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Abstract

This paper presets a functionalmodel of t he audi t or peri pheradystemf orobt ai ni ng
i nputi npul setrai nsot hecerntralaudi torgystemTo no delt heexternat¢ar,t hem ddl e
ear,thebasil amem brane (BM) and t he outerhaircel { OHC),a dual anal ogno del of
theascendi npathreprtedby Gigwereetal.(1994)i sadopted.In thi spaper,aninner
haircel (THC) no del i sdevel opd by extendi ngddis’s mo del (Mddiset al. 1986,
1988). This no del can siml atenonl i neatransducefunctionsf the THC, whid are
depol ari zednd hyperpl ari zedeakrespnsesas a functi onf thepeaksoundpressure
leeland the DC conponent soft hereceptopoteniahsafunctionfthesti mluslewel.
An audi tormere (AN) mo delisproposedusingho dgki n’ €el lem br aneno del (1952)
togenerateierve i npul setrains.These no del sare combi nedi toa functionalo del
of the audi toryperi pheradystem Qutput of the functionalo delisconparedwith
physi ol ogi cetperi netialdat a. The resul tshow t hatt hepropsedno deli si nexcell¢n
agreenett wi t ht hephysi ol ogi cddt aand t hatt heno deli seffectievi nprovi di ngri nary
inputstocerntralaudi tor processi ngo del s.Addi tional ]lysi ngvowel sasi nputdat afor
theno del di shargepatternsfallcharacteristfirequenci ¢€Fs)canbe obtainedrom
t he out put of t heno del . These patternshow how t hevowel featurearerepresemredin
theaudi torperi pheraystem
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Chapter 1

Introduction

Most long-standing t heori esof speech perceptiomnd of the neural basi sof 1 anguagein
gener alhave emphasi zedt heinportart rol eof neuralstructureswithithecerebralkortex
innornal 1anguage processingPont, 1991). However,as a resul tof recent i westigations
expl oringt he represehationof speech and ot her conpl ex sounds at the I eel of the au-
di torynerve, (Sachs and Young, 1979; Del gutte 1980; M11erand Sachs, 1983; Si nex and
Geisler1983; Carney and Geisler,1986; Geisler,1988; Sinex and MicDbnald, 1988),it
has becone increasinglapparent that sone sophisticatedrocessi ngf the speech wave-
formoccursinthe audi toryperiphery Further processingoccurs between the audi tory
nerve and cortex.If we aretounderstandfull st he nat ure of speech perception whether
forreasonsof sci ehi ficcuri osiyt to hel pinthe preventionand treatnent of vari oushear-
ingdisordersor toassisfndevel opi ngpowerfulspeech recogni zers thenthe rol eof this
processingnust be i westigated.

From t he audi torynerve, information stransmttedtothe cortexvi athe brai n-stem
nucl ei.Thi sincl udet he cochl earnucl eus,t he superi orol i ary conpl ex, the i nferiocol -
licul usand the thal am cauditoryrel g, the nedical genicul atdody (Hackney, 1987).
Sinceal lafferert fiberswithinthe audi torynerve term nateinthe cochl earnucl eus,this
nucl eusseens a logicalpoint to beginan i westigationf neural processingbeyond the
audi toryperi phery

The ai mi nthi sstudywas expl ori ng herepresetatiomfspeedh i nthe cochl earnucl eus
by conputer simil ation. A mo del of the cochl earnucl eusforstudyi ngitssophisticated
functionsmust i ncl udeproceduresfordeal i ngwi th actionpoterntial snd produces action
potential ¢ hat can be conpared wi th thosefromactual physiol ogi caxperi nerts.

Actionpoterntial snust al sobe preparedasinputstotheno del of t he cochl earnucl eus.
A no del of the audi toryperi pheryw thi nt he audi t orynerve must be preparedinother
words. For thi speri pherymw del ,(1)theactiompotential snust be aspile train(2)output
of t he audi toryperi pheralho del forthe cochl earnucl eusno del must be i nquantitatiev
agreenent wi thphysiol ogi calat a, and (3)the audi t oryperi pheraho del shoul dconsi stof
physiol ogi cal hgreedsubno dels,i.e.externalear,mddl e ear and i nnerear. Therefore,
thisstudy marks the first stagein mo delingthe audi toryperipheralsystemto satisfy
above threerequirenerts.

