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Abstract

This paper pr es ents a funct i onalmodel of t he audi t or yper i pher als ys t emf orobt ai ni ng

i nputi mpul s et r ai nst ot hecent r alaudi t or ys ys t em.To mo del t heext er nalear ,t hemi ddl e

ear ,t he bas i l armembr ane (BM) and t he out erhai rce l l(OHC) ,a dual anal ogmo del of

t he as cendi ngpat hr epor t edby Gi gu�er eet al . ( 1994)i sadopt ed.In t hi spaper ,an i nner

hai rce l l( I HC) mo del i s devel oped by ext endi ngMeddi s 's mo del (Meddi s et al . ,1986,

1988) . Thi s mo del can s i mul at enonl i neart r ans ducerf unct i onsof t he I HC, whi ch ar e

depol ar i zedand hyper pol ar i zedpeak r es pons esas a f unct i onof t he peak s oundpr es s ur e

l evel and t heDC component sof t he r ecept orpot ent i alas a f unct i onof t he s t i mul usl evel .

An audi t or yner ve (AN) mo del i spr opos edus i ngHo dgki n' sce l lmembr anemo del ( 1952)

t o gener at ener ve i mpul s et r ai ns .Thes e mo del sar e combi nedi nt o a f unct i onalmo del

of t he audi t or yper i pher als ys t em. Out put of t he f unct i onalmo del i s compar ed wi t h

phys i ol ogi calexper i ment aldat a. The r es ul t ss how t hatt hepr opos edmo del i si nexcel l ent

agr eement wi t ht hephys i ol ogi caldat aand t hatt hemo del i se�ect i ve i npr ovi di ngpr i mar y

i nput st ocent r alaudi t or ypr oces s i ngmo del s .Addi t i onal l y, us i ngvowel sas i nputdat af or

t hemo del ,di s char gepat t er nsof al lchar act er i s t i cf r equenci es( CFs ) canbe obt ai nedf r om

t he out putof t hemo del .Thes e pat t er nss how how t he vowel f eat ur esar e r epr es ent edi n

t he audi t or yper i pher als ys t em.
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Chapter 1

Introduction

Most long-standing theori esof speech percept i onand of the neural basi sof l anguage i n

generalhave emphasi zedthe i mportant rol eof neural st ructureswi thi nthe cerebralcor tex

i nnormal l anguageprocess i ng(Pont , 1991). However , as a resul tof recent i nvest i gat i ons

expl or i ngthe representat i onof speech and other compl ex sounds at the l evel of the au-

di torynerve, (Sachs and Young, 1979; Del gutte,1980; Mi l l erand Sachs, 1983; Si nexand

Gei s l er ,1983; Carney and Gei s l er ,1986; Gei s l er ,1988; Si nex and MacDonal d, 1988) , i t

has become i ncreas i ngl yapparent that some sophi st i catedprocess i ngof the speech wave-

f ormoccurs i n the audi toryper i phery. Further process i ngoccurs between the audi tory

nerve and cortex.If we are to understandf ul l ythe nature of speech percept i on- whether

f orreasonsof sci ent i �ccur i os i ty, to hel pi nthe prevent i onand treatment of var i oushear -

i ngdi sorders ,or to ass i sti ndevel opi ngpower f ulspeech recogni zer s- then the rol eof thi s

process i ngmust be i nvest i gated.

From the audi torynerve, i nf ormat i oni st ransmi t tedto the cor texvi athe brai n- stem

nucl ei .Thi s i ncl udethe cochl earnucl eus,the super i orol i vary compl ex, the i nf er i orcol -

l i cul us ,and the thal ami c audi toryrel ay, the medi cal geni cul atebody (Hackney, 1987) .

Si nce al la�erent �berswi thi nthe audi torynerve termi natei nthe cochl earnucl eus,thi s

nucl eus seems a l ogi calpoi nt to begi nan i nvest i gat i onof neural process i ngbeyond the

audi toryper i phery.

The ai mi nthi sstudywas expl or i ngthe representat i onof speech i nthe cochl earnucl eus

by computer s i mul at i on.A mo del of the cochl earnucl eusf or studyi ngi t ssophi st i cated

f unct i onsmust i ncl udeproceduresf ordeal i ngwi th act i onpotent i al sand produces act i on

potent i al sthat can be compared wi th those f romactual physi ol ogi calexper i ments .

Act i onpotent i al smust al sobe preparedas i nputstothemo del of the cochl earnucl eus.

A mo del of the audi toryper i pherywi thi nthe audi torynerve must be preparedi nother

words. For thi sper i pherymo del ,(1)the act i onpotent i al smust be a spi ke t rai n,(2)output

of the audi toryper i pheralmo del f or the cochl earnucl eusmo del must be i nquant i tat i ve

agreement wi thphysi ol ogi caldata, and (3) the audi toryper i pheralmo del shoul dconsi stof

physi ol ogi cal l yagreedsubmo del s ,i . e. ,externalear ,mi ddl e ear and i nner ear . Theref ore,

thi s study marks the �rst stage i n mo del i ngthe audi toryper i pheralsystemto sat i s f y

above threerequi rements .

Previ ous audi toryper i pheralmo del sover the l asttwo decades have not i ncl udedthe
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above three requirements. Although the peri pheral mo del s proposed by Carney, 1993,

Jeni son, 1991, Kates, 1991, Payton, 1988, and Schoonho ven, 1994, consi sted of submo d-

el s, the mo del s can not produce acti on potenti al sand the output of the mo del was not

eval uated i n detai l . It was remark ed that the mo del s were not su�ci entl ymo del i ng hai r

cel l -primary�ber compl ex. Model s of the hai r cel l -primary�ber compl ex was contri buted

f or good eval uati on. (Hewi tte et al . , 1991) The mo del s of the hai r cel l -primary �ber

compl ex proposed by Smi th et al . 1980, Ross, 1996, Meddi s et al . , 1986 was i n good

agreemen t wi th physi ol ogi caldata but the mo del was a part of the peri pheral mo del , that

i s, the mo del s di d not have external ear and mi ddl e ear. In addi ti on to thi s, the mo del s

proposed by Smi th et al . 1980, Meddi s et al . , 1986 di d not produce acti on potenti al s.

The other audi tory mo del s proposed by Ghi tza, 1988, Senef , 1988, Deng et al . ,1987, and

Shamma, 1985 etc. have at l east one of the drawbac ks descri bes above.

Thi s pap er attempts to impro ve the drawbac ks of these previ ous mo del s. The mo del s

of the external ear, the mi ddl e ear, the basi l ar mem brane (BM) and the outer hai r cel l

(OHC) used i n thi s work are based on the mo del reported by Gi gu �ere and Woodl and

(1994). The IHC mo del of thi s pap er i s obtai ned by extendi ng Meddi s's (1986, 1988)

mo del , whi c h was a good mo del of the hai r cel l -primary �b er compl ex, by taki ng i nto

accoun t the saturati ng nonl i neari ty of the DC comp onen t al so. The audi tory nerve (AN)

mo del i s proposed to generate a spi ke trai n and to mo del the spi ke di scharge pattern

di rectl y. These mo del s are connected i nto a functi onal mo del of the audi tory peri pheral

system. Resp onse patterns of the audi tory peri pheral mo del are eval uated i n detai l i n

Tabl e 1.
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Chapter 2

Descripti onof the model

A schematic descri pti onof the mo del i s shown i nFi g.1.

Stapes 
    volume
        velocity BM particle

         velocity Spike train
t

Sound

BM particle
     displacement

Eardrum
    sound
       pressure

Mechanical
            force

External
Ear

Middle
Ear

Basilar 
Membrane

Outer
Hair Cell

Inner 
Hair Cell

Auditory
Nerve

Neuro
 transmitter
              level

t

Figure 1. Schemati c descri pti onof the audi tory peri pheral mo del .

The mo del consi sts of the external ear, the mi ddl e ear, the basi l ermem brane (BM),

the outer hai r cel l (OHC), the i nner hai r cel l (IHC) and the audi tory nerve (AN) mo del .

2.1 External ear, middl e ear, basi l armem brane and

outer hai r cel lmo del

The mo del s of the external ear, mi ddl e ear, BM and OHC used i nthi s study are based on

the work of Gi gu�ere and Woodl and (1994). They consi st of a concatenati on of el ectri cal

ci rcui t submo del s, and were impl emen ted by appl yi ng the techni ques of mesh anal ysi s,

Lapl ace transf ormati on and bi l i neartransf ormati on.

3



2.1.1 Model descriptions

The models of the external ear, middl e ear, BM and OHC represented by el ectri calci rcui t

are shown Fi gs.2,3 and 4, respecti vel y (Gi gu�ere and Woodl and, 1994).

External ear model

P 2P

Lh Rh

Lr

rR

Lcl /2Lcl /2chL /2chL /2

Cch chGV0

+

-

V

+

-

V

+

-

V

+

-

V

+

-

Ccl  cl  G
-1 -1

1 L L+1 L+M
i0

i1

2i

i3

Figure.2. Electroacoustic network of the outer ear. Only the �rst segmen t (index 1) of the

conc ha and the �rst segmen t (index L+1) of the auditory canal transmission lines are sho wn in

fell.

From Gi gu �ere et al . , i t assumes that the pri nci pal obstacl e (upp er torso and head)

conf ronti ng the i nci dent sound wave can be represented by a sol i dsphere wi th e�ecti ve

radi us as, whi l e the ear openi ng can be represented by a smal l ori �ce on the surf ace of

the sphere. The radi us ach of the ori �ce corresponds to the e�ecti ve radi al si ze of the

concha cavi ty at the base of the pi nna. The pi nna 
ange i s not i tsel fmo del ed. In Fi g. 2,

two vol tage sources of ampl i tudes P (t) and 2P (t) dri ve the external ear network i n-phase,

where P (t) i s anal ogous to the pressure of the i nci dent f ree-�el dsound wave. These

sources, together wi th el emen ts Lh and Rh, mo del the sound di �racti on associ ated wi th

the pri nci pal obstacl e. The l atterel emen ts are gi ven by :

Lh =
0:5�a

�as
; Rh =

�ac

�a2
s

; (2:1)

where �a i s the ai r densi ty and c i s the sound vel oci ty. The paral l el el emen ts Lr and

Rr f orm the equi val ent ci rcui t f or the acousti c radi ati on imp edance of the ear openi ng,

i . e. ,the l oad seen by a hypotheti cal massl ess pi ston l ocated at the concha entrance and

radi ati ng energy i nto the surroundi ng medi um. They are gi ven by :

Lr =
0:7rhoa

�ach
; Rr =

�ac

�a2
ch

: (2:2)

The vol tage V0(t) i s anal ogous to the sound pressure at the entrance to the concha.

