the  

c o n v en tio n  th a t  N is  th e  m ean  sq u are  v a lu e  of the  n o ise  and  S is  the  

m ean sq u a re  v a lu e  of th e  s in e  w a v e .  Then

F =  N + S (5)

We h e re a f te r  a s s u m e  fu l l -w a v e  r e c t i f i c a t io n ,  a l th o u g h  r e s u l t s  a re

th e  sam e a s  for h a l f -w a v e  r e c t i f i c a t io n .

S u b s t i tu t io n  of e q u a t io n  5 in  e q u a t io n  3 r e s u l t s  i n ,  a f te r  a ra th e r

7
c o m p lica ted  in te g ra t io n ,  th e  lo u d n e ss  fu n c tio n  we d e s i r e  a s ,

L(s' N' ",T r i S S r  ( f - r /2'r' <?l ' ' ,"s/"1 ( t i

w here F ( - n / 2 )  I) -S /N )  is  the  co n f lu e n t  h y p ergeom etr ic  fu n c t io n .
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A s e r i e s  r e p re s e n ta t io n  for e q u a t io n  6 w il l  r e s u l t  if  we expand  

th i s  fu n c tio n  a s

, F,  f . » |  — l e i i  iv 11 ? 1; 21
< o

x n2 L  I n
-  n * °  n l  (7)

w here  -e<(o< + 1) ( *  + 2 ) ...............(o< + n)

and  ^  n = £ ( £  + 1) + 2 ) .....................+ n)

S u b s t i tu t in g  our v a lu e s  in the  e q u a t io n  r e s u l t s  in

2 '. 21

(8 )

Our lo u d n e ss  fu n c tio n  now b ecom es 

L (s>N)n)e "Fufv?) + - 2 1 n 1 + . . .  1
|  J  0 )

It is  c la im ed  th a t  , w ith  good a c c u r a c y ,  we may r e p re s e n t  a s ine

w ave  in  n o ise  in  te rm s of a r e la t iv e ly  narrow band of n o is e  in  a b roader

background  of n o ise  ( i . e . ,  N -  N'  + S ' ,  w here  S' is  th e  narrow  band of

7
G a u s s ia n  n o is e  and N ' is  the  broad band  of n o is e ) .  If we now le t  the  

m ean sq u a re  va lu e  of th e  s in e  w ave be e q u a l  to  zero in  e q u a t io n  6 and 

u se  the  above  r e p re s e n ta t io n  for N we a c h ie v e  a lo u d n e s s  fu n c tio n

n /2

(10)
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s in c e  th e  h y p e rg eo m etr ic  fu n c tio n  re d u c e s  to  u n ity .  This  e q u a t io n  w il l  

a s su m e  im portance  s u b se q u e n t ly  in  the  deve lopm en t of a re c o g n it io n  

fu n c t io n .

For N » S ,  e q u a t io n  9 becom es

L (S ,N )n )s s  K N (11)

This  m eans  t h a t ,  a t  p o s i t io n s  a long  the  b a s i l a r  membrane w here  the

n o is e  is  r e la t iv e ly  in t e n s e ,  th e  n eu ra l  e q u iv a le n t  is  a lm o s t  e n t i re ly  th e

re s u l t  of the  n o is e  com ponent of th e  s ig n a l .

On the  o ther h a n d ,  for S » N  we o b ta in  from e q u a t io n  8

L(S, N , n) CSKVS n/ 2 (12)

This r e s u l t  in d ic a te s  t h a t ,  w here  th e  in form ation  s ig n a l  is  more in te n s e

th a n  the  n o i s e ,  th e  r e s u l t a n t  p a t te rn  is  due a lm o s t  e n t i r e ly  to  the  s ig n a l .

An in te r e s t in g  s id e l ig h t  of e q u a t io n s  11 and 12 is  t h a t ,  for n eq u a l

to  u n i ty ,  th e  lo u d n e ss  fu n c tio n s  are  p ro p o r t io n a l  to  th e  rms v a lu e s  of th e

n o ise  and th e  s in e  w ave  r e s p e c t iv e ly .

To $ how th e  v a l id i ty  of e q u a t io n s  11 and 12, p ic tu re s  w ere  ta k e n

of th e  r e s p o n se  of a n  e l e c t r i c a l  a n a lo g  of th e  human e a r  to  n o i s e ,  s ig n a l

8
and com bined  s ig n a l  and n o ise  in p u ts .

Figure 1 .3 a  is  th e  r e s p o n se  to  a G a u s s ia n  n o ise  in p u t where  the  

o rd in a te  r e p re s e n ts  am p litude  and th e  a b c i s s a  d i s ta n c e  a lo n g  the  b a s i l a r  

m em brane. The r e s p o n s e  is  not f la t  a s  one might f i r s t  e x p e c t  b e c a u s e



(a) N o ise  P a tte rn

F ig u re  1 .

(b) 700 cps Tone P a t te r n

(c )  Combined P a tte rn
3 Analog Cochlea P a t te r n s  f o r  

a Normal Bar.
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th e  e a r  i s  not e q u a l ly  s e n s i t iv e  to  a l l  f r e q u e n c ie s .  Thus a spec trum  in

w h ich  a l l ' f r e q u e n c ie s  a re  e q u a l ly  r e p re s e n te d  ought to  evo k e  a r e s p o n s e  

th a t  r e f le c t s  e s s e n t i a l l y  th e  sh ap e  of th e  th re s h o ld  curve  of th e  e a r ,  V :

W ev er  h as  show n th a t  / i f  we p roperly  sh a p e  th e  n o i s e ,  w e g e t e s s e n t i a l l y
.. . . • . ' ■ i ••

a uniform re s p o n s e  in  th e  e a r .  H is  sh a p in g  curve  (ob ta ined  b y  e x p e r i ­

ment) i s  a p p ro x im a te ly  th e  in v e rs e  of th e  curve  in  Figure 3 a ,

Figure  1 , 3 b  i s  th e  p a t te rn  for a to n e  of 700 cps and  F igure  1 „ 3c is  

th e  curve  for th e  shm of. n o ise  and s i g n a l . As may re a d i ly  be seen*  th is  

p a t te rn  sh o w s  th e  fo reg o in g  c o n c lu s io n  th a t  th e  r e s u l t a n t  is  d ep en d en t  /  

on th e  r e la t iv e  s ig n a l  to  n o is e  l e v e l s  a t  e a c h  in d iv id u a l  p o in t  a long  th e  

m em b ran e . The a n a lo g  e a r  h a s  power law  d e te c to r  e x p o n en t  of a p p ro x i-  ■. 

m a te ly  u n ity  and  h e n ce  th e  cu rv es  r e p re s e n t  th e  rms v a lu e s  of th e  in p u t ,

; It may be no ted  th a t  th e  p a t te rn  for th e  700 c y c le  to n e  is  

a sy m m e tr ic a l .  This i s  b e c a u s e  th e  b a s i l a r  membrane v ib ra te s  in  a v e ry  ; 

c h a r a c te r i s t i c  m anner w ith  f req u e n cy .  At low  f re q u e n c ie s  th e  membrane 

te n d s  to  v ib ra te  a s  a w ho le  w ith  th e  maximum v ib ra t io n  a t  or n ear  th e  ; 

h e l ic o t r e m a , As th e  f req u en cy  is  in c re a s e d  th e  p o s i t io n  of maximum 

, v ib ra t io n  m oves tow ard  th e  s t a p e s , The e n t i re  membrane p reced in g  th e  

maximum show s some m otion  but th is  motion, is  h e a v i ly  dam ped further ■ . ; 

a lo n g  th e  m em brane, , S ince  th e  fir ing  of a h a ir  c e l l  d e p e n d s  on-the - ,,;. 

m otion  of th e  m em b ran e , n e u ra l  p u ls e s  r e f l e c t  th is  a sy m m etry .  As 

in te n s i ty  is  in c re a s e d  th e  c e l l  r e s p o n d s  to  a w ider and  w ide r  range  of



f re q u e n c ie s  around th e  f req u e n cy  of maximum r e s p o n s e .  The neura l

e q u iv a le n t  r e f le c t s  th i s  a s  i s  show n by  e x p e r im en ta l  m easu rem en ts  of

4
c o c h le a r  p o te n t ia l s .

W hen n o is e  i s  ad d ed  to  th e  t o n e , re c o g n i t io n  b eco m es  more 

d if f ic u l t  s in c e  th e  n o is e  te n d s  to  m ask  th e  to n e ;  the  r e s u l t  is  in  part 

a s u b je c t iv e  d e c r e a s e  in  lo u d n e ss  of th e  to n e .  The a d d i t io n  of n o ise  

may a l s o  ch an g e  the  sh ap e  of the  neu ra l  e q u iv a le n t  p a t te rn  and 

s u b se q u e n t  re c o g n it io n  may be m od if ied .