Previ ous audi toryperi pheralm del sover the | asttwo decades have not i ncl udedt he



above three requirements. Although the peripheral no dels proposed by Carney, 1993,
Jenison, 1991, Kates, 1991, Payton, 1988, and Schoonho ven, 1994, consisted of submo d-
els,the no dels can not produce action potentialsand the output of the no del was not
eval uated indetail. It was remark ed that the mo dels were not sufficientl yno deling hair
cell-prinaryfiber conpl ex. Model s of the hair cell-prinaryfiber conpl ex was contributed
for good evaluation. (Hewitte et al.,1991) The mo dels of the hair cell-prinary fiber
conplex proposed by Smth et al. 1980, Ross, 1996, Mddis et al.,1986 was in good
agreenen t wth physiologicaldata but the no del was a part of the peripheral no del, that
is,the no dels did not have external ear and mddle ear. In addition to this,the no dels
proposed by Smth et al. 1980, Mddis et al.,1986 did not produce action potentials.
The other auditory no dels proposed by Ghitza, 1988, Senef, 1988, Deng et al.,1987, and
Sharma, 1985 etc. have at least one of the drawbac ks describes above.

This paper attenpts toinpro ve the drawbac ks of these previous no dels. The mo dels
of the external ear, the mddle ear, the basilar rem brane (BM and the outer hair cell
(OH) wused inthis work are based on the no del reported by Gguére and Woodl and
(1994). The THC no del of this paper is obtained by extending Mddis’s (1986, 1988)
no del, which was a good no del of the hair cell-prinary fiber conplex, by taking into
accoun t the saturating nonlinearity of the DC conp onent also. The auditory nerve (AN)
no del is proposed to generate a spike trainand to mo del the spike discharge pattern
directly These no dels are connected into a functional no del of the auditory peripheral

system Resp onse patterns of the auditory peripheral no del are evaluated in detail in
Table 1.



Chapter 2

Descriptionof the model

A schematic descriptionof the no del isshown in Fig.1.

(I
BM particle °
displacement Ou_ter
2 Hair Cell
\/\,\ = ExternaIE> Middle = Basilar Mechanical
Ear Ear Membrane| force .
Sound Eardrum Stapes % . :
sound volume Inner Auditor
pressure velocity BM partilcle_ty Hair Cell |:> Nervey |:> J_I_I_IJ_I_LLLII_.‘
veloci i i
Neuro : Spike train
transmitter 2 .
level |:> N
=3 = LI

Figure 1. Schematicdescriptionof the auditory peripheral no del.

The mo del consistsof the external ear, the mddle ear, the basilernem brane (BM),
the outer hair cell (OHC), the imner hair cell (I) and the auditory nerve (AN) mo del.

2.1 External ear, middl e ear, basil arnem brane and
outer hair cellno del

The no dels of the external ear, mddle ear, BM and (HC wused inthisstudy are based on
the work of Giguere and Woodland (1994). They consist of a concatenation of electrical
circuitsubno dels, and were inplenen ted by applying the techni ques of nesh analysis,
Lapl ace transfornation and bilineartransfornation.



2.1.1 Model dscriptims

The models of the external ear, mddle ear, BM and OHC represented by el ectricalcircuit
are shown Figs.2,3 and 4, respectively (Giguere and Woodl and, 1994).

External ear model

Ly/2

Tl Ve

Figure.2. Eletoamstic newak d the ate ea. Ody the firgt sgnen t (idex 1) o tle
ac b oad the fist sgm ¢ (imx L+ o the adtay cad tamisia lis ae dowm in
fdl.