The concha cavi ty i san appro ximatel y cyl i ndri calacousti c resonator of radi us ach and

l ength lch provi di ng a broad pressure gai n around i ts �rst normal mo de of vi brati on at

4300 Hz. For f requenci es up to the second normal mo de (' 7100 Hz), Gi gu �ere et al .

assumed that the concha can be represented by an L�segmen t uni f orm transmi ssi on l i ne

as shown i n Fi g. 2. By use of el ectroacousti canal ogi es f or cyl i ndri cal tubes, the network
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elements Lch and Cch characterizi ng each T�juncti on are equi val ent to the acousti c mass

and compl i ance of each di screti zedsegmen t :

Lch =
�a

�a2
ch

�x; Cch =
�a2

ch

�ac2
�x; (2:3)

where �x = lch=L i sthe segmen t l ength. Energy l ossesare more di�cul t to accoun t f orbe-

cause they ori gi natef rommul ti pl emec hani sms (e. g. ,vi scous f ri cti on,thermal conducti on

and vi brati ons at the wal l s)and are i ngeneral f requency dependen t. To a �rst appro xima-

ti on, val i df or smal l l osscondi ti ons, the dampi ng mec hani sms can be adequatel y mo del ed

by l umpi ng al l e�ects i nto a si ngl econstant shunt conductance Gch i neach segmen t. From

Fl anagan (1972), an expressi on f or thi s network el emen t can be deri ved as

Gch =
2�ch

Zch

�x; (2:4)

where �ch i s the e�ecti ve attenuati on constant of the propagati ng waves per uni t l ength

and Zch =
q
Lch=Cch i s the characteri sti cimp edance of the l i ne. The audi tory canal

i s an acousti c wavegui de of i rregul ar shap e whose l ength governs the primary resonance

f requency of the compl ete outer ear at around 2600 Hz. For f requenci es up to about

8000Hz, the canal geometry can be appro ximated by a strai ght cyl i ndi cal tube of radi us

acl and l ength lcl. Thi s can be mo del ed as an M�segmen t uni f orm transmi ssi on l i ne

connected i n seri eswi th the concha as shown i nFi g. 2. In anal ogy to Eqs. (2. 3)-(2. 4),the

network el emen ts i n each T�j uncti on are gi ven here by

Lcl =
�a

�a2
cl

�x; Ccl =
�a2

cl

�ac2
�x; Gcl =

2�cl

Zcl

�x; (2:5)

where �x = lcl=M i s the segmen t l ength, �cl i s the e�ecti ve attenuati on constant of the

audi tory canal per uni t l ength, and Zcl =
q
Lcl=Ccl i s the characteri sti cimp edance of the

l i ne. The vol tage VL+M (t) at the end of the canal i s anal ogous to the eardrum sound

pressure.

Middle ear model

Gi gu�ere et al . mo di �ed the termi nal branc h of the network of Lutman and Marti nso

as to al l ow the concha to be expl i ci tl yrepresented, as detai l edi nGi gu �ere and Woodl and

(1992). The mai n mo di �cati on was to repl ace el emen tsRc and Lc by an i deal transf ormer

1: r representi ng the e�ecti ve acousti c transf ormer rati o between the eardrum and the

oval wi ndo w. Thi s al l ows the cochl ear network to be di rectl yconnected to the mi ddl e

ear. It was al so necessary to add a resi storRal to accoun t f or acousti c resi stanceof the

annul ar l i gaments at the oval wi ndo w. Bsed on the experimen tal work of Lync h et al .

(1982) on cats, Ral was taken as about 1

6
of the real part of the cochl ear i nput imp edance

at mi df requenci es. The termi nal branc h shoul d al so normal l y i ncl ude a seri es i nductor

to accoun t f or the acousti c mass of the stapes. Its contri buti on, however, i s very smal l

compared to the imagi nary part of the cochl ear i nput imp edance and was negl ected. The

5
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Figure.3. Final electoroacoustic net work of the middle ear [adapted from Lutman and Martin
(1979)]. It is connected to the left to the outer ear net work of Fig.2 and to the righ t to the
co chlear net work of Fig.4.

current J
ov

is analogous to the volume velocity of the stap es footplate. Al l other net work

elemen ts in Fig.3 are identical to those in Lutman and Martin (1979). In particular, C
c

represen ts are combined acoustic compl iance of the round windo w mem brane and of the

ann ular l igamen ts at the oval windo w. The time variant capacitor C
st
mo dels the variable

acoustic compl iance of the stap es susp ension in response to stap edial muscle con tractions.

Basilar membrane (BM) mo del

L

R R

L

L

L

C C

L

V V

s1 sn

n

n

n

n N T

1

1

1 n

0

1
U U U U1 n-1U

+

-

+ + + +

- - - -

ovJ

21i

i21+N

Fi g ur e . 4 .e l e c t r o a c o us t i ct r a ns mi s s i o nl i nene two r ko f t hec ochl e a .Onl yt he�r s ta nd nt h
s e gme nt sa r es hown i nf ul l ,t o g e t he rwi t ht heba s a la nda pi c a lbo unda r yc o ndi t i o ns .

The BM is spatial ly discretized into N segmen ts of length �x. The position, or place

of a given segmen t indexed n i s measured from the base of the cochlea. The voltage U
n
(t)

is analogous to the pressure di�erence between the scala vestibul i and the scala tympani .

The shunt curren t I
n
(t) represen ts the transv ersal volume velocity of the corresp onding

BM segmen t. The characteristic resonance frequency f
n
of the basi lar mem brane is de-

creasing from the base to the apex. The cochlear mapping function of Greenwood (1990)

is used to establ ish a formal corresp ondence. It can be expressed as

x
n
= l

bm
�

1

0:6 cm�1
log

 
f
n

165 :4 Hz
+ 1

!
; (2:6)
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where lbm is the totall engthof the BM. To reduce computati onal l oad i nsome appl i cati ons,

the BM i snot di screti zedover i tsenti rel ength, but onl y over a porti onof i nterest(Gi gu�ere

et al , 1994). The end poi nts x1 and xN of thi s porti oncorrespond to the maxim um f1 and

mi nimum fN desi red audi tory �l ter characteri sti cf requenci es. It f ol l ows f rom Eq. (2. 6)

that the segmen t l ength i s

�x =
(1=0:6cm�1)log[(f1 + 165 :4Hz)=(fN + 165 :4Hz )]

N � 1
: (2:7)

The transmi ssi on l i ne network el emen ts are deri ved f rom el ectroacousti canal ogi es and

f romthe assumpti on that the natural f requency of the shunt second-order resonant ci rcui t

i neach segmen t i sequal to the characteri sti cf requency of the BM at that pl ace. Inductor

Lsn represents the acousti c mass of the scal a vesti bul iand tympani 
ui ds:

Ls n=
2�w�x

A(xn)
; (2:8)

where �w i s the 
ui d densi ty, and A(x) i s the mean cross-secti onalarea of the scal ae as a

functi on of BM pl ace. Inductor Ln, capaci tor Cn, and resi sterLs nrepresents the acousti c

mass, compl i ance, and resi stancecomp onen ts of the BM poi nt imp edance:

Ln =
Mn

b(xn)�x
; Cn =

1

4pi2f 2nLn
; Rn = Q�1

s
Ln

Cn

; (2:9)

where Mn i sthe transversal mass per area of BM, b(x) i sthe wi dth of the BM as a functi on

of pl ace, and Qn i s the qual i ty f actor of the shunt resonant ci rcui t. The api cal end of

the l i nei s termi nated by an i nductance LT representi ng the acousti c mass of the cochl ear


ui d f rom the l ast BM segmen t to the hel i cotrema. From Eq. (2. 8), Gi gu �ere et al . �nd

LT =
Z L

xN+�x

2�w

A(x)
dx: (2:10)

The hel i cotrema i s i tsel fmo del ed as a short ci rcui t. The cochl ear network of Fi g. 4 i s

expl i ci tl yconnected to the mi ddl e ear network of Fi g. 3.

Outer hair cell (OHC) model

From Gi gu �ere et al . , thi s mec hani sm i s assumed to compri se two mai n stages: (1) A

nonl i near f requency- i ndep enden t transducti on of the transversal di spl acemen t of the organ

of Corti i nto OHC receptor currents, and (2) an OHC force appl i ed to the organ of Corti

whi c h depends on the receptor currents. The moti on of the organ of Corti and the OHC

receptor currents are thus bounded by a f eedback l oop. Thi s f eedback i sprimari l y e�ecti ve

f or f requenci es near the characteri sti cf requency at a gi ven BM pl ace and i ts net e�ect

i s to reduce dampi ng of the organ of Corti . In Fi g4, the net pressure devel oped by the

f ast moti l e mec hani sm of the OHCs i s represented i n each segmen t by a vol tage source

saturati ng at hi gh ampl i tudes:

V ohcn = GRn

 
d1=2

d1=2 + jd(t)j

!
In(t); (2:11)
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where 0 < G � 1 is a gai n factor, dn(t) i s the BM parti cle di spl acement, and d1=2 i s a

constant equal to the BM di spl acemen t at the hal f -saturati onpoi nt of the nonl i neari ty.

The proporti onal y of V ohc
n

(t) to BM vol ume vel oci ty In(t) i n Eq. (2. 11) ensures that the

e�ect of the OHCs i s to reduce dampi ng.

Usi ng Eq. (2. 11), the vol tage Un(t) across BM segmen t n i n Fi g. 4i s

Un(t) = Rn

"
1�G

 
d1=2

d1=2 + jd(t)j

!#
In(t) + Ln

dIn(t)

dt
+

1

Cn

Z
t

� inf

In(t)dt ; (2. 12)

= Rohc
n

(t)In(t) + Ln

dIn(t)

dt
+

1

Cn

Z
t

� i nf

In(t)dt : (2. 13)

Th us, the seri escombi nati onof vol tage sourse V ohc

n
(t) and resi storRn can be equi val entl y

represented by a time-vari ant resi storRohc

n
(t) f uncti on of the BM moti on.

The BM parti cl edi spl acemen t dn(t) and vel oci ty in(t) are the output vari abl es of the

cochl ear network. From el ectroacousti crel ati on,they are gi ven by

in(t) =
In(t)

b(xn)�x
; (2:14)

dn(t) =
CnVc n(t)

b(xn)�x
; (2:15)

where b(xn)�x i s the BM segmen t area, and Vc n(t) i s the vol tage drop across Cn.

2.1.2 Implemen tation

The el ectri calci rcui tsubmo del s as shown i nFi gs. 2, 3, and 4 were impl emen ted by appl yi ng

the techni ques of mesh anal ysi s, Lapl ace transf ormati on and bi l i neartransf ormati on. Al l

of parameter val ues of Fi g. 2, 3 and 4 are i denti cal to those of Gi gu�ere and Woodl and

(1994). But the segmen t number N of the basi l ar mem brane mo del can set vari abl y i n

thi s study.

Fi rst, we appl i ed the techni ques of mesh anal ysi s to el ectri calci rcui t as shown i n

Fi gs. 2, 3 and 4. Resul ti ng f ormul a was gi ven by Eq. (2. 16). For f ather detai l s of mesh

anal ysi s, see Desore (1969).

Zm(D)i = esi ; (2:16)

Zm(D) =

2
666666664

LhD+Rh 0 �Rh 0 � � � � � � 0

0 LrD+Rr �Rr 0 � � � � � � 0

�Rh �Rr
Lch
2

+Rh+Rr+
1

CchD
0 � � � � � � 0

� � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � �

0 � � � � � � 0

LsN + L(N�1)D+R(N�1)+
1

C(N�1)D
+

LND+RN+
1

CND

�LND�RN�
1

CND

0 � � � � � � 0 �LND�RN�
1

CND
LT+LND+RN+

1
CND

3
777777775
;

(2:17)
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i =

2
666666664

i0
i1
i2
i3
i4
.
.
.

i(21+ N�3)
i(21+ N�2)
i(21+ N�1)
i(21+ N)

3
777777775
; (2:18)

e
s
=

V
s1

+ V
s22

66666666666666664

P � 2P
0
2P
0
0

.

.

.
0

V
ohc

1
V
ohc

2 � V
ohc

1
V
ohc

3
� V

ohc

2
.
.
.

V
ohc

N�1
� V

ohc

N�2

V
ohc

N
� V

ohc

N�1

�V
ohc

N

3
77777777777777775

　
　
　
　
　
　
　
　
　
� � � line 21
　
　
　
　
　
　
　
　
　
� � � line (21+N)

=

2
66666666666664

P � 2P
0
2P
0
0

.

.

.
0
0
0
0

.

.

.
0
0
0

3
77777777777775

+

2
66666666666666664

0
0
0
0
0

.

.

.
0

V
ohc

1
V
ohc

2 � V
ohc

1
V
ohc

3 � V
ohc

2
.
.
.

