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the 65 70th Aerospace Medical Research Laboratory . The work
performed by Aerospace Medical Research Laboratory personnel
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of New Techniques of Signal Detection and Preprocessing ,” of
Project 7233 , “Applications of Biological Principles as
Solutions to Air Force Needs in Signal Processing ,” and
continued under Work Unit 33 of Task 723303.
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For a I L IL . .  er of y i r  th i s  ] , -ibo~~a t : t , ’ ha s been . ‘L tp l oylng
human speecl i  -iS a t e . t  s i g i t a ~ t o  a u d i t  r i  st ’ ‘~~rt .  Sp eech
has been em p i c ’. e - I  h e  ‘iuse  S t  cr ot ’i ’les  a comp lex s t  ht~~lus o t i o b
vai ’  es in t iia~ aL’ i~ , t h e  mens ~ns  : f~~~ctuen cy  and  a m pl it  ide
The re sponse  of  ‘.‘a i ’J c ~~s gov t - ‘ of the  a u d it o ~ y s y s t e m  to t h i s
complex  i np u t  is na - c ‘tore v i ch  and ctiversi f l e d  than the  response
to rtcr~ c ia .  a ical I c i v  s ‘JO I , e . . , p a  . - tones  and c l i c k s
T t h e  r i n v est i c - it o r s  (Cas .  t ry ,  et al , 19Th ;  Kiang  o i l  l iexon , 1 9 74 :
R i p e ~’t , et al , 197 , l97~~; II t a n a b i  .an~l T h h i i , 1q 7 3 )  have  also

CaSi ( I Jl lv  e mp l o - , t d  Speech Si  no u s  t h - -o~r .nve . ~ n a t  ions  f
The a ’t d i t a r v  s y s te m .  ft  is -~~i t hat  - emp loy ing These
s t i mu l i  an uc T l er u t an d in g  of s t i  t a l u s  cod i.!~: and d e c o d i ng
mechanism s I n  ~~~n e i T h  , as -i c- l I as w ay s  in w h i c h  s p e c i f i c  c .ous l  i v
c u eS  in SpLaica are en coled by I I L  a I t~~t7 sys t em i•:ill be g a i n e d .

The inve~~tigetionS .~~‘r t :se j  n th i s  l a b o ra t o n - y  have s t u d i e d
the  t rans fo rms  oc c u r ri : . g  it the level .f t h e  h a st l a r  r: ml rane ,
us ing  an ana log  cae i Th: ( l ~~d f o y ,  1972 ~~, b , 1974; Man ~ie and
Ma lon e , 1967 , l 9 i  8 a , h , 1f l 7 0 ) , i t  the l e d  of the ei th n e r v e
(G o l d s t e i n  a n d  t i o  I , ~ , 197 1, 1 9 7 2 ;  M a r - t i - - , et a l,  1 9 74 )  and -it
the  level  of t u e  a : : 1 - i r -  ~I i - a i e i s  ( S t : ~~~~ a o l  Cast  in , 1974 , 1976).
The p resen t  z e i ’  : rt  w i l l  ~ t en : to  de nn ions  trat e trot ter poral
i n f o r m ar i a n  cons idered  t a  be an im p ar - t an t  cue for  i l e n t if y ing
var ious  speecn  sounds  a t o  l ev e l  of t he  b a s i l a r  m e m b r a n e  is
preserved and enhanced by it l a - i ~~ a su h p o p u l at i er -; of  co o bl ear
nu cleus n s ’x r  r s .