From Ggueére et al.,it assunes that the principal obstacle (upper torso and head)
confronting the incident sound wave can be represented by a solidsphere with effective
radius a,, while the ear opening can be represented by a snall orifice on the surface of
the sphere. The radius a., of the orifice corresponds to the eflective radial sizeof the
conc ha cavity at the base of the pinna. The pinna flange isnot itsel fro deled. In Hg. 2,
two vol tage sources of anplitudes P(t) and 2P(t) drive the external ear network in-phase,
vhere P(t) is analogous to the pressure of the incident free-fieldsound wave. These
sources, together with elenents Ly and Rj, no del the sound diffraction associated with
the principal obstacle. The latterelenents are given by :

0.504 .
Lp= 2 Ry="2 (2.1)

h 2
Tas Ta;

where p, isthe air density and c isthe sound velocity. The parallel elemrents L, and
R, form the equivalent circuitfor the acoustic radiationinp edance of the ear opening,
i.e. the load seen by a hypothetical nassless piston located at the concha entrance and
radi ating energy imo the surrounding medium ‘They are given by :

0.7rhoq .
= =0 p oo Pal (2.2)

?
Tacp, Tazy,

L,

The vol tage Vo(t) isanal ogous to the sound pressure at the entrance to the concha.

The concha cavity isan approxinately cylindricalacoustic resonator of radius a.p, and
length [.;, providing a broad pressure gain around itsfirst nornal no de of vibration at
4300 H.. For frequencies up to the second nornal mno de (~ 7100 H), Gguére et al.
assuned that the concha can be represented by an L—segnen t uni form transmssion 1ine
as shown inHg 2. By use of el ectroacousticanal ogies for cylindrical tubes, the net work



elements L., and C\, characterizing each T'—junction are equi val ent to the acoustic nass
and conpliance of each discretizedsegnen t :

2

Pa Qe
Lw = 22 Aw, Oy = 22
TQcp, PacC

Az, (2.3)

where Az = [, /L isthe segnen tlength. Energy lossesare nore difficulttoaccoun t forbe-
cause they originatefrom mul tiplenec hanisns (e. g ,viscous frictionthernal conduction
and vibrations at the walls)and areingeneral frequency dependent. To a first appro xi na-
tion, validfor small 1ossconditions, the danping nec hanisns can be adequately no deled
by lunpi ng alleffectsinto a singleconstant shunt conductance G, ineach segnen t. From
Hanagan (1972), an expression for this network el ement can be derived as

B QOéch

Gup = 22 Ay, 2.4
=, AT (2.4)

vwhere ., isthe effective attenuation constant of the propagating waves per unit length
and Z., = /L) G, is the characteristicinp edance of the line. The auditory canal
isan acoustic waveguide of irregul arshape whose length governs the prinary resonance
frequency of the conplete outer ear at around 2600 Hz. For frequencies up to about
8000H:, the canal geonetry can be approxinated by a straiglt cylindical tube of radius
ag and length [,;. This can be no deled as an M —segnen t uni form transmssion line
comnected inserieswth the concha as shown inHg. 2. In anal ogy to Eys. (2.3)-(2.4)the
net work el enen ts ineach T'—junction are gi ven here by

2
Pa T
Az, Ca=—9Ax, Gy=
Ay PaC cl

Q(Xcl

Lcl = Az

: (2.5)

vhere Az = [,/M isthe segnen t length, a isthe effective attenuation constant of the
audi tory canal per unit length, and 7., = 1/L./ Cy isthe characteristicinp edance of the

line. The voltage Vi (t) at the end of the canal is analogous to the eardrum sound
pressure.

Middle ear model

Giguere et al. no dified the termnal branc h of the network of Lutnan and Martinso
as to allaw the concha to be explicitl yepresented, as detailedin G gu ére and Woodl and
(1992). The main no dification was to replace el enents R, and L. by an ideal transforner
1:1r representing the eflective acoustic transforner ratio between the eardrum and the
oval wndow ‘This allos the cochlear network to be directl yconnected to the mddle
ear. It was alsonecessary to add a resistorR, to account for acoustic resistanceof the
annul ar 1iganents at the oval wndo w Bsed on the experinental work of Iync h et al.
(1982) on cats, Ry was taken as about é of the real part of the cochlear i nput inp edance
at mdfrequencies. The termnal branch should alsonormally include a seriesinductor
to accoun t for the acoustic nass of the stapes. Its contribution, however, isvery snall
conpared to the inaginary part of the cochl ear input inp edance and was neglected. The