V
ohc

N�1
� V

ohc

N�2

V
ohc

N
� V

ohc

N�1

�V
ohc

N

3
77777777777777775

;
( 2:1 9)

where、Z
m
(D) is a me s hi mpe da ncema tr i x,i i sa me s hc ur r e nt ,a n de

s
i sa me s hvolt a ge

s o u r c eve c t o r .Th es ymbo l\D�1" i su s e dt or e fe rt oa d e �n i t ei nt e g r a l\
R
t

0
dt0"

Equ a t i o n( 2 . 1 6)c a nbe wr i t t e ni nt h ef o r m

(A
2
D +A

1
+A

0

1

D
)i = V

s1
+ V

s2
: ( 2:2 0)

Se c o n d ,we a p p l i e dt h et e ch n i q u e so fLa p l a c et r a n s f o r ma t i o nt ome s hma t r i xe q u a -

t i o na ss h own i nEq . ( 2 . 1 6 ) .Eq u a t i o n( 2 . 2 1 )i so b t a i n e df r o mEq . ( 2 . 2 0 )by a p p l y i n gt h e

t e ch n i q u e so fL a p l a c et r a n s f o r ma t i o na n dby s u b s t i t u t i n gf o rij
t=0

=0 .

(A
2
S +A

1
+A

0

1

S
)I(s) = V

s1
+ V

s2
( 2:2 1 )

Th i r d ,we a p p l i e dt h et e ch n i q u eo f Z t r a n s f o r ma t i o nt oEq . ( 2 . 2 1 ) .S u b s t i t u t i o no f

Eq . ( 2 . 2 1 )i nt ot h eb i l i n e a rf o r mo fEq . ( 2 . 2 2 )g i ve sEq . ( 2 . 2 3) .

S =
2

T

1� Z�1

1 + Z�1

= �
1� Z�1

1 + Z�1

( 2:2 2 )

[(�2

A2��A1+A0)Z
�2+(�2�2

A2+2A0) Z�1+(�2A2+�A1+A0) ]I( s)= �( 1�Z�2) V1s+�( 1�Z�2) V2s
( 2:2 3)

If we d e � n e�
2
; �

1
; �

0
i nt h ef o r m

�
2

= ��2

A
2
+ �A

1
�A

0
; ( 2 . 2 4)

�
1

= 2�2

A
2
� 2A

0
; ( 2 . 2 5)

�
0

= �2

A
2
+ �A

1
+A

0
; ( 2 . 2 6 )
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then, Eq.(2.23) can be written as

I(s) = ��1
0
f(�1Z

�1 + ��2
2
)I(s) + �(1 � Z�2)V1s + �(1 � Z�2)V2sg: (2 :27)

Forth, we applied the tec hnique of rev erse Z transformation to Eq.(2.27). The Equation

(2.27) becomes

i(n) = ��1
0
(�1i(n�1) +�2i(n�2) +�(V1s(n)�V1s(n�2)) +�(V2s(n)�V2s(n�2)) (2 :28)

From Eq.(2.28), we can obtain a discreet-time represen tation of (2.16).

As the other form, Eq.(2.29) is obtained from Eq.(2.20) by substituting for y =
R
t

0
idt0

and by applying the tec hnique of Laplace transformation.

(A
2
S2 +A1S +A0)Y = V

s1 + V
s2 (2 :29)

The Eq.(2.30) is obtained from Eq.(2.29) by applying the tec hniques of bilinear trans-

formation

Y (s) = ��1

0
f(�1Z

�1 + ��2

2
)Y (s) + �(1 � Z�1)2V1s + �(1 � Z�1)2V2sg: (2 :30)

Then, Eq.(2.31) is obtained from Eq.(2.30) by applying the tec hniques of Lev erse Z

transformation.

y(n) = ��1

0
(�1y(n� 1) + �2y(n� 2) + V1s(n)2V2s(n� 1) V2s(n� 2) (2 :31)

where, �0, �1, �2 is iden tical to Eqs.(2.24), (2.25), and (2.26).

The shun t curren t I
n
(t) and V

cn
(t) (for discreet represen tation, I

n
(t) is I

n
(k) and V

cn
(t)

is V
cn
(k), k = 1; 2; 3 � � �.) , the voltage drop across C

n
, is easily calculated using Eqs.(2.28)

and (2.31).

The BM particle displacemen t d
n
(t) and velo cit y i

n
(t) (for discreet represen tation,

d
n
(t) is d

n
(k) and i

n
(t) is i

n
(k), k = 1; 2; 3 � � �.) whic h are the output variables of the

co chlear net work are calculated by Eqs.(2.14) and (2.15), resp ectivly .

As the initial condition, V1s(0) and V2s(0) can not calculate from discreet-time repre-

sen tation Eqs.(2.28) and (2.31). Therefore, Eqs.(2.28) and (2.31) are rewritten as

i(n) = ��1(�1i(n� 1) + �2i(n� 2) + �(V1s(n)� V1s(n� 2)) + �(V2s(n� 1) � V2s(n� 3)) ;

y(n) = ��1(�1y(n� 1) + �2y(n� 2) + V1s(n� 1)2 V2s(n� 2) V2s(n� 3) : (2.32)

To minimize calculation error, i
n
(k) and d

n
(k) are calculated from both i(n), y(n) as

sho wn in Eq(2.32).

Figure 2.1 sho ws the resp onse of the co chlear net work to the vowel /i/. In the top

row, time waveforms for the vowel /i/ are sho wn.

In Figure 2.1, the BM �ltering is lev el dep enden t. The tuning curv es are sharp at low

levels and broad at high lev els. Consequen tly, the resp onse of co chlear net work has the

characteristics of a wideband analysis in the high-energy regions and those of a narro w-

band analysis in the low-energy regions. The phone boundaries are preserv ed, and there

is compression and sp ectral sharp ening of speec h features.
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describes below.

k(t) =

8<
:

g
s(t)+A

s(t)+A+B
; (s(t) +A) > 0

0 ; (s(t) +A)
<
= 0;

(2:33)

where A and B are constan t parameters of the mo del and s(t) i s the i nstantaneous am-

pl i tude of the si gnal .

dq

dt
= y(m� q(t)) + xw(t)� k(t)q(t); (2. 34)

dc

dt
= k(t)q(t)� lc(t)� rc(t); (2. 35)

dw

dt
= rc(t)� xw (t): (2. 36)

An amoun t q(t) of transmi tter exi stsi nsi de the cel lwal l near the synapse. A f racti on

k(t)q(t)dt of thi s transmi tter i s rel eased, between time t, and time t+ dt across the mem-

brane i nto the cl ef t.A permeabi l i ty f actor k(t) i sa nonl i near functi on of the i nstantaneous

ampl i tude of the si gnal af ter mec hani cal e�ects have been taken i nto accoun t.

A f racti onlc(t)dt of the amoun t c(t) of transmi tter i n the cl ef ti s sub ject to chemi cal

destructi on or l oss through di �usi on. Another f racti on rc(t)dt i s taken back up i nto

the cel l . The rest remai ns i n the cl ef t to stimul ate the postsynapti c mem brane. It i s

assumed for the sake of simpl i ci ty, that spi ke occurrence i n the audi tory nerve i s l i nearl y,

probabi l i sti cal l yrel atedto the resi due of transmi tter substance i n the cl ef t.Accordi ngl y ,

the quan ti ty c(t) i s to be i denti �ed wi th the \exci tati on functi on" of Gaumond et al .

(1982, 1983) or Gra y's (1967) \recovered probabi l i ty, "i . e. ,the probabi l i ty of spi ke emi ssi on

di sregardi ng ref ractorye�ects.

Transmi tter taken back i nto the cl ef t i s not immedi atel y avai l abl e f or rel ease agai n

but i s del ayed i n a reprocessi ng store. A f racti onxw (t)dt of the amoun t of transmi tter

w(t) i nthi s store i sconti nuousl y transf erredto the f reetransmi tter pool . The transmi tter

ori gi nates i na man ufacturi ng base or \f actory" that repl eni shes the f reetransmi tter pool

at a rate y[m�q(t)], where m i sthe (approximate) maxim um amoun t of transmi tter tube

f ound i n the pool . In the unquan ti �ed versi on of the mo del , m i s set to uni ty and al l

transmi tter amoun ts are construed as f racti onsof the total possi bl eamoun t.

2.2. 2 Improvemen t to the Meddis's IHCMo del

The mem brane permeabi l i ty, k(t), i nEq. (2. 33) i s a simpl e appro ximati on of the depol ar-

i zi ng and hyperpol ari zi ngpeak responses as a functi on of peak sound pressure f or the

gui nea pi g (Russel and Sel l i ck, 1978) and for the turtl e(Crawford and Fetti pl ace,1981).

But, the peak responses descri bed here are not though t to represent the nonl i near trans-

ducer f uncti on of the IHC (Dal l oset al . ,1989). In addi ti on, Meddi s' smo del does not take

i nto accoun t the properti esof saturati ng nonl i neari ty of the DC comp onen t. Theref ore,

the �ri ng rate, whi c h i s a functi on of sound l evel based on the output of the mo del , i s

quan ti tati vel y di �erent f rom that of the physi ol ogi caldata (see Hewi tte et al . ,1991)
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To cope with thi sproblem, the i nput BM vel oci ty l evel whi ch di rect l yi n
uencesthe

DC comp onent of the i nternalcel lvol tagei st ransf ormedbef orei nputt i ngi t to the IHC

mo del . The BM vel oci ty l evel i st ransf ormedusi ngEq. (2. 37), whi ch i nterpol atesthe DC

comp onent of the receptorpotent i alas a f unct i onof the sound l evel (Zagaeski , 1994) .We

do not i mpl y that the f unct i onreratedf orthe proper ty of DC comp onent of the receptor

potent i al .They are merel y chosen to conveni ent l ymo di f yi ngthe BM vel oci ty l evel .

Vn(L) =
RPmax

1 + exp(Ln0�Ln)=S(1+ exp(Ln0�Ln)= S)
(2:37)

k̂n(t) =

8<
:

g
V �in(t)= i

max
n +A

V �in(t)= imaxn +A+B
; (V � in(t)=i

max
n +A) > 0

0 ; (V � in(t)=i
max
n +A)

<
= 0

(2:38)

Here, k̂n(t) i sthe mo di �edmem brane permeabi l i ty at the BM mo del segment n. The

parametersRPmax , Ln0, and S respect i vel yspeci f ythe maxi mum BM vel oci ty, the o�set

f romthe BM vel oci ty l evel axi sand the s l ope of the f unct i on.The parameter L, whi ch i s

the output of BM mo del ,i sBM vel oci ty l evel representedby l ogar i thmi c.in(t) i sthe BM

vel oci ty at the BM mo del segment n and imaxn i sthe peak BM vel oci ty at the segment n.

The f unct i ons,dq
d t
, d c
d t
, and dw

d t
of extendedIHC mo del was i dent i caltothoseof Meddi s 's

IHC mo del .

The �nal output of the extended IHC mo del was the amoun t of t ransmi t terl evel i n

the cl ef tct.

2.3 Auditory nerve model

Al thoughman y AN mo del shave been proposed, i nal most al l casesoutput i s ei therthe

mean �r i ngrateor the synchrony rate,or some other s i mi l arrate,and consequent l ythese

mo del sare not appropr i atef or the centralaudi torysystemi nput . Theref ore,we propose

an AN mo del i nwhi ch the outputs of the mo del are a t rai nof spi kes . I n thi smo del , the

change of the t i me course of post synapt i cconductance caused by the neurot ransmi t ter

e�ect i smo del edby Eqs. (2. 39) ,(2. 3) ,and (2. 41) .