In order for re c o g n i t io n  to  ta k e  p lace  th e re  m ust be a d e f in ab le  

re c o g n i t io n  fu n c t io n .  L og ica lly  th is  i s  th e  d if fe ren ce  b e tw e e n  the  lo u d n e ss

The re la t io n s h ip  of e q u a t io n  13 might be w hat th e  c e n t r a l  nervous  sy s tem  

u s e s  for co m p ar iso n  w ith  th e  memory p a t te rn s  in  order to  a c h ie v e  re c o g n i -

For a p e rso n  w ith  nerve d a m a g e ,  the  n eu ra l  p a t te rn  c a n  o b v io u s ly  not 

be the  sam e  a s  for an  undam aged  e a r .  N e v e r th e le s s  th e re  m ust be some 

ty p e  of id e n t i f ic a t io n  p ro c e s s  s in c e  peop le  w ith  dam aged  e a r s  can  s t i l l  

hea r  t o n e s , how ever im p e rfe c t ly .  We le a rn  w ith  e x p e r ie n c e  to  id en tify  

a g iv en  sound w ith  a p a r t ic u la r  p a t te rn  s h a p e ,  and if  so m eth ing  ch an g e s

7 ,9
fu n c tio n  for s ig n a l  p lus n o ise  and th a t  w ith  only  n o ise  p r e s e n t .  i n

e q u a t io n  form , th i s  b ecom es

R(0, N , n) =  L(0, S ‘ + N ' ,  n) -  L(0, N ' ,  n)

(13)

t io n .
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th i s  sh ap e  we m ust ch an g e  our id e n t i f ic a t io n  c o r re sp o n d in g ly .

1 o 5 D ip la c u s is .  P red ic t io n  U sin g  an  ’Analog C o ch lea

We w il l  t ry  to  p red ic t  w ha t may happen, in  a dam aged  ear. w ith  

r e s p e c t  to  r e c o g n i t io n .  For th is  we u s e  th e  an a lo g  e a r  in  w h ic h  the  

freq u e n cy  r e s p o n s e  from 1 .5  kc to  3 .5  kc  h a s  b e en  d e le te d .w i th  some 

r e s p o n s e  lo s t  over a h  e v e n  w ider r a n g e . The s p e c i f ic  traum a c o n s t i tu te s  

t o t a l  nerve  d e s t r u c t io n  over a lim ited  r e g io n ,  w h ile  th e  r e s t  of th e  

c o c h le a  re m a in s  norm al. (This type  of d e s t r u c t io n  c an  r e s u l t  from 

ex p o su re  to  pure to n e s  a t  h igh  in te n s i ty  l e v e l s .  )

F igure 1. 4a is  a t r a c in g  of a pho tog raph  of th e  r e s p o n s e  of th e  

dam aged  an a lo g  e a r  to  n o is e  w h ich  m ay be  com pared to  Figure  1. 3a for 

th e  h e a l th y  e a r .  • Figure  1 . 4b is  th e  p a t te rn  for a 1 kc  t o n e /  w h ich  is  a t  : 

a f r eq u en cy  be lo w  th e  dam aged  a r e a .  F igure  1. 4c i s  t h e  r e s u l t a n t  of 

n o is e  and th e  1 kc t o n e . W e may now perform our s u g g e s te d  re c o g n i t io n  ; 

fu n c tio n  on th e  r e s u l t a n t .  This  c an  be done w ith  a g ra p h ic a l  p rocedure  • 

a s  show n in  Figure 1. 4d. C om parison  of F igures  1. 4b and  d show s th a t  

th e  c en tro id  of th e  p a t te rn  h a s  b een  s h if te d  to  th e  l e f t ,  w h ic h  co rre sp o n d s  

to  a low er f r e q u e n c y ,  a lth o u g h  th e  p a t te rn  sh ap e  is  not m uch a l te r e d .  .

If th e  to n a l  f r eq u en cy  i s  above  th e  d a m a g e , th e n  w h en  n o ise  is  

ad d ed  and th e  re c o g n i t io n  fu n c tio n  i s  o b t a i n e d / a  r e s u l t a n t  sh i f t  upward 

in  f req u e n cy  is  found . 'Figures..!.. 5 a * b> . an d 'c .  show th is . In  th e  ..same ■
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(a ) N o ise  P a tte rn

( b) 1 kc Tone P a tte rn

( c) Combined P a tte rn

(d) "Recognized" P a t te r n  
F igu re  1 .4  Analog Cochlea P a t te r n s  f o r  an 

Bar With M idfrequency Damage—  
Tone Below th e  Damage.
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(a ) 5 kc Tone P a tte r n

( b) Combined P a t te r n

(c )  "Recognized*1 P a tte rn
F igu re  1 .5  Analog Cochlea P a t te r n s  f o r  an Ear 

With M idfrequency Damage--Tone 
Above th e  Damage
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s e q u e n c e  a s  b e fo re r- a s  pure t o n e , r e s u l t a n t ,  and re c o g n iz e d  p a t te rn  

for a to n e  of 5 kc„ The n o is e  p a t te rn  is  th e  sam e a s  in  th e  p rev ious  

exam ple  o ' . - - .■:

P erhaps a more common ty p e  im pairm ent is  th e  lo s s  of s e n s i t iv i ty  • • 

.to h igher f r e q u e n c i e s a s  in  p re s b y a c u s i s  or in  some forms of in ju ry  ■ 

c a u s e d  by i l l n e s s .  This form of dam age  is  u s u a l ly  c h a r a c te r iz e d  by 

l i t t l e  or no low f req u en cy  lo s s  and  by  a n  in c re a s in g  lo s s  w ith  in c re a s in g  . 

f req u e n cy ,  ' ■/ /  V" '' '   ̂ ; 'V

In order to  s im u la te  th is  ty p e  of dam age  on th e  c o c h l e a , th e  g a in s  

of th e  v a r i o u s . s e c t io n s  of th e  an a lo g  of th e  c o c h le a  w ere  a d ju s te d  to  

g ive  a  l in e a r ly  in c re a s in g  lo s s  oh a lo g a r i th m ic  b a s i s  s ta r t in g  a t  3 kc  

and  e x ten d in g  to  10 kc; a f te r  th is  po in t th e  lo s s  w as  m a in ta in ed  

c o n s ta n t  a t  abou t 90 per c e n t .  . . b  ■

, Figure 1. 6a i s  th e  r e s u l t in g  p a t te rn  due only  to  n o i s e .  C om parison  

w ith  th e  p rev ious  n o ise  (for a dam aged  re g io n  a t  m id freq u en c ie s )  show s . 1 

c o n s id e ra b le  d i f fe re n c e .  The c o ch le a  w as  d r iv en  ra th e r  in t e n s e ly  in 

order, to  a c h ie v e . th e  r e s u l t  of Figure 6a; w ha t w as  once  o n ly  a sm all 

portion  of th e  to ta l  n o is e  p a t te rn  now c o n s t i tu te s  a lm o s t th e  en tire  : ■

p a t te rn .  , . , ■ ■ • , \  ‘ r  - : :  ̂ T- '...b ;■

. The pure tone  p a t te rn  is  a l s o  c o n s id e ra b ly  a l te r e d .  There is  so  

l i t t l e  h ig h  f r eq u en cy  r e s p o n s e  t h a t , r a th e r  th a n  the  c h a r a c te r i s t i c  

a sy m m etr ica l  p a t te rn  s h a p e ,  th e  p a t te rn  i s  a lm o s t  sy m m e tr ic a l .  - It .is



21

F ig u re  1 .

(a )  N o ise  P a t te r n

(b) 3 kc Tone P a tte r n

(c )  Combined P a t te r n

( d) "Recognized" P a tte rn
6 Analog Cochlea P a t te r n s  C h a r a c t e r i s t i c  

o f  P r e s b y a c u s is — M idfrequency Tone.
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" th u s  s e e n  th a t  one of th e  c lu e s  to  no rm al re c o g n i t io n  m ay h av e  been  lo s t  

in  th e  a s s o c ia te d  n eu ra l  p r o c e s s , nam ely  t h a t  of p a t te rn  s h a p e .

Figure 1, 6c r e s u l t s  from com bined  s ig n a l  and n o is e  and  1 „ 6d 

sh o w s  th e  p a t te rn  w h ich  r e s u l t s  upon ap p ly in g  th e  g ra p h ic a l  r e c o g n i t io n  

fu n c tio n  w here  r su p er im p o sed  on th is  p a t t e r n , i s  th e  o r ig in a l  s ig n a l  

p a t te rn .  In  ad d i t io n  to  l e s s  s ig n a l  in t e n s i ty  b e c a u s e  of norm al m a sk in g ,  

th e re  i s  a l s o  a c en tro id  s h i f t .  The sh i f t  i s  tow ard  th e  r i g h t , w h ic h  

co rre sp o n d s  to  a sh if t  tow ard  a h igher f r e q u e n cy .

Show n in  Figure  1. 7 w ithou t e x p la n a t io n  a re  th e  v a r io u s  p a tte rn s  

for a 10 kc  to n e  under id e n t ic a l  n o ise  an d  dam age  c o n d i t io n s  a s  for 

F igures  1 , 6 ,  Again th e  s h if t  i s  tow ard  a h igher f req u e n cy .  ' -

One may a s k  w h y  in  th i s  c a s e  t h e # i p l a c u s i s  i s  a lw ay s  upward 

' w h ile  in  th e  p rev ious  c a s e  of m id freq u en cy  dam age  th e  d ip la c u s i s  

dep en d ed  upon th e  t e s t  f req u e n cy  in  r e la t io n  to  th e  p o s i t io n  of maximum 

l o s s ,  A c lo s e  s tu d y  of th e  no ihe  p a t te rn  sh ap e  i s  in fo rm a tiv e .