Mh T H OD

The e x p e r ime n t . ai  a n i m a l  .ao. l oyed was  the a lb in o .  gulriea pig
w i t h i n  a w e I g h  t r ar ige  of 2 5 0 — t i n ’  g r a n r s .  A n i m a l s  w re anesthetized
w i t h  i n t r ap e r i t a i n n e a l  m i  e :t i on s  f n o d i u m  ; en t o b a rh  it al  an- i  ma
t am ed w i t h  s u b s e q u e n t  h o u r l y  i i  ~ect I on s .  S i e n ol p  ~ op s e s  were
monitored by means of gl-~ss microelectro ne,~, tip diamet e r 1—2 n i o r o . n s ,
that had been vacuum fil l ed y j t l  a lIt IJaCl solution . The electrodes
were i n se r t ed  in to  the  r i T h t  c o c t l e a r -  n u c l e a r ;  through an intact
cerebe l lum . This was m l  ~ ia1ly c :-:’mpliahr- b y c ‘ r , n t i r r  the
necessa ry  s t er e o t a c ti—  cc ’r~ii nal cc fr-cnn X— ravn taken of ~acti exper-: —
m e n t a l  an imal  (Gehr ich  and C a s h i r ; , 1 9 7 2) .  P ecc i -e s u - s on ’  t : u i f l t a i n e : i
and visual examination f!11csing ~- uccessfoI experiments verified
the location of the c’-:hloa r n c - l e n a  and its p’~sition in relatinri
to the internal auditcrv m e a t s an  lc::ateJ on l i e  X—rays . After
numerous exten ime nts St-u n -la rd ster~. :tic -

, t i n ates were developed ,
which used Icr c rnr j lri c t: I n with s n-face lan tma n -ts on the n er e b e l  lum
en ab led  us to d i sp e n s e  w i t h  I - t ip  > - r a ys .  I ’  - a 4 —ex ; e r-mm’nit .-il verifi—
ca t icn of e i e c t y T h  position was retained.
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A .  t a’- a ~l:1~~i s l r i o n  a n t  l r J ~ Aen~~i~~ti~~

The I - c u  n - l i n e  e l - - ”  n’  :ne w . u :  r ,
~nuaS1 ly  u d v i t n i c e d  j O  a 4 5 0  -~ng t e

f rom the  l e f t  S 1 r t , a . ~ L of t h e  ce ’r ’eI ; ’e i l  ‘ nra  t ;  w i t  h n  0 . 5  mrs a n  t h e
calculated cr-sr- I I t i n t - -c of fe -i ‘J~t r-ocLJ ear nucleus . ‘li t ’
e x p e r i m e n te r -  t hen  I e ~ l I n e  s -a r i d isola ed - ‘ I’ in  whi vi the
a n i m a l  was located and  cOot Inue I to i’i’ :- i ’ O  t he  - 1 . - ; t rode by means
of a remote h cdr a u l  i ’  mi C r  I ye n a’s en; tn’ a ~r J~ . i C df l t  roe rn which
000taii :LI t e  si a no. i l  goner at  ion  t a t  d a t a  -a ‘qui .s  il- ion equi  pmen t

bite n o I s e  b u r s t  - ( 9  r iS . ’ — be ]  1 t Inca , 1 00 r i s e r ’  t 1 F  o t l O n ,
80 dO SPL , p r e se n te d  twiSe gei  se:; i~~d)  ‘ - t e e  use _ i to la at:e and
i so la te  s in g l - ~ un i t :  1-espous ern . h e r  a n - e s 1o r u s i - .’e i n i L t  was f o u n t ,
i t s  c i O r O r  a r - u ’  st I -:- ft ,ueo.cy (OF) 00 1 -~ spoor-c area r-ser’e dete rmined
b y  m o a n s  of pure  t c r ~ ’ b u t  a t s  ( J i b  m c c v  l i t  ~ ion , 10 rnsec r i s e— f a l l
t i m e s , p r , - u , ’ - ,te t t w i c e  r i - - n ’  s e c o n d) .  Sc  i r ’ : n l u s  t r ea n e n c , ’ was m o n i te r e d
w i t h  in e l e c t  ‘- a im -a - i t ~sr ( H e w l e t t — I a - l i  ur ’d Model 5 . ;4 5 L )

All  s n  in t . ’tl i o c r - -: p r e se-n t ea  to the  -in lila l tt- r-~ -agn a 1-Jestern
E lec t r i c  614 1IAA C a r r i e  n i c e- : er-or hr- ne c - t e d  to  the  ~:-it&ri al a u i it o r y
meatus thr. cict h o hollow e r’b-ar- In the h e a dh o l d er .  This device was
acousticcllv calibrated I~ S a t : i n  ‘ ‘arc s of sound p r e s s u r e  l ev e l
(re 0.0002 iyne/ l: t ar’).