G(t� �j) = CAAj t e
�t =(CT �j) =�j for t

>
= �j (2:39)

�j = tj + dj +N(0; f(Aj ; �j) ) (2:40)

f(Aj; �j) = C��j=Aj
n (2:41)

Here, G i spost synapt i cconductance,�j i sthe t i me per i od between the adjacent l ocal

mi ni mam of the neurot ransmi t teroutput l evel ct, Aj i s the peak neurot ransmi t terl evel

between �j , CT i s a wei ght i ng f actorrel atedto �j, CA i s the ampl i tude constant , tj i s

the star t i ngt i me i nstanceof each l ocal mi ni mum, dj i s a t i me del ay, The t i me del ay,

dj, set
1

2
�j , and N(0; f(Aj; �j) ) i sa normal di st r i but i onwi th a zeromean and a var i ance
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f(Aj ; �j), where f(Aj ; �j) is the modeled di scharge probabi l i ty at time tj + dj rel ati ngAj

and �j. The resul ti ngconductance at time t i s gi ven by Eq. (2. 42).

g(t) =

Z
t

0

G(t � �) d� (2:42)

The cel l mem brane potenti al V i s computed by Eq. (2. 43) based on the cel l mem brane

mo del (Hodgki n et al . ,1952) as

dV (t)

dt
=

1

cm
[(VL � V (t))gL + (Esyn � V (t))g(t)] (2:43)

where cm i smem brane capaci tance, VL i s l eakage resti ngpotenti al ,gL i s l eakage conduc-

tance, and Esyn i s the sum of i oni c equi l i bri umpotenti al sof sodi um i on and potassi um

i on. The output of the AN mo del consi sts of an al l -or-noneacti on potenti alS wi th uni t

ampl i tude gi ven by Eq. (2. 44). Acti on potenti al sare generated when the mem brane po-

tenti alV of the cel l crosses a threshol d T (t) when the cel l has not �red f or the ref ractory

peri od tr. The threshol ds f or the AN mo del have a random di stri buti onto generate the

neuronal - l i ke outputs. T (t) returns successi ve random numbers i n the range f rom a to b.

S(t) =

(
1 V (t)

>
= T (t); and S(�) = 0 for � 2 [t � tr; t]

0 otherwi se ;
(2:44)

Fi gure 2. 2 shows response patterns of the AN mo del �ber to a 350ms tone burst

f or stimul us l evel 43dB. The CF of the mo del �b er i s 1kHz, the spontaneous rate i s 7

spi kes/sec and threshol d i s 0dB.

0 100 200 300 400 500
Time    (msec)

Figure.2.2. Example mo del output. Simulations form top to bottom receiv e as input a 1 kHz
tone burst. In the top of the row, time waveforms of the stim ulus is sho wn. Others are the AN
mo del output obtained by di�eren t simulation. The output of the peripheral mo del is AN spik es
as sho wn in this �gure.

In Fi gure. 2. 2, i t i s seems that spi ke trai ns evoked by i denti cal stimul i are hi ghl y vari -

abl e, because of the stochasti c nature of acti on potenti al generati on as mo del ed by Eq. ().

For further detai l sof the �ri ng property, see secti on3. 1.
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Chapter 3

Evaluation

Response patterns of the auditory peripheral model were evaluated in detai l as shown

in Table 1. The threshold intensi ty of the AN mo del i s normal i zed uni formly at relative

intensi ty 0dB and sound level s in the simulated resul ts indicate relative intensi ty. The

mo del was tested based on evaluation metho ds suggested by Ross (1996) and Hewitt, et

al . (1991). Al l of the tests are describ ed in the fol lowing subsections.

Table 1. The l istof e va l ua t i o nt ot h ee i ght pre v i o u sIHC

mode l sa n dp r e s e nt pe r i p h e r a lmod e l .Ea ch c o l umno f t a -

b l ei sb a s e do n Ro s s(1 99 6)a n dHe wi t t ,e t a l . ( 1 9 9 1 ) .

Rapid and short-term adaptati on

　 (1)Larger dynamic range for onset than for steady state

　 (2)Adaptation as a sum of (at least) two exponen tials

　 (3)Exact �t to data sets for individual �b ers

Properti esof synchroni zed acti vi ty

　 Interval histograms for driven activity

　 Period histograms without cl ipping at high levels

　 Sync hronization Index versus intensity

　 Sync. coe�cient versus frequency of stimulation

Hazard f uncti onf or dri ven acti vi ty

　 (1)For Lo w-CF �b er

　 (2)�b er with weak phase locking

Reco very f romadaptati on

　 (1)as single exp onen tial

　 (2)with smal ler exp onen t for onset than steady state

Reco very of spontaneous acti vi ty

　 (1) as single exp onen tial with real istic time constan t

　 (2) with \dead" period

Resp onse changes to i ntensi ty

　Additivit y for incremen ts of stimulation

　Response to decremen t versus delay

　 (1)decreasing function for 1-ms windo w

　 (2)
at function for 10-ms windo w

Other evaluati on

　Output of the real action poten tials

　Model consist of concatenation of sub mo dels

　Making of the PSTH from real action poten tials
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3.1 Rapids and short-termadaptati on

Adaptat ion i sthevari at i oni nresponse whi ch occursdur i nga constant st i mulus condi t i on.

The adaptat i onof the �r i ngrateof an audi torynerve �ber i nresponse to l ongtone burst s

appearsto consi stof severaldecayi ngcomp onents ,at l easttwo of whi ch occur wi thi nthe

�rst f ewhundred mi l l i seconds(Harr i set al . ,1979; Smi th et al . ,1975; Westerman et al . ,

1984). Est i matesof the t i me constant of short -termadaptat i onare 40- 50ms i n cat and

gui neapi g,and 15 ms i nchi nchi l l a:rapi dadaptat i onappearsto be an orderof magni tude

f aster(Harr i set al . ,1979; Smi th et al . ,1975) . Smi th and co-workers (Smi th et al . ,1975,

1985; Smi th, 1977, 1979) at tempted to di st i ngui shbetween the proper t i esof short - term

and rapi dadaptat i onby obtai ni ngrate- i ntensi ty f unct i onsusi nghi stogramwi ndows of

var i ousdurat i on.Hi stogramwi ndows of 10ms or more emphasi ze the e�ectsof short - term

adaptat i on,and produce onset rate- i ntensi ty f unct i onswhi ch have the same shape as the

steady- staterate- i ntensi ty f unct i ons,suggest i ngthat the t i me courseand rel at i ve amoun t

of short - termadaptat i onare i ndependent of i ntensi ty. Hi stogramwi ndows of 2ms or l ess

emphasi ze the rapi dl yadapt i ng comp onent of the onset response. Correspondi ng onset

rate- i ntensi ty f unct i onsi ncreasemore at hi gh i ntensi t i esthan do the steady- staterate-

i ntensi ty f unct i ons,suggest i ngthat rel at i vel ymore of the rapi dl yadapt i ng comp onent

exi st sat hi gh i ntensi t i es .

Westerman and Smi th (1984) reportedmore di rectapproach to studyi ngthe comp o-

nents of adaptat i on. They devel oped a l east - squarescurve- �t t i ngprocedure to �t the

sum of two exponent i al spl us a constant to exper i mental data. The �tt i ngtechni que was

appl i edto the responses of s i ngl eaudi torynerve �bers of Mongol i angerbi l ,produced by

constant - i ntensi ty tone burst st i mul i .By use of the �tt i ngprocedure, they attempted to

determi ne the proper t i esof both the rapi dand short - termadaptat i onprocessesquant i -

tat i vel y. Here, the �tt i ngtechni que was appl i edto the responses of AN mo del and then

�tt i ngresul t scompared to that of thei rphysi ol ogi caldata.

3.1.1 Methods

FromWesterman et al . ,(1984) ,the st i mul i consi stedof 300-ms tone burst s(2. 5-ms r i se

t i me) at character i st i cf r equency(CF) and the post - st i mul us t i me (PST) hi stogramwas

generatedby summi ng 384 repet i t i onsof a tone burst st i mul us wi th a constant i ntensi ty,

us i ng a 1-ms bi n wi dth. For the s i mul at i on,the same st i mul us was used i n thi sstudy

and PST hi stogramsweremade i nthe same way. The parameter val uesof the mo del are

determi ned that the absol utei ntensi ty f romthe mo del i s agreedwi th rel at i ve i ntensi ty

f romexper i mental data reportedby Westerman and Smi th (1984) .

3.1.2 Data analysis

Westerman and Smi th (1984) character i zedthe adaptat i onf unct i onas the sum of two

exponent i aldecay f unct i onspl us a constant , as shown by

A(t) = AR e�t=�R +AST e�t=�ST +ASS; (3:1)
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where AR and AST respectively i ndi cate the magni tude of the rapi d (Rapid) and short-

term (Short) adaptati on comp onen ts, and �R and �ST are respecti vel y the decay time

constants of the comp onents, and Ass i s the steady-state response.

The bi ns of the hi stogram represent a set of di screte sampl es [ai; i = 1; � � �N ] of the

response rate A(t). The �tti ng was done by a l east-squares procedure whi c h i nvol ves

mi nimi zi ng the sum of squared errors gi ven by

S(AR; �R; AST ; �ST ; ASS)

=
P
[ai � AR e�t=�R � AST e�t = �ST �ASS]

2
; (3. 2)

wi th respect to the �ve parameters AR,�R,AST ,�ST and ASS. The l east-squaresprocedure

i n thi s study i s real i zedby Marquardt metho d. For both the simul ati on and the experi -

men t, the spontaneous rate (SR) was coun ted duri ng the 40 ms of si l enceprecedi ng each

tone burst. Several constants cal cul atedf or the f ol l owi ng way, i sthe same way as Wester-

man et al (1984). The rapi d (AR), short-term(AST ), and steady-state (ASS) comp onen ts

were deri ved by �tti ng Eq. (3. 1) to the hi stograms. The dri ven-steady-state rate i s the

ASS mi n us the SR. The Onset i s the sum of AR, AST and ASS.

3.1.3 Results

Fi gure 5 shows a set of response hi stograms f rom the AN of a gerbi l at CF 1170 Hz on

the ri ght and hi stograms f rom the mo del �ber at CF 1170 Hz on the l ef t.
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Figure 5. PST histograms at di�eren t sound levels. Left column: data from the mo del. Righ t
column: physiological data from Westerman et al. (1984).

Fi gure 6 shows the magni tudes of the response comp onen ts deri ved by �tti ng the

characteri sti cresponse Eq. (3. 2), and the response comp onents f or �bers at CFs of 900

Hz, 1170 Hz, 4940 Hz and 6100 Hz.
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Figure 6. Fi tt e dmag ni t udecomp one nt sfo r f o urAN �be r sa tCF's 900Hz, 11 70Hz ,49 4 0Hz ,a nd
6 1 0 0Hza s r e po r t e dby We s t e r man(1 9 84 )( i ndi vi dua lo pe nc i r c l e ) ,t o g e t he rwi t hda t ag e ne r a t e d
by t hemo de l( ma r ke dpo i nt sc o nne c t e dby s t r a i g ht l i ne s ) .

In Fig. 6, the onset ,rapi d,s hor tand dr i ven-s t eadycomponent s for i ndi vi dual�ber s

agr eewi t ht hos e f or t he phys i ol ogi caldat a quant i t at i ve l y, and t he ons et component s

(Ons et )have l ar gerdynami c r angest hant he s t eady- s t at ecomponent (Dr i ven St eady) .

Fi gur e7 s hows �t t eddecay t i mecons t ant s f or�ber sat CF's of 900 Hz, 1170Hz, 4940

Hz and 6100Hz.
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Fi g ur e7 . Fi t t e dde c ay t i mec o ns t a nt sf o rf o urAN' sa tCF' s9 0 0Hz ,1 1 7 0Hz ,4 9 4 0Hz ,a nd6 1 0 0Hz
( i ndi v i dua lo pe nc i r c l e ) ,t o g e t he rwi t hda t ag e ne r a t e dby t hemo de l( ma r ke dpo i nt sc o nne c t e d
by s t r a i g ht l i ne s ) .The s eda t ac o r r e s po ndt ot hec ompone nt ma g ni t ude ss hown i nFi g ur e . 6 .