, In o rd e r  to  a c h ie v e  ap p ro x im a te ly  th e  sam e r e la t iv e  m ask ing  in  th e  

s ec o n d  c a s e  a s  in  th e  f i r s t , c o n s id e ra b ly  more low f re q u e n c y  n o ise  is  ' •

re q u ired  w h ich  e f fe c t iv e ly  s h i f ts  th e  noise: p a t te rn ,  a long th e  b a s i l a r  / 

m em brane tow ard  th e  h e l ic o t re m a . T his  m ean s ' t h a t ,  for to n a l  f r e q u e n -  . • 

c ie s  in  th e  dam aged  a r e a , th e  n o ise  e n v e lo p e  is  la rg e ly  to  th e  le f t  of the  

s ig n a l  p a t te rn .  Therefore  th e  re c o g n iz e d  p a t te rn  is  s h i f te d  to  th e  r ig h t .
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F igu re  1

(a ) N o ise  P a t te r n

J V ____
(b) 10 kc Tone P a tte r n

(c )  Combined P a tte r n

 IV_ _ _
( d) R ecogn ized  P a tte rn

•7  Analog C ochlea P a t te r n s  C h a r a c t e r i s t i c  
o f  P r e s b y a c u s is — High Frequency  
Tone.



In th e  f i r s t  c a s e  w ith  lo c a l iz e d  dam age  th e  p a t te rn  i s  r e l a t iv e ly  ' 

u n ch an g ed  and  h e n ce  a good d e a l  of th e  n o ise  p a t te rn  is  to  th e  r ig h t  of 

. th e  s ig n a l  p a t te rn  w hen  th e  to n e  is  low er th a n  th e  d am ag e . H en ce  th e  

d lp la c u s i s  i s  dow nw ard . W hen th e  to n e  is  ab o v e  th e  dam aged  reg ion* 

th e  s i tu a t io n  is  e s s e n t i a l l y  r e v e r se d  and  so  th e  d ip la c u s i s  s h i f t s  to  

abo v e  th e  re fe re n c e  to n e .  y  ’ .

1. 6 . 'Summary of Theory of ’D ip lacu S is  . ‘ -

We have  t r ie d  to  show  th a t  th e  r e s p o n s e  of a h a ir  c e l l  d ep en d s  

-upon i ts  p la ce  a lo n g  th e  m embrane and  th e  in te n s i ty  of th e  v ib ra t io n  a t  

th a t  p o in t . .  The n e t e f fe c t  is  th a t  in d iv id u a l  h a ir  c e l l s  a c t  a s  if  th e y  ...

■ w ere  som ew hat s e l e c t iv e ly  tu n e d  to  re s p o n d  more r e a d i ly  to  c e r ta in  . 

f r e q u e n c ie s  th a n  to  o th e rs  * and  th e  f req u e n cy  o f  t h e .maximum re s p o n se  

is  a fu h c tio n  of t h e 'p b s i t l o n  of th e  h a ir  c e l l  a lo n g  th e  m e m b r a n e . ;

. The r e s u l t a n t .n e u r a l  p a t te rn  c o n s t i tu t e s  a r e a s o n a b ly  a c c u ra te  

r e p re s e n ta t io n  of th e  m otion  of th e  b a s i l a r  membrane. and  i t  i s  th i s  

n e u ra l  e q u iv a le n t  -pattern th a t  th e  b ra in  u s e s  for re c o g n i t io n .  , If the re  

occu rs  a ch an g e  in  th e  c h a r a c te r i s t i c  p a t te rn  sh ap e  for a g iv e n  so u n d , 

a s. c e r ta in ly  o c cu rs  w ith  nerve  d a m a g e , th e re  w il l  a r i s e  co m p lic a t io n s  ; 

in  p a t te rn  re c o g n i t io n  u n t i l  a memory c a n  be "o rg an ized "  for th i s  

d is to r te d  p a t te rn .  The b ra in ,  in  perform ing re c o g n i t io n  w ith  s to red  

inform ation* is  fo rced  to  work w ith  im p e rfec t  da ta ; su c h  t h a t  a s l ig h t  y



ch an g e  in  th e  n eu ra l  p a t te rn  may produce  re c o g n i t io n  e rro r .  If th e  ch an g e  

i s  g r o s s f normal re c o g n i t io n  c an  not ta k e  p la c e  and a l l  w e h e a r  is  n o is e .

It may a l s o  be h y p o th e s iz e d  th a t  th e  in fo rm ation  s e n t  to  the  co r te x  

c o n ta in s  more c lu e s  to  re c o g n i t io n  t h a n  a re  a c tu a l ly  re q u ire d .  I t  is  th e n  ■ 

s t i l l  p o s s ib le  to  a c h ie v e  c o rre c t  id e n t i f ic a t io n  even  th o u g h  one or m o re . :

, of th e  c lu e s  i s  not p re s e n t  in  th e  neu ra l  s ig n a l  or i s  som ehow  lo s t  in  ;

, t r a n s m is s io n .  Loss o f , som e :number of th e  to ta l i ty  of c lu e s  w il l  in  an y  ■ 

ev en t  r e s u l t  in  a p a t te rn  w h ich  d o e s  not promote co rrec t  id e n t i f ic a t io n .  '

Of c o u r s e ,  a change  in  a n y  of th e  c lu e s  p re s e n t  in  th e  p a t te rn  m akes  

c o rrec t  id e n t i f ic a t io n  more d i f f ic u l t .  ■ ■ . ■ , ■

Anything th a t  p ro d u ces  ch an g e  in  th e  p a t t e r n , su c h  a s  n o i s e -  

in d u ced  d is to r t io n  ( e . g . ,  p a r t ia l  m a sk in g ) ,  w il l  c h a n g e  th e  re c o g n i t io n  

fu n c t io n .  It is  one a s p e c t  of n o is e - in d u c e d  change  th a t  we c a l l  m onaura l 

d i p l a c u s i s .  If our a s s u m p t io n s  a re  c o r r e c t ,  th e  more im p e rfec t  is  the  n e u ra l  

e q u iv a le n t  p a t te rn ,  th a t  i s , th e  more e x te n s iv e  is  th e  nerve  d a m a g e ,  th e  

g re a te r  w i l l  be th e  su b s e q u e n t  ch an g e  w ith  n o ise  a d d i t io n .  B ecau se  th e  - 

c h an g ed  n e u ra l  p a t te rn  i s  r e c o g n iz e d  a s  a to n e  of a d if fe ren t  p i t c h ,  we 

h ave  a m easu re  of nerve  dam age  in  th e  p e r t in e n t  reg io n  of th e  c o ch lea  „



CHAPTER-TWO

; d i p l a c u s i b -a Hd i o m e t M  p e s i g N ' : : .

. The d ip la c u s i s  au d io m e te r  c o n s i s t s  of two major p a r t s : an  audio  

f req u e n cy  s in e  w ave  g e n e ra to r  and a w h ite  n o ise  s o u rc e .  Both b a s ic  v ■ 

c i rc u i ts  a re  s tra ig h tfo rw a rd .  -V ■ . ' ■■ . . :

2o 1 Audio F req u en cy  Tone G en era to r  ■ ' .

. ,  The- m ain  r e q u i re m e n ts :for th e  a u d io  o s c i l l a to r  a re  th a t  i t  h ave  good 

s t a b i l i ty  and  th a t  i t  h ave  a d e q u a te ly  pure s in e  w ave o u tp u t .  One w a v e ­

form g e n e ra t in g  c i rc u i t  t h a t  h a s  th e s e  fe a tu re s  i s  th e  m odif ied  W e in  b ridge  

o s c i l l a t o r .  - In th is  c i r c u i t f a tw o  s ta g e  ‘-f la t11 am p lif ie r  i s  e n c lo s e d  in  

a f r eq u en cy  s e le c t iv e  f e e d b a c k  netw ork  w ith  p o s i t iv e  f e e d b a c k  from th e  : 

p la te  of the  seco n d  s ta g e  to  th e  grid  of th e  f i r s t  s t a g e .  D ue to  th e  . . 

ex trem e f req u en cy  s e l e c t i v i t y  of th e  b ridge  c ircu it  in  th e  fe e d b ac k  loop* ; .* 

•there is  h igh  r e je c t io n  of unde s i re d  s ig n a l  freque n c ie s  com pared  w ith  th e  /

■ s e le c te d  f req u e n cy .  The r e s u l t  is  a v e ry  pure s in e  w ave  of th e  d e s i r e d  1 

f r eq u en cy  a s  long a s  fe e d b a c k  is  l im ited  so  th a t  th e  c i r c u i t  is  not 

ov e rd riv en  aind- d is to r t io n  in tro d u c e d .  ■ . ■

- An ad d ed  a t t r a c t io n  to  th i s  ty p e  of c i rc u i t  is  th a t  i t  r e a d i ly  lends  

i t s e l f  to  th e  ty p e  of m o d if ica t io n  req u ired  fo r . th e  p re s e n t  p u rp o s e .
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' . ' The a c t iv e  c i rc u i t  u s e d  here  is  b a s i c a l l y  th a t  of an  E ico m odel 