Figure.3. Hnal dectoraustic et wak o the midde ex [adptedl fran Lurm  ad Matin

(1979]. It is careted to the ldt to the ater e m wak & Hg2 ad to the right to tle
o clear ™ wak & Hg4.

current J,, is amlogows to the volume velocity of the stapes footpate. Allother net work
elemn ts in Fig 3 are identical to those in Lutran and Martin (1979). In particdar, C,
represen ts are com bined acowstic comliance of the romd wndo w rem brane and of the
ann ular liganen ts at the oval wndo w The tire variant capacitor C; no dels the variabe
acowstic compliance of the stapes susp emsion inresporse to stapedial muscle con tractiors.

Basilar membrane (BM) o del

v le Lsn

Figure. 4lectroacoudstansm ssil onaeworkofthecohl ea.Onl yt hefirstandnt h
segmemsareshon i nful bpget hwrtlt hebasabhndapi cdloundargondi tions.

The BM issmtially discretized into N segmnen ts of length Az. The position, or pdace
of a given segmen t indexed n ismeasured from the base of the cochlea The vdtage U,(t)
isamlogos to the pressure difference between the scala vestibuli and the scala tynpani.
The shunt curren t I,,(¢) represen ts the tramsv ersal volum velocity of the corresp onding
BV segman t. The characteristic resonance frequency f, of the hasilar mem brare is de-
creasing from the base to the apex The cochlear mpphng fuxction of Greenwood (1990)
iswed to estalish a forml corresp ondence. It can be expressed as

1 fn
n = Lo — z 1), 2.
=0T 06 em-t 09(165.4 Ho * > (26)



where [y, is the totall engthof the BM. To reduce computational 1 oad insone applications,
the BM isnot discretizedover itsentirel ength, but only over a portionof interest(Giguere
et al,1994). The end points z; and xy of thisportioncorrespond tothe naxim um f; and
mnimum fy desired auditory fil ter characteristicfrequencies. It folles from Eq.(2.6)
that the segnen t length is

Ap — (1/0.6cm~")log[( f1 + 165.4Hz)/( fx + 165.4H; )] (27)

N -1

The transmssion linenetwork elenents are derived from el ectroacousticanal ogies and
fromthe assunption that the natural frequency of the shunt second-order resonant circuit
ineach segnen t isequal tothe characteristidrequency of the BM at that place. Inductor
Ly, represents the acoustic nass of the scalavestibuliand tynpani fluids:

_ 2p,Az
 Alza)’
vhere p,, isthe fluid density, and A(x) isthe nean cross-sectionalarea of the scalaeas a

function of BM place. Inductor L,, capacitor C,, and resisterL, ,represents the acoustic
nmass, conpliance, and resistanceconp onents of the BM point inp edance:

M, 1 L,
T/  NA D Cn = A 90T T~
b(zn) Az Api? f2Ly, Chn
vhere M, isthe transversal mass per areaof BM b(z)isthe width of the BM as a function
of place, and @), isthe quality factor of the shunt resonant circuit. The apical end of

the lineistermnated by an inductance Lp representingthe acoustic mass of the cochl ear
fluid from the last BM segmen t to the helicotrena. From Ky (2.8), Ggu ére et al. find

Lon (2.8)

L, = R,=Q! (2.9)

L 2p
L :/ L 2.10

T zN+Az A(Jf) v ( )
The helicotrema isitselfno deled as a short circuit. The cochlear network of Hg 4 is
explicitl yyonnected to the mddle ear network of Hg. 3.