I n Fi g. 7,r es ul t sof t he �t of s hor tand r api dcomponent s wi t h phys i ol ogi caldat a

ar e s omewhat di s t r i but edcompar ed t o t hos eof t he ampl i t udecomponent . The s cal e

of t he t i me cons t ant i s l ogar i t hmi ci nFi g. 7,and phys i ol ogi caldat a ar e al s odi s t r i but ed

compar edt ot hos eof t heampl i t udecomponent . We cant hus concl udet hatt hes hor tand

r api dcomponent s f ori ndi vi dual�ber sar e i nagr eement wi t ht hos eof t he phys i ol ogi cal

dat a. Thi s i st he �r s tr epor tt hatPST hi s t ogr amgener at edby s ummi ng s ever alhundr ed

r epet i t i onsf r omt hemo del ar eagr eewi t hphys i ol ogi caldat aquant i t at i ve l y.
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3.1.4 Discussion

In Figures 6 and 7, the i ndi vi dualmodel �ber s exact l y�t t he phys i ol ogi caldat a s et s

di s cr i bed above. Thi sexact�t t i ngt o t he i ndi vi dualmo del �ber st ur nedout t obe caus ed

by mo di fyi ngt he membr anepermeabi l i ty of t he I HCmo del as s hown i ns ubs ect i on2. 2.

The r at e-i nt ens i ty cur ve der i ved f r omMeddi s 'sI HC mo del was not quant i t at i ve l yagr ee

wi t h t he phys i ol ogi caldat a. (See Meddi s , 1988, Fi g. 2). The par amet erval ue of t he

mo del i nor dert o �t t he phys i ol ogi caldat awi t hvar i ousCF was not known. The mo del

par amet erval uesus i ngi nt hi ss ect i onwer egi ven i nTabl e2.

Table 2. List of parameterval uesi nthe IHC and AN mo del secti on.

name CF 900 Hz CF 1170 Hz CF 4940 Hz CF 6100 Hz

L0 220. 0 135. 0 370. 0 220. 0

s 30. 0 17. 5 22. 5 16. 5

RPmax 17. 0 12. 0 15. 0 8. 0

A 2. 0 2. 0 2. 0 2. 0

B 300 300 370 400

g 6400 6400 8000 8000

y 5. 05 5. 05 5. 05 5. 05

l 2800 2800 2800 2800

r 6580 6580 6580 6580

x 59. 3 52. 0 69. 0 78. 5

m 1. 0 1. 0 1. 0 1. 0

CA 500000 500000 500000 500000

CT 0. 047 0. 047 0. 047 0. 047

C� 7. 4�10�6 5. 7�10�6 1. 34�10�6 1. 09�10�6

n 2. 0 2. 0 2. 0 2. 0

cm 0. 001 0. 001 0. 001 0. 001

VL 0. 0 0. 0 0. 0 0. 0

gL 0. 1 0. 1 0. 1 0. 1

Esyn 40. 0 40. 0 40. 0 40. 0

a 2. 720 1. 850 0. 400 0. 300

b 2. 603 1. 764 0. 391 0. 292

tr 0. 8ms 0. 8ms 0. 8ms 0. 8ms

I nTabl e . 2,t he I HC mo del par amet er sA, y, g, l, r, m and t heAN mo del papr amet er s

CT , CA, n, cm, VL, gL, Es yn, and tr wer e cons t ant wi t h i r r es pect i ve of CF. Onl yni ne

par amet er swer e changed CF t o CF. The I HC- AN mo del pr opos edby Ros e,1996 al s o

exact�t t o dat a s et f or i ndi vi dual�ber s ,but 23 par amet erhave t o be changed CF t o

CF. Ther ef or e ,Ros e' smo del was di �cul t st o �t wi t hphys i ol ogi caldat a. Cont r ar y, t he

per i pher almo del i nt hi ss t udycan be �t t edt o phys i ol ogi caldat aeas i l y.

The s l ope of \Ons et ", \Rapi d", \Shor t ",and \Dr i ven St eady"i n Fi g. 7wer emor e

s ens i t i ve t o t he par amet erL0, s, RPmax t han ot herpar amet er s .Thes e par amet er swer e
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appended to t he IHC model proposed by Meddis (1986, 1988) t omo di fyt he membr ane

permi abi l i ty of t he mo del as s hown i ns ect i on2.2. 2. Ons et�r i ngr at emai nl ydepended

on t he par amet erval uea and s t eady-s t at e�r i ngr at edepended on b. Thr ough �t t i ng

t he par amet er swi t hphys i ol ogi caldat a, i twas f oundt hat t he r api dt i me cons t ant s ar e

s ens i t i ve t ot heI HC mo del par amet erx whi ch i st hewei ght i ngf act orr e l at edt or ecover i ng

t r ansmi t t erl evel .Ther ef or e ,t he r api dt i me cons t ant can be �t t edt o phys i ol ogi caldat a

by mo di f yi ngonl yone par amet erx.

I n t hi ss i mul at i on,s pont aneousr at e( SR)was s etcons t ant , but SR can be cont r ol l ed

by changi ngt he I HC mo del par amet erA or CA i ndependent l yi ns i l encei nt er val .
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3.2 Properties of synchroni zed activi ty

In respons e to low-fr equencys inus oi dals t i mul i ,di s char gesi n�ber sof t he audi t or yner ve

do not occur r andoml y i nt i me. Becaus eact i onpot ent i al sar e e l i c i t edby uni di r ect i onal

mo vement s of t he bas i l armembr ane (Davi set al . ,1950; Gol ds t e i n,1968; Br ugge et al . ,

1969), di s char gesoccur wi t hi na wel l - de�nedt i me wi ndow r el at i ve t o a s i r ngl ecycl eof

t he s i nus oi d. Thi s occur r enceof act i onpot ent i al sat pr ef er r edt i mes has been t ermed

s ynchr oni zat i onor phas e l ocki ngof t he di s char ge (Ros eet al . ,1967) . Synchr oni zat i on

or phas e- l ocki ng occur si n audi t or yneur onsof al l ver t ebr at ecl as s es ;s qui r r e lmonk ey,

cat , chi nchi l l a,gui nea- pi g,bi r ds ,cr ocodi l e ,t ur t l e ,f r ogand �sh. Synchr oni zat i onor

phas e- l ocki ngi nr es pons e t o l ow- f r equenci escan be obs er ved i nal laudi t or yner ve �ber s

i r r es pect i ve of t hei rbes tf r equency.

Ther e ar eman y ways of document i ngneur aldi s char ges ynchr oni zat i on.Two of mos t

commonl y empl oyed anal ys esar ebas edon per i od and i nt er s pi ke i nt er val ( I SI )hi s t ogr ams .

The pr i nci paldi �er encebetween per i od and I SI hi s t ogr amsi s t hat I SI hi s t ogr amspr o-

vi deaddi t i onali nf ormat i onabout t he t endencyof s ucces s i ve di s char gest o s ki ps t i mul us

per i ods . That i s ,i fa s pi ke occur sat one poi nt i nt he s t i mul usper i od and t henext s pi ke

occur sat t he s ame poi nt i nt he next s t i mul usper i od, t hent he t i me i nt er val betweent he

s pi kes wi l lbe equal t o one per i od of t he s t i mul us .On t he ot herhand, i ft he neur onf ai l s

t odi s char geon t henext s t i mul usper i od and di s char geson t heone i mmedi at e l yf ol l owi ng,

t hent he t i me i nt er val wi l lbe equal t o two s t i mul usper i ods . I n ei t hercas e ,t he neur on

i ss endi ngpr eci s e l yencoded i nf ormat i onabout t he s t i mul usper i od and, by i mpl i cat i on,

about t he s t i mul usf r equencyas wel l .( Javel et al . ,1988)

Ther ef or e ,per i od and I SIhi s t ogr amswer egener at edf r omt hemo del out putand t hen

t hehi s t ogr amsf r omt hemo del ar ecompar edwi t ht hatof phys i ol ogi caldat a.Synchr oni za-

t i oni ndexver s usi nt ens i ty and s ynchr oni zat i oncoe�ci ent ver s usf r equencyof s t i mul at i on

wer eal s ocompar edwi t hphys i ol ogi caldat ai na s i mi l arway.

3.2.1 Period histograms without clipping at high lev els

A per i od hi s t ogr ami sa pl otof t heaccumul at ednumber sof occur r encesof di s char gesas a

f unct i onof t i mewi t hi nt he s t i mul usper i od. To compi l ea per i od hi s t ogr am,t he s t i mul us

per i od i sdi vi dedi nt o di s cr et ebi ns ,a poi nt er cycl et hr ought he hi s t ogr ambi ns as t he

s t i mul uswavef ormi spr es ent edacous t i cal l y, and t he occur r enceof each s pi ke caus est he

appr opr i at ebi nt obe i ncr ement edby one. The hi s t ogr ampoi nt err es et st ot he begi nni ng

wi t h each r epet i t i onor per i od of t he s t i mul us . An y t endencyof t he di s char gest o be

s ynchr oni zedwi l lul t i mat el ys how up as peaks i nt he per i od hi s t ogr ams .

Exampl esof per i od hi s t ogr amf ormt hemo del ar es hown i nFi g. 8.The l ef ts i des hows

dat a f r omt hemo del and t he r i ght s i des hows phys i ol ogi caldat ar epor t edby Javel et al .

( 1988) ,obt ai nedas t he i nt ens i ty of a t onebur s ts t i mul usi ncr eas i ng.

The s t i mul usus i ngs i mul at i onand exper i ment was a 120 ms , 833. 3Hz s i nus oi dand

t he bi ns i zeof each hi s t ogr amswer e0. 0384ms .

I nFi g. 8, t hes hapesof t heper i od hi s t ogr amsbas edon t heout putof t hemo delar ever y

s i mi l art o t hos eof t he phys i ol ogi caldat a. The s ynchr oni zat i onhas a cer t ai nt hr es hol d,
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Figure 8. Peri od hi stograms of the stimulus at di �erent i ntensi ti es.Lef t col umn: data f rom the
mo del . Ri ght col umn: physi ol ogi caldata f rom Javel (1988)

below which di sch arge sa r euns yn ch r o n i ze d .Th e d e g r e eo f d i s ch a r g es y n ch r o n i z a ti o n

i n c r e a s e swi t hi n c r e a s i n gs t i mu l u si nt e n s i ty. Th e r ei sa ni nt e n s i ty a twh i ch s y n ch r o n i z a t i o n

s a t u r a t e s ,a n df u r t h e ri n c r e me nt si ni nt e n s i ty d on o tr e s u l ti nf u r t h e rs y n ch r o n i z a t i o n .Th e

f u n c t i o nf(Aj; �j) o fEq. ( 2. 41)i smod e l e dt os a t i s f yt h epr o pe r t i e sd e s c r i be da bove .

3.2.2 Interval histograms for driven activit y

An ISI h i s t o g r a mi sa p l o to f t h ea c c umu l a t e dnumbe r so f oc c u r r e n c e so f g i ve n t i me

i nt e r va l sbe twe e ns u c c e s s i ve s p i ke s .As wa st h ec a s ef o rpe r i od h i s t o g r a ms ,s y n ch r o n i z a t i o n

o f d i s ch a r g e swi l lp r od u c epe a k si nt h eI S Ih i s t o g r a m,wi t ht h es e to f pe a k spo s s i b l y

r e pe a t i n ga t i nt e g e rmu l t i p l e so ft h es t i mu l u spe r i od .