377 aud io  g e n e ra to r .  This c i r c u i t  p ro v id es  n e a r ly  c o n s ta n t  am plitude^  

f r eq u en cy  c h a r a c te r i s t i c s  w ith  good f re q u e n c y  s ta b i l i ty .  . The in c lu s io n  

of v a r ia b le  n eg a t iv e  fe e d b a c k  I n c r e a s e s  t h e  s ta b i l i ty  of th e  g a in  of th e  ‘ 

o s c i l l a to r  c i r c u i t .  Inco rpo ra ted  in  th e  c a th o d e  of the  f i r s t  s ta g e  of th e  

o s c i l l a to r  is  a r e s i s to r  w ith  a p o s i t iv e  tem p era tu re  c o e f f ic ie n t .  This ' y  

p roduces  ca th o d e  d e g e n e ra t io n  to  k e ep  th e  tu b e  o p e ra t in g  in  i t s  l in ea r  

c h a r a c te r i s t i c  re g io n .  It a l s o  h e lp s  to  m a in ta in  a c o n s ta n t  ou tpu t 

am plitude  and a s  s u c h  c o n s t i tu te s  a n  a l te rn a te  to  s tan d a rd  AVC ■ " • ■

te c h n iq u e s .  ■.' "’I -

If th e  r e s i s to r s  in  bo th  b ra n c h es  of th e  fe e d b ac k  lo o p  a re  e q u a l  . ..

and  th e  tw o c a p a c i to r  v a lu e s  a re  l ik e w is e  e q u a l ,  th e  f r e q u e n c y  de te rm ined  

by  the' fe e d b ac k  netw ork  i s  p roportional to  th e  r e c ip ro c a l  of th e  product of 

r e s i s t a n c e  and  c a p a c i t a n c e .  V alues c h o s e n  a re  su c h  th a t  th e re  is  r e a l iz e d  

co n tin u o u s  f req u e n cy  v a r ia t io n  from 700 cps  to  w e ll  abo v e  th e  normal . 

au d io  r a n g e .  "v. 1 ’ ' : . y 'T'":;- ;..'

■ . The fe e d b a c k  c a p a c i ta n c e  c o n s i s t s ’of tw o s e p a ra te  c a p a c i ta n c e s  in  : - 

p a ra l le l .  ■ The la rge r  ganged, c ap a c i to r  is  a lw a y s  in  th e  lo o p ;  th e  sm a ile r  

v a r ia b le  g anged  c a p a c i to r  c a n  be sw i tch e d  ou t of th e  c i rc u i t  and  re p la c e d  

with; a f ixed  padd ing  c a p a c i to r .  The padd ing  c a p a c i to rs  c an  be a d ju s te d  T 

so  t h a t ,  w hen  th e  sm a l le r  ganged  c a p a c i to r  i s  s e t  a t  i t s  m id - v a lu e ,  

sw itch in g  b e tw e e n  th e  f ix ed  and  v a r ia b le  c a p a c i to r s  p ro d u ces  no sh if t  , ■..
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in  f re q u e n c y .  Thus w h en  th e  p add ing  capac ito r 's  a re  in  th e  c irc u i t  a 

f r eq u en cy  is  o b ta in ed  th a t .m a y  be in te rp re te d  to  he the  s tan d a rd  or 

re fe re n c e  to n e ; ,  th is , f r e q u e n c y  is  de te rm in ed  only  by th e  s e t t in g  of th e  

la rg e r  ganged  c a p a c i to r .  :• In -the o ther sw itch : p o s i t io n ,  th e  sm a l le r  

c a p a c i to r  c a n  c o n t in u o u s ly  v a ry  th e  f req u e n cy  for a c o n s id e ra b le  range  : 

b e lo w  and above  th e  re fe re n c e  f req u e n cy .  W ith  t h i s  s im p le  m odif ica tion^  

th e re  i s  o b ta in ed  a v a r ia b le  to n e  (around a p re s e le c te d  re fe re n c e )  for e a s y  

and rap id  co m p ar iso n  to  th e  re fe re n ce  t o n e .

A c a th o d e - fo l lo w e r  is  u se d  for th e  ou tpu t s t a g e . The d e s i re d  

f req u en cy  is  fed  from th e  tw o s ta g e  o s c i l l a to r  c ircu ity  th ro u g h  a v a r ia b le  

g a in  co n tro ls  to  th e  c a th o d e  - f o l lo w e r . This Stage i s  re q u ire d  w hen  th e  ' :

. d e v ic e  i s  u se d  w ith  a low im pedance  head p h o n e  s e t .

It may be no ted  in  th e  c irc u i t  of F igure  2 .1  th a t  th e re  i s  a f ixed  

a t te n u a to r  in  th e  s taridard  f r eq u en cy  pa th  w h ile  in  th e  v a r ia b le  f req u en cy  ' 

pa th  th e re  is  a n  a d ju s ta b le  a t te n u a to r .  ' T h e s e  a t t e n u a to r s  a l lo w  a m atch  

b e tw e e n  th e  s u b je c t iv e  lo u d n e ss  of th e  tw o to n e s  to  be o b ta in e d  w hen  

n o is e  is  su p e r im p o se d .  This m aneuver a l lo w s  for a s u b je c t iv e  d e c r e a s e  

in  th e  in te n s i ty  of th e  tone  w ith  th e  a d d i t io n  of n o ise  — th i s  p reven ts  a • 

ch an g e  in  i n t e n s i ty  from c a u s in g  a su b jec t iv e ,  change  in  p i tc h .

2 .2  The.W h ite  N o ise Source  ': - :

The n o is e  so u rce  a s  show n in  F igure  2. 2 is  a g ro u n d ed -g r id  

. th y ra tro n  in  a m ag n e t ic  f ie ld .  . This ty p e  c irc u i t  g iv e s  th e  d e s i r e d  f la t  .
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f r eq u en cy  sp ec tru m  and  i s  w e l l  know n. D ire c t  m e asu rem en ts  v e r ify  

a f la t  a m p l i tu d e - f re q u e n c y  c h a r a c te r i s t i c  over th e  range  100 cp s  to  16 k c p s .  

The m ag n e t ic  ■ f ie ld  s u p re s s e s ,  r e s o n a te  p e a k s  a t  f r e q u e n c ie s  co rre sp o n d in g  

to  n a tu ra l  o s c i l l a t i o n  f r e q u e n c ie s  of th e  g a s  i o n s . ; The m a g n e t ic  f ie ld  ' 

a l s o  in c re a s e s '  th e  g e n e ra te d  n o is e  l e v e l .  /■

.T h e m d ise  s ig h a l d s  n e v e r th e le s s  r e l a t iv e ly  low  le v e l  (, 27 v o l t s  i" 

rms a t  th e  th y ra tro n  p la te )  and^ s in c e  th e  s ig n a l  is  s u b je c te d  to  ' 1 ; '

C onsiderab le  g a in  in  a la te r  s t a g e , extra- p recau tions , a re  t a k e n  to  red u ce  

a n y  60 c y c le  or ha rm onic  p ic k - u p .  An ex tra  s e c t io n  of RC f i l te r in g  in th e  

power su p p ly  for th e  th y ra tro n  in s u re s  n e g l ig ib le  120 c y c le  hum in  th e  ■ 

p la te  s u p p ly ,  (This f i l te r  a l s o  p rev en ts  g e n e ra te d  n o ise  from a p p ea r in g  

in  th e  o s c i l l a to r  c i rc u i t  th rough  power s u p p ly  f e e d b a c k . ) The major a id  

in  m in im izing  hum is  r e a l iz e d  th rough  u se  of do for th e  th y ra tro n  f i lam e n t .

A s e p a ra te  r e c t i f i e r - f i l t e r  co m bina tion  su p p l ie s  th e  re q u ired  6 v o l ts  d c .  , 

The n o is e  s ig n a l  i s  d i r e c t - c o u p le d  to  th e  am plif ie r  s t a g e .  This 

s ta g e  p rov ides  a v o l ta g e  g a in  of ap p ro x im a te ly  200 and th e  s ig n a l  . :

s t r e n g th  a t  th i s  po in t is  4 . 6 v o l ts  rm s .  An ex tra  s e c t io n  of RC power 

su p p ly  f i l te r in g  i s  u se d  w ith  th e  am p lif ie r  for d eco u p lin g  p u rp o s e s .  \

One s ta g e  of n o ise  a m p lif ic a t io n  i s  su f f ic ie n t  arid th e  n o ise  is  fed  ' 

to  a c a th o d e - fo l lo w e r  o u tp u t  s t a g e .  The c a th o d e - fo l lo w e r  c a u s e s  a lo s s  7 

of abou t 10 per c e n t  and  h e n ce  th e  maximum n o ise  ou tp u t i s  4 v o lts  rms t  

.w hich  i s  s u f f ic ie n t .  ' '7 . T v ' ''''' " v  A ; ' :



After th e  ca th o d e  fo l lo w e r , th e  s ig n a l - n o i s e  oom bina tidn  i s  fed- 