The n e : - -  u l  p t  on t i a c s  to  he n - c  ou’ -t ~~d n-sc -re ::aoced through a
:ifferer ti a] -Ic rearnplifiec (Tr ’.nsidyne MPA— 6) and a trandrass
amplifier (Trais I ’ve 1125). lit -a mnli tlir -l signals were mon itor-e l
w i t h  an o sc i l l - asc op e  and fly ins of a su~zitch irg network coulde i t h er be recor de d on i i ~ :t-a] t ap e  ar - I  S I t l U i t - ; i O ’ a O U a ’ l V  a n aly z e  I
“on—l ine T u-l i - u - h P — i  c - w o o l - e r  o n’  t o  roe ~r’ l a d on ~n a l o g  tnagc c- t t C
tare and to - in st-icr -ed at : l a t e r -  t i n : .  The neur al s-e on -Jose  a r t  i
di gital r-eprec’ar. tat i n  w e r e  - :  I c p t a ” e I ann a cc na-o sc cra e ( H u g h e s  l O t - A )  .

5 . Snee :h Stum i 1

r ile snite noise aol p.r- c— I nc bursts were c ’mp lay ed to  J - : - :-ate
o r .j  c l a u s i  F- ,’ t he  l : d i v l  i i , .  .o.-i i r o n s  • e~ : -‘rp t s  b r a t :  human s ust a i n e d
vowels  -ic n ‘a p r - i n c  a r y  t j m ,]  i u s e d .  -r ~~ d stianuli were generated
in the toll o . ’ i : : g  a’ i : u n a r  : ftc speaker  ( n o t e )  pnr; -att:c -el CV utterance
ocrisis’ inn of one of ‘a. v~ uelo C / i l , /1/ , l c / , / ~~l , I a ’ , l,i / , / o / ,
/ 0 / , / u ’ . -a nd / r / ) , ,ilw:1~~s l - ’ a g l r i n i n g  w i t h  t h e  - _ n c  t : , i r t  f b i .  A l l
utter in ’ e., w e -- -r m o n i t o r -c l  w I th a : ; t .  a . ;ge oscilloscope and the peat-.

i t  ill cases ‘-sos a s :-c-.r-n rna te l-i -i a~~i. I l s i n a g t i g l t  -ii
a~ - f l i p u t e r  ( P D I — l  ) E u - n  n :  a log a L~ 101 fr :r .u  I c m ic r op h s r : e  w a s  di gi tized
i t  :~ j t - - of  ~ 5_ ~~I o . ‘~~1er; J:- e r’ second , st ’r - a-t L u  : : : ; t - : t d I -  or -n or ’ ’

- I t - I  c a :  r .  ccc  on i c-. n n t a r t er ’  -a ’e n t t :  1~~e l  e a n r n i . A~~ evr:.ent of the
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r e n n ’ a d -u ’ced s i - n  :1 , a t  i c - n u t  50 - ; ; . ‘ m b  th e  S u s t n n n ~~- I  r-~.u-i~:l , :-s-i:,
e , I i t e r t  out by r e - -Ins of d l igh  ~ at t -  ‘ t : n n i - n n t  t o  the  a — o r n n a i n t e r
d i s p lay . Thi n edi t ed  se g m e n t  r u n t: - ste- i  of a 5 t - n i g l e  p i t  oh period
of the vowel (ii pn u: - xi:i:ct ’ -l y 8 moor in -iir’i t i on ) . The s e l e c t e d
samples wet-’: then i , ! en t t i f i e d  ,.in I ;‘  n d  lit comp uter- nn i c~nn io ra- ’ f o r
later p l a y b  net, in t t i r desired f a r n n t a n :  ti.r’o igh a -~t I gital— to—analog ‘ 