Fi g u r e9 s h ows a s e to f I S Ih i s t o g r a mso f t h es t i mu l u sa t d i �e r e nt i nt e n s i t i e sf o r

�be r sa tCF 1 1 1 1Hz . Th e l e f ts i d es h ows d a t af r o mt h emod e la n dt h er i g ht s i d es h ows

p hy s i o l o g i c a ld a t ar e po r t e dby Ro s ee ta l .( 1 9 67) .Th e d u r a t i o no f t h es t i mu l u st o n ei s

2 00 -msa n di t sf r e q u e n c yi s1 1 1 1Hz . Ea ch h i s t o g r a ms h ows r e s po n s e so b t a i n e dove r50

t r i a l s ,u s i n ga 1 ms b i nwi d t h .
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the ISI histograms. As C� of the AN mo del parameter was decrease, the period of local

distributions was decreased.

The length of the mo dal ISI, or \cen ter of gravity" of the ISI histogram, tends to de-

crease as more intense stimuli induce increases in discharge rate, that is, as more intervals

of shorter length arise.

The mo dalit y of the ISI histograms can be con trolled by the AN mo del parameters

CA and T (t).

3.2.3 Synchronization Index versus intensit y

The relationship between average rates and sync hron y has been studied extensiv ely (John-

son, 1980). To obtain a measure of the amplitude of the sync hronized resp onse, we

adopted sync hronization index rep orted by Johnson (1980) (for calculation metho d of

sync hronization index, see Johnson, 1980). The sync hronization index obtained from pe-

riod histograms for the mo del �ber at CF 1000Hz are plotted in Fig.10 (a) and the avarage

rate are plotted in Fig.10 (b) obtained the same data. The stimulus frequency is 1kHz.
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Figure.10. (a) Synchronization index for the model �ber at CF 1kHz as a function of stimulus
level (b) Average rate obtained the same data for (a).

The normalization sho wn in Fig.11 was pro duced by taking the results of the �tting

pro cedure and manipulating them so that eac h curv e in Fig.10 spanned the range 0-1.

From Figure 11, it can be seen that the shap es of normalized curv e for sync hronization

and for average rates ha ve threshold. Although the shap e of the curv es are the same,

sync hronization has a lower threshold than average rate in Fig.11. In term of this, data

from the mo del is corresp ond to ph ysiological data from Javel (1988).
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3.2.4 Synchronization co e�cien t versus frequency of stim ula-

tion

Period histograms (PHs) sho w that AN-�ber resp onses phase-lo ck to the positiv e half-

cycle of low-frequency tones. At high signal frequencies, ho wev er, the perio d histogram

sho ws no relationship to the signal's phase characteristics. Rose et al. (1967) quan ti�ed

the loss of sync hron y with the sync hronization co e�cien t (the densit y of the most pop-

ulous half of the perio d histogram divided by total densit y). To measure mo del �b ers's

sync hronization co e�cien ts, stim uli of 1000, 2000, 3003, 4000, and 5000 Hz sinusoids were

used. The results for the mo del �b er at CF 4000Hz are presen ted in Fig.12 whic h is also

illustrates ph ysiological data rep orted by Rose et al, (1967).
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Fi gure. 12. Synchroni zati oncoe�ci ents f or the mo del (sol i dl i ne)compared to Rose's (1967)
physi ol ogi caldata (open ci rcl e)f or the �ber at CF 4000Hz.

In Figure 12, the mo del simulates the fall o� of sync hronization with increasing fre-

quency accurately compared to the ph ysiological data rep oted by Rose (1967).
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The synchronizati oncoe�ci ent can be cont r oll edt he AN model par amet erCT , cm,

and C�. The s ynchr oni zat i oncoe�ci ent i s i ncr eas edwi t hi ncr eas i ngt he par amet erCT

and wi t hdecr eas i ngt he par amet ercm, and C�. The par amet erC� i sdi r ect l yand eas el y

cont r ol edt he val ueof s ynchr oni zat i oncoe�ci ent compar edt oCT and cm.

3.2.5 Discussion

In t hi ss ect i on,pr oper t i esof s ynchr oni zedact i vi ty of t hemo del r es pons ewer et es t edby

us i ngvar i ousmet hods . As we have s een,t he degr eeof phas e-l ocki ngor s ynchr oni zat i on

depends on t he AN mo del par amet erC�, CA et c . The Eq. (2. 3)was mo del edt o s at i s f y

t he pr oper t i esof s ynchr oni zedact i vi ty. Al t hought he pr opos edmo del was a f unct i onal

mo del ,t he pr oper t i esof di s char gepat t er nswer eknown f r omt he f ormof Eq. ( 2. 3) .The

mai n r eas oni st hat t he pr oper t i esof s ynchr oni zedact i vi ty f r omt he mo del out putwer e

good agr eewi t ht hos ef r omphys i ol ogi caldat a.

The pr oper t i esof s ynchr oni zedact i vi ty mai nl ydepend on t he AN mo del par amet er .

Ther ef or e ,onl yt heAN mo del par amet er sar egi ven i nTabl e . 3.

Table 3. List of parameter val ues i n the AN mo del secti on.

name Peri od H ISIH Syn. Index Syn. Coe�ci ent

CA 500000 500000 500000 500000

CT 0. 047 0. 047 0. 047 0. 047

C� 4. 2�10�6 6. 0�10�6 6. 7�10�6 1. 6�10�6

n 2. 0 2. 0 2. 0 2. 0

cm 0. 001 0. 001 0. 001 0. 001

VL 0. 0 0. 0 0. 0 0. 0

gL 0. 1 0. 1 0. 1 0. 1

Esyn 40. 0 40. 0 40. 0 40. 0

a 1. 85 1. 83 1. 85 0. 40

b 1. 764 1. 82 1. 764 0. 39

tr 0. 8ms 0. 8ms 0. 8ms 0. 8ms

I n Tabl e . 3,t he par amet erval ueswer edet ermi nedt hat t he out put of t he mo del was

agr eedwi t hphys i ol ogi caldat aby r ef er r i ngt oTabl e . 2.

As s hown i nTabl e . 3,t heval uesof par amet er sCA, CT , n, cm, VL, gL, Esyn and tr wer e

cons t ant i r r es pect i ve of s i mul at i onpar adi gms .

3.3 Hazard function f ordri ven act i vi ty

When a neur ongener at esan act i onpot ent i al ,t heneur onent er sa s t at eof abs ol ut er ef r ac-

t or i nes s- f ora br i e fi nt er val ,t he cel li si ncapabl eof gener at i nga s econdact i onpot ent i al .

Then gr adual l yt he exci t abi l i ty of t he cel lr et ur nst o i t snormal l evel .Dur i ngt hi sper i od
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of relative ref ractori ness,the probabi l i ty of �ri ng i s repressed due to the l i ngeri nge�ect

of the spi ke on the neuron.

Gaumond (1980) f ound that the recovery of �ri ng probabi l i ty f ol l owi ng a spi ke i n

an audi tory nerve �ber was determi ned by the product of two functi ons, one depends

onl y on the temp oral vari ati onof the stimul us, and another depends onl y on the i nterval

si nce the precedi ng spi ke. Gaumond termed the f ormer the \exci tati on"functi on and the

l atterthe \recovery" functi on (see al soLutkenhoner et al . ,1980). Gaumond et al . (1983)

proposed a Markov chai n mo del of the recovery process, whi c h can be used to estimate

the underl yi ng exci tati on functi ons f or a gi ven spi ke trai n, provi ded that the recovery

functi on i s known (or can be estimated). Westerman (1985) al soproposed the metho d to

deri ve the recovered exci tati onfuncti on. We adopted the metho d proposed by Westerman

(1985) to deri ve the functi on. The metho d uti l i zedi nthe present study i sdescri bed bel ow.

The recovery functi ons are deri ved f rom the hazard functi on by normal i zi ng i t to a val ue

of uni ty at l ong i nterval s. In Westweman (1985), the steady-state dri ven response to tone

bursts was used to deri ve the recovery functi on. An i nterval hi stogram was constructed

f rom al l the i nterspi ke i nterval s occurri ng duri ng the l ast 200 ms of the standard 300 ms

tonal stimul us.

From Westweman (1985), the hazard functi on i s deri ved f rom the i nterval hi stograms

i nthe f ol l owi ng way: The estimated val ue of the hazard functi onat each bi n i nthe i nterval

hi stogram i s the contents of the bi n, di vi ded by the sum of the contents of that bi n pl us

the bi ns of al l l onger i nterval s. The hazard functi on i s the probabi l i ty that the neuron

wi l l �re at a gi ven time (number i n a parti cul ar bi n) gi ven that the neuron has not �red

si nce the di scharge at time zero (sum of contents of al l i nterval s equal or l onger than thi s

i nterval ). The quoti ent i san estimate of the hazard functi on. The hazard functi on i sthen

normal i zed to yi el dthe recovery functi on.

3.3. 1 Results

An exampl e of the hazard functi on f or the mo del �ber shown i n the l ef tsi de of Fi g. 13

and for a si ngl egerbi l audi tory nerve �bers reported by Westerman (1985) shown i n the

ri ght si de of Fi g. 13.

The hazard functi on shown i n Fi g. 13 was deri ved f rom the responses of a mo del and

actual �ber wi th a CF of 4300 Hz. The i nstantaneous �ri ng probabi l i ty was zero imme-

di atel y f ol l owi ng a spi ke (absol ute ref ractoryperi od). Thi s peri od l asted 0. 8 ms i n the

mo del �ber and 1. 2 ms i n the actual �ber f rom Fi g. 13. Thi s ref ractory peri od can be

control edby the AN mo del parameter t
r
. The parameter t

r
set 0. 8ms i n the l ef tsi de of

Fi g. 13.

Fi gure 13 shows that the �ri ng probabi l i ty then i ncreased rapi dl y over the next mi l -

l i second, and more sl owl y over the next tens of mi l l i seconds, to an asymptoti c val ue.

Westerman (1985) descri bed that thi s f uncti on can be converted to a recovery functi on

by normal i zi ng al l data poi nts to the asymptoni c val ue, ri ght si de of Fi g. 13 about 0. 06.

The hazard functi on f rom the mo del al so converted to a recovery functi on di vi ded by

0. 05. Thi s hazard functi on i s very simi l ar i n shape and time course to the archetypal re-

covery functi on shown by Westerman (1985, ri ght si de of Fi g. 13). Westerman (1985) was
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Figure 13. Hazard functi on of the model and actual �ber at CF 4300 Hz. Lef t col umn: data
f romthe mo del . Ri ght col umn: physi ol ogi caldata f romWesterman (1985). The total number
of spi kes f romthe mo del �ber was 13778, and that f ormthe actual �ber was 52065. Bi nwi dth
of each hazard f uncti onwas 200 � sec. Sti mul us i ntensi ty was 43 dB above AV threshol df or
both si mul ati onand experi ment. The curve (broken l i nei n l ef tsi deand strai ght l i nei n ri ght
si de)i s the l east-squares�t of a two- component exponenti alf uncti onto the data (seetext).

approximated t he r ecover yfunct i onusi ngan analyt i calexpr es s i onwhi ch cons i s t edof two

exponent i alcomponent swhi ch s t ar taf t era br i e fdel ay. Wes t ermandenot edt hatt he f as t

component had a t i mecons t ant of 0. 5ms and cont r i but ed50-75% of t het ot alpr obabi l i ty

r ecover yand t hes l ow component had a t i mecons t ant of 20 ms . Fr omWes t erman(1985),

t he anal yt i calf ormof t he r ecover yf unct i onwas

p(t) =

(
0 � < �0
1� PF e

�(���0)=�F
� PSe

�(���0)=�S � > �0:
( 3:3)

The �t t edr es ul tof t hemo del s hows i nt he l e f ts i deof Fi g. 13( br oken l i ne) .The f as t

t i me cons t ant of t he mo del was 0. 2ms and cont r i but ed85. 5% of t he t ot alpr obabi l i ty

r ecover y and t he s l ow t i me cons t ant was 14 ms . The �t t edcur ve of t he l e f tand r i ght

s i desof Fi g. 13.demons t r at et hedegr eet owhi ch t he anal yt i calf ormdes cr i bed t he act ual

r ecover y. Wes t ermanal s oi ndi cat edt hatt he par amet er sPF , �F , PS, �S var i eds omewhat

f r om�ber t o�ber .Ther ef or e ,t hepar amet erval uesf r omt hemo delwer ever yappr opr i at e

f orphys i ol ogi caldat a.