Outer hair cell ((HC) model

From Gguére et al.,this nec hanism is assuned to conprise two main stages: (1) A
nonl i near frequency-indep enden t transduction of the transversal di spl acenen t of the organ
of Cortiimo OHC receptor currents, and (2) an G forceapplied to the organ of (orti
vwhich depends on the receptor currents. The motion of the organ of (brti and the (CHC
receptor currents are thus bounded by a feedback lcop. This feedback isprinarily effectie
for frequencies near the characteristicfrequency at a given BM place and itsnet effect
isto reduce danping of the organ of (orti. In Hg4, the net pressure devel oped by the
fast notile nec hanism of the (H isrepresented ineach segnen t by a vol tage source
saturating at high anplitudes:

d
vohe — gR, (#) (1), 2.11
: o+ iy ) (1)
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where 0 < G < 1 is a gain factor, d,(t) isthe BM particledisplacemert, and d;/, isa
constant equal to the BM displ acenen t at the hal f-saturationpoint of the nonlinearity.
The prop ortional y of VnOhC (t) to BM volune velecity I,,(¢) in Eq.(2.11)ensures that the
effect of the OHCs isto reduce danping.

Using Ey. (2.11), the voltage U,(t) across BM segnen t n inFig 4is

_ B di/2 dl,(t) 1 [t
Un(t) = R, [1 G(—(t”)] L(t)+ L, + L(t)dt, (2.12)

d1/2+|d dt ' CpJoint
drl,(t 1 gt
n J—inf

Th us, the seriescombinationof vol tage sourse V.°*(¢) and resistorR, can be equi val ently
represented by a tine-variant resistor R2"9¢) function of the BM mwtion.

The BV particledisplacenen t d,(¢) and velocity i,(t) are the output variablesof the
cochl ear network. From el ectroacousticrel ation,they are given by

In(t)

inl0) = Jo) A (2.14)
dn(t) = 2’;‘;’22 (2.15)

vhere b(z,)Az isthe BV segmen t area, and V.,(t) isthe voltage drop across C,.

2.1.2 Implemm tation

The electricakircuitsubno delsas shown inHgs. 2, 3, and 4 wereinpl enen ted by appl yi ng
the techni ques of nesh anal ysis, Lapl ace transfornation and bilineartransfornation. All
of paraneter values of Fg 2, 3 and 4 are identical to those of Giguere and Woodl and
(1994). Bit the segnen t number N of the basilar nem brane no del can set variablyin
this study.

Krst, we applied the techni ques of mesh analysis to electricalcircuitas shown in
Fgs.2, 3 and 4. Resultingformula was given by FEy. (2.16). For father detailsof nesh
anal ysis, see Desore (1969).

Z,(D)i = e, (2.16)

I LD+R; 0 —Ry, 0o .- 0

0 Ly D+R, . —_R, 0 .. o

—Ry, —R. %’UrRthRTJr CclhD 0 0

Zm(D) =
1

. . LsN+L(N—1)D+R(N—1)+W L Den

—LpyD-Ry—
LND+RN+CA1,—D

0 ) —LND—RN—CKI—D Lp+L 5y D+Ry+

(2.17)

.
CnD




i= : , (2.18)
(24 N-3)
2+ N-2)
‘@ N-D)
L ‘*a+ ~N)
Vi + Ve
P —2P o 0
0 g P _2P 0
2P o o 0
0 o 2P 0
0 o 0 0
O 0 .
. O N
- a . .
0 : 0
_ u] :
es —= Vloh . .line 2 — 0 + Vlohc ( 21 9)
yohe Vlohc o g yohe " ok )
0 ohc ohc
V3ohc _ V2ohc 0 0 V3 _ V2
. u} R .
: a .
he he O ohc _ y,ohc
VI(\)ffl - Vz‘\)lfz O g VN71 VNfz
Vo}'c Vo;,c 0 Vohc _ Vohc
N T 'N-1 Y N N-1
_yohe 8] _yohe
N colie (2N)

whered Z,,(D)isame s h mp dancenatri i smes e ur re ande, i s2mes olt age
sourveect oFhes ymbo1“D™'" i sus etlor e fetroa de finiit ke gr‘9fdt’”
Equati 02. 16atbe wri t tiethhd or m

L.,
(AQD + A]_ + Aoﬁ)z == Vsl + ng. ( 22 O)

Secondve appl iteldd elcni quefLapl ateans f or niadmesnmat riexjua-
t 1 omss hwninEq. (2. E§uati(o2n 2ilpbt ai fadhq. (2. Whk)ppl yithe
t eleni quefliapl atceans f or nmatdbpsubstit fibEng=0.