-

converter. ‘then the ru t 1 n ull t - ? t ’ t ”  r e c c - ’ - i ’ l  on anal  ~g tape they
were regener-at~ ’ - t in strings of five v wa I ‘; ‘ , i rd s , each vowel
so u n d c or c i s t in i g ,  of five or-petitions of the  sing le  h i t c h  period
exerpted fr-on:: the  ori gin al an.c tog signal of tha t vowel. Each
stimulus run had a du n n in of approximately 200 msec. Since
these vowels :-;or’e ex- -otn’ptc - - I f-- cnn natural itt ’c r- -- inices , the dura t ion
of each pitch ~aer - i o t J  is not un i form across all vowels . The

- -n iardow during which the neural responses were recon- ’te ’t was a con—
s:-ant 200 msec. Therefore , less than f i v e  p itch per iods  of a
neuron ’s response to the final vowel in e :r’h run rway have been
s’ : rded. Where t h i s  o c cu r r e d  it is noted in the ‘capt lc- -n of
the  u r p n - c p r - i a r c -  F igaro . Tho presen tation of two sequential runs

~:cp ‘set tb-a a tar-on c- all ten vowel so rnd’c . The analog stimulus
t a r e  containie l ten such pairs ef runs , the a l a i ’r  of the vow els
I: ocr-i rain- of r a r e being balan ced so tha t  in no two runs  was
a m y  ‘.‘ :iwel preceded and followed by the sane vowels as in another
-un . Each run on analog tape n-i- as repeated 110 times , each repetition
loot-ed to a cynic pulse , with a 300 msec wait time between repetitions.
After a run trod l eers r’eoeated 110 times , there wa s  a 15 sec pause
duo ir . g ;-shich t h e  next r an to be presented r o e  identified by number.

i
Spect r a l  analyses r-i~~n-e marIe of each of the vowel st i mu l i  in

order ~o liter-mine - F I t - a i r  frequency content. Fig:nr’e:-m 1— 10 den a t
the spectral energy lIs t ibut inn fu nct i on s for each of the ten
v o w e l s .

COt- IP ARIS OIJ  OF P R I I I A I Y A IID A S J O p n  P I l L S ’ S  f I ’ J
OF COC H LEAR 1 i I J ~~I Ft ’S ~J tn ’::; :cJ,i Ill  tI1~ i i ~flt- J d f, TO I ’L E P , II F I

Among the  rn - an ’,’ a t t o n o t s  to Ie’i se a ;: t - s s si f l c a t i on  scheme
a to  org an ize the rr - : - rpholog ica1] y (Harriso’u -art -I Feldman , 197 0;

Lorenti de Il -a , 1933; Oser , 1969) ~iid ~~ i t i ~~~~ -i-ally (Cann-a r-y , 1972;
p Kiang , et al., 1969 ; -tr - ’ ce an and R ip e r - b , 1-1 70 a , b : PTh i f f e r ,

1966) diverse neruronal popul a t i - i n  of t u e — --ochlear r r i a l  t a o s , one
of the more g~’uerallv accected is tic ci in;,ification of neurons
on the basis of t ar - - i n- r’-’sponae n- -abtern -to a tone bar: t at the
n-a r-san ’s CF. On the basis of this s o l a r -m e  nv-  irons in the cochlear
nucleus har.’c’ generally been ‘I -: - ‘ i r h -r ’J in t o  four  c lasses :
l ik e ,” ”  : r r :: : ar , ” “ r I :  pe n ,” an ] “ on ” (ci i ann ’ , t a t  ci , 1995; Pfeiffer ,
1966). Al - - u t t : n . . a n - - - ir r ’I i ’c . r vI -ar : s  in the  I i i e r a t u r e  tha~ a
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5’  i r n a l a t c I - n t - :onnne f n - e ~~uency o ther  than  i ts  CF mi ght  exh ib i t
at r ’e.ap ~ -nse  pan ten-ni -: - n n ’ ,acteristic of a “class ” other than that
~o :- ‘i ia-h I t s - i s  ass , - r . , ’ l  ant ti ~~- basis  of i ts response when s t imula ted
nt  i t s  CF ( .  n ’ : - -u’v , 1 4 7 2 ; Vast , 1970; tloon-e and Cashin , 19714), the

r n - e r - c o t  rep n ’ conc e r n :  Itself only with those CS neurons that are
c lass i i le d - is  “en’In : n - n ” -like ” on the bas is  of their  response at
t h ei r’  CF.