Wes tweman ( 1985)denot edt hat t he t i mi ngof ner ve di s char ge i s cont r ol l edby t he

r ecover yf r omr ef r act or i nes sand by s t i mul usphas e,however ,phas el ocki ngi ss t r ongonl y

wi t hl ow f r equencys t i mul at i on,s ot hatt hedat aof Fi g. 13do not di s pl ay t hi sphenomenon.

Ther ef or e ,Wes tweman gener at est he hazar df unct i onf orl ow f r equencyuni t sas s eeni n

t her i ght s i deof Fi g. 14.Si mi l ar l y, we gener at et hehazar df unct i onf orl ow CF mo del �ber

as s hown i nt he l e f ts i deof Fi g. 14.

Thes e dat awer ecol l ect edf r omt hemo del and act ual�ber wi t ha CF of 842 Hz. The

l ef ts i deof Fi g. 14i sver ys i mi l ari ncont ent t oone s hown asWes t erman( 1985,r i ght s i deof

Fi g. 14) ,and demons t r at est hatt he r ecover yof �r i ngpr obabi l i ty f ol l owi ng a s pi ke r e
ect s

t he t empor alvar i at i onof s t i mul usf orl ow f r equencys t i mul at i on.
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Figure 14. Hazard functi onf orlow-CF �ber (842 Hz). Lef tcol umn: data f romthemo del . Ri ght
col umn: physi ol ogi caldata f romWesterman (1985). Interspi ke i nterval s occurri ngwi thi n the
l ast200 msec of the responses to 300 msec constant i ntensi ty tone burst sti mul i ,were used i n
the both of cal cul ati ons.The total number of spi kes f rommo del was 13778, and f romactual
�ber was 147056 Anal ysi sbi nwi dth f or each f uncti onwas 200 � sec. Sti mul us i ntensi ty was 43
dB above AV threshol df or both si mul ati onand experi ment.

It follows from what has been said that the hazard function for �ber with weak phase

locking and for low CF �b er from the mo del is quite agreemen t with exp erimen tal data.

3.3. 2 Discuss i on

The only di�erence between data from the mo del and ph ysiological data in Figs 13 and

14 was the value of refractory perio d. But the refractory perio d can be con troled by the

AN mo del parameter t
r
as descr i bed above. Theref ore,the proposed mo del passed the

testf or the hazard f unct i onf or�ber wi th weak phase l ocki ng and f or l ow CF �ber .

The parameter val uesused i nthi ssect i on(Fi gs . 13 and 14) wereused the val uesnear

the CFs as shown i nTabl e 3. But onl y the parameter C� wa smod i � e dt o6:4� 1 0�6 i n

Fi g .1 4 .
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3.4 Recovery from adaptation

To examine the recovery process, data were coll ected from si ngl eAN �bers of the mo del

usi ng a f orward maski ng paradi gm. Maski ng, as ori gi nal l yappl i ed to audi tory sensati on,

was the e�ect of one sound bei ng smothered or conceal ed by another sound, thereby

bei ng \rendered powerl essto a�ect the ear". Di �erent termi nol ogi es have been used to

di �erenti ate the \one sound" f rom \another sound". We wi l l use the term \prob e" to

appl y to the si gnal to be detected, and wi l l use \mask er" to ref erto the sound i ntroduced

to i nterf erewi th the detecti on of the probe. Maski ng has al so been used to descri be

the process by whi c h the l oudness of the probe i s reduced i n the presence of mask er.

Physi ol ogi calmaski ng has acqui red a simi l ar de�ni ti on as a shi f t i n the threshol d or a

reducti on i n the magni tude of the response evoked by the probe stimul us caused by the

i ntroducti on of the maski ng stimul us. As appl i ed speci �cal l yto the responses of i ndi vi dual

audi tory neurons, maski ng i s mani f est as a reducti on i n probe-evoked �ri ng rate or as a

shi f ti n the �ne structure of the temp oral response pattern f rom one phase- l ocked to the

probe to one phase- l ocked to the mask er. (Harri sand Dal l os, 1979)

The work of Smi th (1977) and Harri s and Dal l os (1979) i nvesti gatedthe recovery f rom

adaptati on of si ngl eAN �bers i n gerbi l and chi nchi l l a.The f astercomp onen t of recovery

was studi ed i ndetai l by Westerman (1985). In thi s study, we ref erthe work of Westerman

(1985).

3.4.1 Methods

The work of Westerman (1985) used the paradi gm shown i nFi g 15.
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Figure.15. Forward masking paradigm used by Westerman (1985) to study reco very of resp onse
after adaptation. Mask er duration: 300ms; prob e duration: 30ms; mask er and prob e at 43dB
ab ove AV threshold, �t varied between 0 and 200ms.

Th ema s ke rs t i mu l iwe r e300 ms c o n s t a nt - i nt e n s i ty t o n eb u r s t s ,wi t hf r e q u e n c ys e ta t

� be rCF a n di nt e n s i ty a t 43 dBa bove AV t h r e s h o l d( f o rAV t h r e s h o l d ,s e eWe s t e r ma n ,

1 9 8 5 ) .Th ep r o be s t i mu l iwe r e3 0 mst o n ep i p s( 2. 5 msr i s e /f a l lt i me )p r e s e nt e da tva r i o u s

i nt e r va l sf o l l owi n gt h ema s k i n gs t i mu l u s .3 8 4s t i mu l u sr e pe t i t i o n swe r er e c o r d e da te a ch
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>
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Asp(t) =

(
0 t < �0

A(1� e�(���0)=�sp) t � �0
(3:5)

was �tted to the PST records of spontaneous activities following the masker o�set. Here,

�0 represen ts the delay, and �SP i s the time constan t of the recovery of spontaneous

activity.

The spontaneous activity of the actual �b er (right side of Fig.17) were recorded with

a time constan t of 38 ms. The spontaneous activities of the mo del �b er also fol low a

single exponen tial function. Time constan t of the recovery of spontaneous activity from

the mo del (left side of Fig.17) was 35 ms. The time constan t from mo del , 35 ms, was

real istic value compared to that from the actual �b er.

3.4.3 Discussion

In Fig 17, the recovery of the onset and short-term measures from the mo del yielded

more straight than that from actual �b er. Through simulation, i t i s clear that the IHC

parameter A a�ected with recovery pro cess. When the value of the parameter A was

decrease, decremen tal responses in logarithmic scale yielded more straight. The parameter

value of A used in this section was 0.3. Other parameters were almost identical as shown

in Table.2.

Meddis, (1988) reported that the IHC mo del shows equivalent time constan ts for

both recovery pro cesses. The time constan ts of recovery of rapid comp onen ts from the

prop osed mo del , in con trast, are smal ler than that of short-term comp onen ts simi lar to

the physiological data. This is because that the AN mo del has threshold T (t) as shown

in Eq.(2.44)

3.5 Response changes to intensity

Auditory-nerv e �b ers exhibit a characteristic deca y or adaptation in �ring rate in response

to a tone of constan t sound intensity (see chapter 3.1). The deca y app ears to be comprised

of several exp onen tial comp onen ts, including rapid adaptation with a time constan t of

several mi l l i seconds, and short-term adaptation with a time constan t of several tens of

mil l i seconds. Adaptation pro duces an emphasis on the response to change in intensity

and ma y play an imp ortan t role in the enco ding of dynamic stimul i suc h as speech (Smith

et al . , 1985).

Previous exp erimen tal studies have led to the conclusion that short-term adaptation

is basical ly additiv e in nature and not the result of a sensitivity or gain change. For

example, when an incremen t in sound intensity is added to an ongoing bac kground sound,

the change in �ring rate pro duced by the incremen t is constan t and indep enden t of the

amoun t of prior adaptation (Smith and Zwislo cki , 1975; Smith, 1979). Simi lar additivit y

was found for responses to decremen t in intensity and for test tones appl ied after adapting

tones (Smith, 1977; Abbas, 1979).
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Smith and Zwislocki (1975) studies involv ed measuring �ring rates over relativ ely large

time interv als of 10ms or more in order to emphasize the prop erities of short-term adapta-

tion and reduce the con tribution of rapid adaptation. Subsequen tly, it was disco vered that

the shap es of rate-in tensit y functions dep end to some exten t on the size of time interv al

used to compute �ring rates. In particular, smaller time interv als pro duce functions with

larger op erating ranges, so that the rapidly adaptiong comp onen t app ears to ha ve a larger

op erating range than the short-term comp onen t (Smith and Brac hman, 1980; Westerman

and Smith, 1984).

Smith (1985) study an additional extension of the previous �ndings to smaller time

interv als in order to further studies the prop erities of rapid adaptation. Sp eci�cally ,

dynamic resp onses to sinusoidal and step changes in intensit y were obtained as a function

of the time dela y between the change in intensit y and the onset of an ongoing bac kground

sound.

In this study , simulated results from the mo del are mainly compared to the exp eri-

men tal results rep oted by Smith et al. (1985).

3.5.1 Methods

The stim ulus paradigms used by Smith and his colleagues are sho wn in Figure 18. The

stim ulus was a 60ms tone burst with an intensit y 13 dB ab ove the AV threshold. A 6 dB

decremen t or incremen t occurred at time �t. The time dela y in �t is changed between

0ms to 40ms. The stim ulus used in this study is same as sho wn Figure 18. The stim ulus

frequency with a decremen t in intensit y is 3500Hz and with an incremen t is 4000Hz.
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Figure 18. Schemati c representati on of the paradi gms (a) Decremen ts of 6dB appli ed at time
del ays(�t) af ter the onset of a pedestal . (b) Incremen ts of 6dB appl i ed to a pedestal .

3. 5. 2 Results

Responses to decremen ts in intensity

An e x a mp l eo f PS T h i s t o g r a msp r od u c e dby d e c r e me nt si ni nt e n s i ty a r es h own i nt h e

l e f t - h a n dc o l u mno f Fi g . 1 9( a ) .Th e PS T h i s t o g r a msa r eo b t a i n e dwi t h3 0 0s t i mu l u s

r e pe t i t i o n sa n da r ema d eu s i n g1 ms b i nwi d t h .Th eCF o f t h emod e l� be ri s3 5 0 0Hz .

Th e t i med e l ay t ot h ed e c r e me nt g e t sl a g e ri ng o i n gf r o mt h et o pt ot h ebo t t o mo f t h e
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Fig.19 (a). The histograms on the righ t are the corresp onding di�erence histograms. The

di�erence histogram is obtained by subtracting the resp onse to a tone with a decremen t

from the resp onse to a constan t-intensit y tone. Consequen tly, decreases in �ring rate

were computed as positiv e. Figure 19(b) illustrates exp erimen tal data rep oted by Smith

et al(1985).
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Figure.19. PST histograms of the response to a decremen t in intensi ty. The left-hand column
shows total responses and right-hand column the corresp onding decremen tal responses obtained
by subtraction as explained in the text. (a) Data from mo del �ber at CF 3.5kHz. Binwidth of
histogram is 1ms. (b) Ph ysiological data from �b er at CF 3.58kH. Binwidth of histogram is 640
� sec..

The e�ects of time dela y are sho wn by another way in Fig.19.