1
(A2S + A1 + AOE)I(S) = Vsl + VSQ ( 21 )

Thirde appl itehdd elcni quwdZ t ransfor madBEq.n( 2. 2Sluyhs t i t wtfi on
Eq. ( 2.i2tlcf hdil i nfearmfEq. ( 2.Q2i2vEq. (2. 23) .

21—z 17!

T Titxz1 Y14zt

(22)

[(a?As—aA1+Ag)Z 2+ (202 As+2A0) Z +(a? As+aA1+Ag) T( s)= a( F772) 4o FZ72)

(223)
If wedefin@, (1,001 it hd or m
Ba = —a’As+ad; — A, (2.24)
81 = 2a%A, —2A,, (2.25)
,60 = 052A2+06A1+A0, (226)

9



then, Eq.(2.2) can be written =
I(5) = B (B Z P+ By D I(s) + a(l — Z H Vi, +a(l — Z *)Va,}. (2.27)

Forth we appied tle tec hique d rev ese Z trasfamaion to Tg(22). Tk Igia
(2Z) beuss

i(n) = By (Bri(n—1) +PB2i(n—2 +a(Vis(n) = Vis(n—2) +a(Vas(n) = Vas(n—2) (2.3)
Fran Ig(22), we cn dfdn  a dsaed-tim rpesen tdian  (216).
Astle dler fam |§(2D) is dtdmd fran §(Q2D) by sistittig  fa y = [ idt’
ad by gyt te hqe o Lylae trasfamdia

(A252 + Als + Ao)Y == Vsl + V52 (229)
T BRI isdidwd fran 2D by apyig  the tec higs o hliex  tras
faria

Y(s) =5 (012 1+ B, 7)Y (s) + ol =Z Vi + ol = Z 1)*Vas}. (2.3

T 1§(23) is dfared  fran (23 by agyirg  th tchigs o lov ax 7
trasfardia

y(n) = By (Bry(n — 1) + Bey(n — I + Vig(n)2Vas(n — 1) Vas(n — 2 (2.3
V]H‘e? /807 ﬁl) /82 is idn tid to ]—@'(22]:)7 (2%)7 adl (2%)

T shwmtaren t7,(¢t)ad V,,(t) (fa dsaet repesen  tiaqy I, (t) is I(k) ad V.. (¢)
is Vou(k), k=1,2,3---.) ,tle vdtae dop arss C,,is aily daladed wg (23
ad (23).

T BM mtide dsjaaen  t d,(¢t) ad vdodty i,(t) (fa dsaet rgpesen tdiq
dn(t) is d(k) ad i,(t) is i,(k), k = 1,2,3---.) Wic h ae the atpt vaidls d tle
ocler ™ wak ae dalded by kg (2K) ad (215, resp edidy .

A tle iitid cdta V(0 ad Vo0 en m clalde fron dsaettim e
sn tdin 128 ad (23). Tadag k5. (2R ad (23) ae mwittem &

i(n) = B (Bri(n— 1) + Bailn—3 + a(Vis(n) — Vis(n — 2) +a(Vas(n — 1) — Vas(n—3),
y(n) = BBy =1 +By(n =2 +Vi(n— 12 Vau(n =Y Vau(n — 3 . (22
To rinize  daldim e, i,(k) ad d,(k) ae dalded  fran bdh i(n), y(n) =
sdo wm in E23).