A. Results

Fi gure 11 S l o W s  a - a n n i p a r i s o n  of the response patterns of a
primary mc ii — : :  (CF 673 lIz ) and a “primary-like” cochlear nuc leus
neuron (CF C36 Hz) to three speech sounds. The level at which

- - these sounds ‘~-.-- n-a presented was comparable for the two neurons ,- — 80 dB SPL for sh~a n - i n n  ir ’s- ’ ne ar- an t and 85 dB SPL for the “primary—
j I R - ” 1 neuron . The threshold of the primary neuron at its CF
was E u , dB SPL , that of the CII neuron was 50 dB SPL. As can be
seen Ii. Fi g.  La , br ie agreement between the two neurons ’ response
patterns r a n a g o s  frc ’n excellent to poor. For the vowel Is! the
t v -a response Patterns are virtually identical . The response of
the CL ar it . which n/a n presented with a S dB SPL more intense
signal , is t’ -at ~~tivtal y i.~arger in amplitude than that of the pri-
m-a n”.’ u n i t .  She timin ,r o f the f i r i ngs  wi thi n the response pattern s
ir’e identical . For t i e vowel /a!, the response of the CS unit
while simpl- --r t h ~n n  the response of the primary uni t  still has
renr-eaer:ted ru  t h I n  each I - i t ch  ocr iod  the dominant  in te rva l  found
tho rsu: - ST e a c h  p i t c h  p e rH I of t h e  pr imary  un i t ’ s response .
F i n a L S ’ , t h e  r - ’a up or : s e c  to t i e  vowel  h I  d i f f e r  in that the CN
uni t shows a - - am n l e t e  s pp n nn ssi , na of response to h i , while the
primary uni~ shows a simple but well defined response pattern .
As no ted- - -n bo-,’e , t i e signal presented to the CS unit was 5 dB
SPL more i:ateriee than FL-s b nr~ sented to the primary unit. This
comp l e t e  su p p r - c a  ion of neura l  - ac t i v it y  when stim ulated by certain
v a - v o l  s o u nI s  ( : - n r - t i c u l - c n ’ i y  those  w i t h  si g n i f i c a n t  energy  con ten t
at t h e  h i g her  Ir - - L u e n s  l e n )  is not uncommon in cochlear nucleus
r e a r -  n - , w h i l e  i t  has  n e t  been f o u n d  at all in eighth nerve units.
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B. J ) i s a u : n i o n

S t u d i e s  ot the o u t - a u t  f rom an analog coch lea r  model  in r e s pu n s e
to vowel i i ip u t s  i n d i c a t e d  tha t  one of t h e  rnI t t  importan t cues for
the identification of the individual vowels was the  temporal  in-
terval iefined by the major peaks in the disp lacement pat tern of
the -isilar membrane to the individual pitch periods of each vowel
(G o d f r e y ,  1972 si , b , 197 14 ; Mundie and Moo re , 1967 , 1968 a, b , 1970).
A psy c i t -sac -ons t ic  s t u d y  provided ev idence  tha t  s u f f i c i e n t  i n f or m a t i o n
e x i s t e d  w i t h i n  a s ingle  p itch period to al low re l i ab le  id e n t i f i c a t i o n
of th e  vowel from w h i c h  the  pitch period was excerpted (Moore and
S in- -ti e , 1971) .  Measuremen t s  of the  temporal  va lue  of these key
intervals defined within a pitch period have shown them to be
cc-rnei -it ed with the formant values of the vowel being studied
(Godfrey, 1974; Mundie and Moore , 1967).