The onset decremen tal resp onse versus time dela y, measured with a small windo w of

1ms, is plotted in Fig.20 (solid line), is decrease with time. In con trast, the decremen tal

resp onse measured with a large windo w of 10ms, sho wn in Fig.20 (solid line), is appro x-

imately constan t as a function of time dela y, as was found data from Smith et al (1985)

in sho wn in Fig 20.(op en circle)

Consequen tly, the onset decremen tal resp onse measured using both small and large

windo ws from the mo del is consisten t with ph ysiological data rep oted by Smith (1985).

Response to incremen ts in intensity

Incremen tal resp onses were obtained using paradigms iden tical to those used for decre-

men ts, but with a 6dB increase in intensit y applied instead of a decrease. Typical incre-

men tal resp onses, measured using both small and large windo ws, are sho wn in Fig.21.

In con trast to the onset decremen tal resp onse, neither measure of the incremen tal

resp onse decreases as a function of the time dela y from bac kground onset. Both the onset
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Figuer.20. Decremen t in resp onse caused by 6 dB decremen t in level of stim ulation applied at
various dela ys after onset. Solid line: data from the mo del as measured 1ms and 10ms bin width;
Cross: empirical data from Smith et al., 1985. Bin width is 0.64ms; Open circles: empirical data
from Smith et al., 1985. Bin width is 10.2ms

increment, measured wi th a small wi ndo w, and the i ncremen ts measured wi th a l arge

wi ndo w ei ther remai n constant or i ncrease sl i ghtl yas a resul tof time del ay. Physi ol ogi cal

data deri ved f rom Smi th et al . (1985) and Wi nter et al . (1993) are shown Fi g. 21(open

ci rcl eand cross, respecti vel y)

In Fi guer21, both the onset i ncremen ts, measured wi th a smal l wi ndo w, and the

i ncremen ts measured wi th a l arge wi ndo w i s constant f or both data f rom the mo del

and physi ol ogi cal data repoted by Smi th(1985). Consequen tl y, the onset i ncremen tal

response measured usi ng both smal l and l arge wi ndo ws f rom the mo del i s consi stent wi th

physi ol ogi caldata.
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Figure.21. Incremen t in resp onse pro duced by a 6 dB incremen t in level of stim ulation applied
at various dela ys after onset of stim ulation. Solid line: data from the mo del as measured 1ms
and 10ms bin width; Cross: empirical data from Smith et al., 1985. Bin width is 0.64ms; Open
circle : empirical data from Smith et al., 1985. Bin width is 10.2ms; Asterisk: empirical data
from Winter et al. 1993. Bin width is 0.64m ; Plus: empirical data from Win ter et al. 1993.
Bin width is 10.2ms

3.6 Response to steady-state vowels

To investigate the sp eec h pro cessing of the auditory periphery , we compile the resp onse

of the vowel using the auditory peripheral mo del.

Using the vowel /i/ as input data for the mo del, the disc harge patterns of all CFs

can be obtained from the mo del's output. An example of disc harge patterns is sho wn

in Fig. 22. PST, ISI and perio d histograms are based on resp onses obtained over 100

trials. The bin size of the PST and ISI histograms is 1 ms and 0.1ms resp ectiv ely and that

of the perio d histograms is 0.2 ms. The perio d histograms were made by accum ulating

the num ber of occurrences of disc harges in pitc h perio d interv als (for /i/ in this work,

8.2 ms). ISI and perio d histograms were calculated using steady-state resp onses of the

peripheral mo del. The dynamic rage of the AN mo del is set uniformly at 45 dB and SR

is set uniformly at 0 spik es/sec. Sound pressure lev el of the stim ulus is 60dB.

The patterns sho w ho w the vowel features are represen ted in the auditory peripheral

system.
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Figure 22. PST hi stograms,ISI hi stograms and "pi tch-synchronous" peri od hi stograms of the
responses of f our di �erent CFs �bers. The Top lef t and ri ght above PST hi stograms are ti me
wavef orms f or the vowel /i /.
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Chapter 4

General discussi on

The evaluated resul ts are summarized i n Tabl e 4. Tabl e 4 shows a compari son of the

previ ous ei ght IHC mo del s and the proposed peri pheral mo del .

Table 4. The e va l ua te dre su l t sa nd compa r is o no f t h ee i ght p r e v i o u sIHC mod e l sa n dp r e s e nt
pe r i p h e r a lmod e l .Ea ch c o l umno f t a b l ei sb a s e do n Ro s s(199 6) a n dHe wi t t ,e t a l .( 1 9 9 1 ) .
Th e c od e su s e da r et h es a mea st h o s eu s e dby Ro s s .Th e c od e sf o re nt r i e sa r ea s f o l l ows : \+, "
t e s tp a s s e d ;\ ( +) , "t e s tp a r t l yp a s s e d ;\ No , "t e s tf a i l e d ;\ ( No ) , "t e s tp a r t i a l l yf a i l e d ;\ Un r , "
t e s tp a s s e di np r i n c i p l e ,b u twi t hu n r e a l i s t i cp a r a me t e rva l u e ( s ) ;\ NA, "n o ta p p l i c a b l eowi n gt o
n a t u r eo fmod e l ;\ ?, "n o tt e s t e d .

Scr�oder Allen Oono Cooke Schwid Meddis Smith Ross Maki

and and and and (1996)

Hal l Sujuk a Geisler Brachman

(1980)

Rapid and short-term adaptati on

(1)Larger dynamic range for onset than for steady

state

Unr. ? ? + + + + + +

(2)Adaptation as a sum of (at least) two exponen tials No No + + + + + + +

(3)Exact �t to data sets for individual �b ers ? ? ? ? ? ? ? + +

Properti esof synchroni zed acti vi ty

Interval histograms for driven activity ? NA NA NA NA + NA + +

Period histograms without cl ipping at high levels + ? ? ? + Too 
at + (+) +

Sync hronization Index versus intensity ? ? ? ? ? + ? + +

Sync. coe�cient versus frequency of stimulation No + No No No + + + +

Reco very f romadaptati on

(1)as single exp onen tial No No No No No + No + +

(2)with smal ler exp onen t for onset than steady state NA NA NA NA NA No NA + +

Reco very of spontaneous acti vi ty

(1) as single exp onen tial with real istic time constan t Unr. Unr. Unr. Unr. Unr. + Unr. + +

(2) with \dead" period No No No No No No No + +

Resp onse changes to i ntensi ty

Additivit y for incremen ts of stimulation No No No + + No + + +

Resp onse to decremen t versus delay

(1)decreasing function for 1-ms windo w ? ? ? ? ? + (+) (+) +

(2)
at function for 10-ms windo w ? ? ? ? ? No + No +

Hazard f uncti onf or dri ven acti vi ty

(1)For Lo w-CF �b er ? ? ? ? ? ? ? ? +

(2)�b er with weak phase locking ? NA NA NA NA ? NA + +

Other evaluati on

Output of the real action poten tials No No No No No No No + +

Mo del consist of concatenation of sub mo dels No No No No No No No No +

Making of the PSTH from real action poten tials NA NA NA NA NA NA NA No +

The proposed mo del passed al l tests as shown i nTabl e 4.
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The IHC-AN model proposed by Ross successes to a certain extent. But the mo del

was not connected wi th external ear and mi ddl e ear. On the contrary, the proposed

mo del consi sts of concatenati on of sub mo del s, i . e. external ear, mi ddl e ear, i nner ear.

the proposed mo del was a peri pheral mo del . Theref ore, the proposed mo del can produce

the response of vowel s or the response of more compl ex sounds that can not i gnore the

rol e of external ear and mi ddl e ear.

As men ti oned i nIntroducti on, other peri pheral mo del s consi st of concatenati on of sub

mo del s have been proposed (Carney , 1993; Jeni son, 1991; Kates, 1991; Payton, 1988, and

Schoonho ven, 1994), but output of the mo del s was not eval uated i n detai l as shown i n

Tabl e. 4. Theref ore, the proposed peri pheral mo del was the most e�ecti ve i n provi di ng

primary i nput to the central audi tory mo del .

The number of parameters of proposed mo del was l essthan that of other mo del s e. g.

Ross, (1996). From Tabl es 2. and 3, a hal f of parameters of IHC and AN mo del s were

constant through vari ous eval uati ons. Accordi ngl y , the parameter val ues can �t to agree

wi th physi ol ogi caldata easi l y. Addi ti onal l y, the parameter dependence on eval uati on was

cl ear to a certai nextent as shown i n above secti on.
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Chapter 5

Conclusio n

We present a functional model of the audi tory peri pheral system that can generate a trai n

of spi kes of al l CFs. The output of the mo del were compared wi th vari ous physi ol ogi cal

data.

For the test of rapi d and short-term adaptati on, the short and rapi d comp onents f or

i ndi vi dual mo del �bers are i n quan ti tati vel y agreemen t wi th those of the physi ol ogi cal

data to mo di f y the mem brane permeabi l i ty of the IHC mo del . Cl earl y, through �tti ng

the parameters wi th physi ol ogi cal data, the rapi d time constants are sensi ti ve to the

IHC mo del parameter x whi c h i s the wei ghti ng f actor rel ated to recoveri ng transmi tter

l evel . Theref ore, the rapi d time constant can be �tted to physi ol ogi caldata by mo di f yi ng

onl y the parameter x. For the test of peri od hi stograms wi thout cl i ppi ng at hi gh l evel s,

the aspects of the peri od hi stograms based on the output of the mo del are very simi l ar

to those of the physi ol ogi cal data. The functi on f(Aj; �j) i s most e�ecti ve i n mo del i ng

these properti es. For the test of i nterval hi stograms for dri ven acti vi ty, the shapes of

the ISI hi stograms based on the output of the mo del are very simi l ar to those of the

physi ol ogi cal data. The peri od of spl i tti ngl ocal di stri buti ons i n ISI hi stograms can be

control l edby the AN mo del parameters C�, CT , and cm. C� i s the most e�ecti ve i n

the peri od of l ocal di stri buti onsi n ISI hi stograms. The mo dal i ty of ISI hi stogram can be

control l edby the AN mo del parameters CA and T (t). For the testof synchroni zati on Index

versus i ntensi ty, data f rom the mo del i s matc hed to the physi ol ogi cal data wi th regard

to threshol d. For the test of synchroni zati on coe�ci ent versus f requency of stimul ati on,

the mo del simul ates the f al lo� of synchroni zati on wi th i ncreasi ng f requency accuratel y

compared to the physi ol ogi cal data. For the test of recovery of onset and short-term

process, the hazard functi on f or �ber wi th weak phase l ocki ng and for l ow CF �b er f rom

the mo del i squi te agreemen t wi th empri cal data. For the test of recovery f romadaptati on,

the val ue of the estimated time constants f romthe mo del i sreal i sti ccompared to that f rom

experimen tal resul ts. For the test of recovery of spontaneous acti vi ty, the spontaneous

acti vi ti esof the mo del �ber f ol l ow a si ngl eexponen ti alf uncti on and val ue of time constant

was matc he to the physi ol ogi caldata. For the test of reponse changes to i ntensi ty, both

the onset i ncremen ts, measured wi th a smal l wi ndo w, and the i ncremen ts measured wi th

a l arge wi ndo w i s constant f or both data f rom the mo del and physi ol ogi caldata.

As descri bed above, the mo del was i n excel l ent agreemen t wi th physi ol ogi cal data
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compared to previousmo dels over the l asttwo decades as shown i nTabl e4. Addi t i onal l y,

the number of parameters of the proposed mo del was l essthan other mo del s that i s i n

agreement wi th physi ol ogi caldata to a cer tai nextent . Accordi ngl y, the parameter val ues

can be set to agreewi th physi ol ogi caldata easi l y.

To begi n an i nvest i gat i onof neural process i ngbeyond the audi toryper i phery, the

mo del i se�ect i ve i nprovi di ngpr i mary i nputs to centralaudi toryprocess i ngmo del s .
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