: , th rough  a v a r ia b le  s e r i e s  a t te n u a to r  to  th e  s w i tch  m en tioned  in  c o n ju n c t io n  

w ith  th e  aud io  o s c i l l a to r .  W hen  th e  s w i tc h  is  in  th e  position , for p re se n t in g  

th e  v a r ia b le  to n e , ,  the  n o is e  i s  a l s o  p re s e n te d .  In th e  o th e r  p o s i t io n  on ly  

th e  unco rrup ted  re fe re n c e  to n e  is  p re s e n te d .  S u b se q u en t  to  th e  s w i tc h ,  

th e  r e fe re n c e  to n e  su ffe rs  a f ixed  a t t e n u a t io n  w h ile  th e  .com bina tion  

v a r ia b le  to n e  w ith  n o is e  h a s  v a r ia b le  a t t e n u a t io n .  By th i s  m e a n s ,  th e  

■ . tw o to n e s  c a n  be  m a tch ed  in  in te n s i ty  be fo re  a n  a ttem p t i s  made to  m a tch  • 

y  . 'pitch.; ■ y  : ' A' A. f  . ■; , ;

In  .the w iring  of th e  n o ise  s o u r c e ,  ca re  m ust be t a k e n  to  m inim ize - •

' stray, e l e c t r o s t a t i c  c o u p lin g .  A m e ta l l ic  s h ie ld  b e tw een  th e  n o is e  so u rce  - 

and  th e  r e s t  of th e  c h a s s i s  is  em ployed  and  sh ie ld ed  h o o k -u p  w ire  is  

u s e d  for a l l  c o n n ec t io n s  to  more d i s ta n t  p a r ts  of the  c h a s s i s  . Of c o u r s e ,  

care  i s  e x e r c i s e d  in  th e  la y o u t  of th e  w i r in g .

V 2 .3  A dd itiona l T e s t  Equipm ent ' \  • . . . ;

In  c a s e s  of ex trem e hearings l o s s , th e  output, of th e  au d io m e te r  may 

be in s u f f ic ie n t  to  prov ide  a s ig n a l  th a t  is  25 db above  th r e s h o ld .  In order 

to  provide  s u f f ic ie n t  s i g n a l :s t re n g th  in  th e s e  c a s e s  a s e p a ra te  am p lif ie r  • 

m ust be u s e d .  The am plifie r, em ployed in  ex p e r im en ta t io n  - w a s  a K night,

• m odel 520.. A dd itiona l work had  to  be done on th is  a m p lif ie r  in  order to  

r e d u c e  th e  hum to  an  a c c e p ta b le  d e v b l .  A dd itiona l LC 'f i l te r in g  w as  

su p p l ie d  to  th e  power' su p p ly  and  dc- f i lam e n ts  were added, to  s e v e ra l  of



th e  h ig h 'g a in , s ta g e s  „ The s ma .1.1 a mou ni of hum .that rem a in ed -w as  

e v id e n t ly  in troduced ; s u b se q u e n t  t o  the . g a in  con tro l  c i rc u i t  and  i t  w as  ■ 

u s u a l ly  m ask ed  by  a n y  s ig n a l .  In  an y  even t^  a t te n u a to r s  w ere  u sed  

fo llow ing  th e  am p lif ie r  and  w ere s e t  so  t h a t  th i s  sm all  am ount of hum 

w a s  not d e te c ta b le  in  th e  s ig n a l  p re s e n te d . to  th e  s u b je c t .  , .

. The a t te n u a to r  fo llow ing  th e  am p lif ie r  w as  a Tech  Labora tory  

m odel 350-A . By m eans  of a t te n u a to r  s e t t i n g s ,  s ig n a l s  of known 

I n t e n s i ty  abo v e  th re s h o ld .c o u ld  be p re s e n te d  to  th e  su b je c t . .

T o r  s ig n a l  p re s e n ta t io n  to  th e  .su b jec t , ,  ■headphones w ere  u s e d .  

T h ese  w ere  Knight m odel 840 dynam ic  ph o n es  in  w h ich  on ly  one of th e  

pa ir  of ■ phohes  w a s  c o n n e c te d ,  in  th i s  m anner th e  s ig n a l  cou ld  be . . 

p re se n te d  u n i la te ra l ly  w hile  the  c o n t r a la te r a l  e a r  remained, covered  so  

a s  to  s e a l  th a t  e a r  from e x te r n a l  n o i s e s  w h ich  ten d ed  to  d i s t r a c t  the  

s u b j e c t . : y . v y  t  / t t y  ' -v"'; , ' ' '



•CHAPTER THREE

v -'Y test  procedtjre  , .  ; '' - - "• ' -  .' •''''

3-I. Procedure Followed in Dipla.cusls Te'stiiaq :

• ■ In-order to  m easu re  m onaura l d i p l a c u s i s » a s u b je c t  i s  a s k e d  to  

m atch  in  p i tc h  a ;p a r t ia l ly  m ask ed  tone  unm asked  to n e  e  bo th  of \

w h ich  a re  p re s e n te d  u n i la te r a l ly  to  th e  sam e ea r -  The t e s t  i s  conducted  

in  th e  fo l low ing  m anner . \ : - ' : ■ : '

F ir s t  th e  th re s h o ld  o f th e  s u b je c t  is  found a t  e a c h  f req u e n cy  t e s t e d .  

The s ig n a l  is  in te rru p ted  b y  a s w i tc h ,  th e  g a in  of th e  am p lif ie r  i s  v a r ie d ,

. and th e n  th e  to n e  i s  re in tro d u c e d  to  th e  s u b je c t .  This p ro c e s s  is  • ' ,

' c o n tin u ed  u n t i l  th e  s u b je c t  c an  b a re ly  d e te c t  th e  p re s e n c e  of th e  t o n e ;

:th is  d e f in e s  th re sb ib ld „ -• f1. . : : k :;>"• ' ::/:T ,:: •, • ' '' - 'v ' •'

. T h e n ,  by means, of th e  a t te n u a to r s  c a l ib ra te d  ; in .d b , - a  su i ta b le  ,: 

sound  le v e l .a b o v e  th re s h o ld  i s  s e le c te d ,  15 and 25 db in  th e  p re s e n t  c a s e .  

T h ese  v a lu e s  are  c h o s e n  b e c a u s e  th e y  a re  enough  above  th re s h o ld  so  th a t  

th e  to n e s  a re  r e a d i ly  d is t in g u is h a b le  and  c a n  be m atched  in  p i tch  but are-; 

not so  in te n s e  th a t  o v e r lo a d in g /  a d a p ta t io n ,  or fa tigue  becom e  fa c to rs  in  

.th e  m e a s u r e m e n ts . In  a d d i t io n  to  th e s e  c o n s id e ra t io n s  i s  t h e  f a c t  th a t  : 

d ip la c u s i s  te n d s  to  d is a p p e a r  a t  h igher in t e n s i ty  l e v e l s  (which can  be 

, p re d ic ted  on th e  b a s i s  of p a t te rn  s a tu ra t io n  in  the  cen tro id  re g io n  due to



’ '" ' ' ■ ■., ' ’ ; " ' ' : ' ■' 1 4 '  ' ■ ' ' ''
a c h ie v e m e n t  o f  maximum fir ing  ra tes: of h a ir  .cel.ls j, _ • ■ . ■

' To th is  s ig n a l  is  ad d ed  th e  n o ise  w ith  su f f ic ie n t  am p li tu d e  to  " 

p a r t ia l ly  m ask  th e  to n e .  The s u b je c t  i s  th e n  req u ired  to  m a tch  in  p i tch  • 

th e  p a r t ia l ly :m a s k e d  to n e  in  one p o s i t io n  of h is  con tro l  s w i tc h  w ith  th e  

pure to n e  in  th e  o ther  sw i tch  p o s i t io n ,  " .

■ The s u b je c t  c a n  v a ry  th e  p i tch  of th e  p a r t ia l ly  m ask ed  to n e  by  

m eans  of a c a l ib ra te d  d ia l .  This d ia l  p r e s e n ts  a b lank  f a c e  to  th e  . ' .

s u b je c t  and h e n ce  g iv e s  him no v i s u a l  c lu e s  fo r  p ick in g  th e  "co rrec t"

W ith  c o n s ta n t  com prison  to  th e  s ta n d a rd  t o n e , th e  s u b je c t  v a r ie s  . 

th e  p i t c h  of th e  m ask ed  to n e  u n t i l  he ju d g e s  them  to  m a tch ed  in  p i tc h .  .

By b ra c k e t in g  th e  po in t of b e s t  m a tch  a f in a l  c h o ice  i s  o b ta in e d  th a t  is  

th e  re su lt ,  of s e v e r a l 'd e c i s io n s  - and  th u s  th e  v a r ia b i l i ty  of th e  f in a l  : •

c h o ice  may be re d u c e d .  " f  ■ fV ; - :, v ..

W hen th e  s u b je c t .a n n o u n c e s  h is  f in a l  c h o ice  th e  o p e ra to r  re a d s  

th e  c a l ib ra te d  d ia l  and  s u b s e q u e n t ly  co n v e r ts  the  re a d in g  to  a f req u en cy

r v a lu e . \  \ ' ; f  f: f  : \  f.V': ' V V '1-"':

This sam e p rocedure  i s  fo llow ed  for e a c h  of th e  f r e q u e n c ie s  

t e s t e d .  All t e s t s  a re  c o n d u c ted  in  a q u ie t f sound t r e a te d  room . R esu lts  

w il l  be d i s c u s s e d  in  th e  fo llow ing  s e c t io n .  ;



CHAPTER FOUR

; V'; /■/ ’ ■■■ /  : ' EXPERIMENTAL RESULTS ' , .