Previous neurophysiolog ical reports (Goldstein and Mundie ,
1971 , 197 2 ;  Mu ndie , et al., 19714) have shown that the firing
pattern of the great majority, if not all , of ei ghth nerve units
is modulated by the displacement pattern of that portion of the
basilar membrane that the unit innervates. There was some
indica tion in the data that  a minori ty of the uni ts studi ed may
have had their  response modulated by the velocity of the bas i lar
membrane rather than the disp lacement . In those units whose
response was modulat ed by the displacement of the basilar  membran e,
the key intervals presen t in the basilar membrane patt ern were
preserved in the neural firing pattern . Figure 11 shows that if
the CM “primarylike ” uni t responded to the speech sound , it also
preserved these key intervals in its response pattern .

RESPONSE ARRAY OF “PRIMARYLIIKE” CN
NEURONS TO VOWEL SOUNDS

In order to gain some insight into the pat tern of activity
generated within a population of “pr imaryl ike ” CN neurons by
spec i f ic vowel sounds , an array of seven neurons was composed
nor each vowel sound emp loyed as a stimulus . The same seven
neurons were used in generating the array for each of the ten
vowel sounds. Figur e 12 shows the respo nse areas of the seven
neurons. These neurons were selected so as to encompass within
their composi te response areas a frequency range tha t would inc lude
t hu s e  f r equenc i e s  -at which the vow el stimuli  had major  concen tra t ions
-f energy (see Figs. 1—1 0). The intensity at which the vowels were
presented ranged between 60 and 85 dB SPL. The values for each
n~ ur’-an in the array are shown in Table I. In each array the neurons
are crier-ed from lowest to highest CF.
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TABLE I

Level in dB SPL
At Which Vowels

Neuron Ident. Number CF (Hz) Were Presented

053—172— 3 1~46 85

051— 572— 3 1456 60

- 022-17’~— l 707  63

061~ 472~~14 907 80

- 021—27 ’4—2 1696 60

1 0 1 — 5 7 3 — 1  2 0 9 1  611

0 12~~Lt 7 3_ l  3 0 3 2  60
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A. R e s u l t s

Fi gures 13-22 show the  neural  ai r - n ays for  each of the vowel
sounds ussd as s t i m u l i .  An overv iew of these  arrays ind ica te  some
stri king d i f f erences be tween the overal l  response  pa t t e rns  for  the
var ious  vowels .  In general  te rms , the d i s t r i b u t i o n  of a c t i v i t y
across the array d i f f e r s  from vowel to vowel and al lows a v i sua l
separation of the vowels. This variation in activity is a reflection
of the respons e of the basi lar membrane d isplacemen t and is correla ted : 1
with the energy—frequency content of the vowels. Where there are
clear intervals defined within each pitch period of the neural
response , these intervals almost always correspond to either the
pi tch  rat e of the vow el or the p itch ra te and a freque ncy equival ent
to the first formant of the vowel. Because of the resolution at
which the data was gathered and the limits  wi thin whi ch the in terv~ 1s
can be me sured by hand , there are no clear indications of intervals
corresponding to second and third formants. There are , however ,
examples of very short interval (high f requency) activity being
modulated at the vowel’s pi tch rate , e.g., the 2091 Hz neuron
in the array for hi! (Fig. 13) and the 1696 Hz neuron in the
array for !~~/ (Fi g. 16).

Wha t fol lows is a more de tai led description of th e overall
neural respons e for four of the vowels .

1. f i t  (Fig. 13) — The overall pattern shows two quite
distinct areas of responsiveness separated by an area of essentially
comp lete suppression . The response of the 1146 Hz neuron is a very
sharp , strong response that defines an interval of approximately
14 .0 msec (250 Hz). The response of the ‘456 Hz neuron also defines
this in te rval , although less strongly . The predominant interval
in this response is abou t 7 .8 msec , equivalent to the pitch rate
of the vowel . This activity is fol lowed by essential ly comp lete
suppression of activity in the 707 Hz and 907 Hz neurons . The
1696 Hz neuron shows a slight amoun t of neural activity occurring
at the p itch rate of the vowel. The 2091 H~ neuron shows an
increased amount of high frequency activity distributed in a
rel~ tively broad pattern occurring at the vowel ’s pitch rate.
Finally the 3032 Hz neuron clearly defines the vowel’s pitch rate
wi th a sharp , localized burst of activity and has a less well
defined burst of activity occurring about ‘4 msec later within each
pitch period.

Examination of the spectral energy distribution for i i !
(Fig. 1) in conjunction with the response area plots for the
neurons (Fig. 12) shows a correlation between the frequency-
energy content of the si gnal and the neural response , i.e., the
respons e areas of the 707 , 907 and 1696 Hz neurons , which had
lit t le or no response , encompass a f requency region in which
there is re~ ative1y little energy for hi!, cons equen tly the
magnitude of displacement of the basilar membrane for that reg ion

22
4.

I

--I
,- - 

~ ± ~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~



____________ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_____________ _ _ _ _ _ _ _ _ _ _ _ _ _  -

146 

~~ L. 1, L ~ ~456 I
- - I~~I i. ~ k ,~i

707 

- J I - - ~~ - -

907

= - — _ _ _ J ._ ______________ .__ _ _ _ - - -.- - .- - -4- - - .- - .

C.)
1696

I ,  - JI4II p- - -  - - . - -

2091

~~ ~~~~~~~ ~~~~~~~ - -

3032 

~ A~ML1ALL 
4’O
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Figure 13. Array of neural response

patterns to vowel h i  as
in the word “beet ” .
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Figure 1’~. Array of neural response

patterns of vowel /1/ as in
the word “bit” . This vowel
was in the f i na l  pos i t ion
for the 1696 Hz neuron .
The response to l I t  starts
at about 15 msec .
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Figure 15. Array of neural response

patterns to vowel IC! as
in the word “bet ” . This
vowel was in the final
position for the 907 Hz
neuron . The response to
Ic! starts at about 16 msec.
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is r e l a t i v e l y  smal l .  The 1’46 Hz and 3032  Hz neurons encompass
a reas  in w h i c h  there are spectral  peaks and thus a rela t ively
ot t - c o g  d i sp l acemen t  pa t t e rn  ex is t s  on the bas i l a r  membrane .

2 .  b~~/ (F i g.  16) — Here the f i r s t  two neurons  in t he
array (l’4 6 and 1456 H z )  show l i t t l e  neural a c t i v i t y. Note  tha t

- :r ly  the  second ha l f  of the response of the 4 5 6  Hz neuron  is the
response to / ~~/. The greatest and most sharply def ined  activi ty is
clo wn by the 907 Hz neuron which defines an interval of about 1.3 msec
(770 Hz). This same interval is less clearly def ined in the response
pattern of the 707 Hz neuron . The remaining neurons primarily define
an in terval  of about 8.2 msec , equivalent to the pitch rate of b~~!.

~amination of the spectral energy distribution of b~~b (Fig. 4)
shows the first major energy peak to be located about 725 Hz.

3. /ui (Fi g. 21) - In this array an interval of about
2 . 6  msec ( 390  H z )  is de f ined  in the response of the 1146 and 4 56 Hz
neurons , and to a lesser extent  in the response of the 707  Hz neu ron .
The responses  of the 907 , 1696 , and 2091 Hz neurons  show an almost
complete suppression of neural  response , whi le  the 3032  Hz neuron
shows low level continuous activity without any apparent patterning.
Examination of the spectral energy distribution of huh (Fig. 9)
shows its major energy peak to be centered about 375 Hz.