OH th e  fo llow ing p a g es  a re  p re s e n te d  the. r e s u l t s  of th e  d ip la c u s i s  

t e s t s  on s ix  p e rso n s  . In m os t c a s e s  th e  r e s u l t a n t  curve  is  a n  a v e rag e  of . 

s e v e ra l  t e s t s ;  d if fe ren t  t e s t s  of th e  sam e in d iv id u a l  w ere  so  s im ila r  th a t  

su c h  av e rag in g  w as  p e r m is s ib le „ .

■ W hen  th e  t e s t s  w ere  begun  i t  w a s  f e l t  th a t  t e s t in g  a t  four f r e q u e n c ie s  

. 1 o 5 kc> 3 k c ,  4 k c ,  and  5 k c ,  and tw o  in te n s i ty  l e v e l s , 15 and  25 db above- 

th r e s h o ld ,  w ould  be  s u f f ic ie n t  for t e s t i n g  bo th  th e  au d io m e te r  d e v ice  and  

. th e  th e o ry .  T h e se  p a r t ic u la r . f r e q u e n c ie s  w ere  c h o s e n  s in c e  nerve dam age  

u s u a l ly  o c cu rs  in  th i s  ran g e  and  m a tch in g  p i tc h e s  is  not to o  d i f f ic u l t .  As 

a r e s u l t  of th e  e a r ly  t e s t i n g ,  i t  w as  found th a t  th e  a d d i t io n  of two h igher  

f r e q u e n c ie s  -̂ 6 kc  and  8 kc  , added, c o n s id e ra b ly  to  d e te rm in a t io n  of th e  ■ . 

nerve  l o s s .  ' H ence  som e of th e  t e s t s  show n h a v e  only  four t e s t  po in ts  

w h ile  some of th e  o th e rs  h av e  s ix .  • ' • .

4 .1  - D ip la c u s i s  M easu rem en ts  in  th e  N orm al Ear

In order to  d em o n s tra te  th e  p r a c t i c a l i t y  of the  a u d io m e te r ,  the  t e s t  

w as  f i r s t  a d m in is te red  to  two. peop le  who show ed  no h e a r in g .lo s s  w ith  th e  

s tan d a rd  th re s h o ld  au d io g ram . If th e  th e o ry  w as  c o rre c t  (a ssum ing  no

, - W W  ■ ... ■ .'vWA : . . 36 ■' - :
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major pattern, a sym m etry  for th e  norm al ear) and  th e  a u d io m e te r  c o rre c t ly  

d e s ig n e d ,  th e s e  s u b je c ts  s h o u ld :n o t  ex h ib i t  a p p re c ia b le  d ip la c u s is . .  

C urve  1. a p p l ie s  to  tw o  s u b je c t s  a t  15 d b  in te n s i ty  abo v e  th re s h o ld .  , The 

'■ bound ing  cu rv es  show  th e  d if fe ren ce  lim en  (where p lus  or m inus u n c e r -  .

' ta in ty : a p p l ie s )  for th e  re le v a n t  sound in te n s i ty . . /  C d ip la c u s i s  cu rves  

g ive  th e  m easu red  f r eq u en cy  sh if t  and  n e i th e r  curve  h a s  v a lu e s  g rea te r  

. th a n  th e  d l . "  . ■ , ... V- " ; ; T v 'v  - - ./ -

' C urve  1 a l s o  show s r e s u l t s  for th e  sam e  tw o s u b je c ts  a t  25 db 

in te n s i ty .  Again th e  bounding  cu rves  show  the. re le v a n t  d l„  The. ' - 

s u b je c t s  in  th e  t e s t s  of curve  1 perform ed Well enough  to  g ive  som e ' 

co n f id en ce  in  th e  d e s ig n  of th e  au d io m e te r .  A lso th e s e  r e s u l t s  

d em o n s tra ted  th a t  a p e rso n  w ith  no nerve  dam age  show s l i t t l e  or no 

d ip la C u s is .  The th re s h o ld  aud iogram  is  not a l s o  show n on C urve  1 \  '

b e c a u s e  th e re  w as  no m easu ra b le  h e a r in g  lo s s  in  e i th e r  s u b je c t .

:: 4 . 2 D ip la c u s i s  in  th e  Ear Wit h N erve D am age  \ - 

• ■ C u rv es  tw o th rough  four are  th e  r e s u l t s  of t e s t s  on p e rso n s  who . 

suffer, from vary ing  d e g re e s  o f .p re s b y a C u s is ,- or h igh f r e q u e n c y  hearing  .

- l o s s .  ■ C u rv es  of th e  15 and  25 db  t e s t s  for e ac h  s u b je c t  a re  bo th  shown 

on th e  sam e s h e e t .  • A lso  show n on e a c h  curve  s h e e t  i s  th e  th re sh o ld  : . 

aud iogram  for th e  s u b je c t .  ‘ ;

■ ■ I t  is. in te resting : to  .note how C lose ly  th e  cu rves  for th e  tw o ,' ■

in te n s i t i e s  (15 and 25 db) a re  r e l a t e d .  They have th e  sam e  g e n e ra l  sh ap e



and' i t  i s  on ly  a s h i f t  a long  th e  a x is  w h ich  s e p a ra te s  th e m .

. The cu rves  for the; h igher in t e n s i ty  a p p a re n t ly  a re  more regular* ' 

p robab ly  b e c a u s e  t  a t  25 d b ,  th e  s ig n a l  i s  fa r  enough abo v e  th re sh o ld  • 

t o  provide  b e t te r  a b i l i ty  in  m atch ing  th e  p i tc h  of th e  tw o  to n e s .  In some 

c a s e s  the  s u b je c t s  commented.-that'1 i t  w a s  r e la t iv e ly  d i f f ic u l t  to  d i s t in q u is h  ■ 

th e  15 db to n e  w e l l  enough  to  be c e r ta in  of th e  m atch . They e x p re s s e d  

more c o n f id en ce  in  th e  m atch  a t  h ig h e r  in te n s i t ie s '  a l th o u g h  th e  r e s u l t s  

for b o th  c a s e s  a re  g e n e ra l ly  in  a c c o rd .  . .

The th re sh o ld  aud iogram s for th e  th re e  s u b je c ts  a re  a l s o  p lo tted  

of th e  r e s p e c t iv e  curve  s h e e t s .  T h ese  c u rv es  sh o w .th e  l o s s  of s e n s i t iv i ty  

of th e  e a r  to  th e  s e le c te d  f r e q u e n c ie s  due to  nerve  dam age  in  co m parison  ; 

w ith  w hat i s  c o n s id e re d  to  be “norm al.  “ •

As p o s tu la te d  in  th e  th e o ry ,  th e  am ount of f r eq u en cy  s h if t  does, 

in d e ed  a p p e a r  to  b e a r  a d i r e c t  r e la t io n s h ip  to  nerve  d a m ag e .  It is  a l s o  

e v id e n t  t h a t ,  if  th e re  is  a c o n s i s te n t  lo s s  a t  h igh  f r e q u e n c ie s  t  the  

d ip la c u s i s  is  upw ard . In ■ g e n e r a l ,  th e  datd ' cphfirm  "the h ypo thes is ; .  . ■ ,

. . . . .  C urve tw o h a s  d n e  fe a tu re  w o rth  fu r ther  com m ent. This is  the  ; 

f a c t  th a t  th e  d ip la c u s i s  aud iogram  show s l e s s  in ju ry  a t  5 kc and  more ' 

a t  6 kc  th a n  is  im plied  by th e  th re s h o ld  aud iogram . ■ " ' ■ ',

W e know th a t  nerve  in ju ry  is  sdm etim es  non-uniform■ih th e ; c o c h le a . : ■'■ 

That i s , th e re  may be p a tc h e s  of a lm o s t  normal h a ir  c e l l s  a lo n g  th e  - :

m em brane in  e v e n  th e  m o s t  s e v e re ly  dam aged  e a r .  C o n v e r s e ly  th e re  m ay



a l s o  be co m p le te ly  d e ad e n e d  p a tch es ,  am ong o th e rw ise  un ifo rm ly  and , ' 

p a r t ia l ly  dam aged  a rea  s .  The th re s h o ld  audiogram, is  r e l a t iv e ly  i n s e n s i ­

t iv e  to  su ch  minor v a r i a t i o n s . ■ ’ ■

On th e  o ther hand d ip la c u s i s  i s  r a th e r  s e n s i t iv e  to  t h e s e  minor 

v a r ia t io n s  s in c e  ev en  s l ig h t  i r r e g u la r i t ie s  sh i f t  the  n e u ra l  e q u iv a le n t  

p a t te rn .