14 . br / (Fig. 22) - Unlike the three previous arrays , the
array for !rb shows no instance where the ne ural response is
completely ~uppressed . An interval of approximately 1.7 msec
(588 Hz) is dominant in the response of the l’46 , ‘45 6, and 707 Hz
neurons. The 907 Hz neuron has intervals of approximately 1.5 3 ,
1. 3 , and 1.07 msec , equivalent to frequencies of 653 , 769 and 935 Hz.
The responses of th e 1696 , 2091 and 3032 Hz neurons show bursts
of neura l  ac t iv i ty  occurr ing at the p itch period rate of it’!.
Examina tion of the spectral energy distribu t ion funct ion (Fi g. 10)
shows the first major energy peak occurring around 600 Hz, with
the second peak centered around 1250 Hz. The appearance of intervals

; representing frequencies lying be tween these spectral peaks in the
response of the 907 Hz neuron probably reflects the interaction
of these two re la t ive ly  broad concentrat ions  of spectral energy
in the displacement pattern of the basilar membrane . That a complex
signal may give rise to a complex pattern on a particular area of
the basilar  membrane was discussed by Godfrey (197 14 ) and has been
shown to be ref lected in the neural  response of the eighth nerve
(Brugge , et al., 1969; Goldstein and Mundie , 1971 , 1972; Hind ,

• et al., 1967 ; Mundie , et al., 197 14) and the phase sensi tive neurons
of the anterior  ven tral portion of the cochlear nucleus ( R ose , et al.,

a 197’4).
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Fi gure 16. Array of neural response

- patterns to vowel i~ b as
in the  word “bat ” . This

-
. vowel was in the f i n a l

pos i t ion  for the ‘45 6 Hz
neuron . The response to
i~ t starts at about 18 msec .
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Figure 17. Array of neural response

patterns to vowel /a! as
in the word “hot” .
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Figure 18. Array of neural response
patterns to vowel !AI as in
the word “but ”. This vowel

-~ was in the final position
for the 707 Hz neuron . The
response to !A! starts at
about 16 msec.
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about 18 msec .
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B . Discuss ion

Examination of the arrays of neural r es p o n s e s  t o  the ten ic-vol
sounds  used as s t i m u l i  revea ls  t h a t  the i n d i v i d u a l  arrays  can be
d i s tin i - ~i s h e r ~ on the bas i s  of t he i r  overa l l  pa t t e rn  of r n z p ~~r s i v e r - - - : - ,
as w e l l  i s ;  - n  t h e  basis of details within each pattern . ‘The exist’os---
of n - e g ions where  the  neura l  response  was e s s e n t i a l l y  c o m o l e t e l v
supr essed  by a pa r t i cu la r  vowel was the most s t r i k i nf  gr o c o  cue  h
se-o- -n r a t i n g  some of the  vowels from o t h e r s .  This cue in combina i - ~o
w i t h  the  fac t  t ha t  the  area of maximum response van e-i from vowel
t .~ vowel served to distinguish one response array from -i; - thet- . Ti~~
key cue within each array for identifying the vowel that ; ‘ .o- rise

it was the interval defined by the neural firings r.;it hi~ - - o ch
Dit ch period. For all the arrays the pitch period rate of tIe
appropriate vowel was clearly marked. In addition , where domin-~nt
intervals could be identified within a neural response they faithfully
reproduce-a  the  i n t e r v a l s  d e f i n e d  w ith i n  t he  responses  of p r i m a r y
s i u ii t o r y  f i b e r s  w i t h  comparable  CFs . The pr - imary  u n i t  respo nses
in turn have been shown to reflect the displacement pattern of
the basilar membrane in response to the same vowel stimuli (Goldstein

~nd M u n -J i e , 1971 , 1972; Mundie , et al., 19714). The fact that these
in tervals are preserved and even enhanced in the f i r ing pa tterns of
at least a subpopulat ion of cochlea r nucl eus neu rons lends F
or-edence to the argument that the important cues for differentiating
vowel sounds , and by implicat ion all audi tory  si gnals , l ie  in the
temporal domai n and not in the freq uency domain (Moor e , 197 4 ;  M n n h e
and Goldstein , 1971; Nordm ark , 1968 , 1970).
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