It i s  a p p a re n t ly  d em o n s tra ted  th a t  th e  d ip la c u s i s  au d io m ete r  is  a 

much more s e n s i t iv e  in s tru m e n t  for in d ic a t in g  nerve dam age  th a n  is  th e  -' 

th re s h o ld  au d iog ram , V h  . - t  . ’ .'V' h \ :

4 .3  A S p e c ia l C a s e  of Nerve D e a fn e s s  D ip la c u s i s  M e a su re m e n t  ■

A m ost in te r e s t in g  c a s e  of a ch an g e  in  p a t te rn  re c o g n i t io n  is  show n 

in  Curves f ive  and  s i x ,  bo th  of w h ich  a re  for th e  sam e s u b je c t  (whose 

, a v a i l a b i l i ty  i s  now c o n s id e re d  to  h ave  b e en  a " fo r tuna te  a c c id e n t " ) .  • :;

' C urve f ive  i s  for 15 db and  s ix  is  for 25 db above  th re s h o ld .  This 

s u b je c t  i s . a  good c a s e  for th e  argum ent th a t  re c o g n i t io n  i s  th e  d ire c t  

r e s u l t  of e x p e r ie n c e  and th a t  p a t te rn  id e n t i f ic a t io n  may be chan g ed  

th rough  a le a rn in g  - proce  s s . ' ..A \  ~ '

' As a r e s u l t ’of ch ildhood  i l ln e s s *  th e  s u b je c t  of c u rv e s  5 and 6 h a s  

a n  ex trem e lo s s  a t  ab o u t four th o u s a n d  c y c l e s .  B eg inn ing  a t  low er > 

f r e q u e n c i e s ,  th e  lo s s  in c r e a s e s  g ra d u a l ly  u n t i l  i t  r e a c h e s  a maximum . 

and th e n  d e c r e a s e s  s l ig h t ly  a t  h igher f r e q u e n c ie s ;  in  m any r e s p e c t s  th is  .
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is  much th e  sam e a s  th e  c a s e  in  s e c t io n  1 .5  in  w hich  .p ic tu re s  w ere  t a k e n  

 ̂ on th e  an a lo g  e a r .  , t  ; " / ", 't '. ; t  'v

• : In the, th e o r e t i c a l  d e v e lo p m e n t  i t  is  s ta te d  th a t  r, in  a c a s e  su ch  a s

t h i s , th e  d ip la c u s i s  should, be dow nw ard a t  f r e q u e n c ie s  be lo w  th e  dam aged

re g io n  and  upw ard a t  h ig h e r  f r e q u e n c i e s . W hen  the  s u b je c t  w a s  f i r s t  ■ i. 

t e s t e d  th e  r e s u l t s  w ere  e x a c t ly  th e  r e v e r s e  of w hat th e  th e o ry  s t a t e d .  .. >’

A t e s t  made s e v e ra l  w e ek s  la te r  show ed  much th e  sam e form of 

d ip la c u s i s  but to  a l e s s o r  e x te n t .  Our th e o ry  w ould a p p ea r  to  be hard 

put to  e x p la in  b e h av io r  su c h  as  t h i s .  . ■ i . .A-/:;-

. A th ird  t e s t  g iv en  th e  sam e s u b je c t  p roduced  th e  r e s u l t s  s p e c i f ie d

b y  th e  th e o ry  of d ip la c u s i s  and a fourth  t e s t  la te r  confirm ed th e  r e s u l t s  

of th e  t h i r d . t e s t .  ■ ' :y, ■ . V; 'A7  ' ' ■': , : ^ ^  •.: vg ■;

, ; The four t e s t s  a rc  show n o n 'th e  two s h e e t s  a s  1 , IT^ and  111 w here  ' 

111 is  th e  a v e ra g e  of the  l a s t  tw o  t e s t s .  • W h at th e n  had  h ap p en ed  to  

c a u s e  a com ple te  r e v e r s a l  in  re su l t ,  w ith  th i s  p a r t i c u la r  s u b je c t ?  An , 

in v e s t ig a t io n  r e v e a le d  t h a t ,  sh o r t ly  be fo re  th e  f i r s t  t e s t , , t h e  s u b je c t  

had p u rc h a se d  a new  h e a r in g  a id .  P rev io u s ly  heTiad u s e d  an  a id  w hich  \

had am p lif ied  a l l  f r e q u e n c ie s  e q u a l ly  su ch  th a t  th e  a id  h ad  not changed  

th e  p a t te rn  on th e  m em brane or th e  s u b s e q u e n t  i r reg u la r  an d  dam aged  ■ 

n e u ra l  p a t te rn  but on ly  in c re a s e d  i t s  o y e r - a l l  i n te n s i ty .  : ' ' ,

■ v W ith  th e  new  a id ,  a ch an g e  in  th e  p a t te rn  sh a p e  w as  r e a l i z e d .  ' •

This occu rred  s in c e  the  a id  w a s  d e s ig n e d  to  provide  a m p l i f ic a t io n  only
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a t  • f req u en c ies  w here  th e re  w as  l o s s ,  and  a m p lif ic a t io n  w a s  in  p roportion  

to  th a t  l o s s  o' This m ean t t h a t ,  w h e re a s  w ith  th e  old a id  th e  neu ra l  

p a t te rn  w a s  ex trem e ly  d is to r te d  com pared  to  "n o rm a l" , th e  n e u ra l  p a t te rn  

w ith  t h e , new a id  becam e m uch th e  sam e a s  th e  p a t te rn  in  a normal ear ;  

th e  norm al e a r  p rov ides  th e  so rt  of p a t te rn  for w h ich  th e  th e o ry  w as  

deve lopedo  . : , / ' -

.. W ith  the; new  a i d ,  th e  s u b je c t  cou ld  no longer u s e  th e  form er, 

d i s t o r t e d , m em o ry -s to red  patterns, for id e n t i f ic a t io n  0: He th e re fo re  had 

to  le a rn  a . w hole  new  s e t  of. p a t te rn s  by  a s s o c i a t i o n  and a more or l e s s  

t r i a l  and  error p r o c e s s . ■ - ' 1 • :

... ■ This th e n  is  th e  e x p la n a t io n  offered : The f i r s t  t e s t  cam e when th e  

- s u b je c t  w as  s t i l l  u s in g  h is  d is to r te d  p a t te rn s  for a r e c o g n i t io n  c ri te r  

(ion) id e n t i f ic a t io n  w h a t  th i s  c r i te r io n  m igh t h ave  b e e n  i s  hot know n. ' W 

The s ec o n d  t e s t  sh o w s  som e in te rm e d ia te  s te p  in  th e  le a rn in g  p r o c e s s .  

T e s ts  th re e  and four cam e a t  th e  end of th e  le a rn in g  p ro c e s s  and show  

th e  r e s u l t s  e x p e c te d  a s  b a s e d  on th e o ry .

This p e rso n  h as  come to  r e ly  on th e  new  a id  for c re a t in g  normal 

n e u ra l  p a t te rn  s h a p e s  —  he w ould  p robab ly  be tem p o ra r i ly  u p s e t  if  

fo rced  to  r e -e m p lo y  former d is to r te d  m em o ry -s to red  p a t te rn s  „

: I t  is  w e l l  to  no te  t h a t , •even w ith  e rroneous  re c o g n i t io n ,  th e  

d ip la c u s i s  s t i l l  c h a r ted  th e  a r e a s  of nerve  d a m a g e . Each  curve  im p lies  

th a t  a n  a rea  of maximum dam age  l i e s  b e tw e e n  th re e  and  four th o u san d  <' ’; ;
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. c y c le s  and th a t  th e  dam age  fa l l s  off from th i s  maximum in  bo th  d i re c t io n s  „ 

The fourth  t e s t  w as  th e  on ly  one t a k e n  on s u b je c t  6 w ith  th e  'h igher 

f r e q u e n c ie s  in c lu d ed  and  th e  cu rves  show  a l s o  th a t  th e re  is  more lo s s  a t  

' the :.h igher f r e q u e n c ie s .  ■ ‘ 1 d; ' . .

' C urve s e v e n  sh o w s  th e  av e rag e  of. th e  f in a l  two t e s t s  on su b je c t  

s ix  a long  w ith  h is  th re s h o ld  au d iog ram . As m ay be s e e n  th e  d ip la c u s i s  • 

; r a th e r  a c c u r a te ly  m aps th e  rierye dam age  a s  c h a r ted  by th e  th re s h o ld  

• aud iogram  e x c e p t  a t  th e  5 kc p o in t .  It  may be no ted  th a t  a t  5 kc  the  

d ip la c u s i s  aud iogram  im p lie s  no dam age to  th e  membrane w h ile  the  .

; ' th r e s h o ld  audiogram  show s a h igh  le v e l  of d am ag e . The e x p la n a t io n  is  

th e  sam e a s  th a t  f o r 'curve  f iv e  f<± 'mtich the,:sam e phenom enon . - '

4 . 4 A dd itiona l C omments on th e  D a ta  . , . ■

An a t tem p t w as. made to  r e la te  th e  am ount of d ip la c u s i s  to  db ; 

th re s h o ld  l o s s . U n fo r tu n a te ly  our sam p le  w a s  to o  sm a l l  to  produce  an y  

u s e a b le  r e s u l t s  s in c e  in d iv id u a l  v a r ia t io n s  in  the  cu rv es  w ere  l a r g e . 1 : y;. 

T e s t in g  on a m uch la rg e r  s c a le  is  req u ired  in  order to  a cq u ire  a c c u ra te  ■ 

c o r r e la t io n s .  : " - ;■ : ;  .y yl. ;;



CHAPTER FIVE

, ; . FUTURE DEVELOPMENT , ' , . . ; : : :

: ' I t  w ould  be w e l l  here  to  make a few  su g g e s t io n s  c o n ce rn in g  fu ture  V 

d eve lopm en t of th e  au d io m ete r  and  i t s  t e s t i n g .  . . >' '' ,v ' . ■ '' ' v

R ather th a n  h av in g  a c o n t in u o u s ly  vary ing  s tan d a rd  t o n e , ' i n  a 

" se c o n d  g e n e ra t io n "  au d io m e te r  i t  m ight be b e t te r  to  h av e  f ix ed  to n e s  • . ■ : .;

th p t  can  be s e le c te d  w ith  a m u l t i - p o s i t io n  s w i tc h .  It h as  b oen  found .

• th a t  th e  f re q u e n c ie s  t e s t e d  g ive  a r e l a t iv e ly  com ple te  p ic tu re  of th e  

m idrange of the  C ochlear dam age; th e s e  shou ld  be inc luded ,, pe rhaps  

along, w ith  s e v e ra l  to n es '  o f-h igher  frequency.- The m atch ing  p ro c e ss  ;■ U ,

b eco m es  r e la t iv e ly  more d iff icu lt ,  a t  th e  h ig h e r  f r e q u e n c ie s  but th e  ' ..

in c lu s io n  of up  to  10 and  12 kc  to n e s  in  th e  au d io m ete r  sh o u ld  be , '

s e r io u s ly  c o n s id e re d .  . : vd ' . '  ' ■ - ' :^;V'

Although low freq u e n cy  nerve  d e a f n e s s  is  r a r e , for a com ple te  ■' vv,

d ip la c u s i s  audiogram ^ s e v e ra l  Of th e  low er freq u en cy  to n e s  might be -,.d:

in c lu d e d .  ' T h ese  should ' be in  th e  ran g e  of 200 to  500 cp s  to  th e  1 .5  kc  

S u g g es ted  a b o v e . Thus in  n in e  Or t e n  f ix ed  f r eq u eh cy  ' s t e p s , th e  e n tire  - ; ' ;; '

b a s i l a r  membrane may be c h e c k e d .fo r  d ip l a c u s i s .  . ■ , ' ■ ■ :■

. if In th e  c o n s t ru c te d  au d io m e te r  a m anual s w i tc h .w a s  u s e d  by th e  > ;• ;

,s u b je c t  to  s w i tc h  b e tw e e n  th e  unm asked  and  p a r t ia l ly  m ask ed  to n e s .  . , .



This proved adequate , e x c e p t  th a t  th e  s w i tc h  ten d ed  to  make poor c o n ta c t  

a f te r  long o p e ra t io n .  A lso th e re  w as  enough  c a p a c i ta n c e  In  sw itch in g  

b e tw ee n  sw i tc h  p o s i t io n s  so  tha t^  u n le s s  th e  sw itch in g  w a s  done fa ir ly  

r a p i d l y / a n  u n d e s i r a b le  n o is e  w a s  h e a r d .  • '

To o b v ia te  t h e s e  d i f f ic u l t ie s  and a l s o  to  a llow  th e  s u b je c t  to  

c o n c e n tra te  h is  fu ll  a t t e n t io n  on m a tch ing  th e  two t o n e s ,  th e  in c lu s io n  

of an  a u to m a tic  sw i tch in g  procedure  is  s u g g e s te d  for an y  fu tu re  d e v ic e ,  ; 

This may be  a c h ie v e d  by th e  u se  of a n  a s ta b l e  m u ltiv ib ra to r  w ith  a 

■ s u i ta b le  r e la y  in  th e  p la te  c i r c u i t „ T his  w ould  provide not on ly  a d v a n ta g e s  

: of ra p id  sw itch in g  but in  a d d i t io n  th e  s u b je c t  w ould  not be b o th e red  w ith  

hav ing  to  d e v o te  part of h is  a t te n t io n  to  th e  sw i tch in g  o p e ra t io n ,

.' If th e  .device is  to  be e n t i re ly  s e l f - c o n t a i n e d t  a s  i t  sh o u ld  be*. , 

th e re  sh o u ld  be in c lu d ed  w ith in  th e  au d io m e te r  an  am p lif ie r  of su f f ic ie n t  

g a in  and  l in e a r i ty  to  prov ide  a s ig n a l  s u f f ic ie n t  to  r e a c h  a t  l e a s t  25 db 

above  th re s h o ld  for a n y  s u b je c t .  The p re s e n t  u n it  h a s  s u f f ic ie n t  s ig n a l  

s t re n g th  for m ost c a s e s  but th e  u s e  of a s e p a ra te  am p lif ie r  i s  req u ired  

in  c a s e s  of ex trem e l o s s .  . <

■ Another d e s i r a b le  fe a tu re  might be the  in c lu s io n  of s e p a ra te  

a t te n u a to r s  in  th e  s ig n a l  and n o ise  c i r c u i t s „ T h ese  w ould  be c a l ib ra te d  

in  db so  th a t  a f te r  th e  th re sh o ld  for e a c h  w a s  found th e y  cou ld  be com bined  

in  an y  m anner for ex p e r im en ta l  p u r p o s e s . V ' : .



One o ther  s u g g e s t io n  for im proving th e  te s t in g  sy s te m  is  to  u s e  

. . a more a d e q u a t e ‘pa ir  of h e ad p h o n es  „ ' S e v e ra l  s u b je c ts  com m ented  th a t  ■;

th e y  cou ld  ch an g e  th e  in te n s i ty  of th e  sound  by  m eans  of S light a d ju s tm en t  

■ of th e  ■headphone on th e  e a r .  It is  b e l ie v e d  th a t  th is  r e s u l t s  from im pedance  

m ism a tch  b e tw e e n  the- e a r  c a v i ty  and ' th e  h ead p h o n e .  P o s s ib ly  an o th er  type  

h e a d s e t  w ould  e l im in a te  th i s  d i f f ic u l ty .  . h  .

To fu r the r  e s t a b l i s h  th e  v a l id i ty  of th e  th e o ry ,  t e s t i n g  sh ou ld  be  • 

done  on a c l in ic a l  b a s i s  w ith  s u b je c t s  known to  have  ne rve  d am ag e . In ;

. t h i s  w a y ,  a la rg e  body  of d a ta  cou ld  be c o l le c te d  so  a s  to  provide  >:

a d e q u a te  s t a t i s t i c a l  m e a s u r e s . ■■ , v . : f r . /  ■ ' : h d '

" v h  T e s t in g  -on .a  w ide  b a s i s : w ould  a l s o  r e s u l t  in  s u g g e s te d  im provem ents  

■ in  th e  au d io m ete r  th a t  w ould  more r e a d i ly  a d ap t  i t  to  c l in ic a l  uS e .



CHAPTER SIX

/ . . ■ : - V- ’ 1 .. CONCLUSIONS : ' v \  : :/ ;

In th i s  paper we. have  s ta t e d  some b a s i c  p r in c ip le s  an d  c o n c lu s io n s  

from th e  th e o ry  for h e a r in g .  T h ese  p r in c ip le s  for th e  m ost pa rt  a re  

g e n e ra l ly  ack n o w led g ed  to  be f a c ts  th a t  h ave  b een  s u b s ta n t ia te d  by ■ . 

c o n s id e ra b le  e x p e r im en ta l  e v id e n c e . '  S ta r t in g  from th is  b a s i s  we have  

th e n  p ro jec ted  th e o ry  to  th e  s p e c i f ic  c a s e  of m onaural d i p l a c u s i s . ■ We 

h av e  t r i e d  in  our th e o ry  to  show  how th i s  d ip la c u s i s  may bo r e la te d  to  

nerve  dam age  in  th e  c o c h l e a . A lso  s u g g e s te d  in  th is  d e v e lo p m en t is  a ' • 

m ethod of t e s t i n g  for d ip la c u s i s  th a t  may provide ' a r e a s o n a b le  ch eck  on ; 

th e  v a l id i ty  of th e  grigimal h y p o th e s is . ,  .i; ,

For e x p e r im en ta l  t e s t in g  a 'm o n a u ra l  d ip la c u s i s  a u d io m e te r  w as  

:d e s ig n e d  and b u i l t .  This d e v ic e  h a s  w ith in  i t  th e  m eans to. provide bo th  

th e  d e s i r e d  pure to n e ,  a pure to n e  co rrup ted  w ith  w h ite  noise,*, and a  V 

m ethod for m easu rin g  th e  s u b je c t iv e  p i tch  ch an g e  a s  a r e s u l t  of the  n o ise  

a d d i t io n .  , " , '  . ■ ■ ■ e  e ' ' . : A;' - ‘ '..vT- -

R esu l ts  have  b e e n  show n w h ich  a re  b e l ie v e d  to  support  p roposed  

th e o r ie s  co n ce rn in g  th e  m anner in  w h ich  a sound  is  re c o g n iz e d  and th e  

. a c t io n  of th e  c o c h le a . • E m pirica l r e s u l t s  a g re e  w e ll  w ith  th e o ry  and a l s o  ' 

a re  c o n s i s t e n t  w ith  d a ta  ta k e n  from th e  e l e c t r i c a l  a n a lo g  c o c h l e a . Thus



. b o th  the- th e o ry  and th e  a c t io n  of th e  a n a lo g  in  th is  s i tu a t io n  have  been  

confirm ed by  e x p e r im en ta l  d a ta  „
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