Fare 21 sdow the rep ae o th ocler m wak to te vowd /i In the top
ow tim wavdam fa te vowd f/ ae sow

In Hgre 21 the BA filtairg islevd dp edn t. R tuilg v e ae sap d low
levds ad had d hgh levds Casgen  tly, the 1esp aee d oclexr ™ wak ls tle
clrataistics d a whad adys in tle hghaagy regas  ad thee d ammo w
brd  adws in te loweag rgas. 'k pgoe  banhies ae peav el ad thee
is aapressian ad spetrd dap eairg d spec h fedues.
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2.2 Inner hair cell (IHC) model

The THC model proposed by Meddis (1986, 1988) isextended by no difying the nem brane
perneability as a function of anplitude of the BM velocity which isthe output of the
cochl ear network.

2.2.1 Meddis’s IHC model

The THC mo del proposed by Mdis (19860 1988) can be full yunderstood in terns of
the production, no venen ts, and dissipationof transmtter substance inthe region of the
hair cell-audi tory-nerwe fiber synapse. The THC mo del proposed by Mdis (1986 0 1988)
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describes below.

k() = { Saeaes (0 +A)>0 (2:33)
0 ,(s(t) +A) =0,

vhere A and B are constant parameters of the no del and s(¢) isthe instantaneous am
plitude of the signal.

S =yl a(0)) + awlt) — K(1)a(0), (2.34)
L= k(0at) — te(t) — re(t), (2.5)
cw

— = re(t) —aw (1) (2.36)

An anoun t ¢(t) of transmtter existsinsidethe cellwallnear the synapse. A fraction
k(t)q(t)d of thistransmtter isreleased, between tine ¢, and tine ¢+ ¢ across the nem
brane intothe cleft.A perneability factor k(¢) isa nonlinear function of the i nstantaneous
anplitude of the signal after nec hanical effects have been taken into account.

A fractionle(t)d of the amoun t ¢(t) of transmtter inthe cleftissubject to chemcal
destruction or loss through diffusion. Another fractionre(t)d is taken back up into
the cell. The rest renains in the cleftto stimilate the postsynaptic nem brane. It is
assuned for the sake of sinplicity, that spike occurrence inthe auditory nerve islinearly
probabilisticallyelatedto the residue of transmtter substance inthe cleft. Accordingly,
the quantity c(t) isto be identified wth the “excitationfunction” of Gaunond et al.
(1982, 1983) or Gay’s (1967) “recovered probability,”i.e.the probability of spike emssion
disregardi ng refractoryeflects.

Transmtter taken back imo the cleftisnot immediately availablefor releaseagain
but isdelayed ina reprocessingstore. A fractionaw (t)d of the anoun t of transmtter
w(t) inthisstoreiscontimously transferredto the freetransmtter pool. The transmtter
originatesina man ufacturing base or “factory” that replenishesthe freetransmtter pool
at a rate y[m — q(t)], vhere m isthe (approxinate) maxim um amoun t of transmtter tube
found in the pool. In the unquan tified version of the no del, m isset to unity and all
transmtter anoun ts are construed as fractionsof the total possibleanoun t.

2.2.2 Improvenent tothe Meddis’s IHC M del

The nem brane perneability, k(t),inEq.(2.33)isa sinple approxination of the depolar-
izingand hyperpol arizingpeak responses as a function of peak sound pressure for the
guinea pig (Russel and Sellik, 1978) and for the turtle(Crawford and Fettiplace,1981).
But, the peak responses described here are not though t to represent the nonlinear trans-
ducer function of the IHC (Dalloset al.,1989). In addition, Meddis’sno del does not take
irto accoun t the propertiesof saturating nonlinearity of the DC conp onent. Therefore,
the firing rate, which isa function of sound lewl based on the output of the no del, is
quan titatiely diflerent from that of the physiol ogicaldata (see Fevitte et al.,1991)
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To cope with thi sproblem, t he i nput BM vel @ity | el which directl ynfluencest he
DC conp onent of theiternalcel Ivol tagei stransfornedbeforei nputting ttothe IHC
mo del. The BM velaiy leelistransfornedusi ngEq. (2. 37), which i terwl atest he DC
conp onent of the receptorpotertialas a functiomf the sound 1 eel (Zagaeski, 1994)We
do not inply that t he functiomreratedforthe property of DC conp onent of the receptor
potential They arenerel y chosentoconvenient]l yno difyinghe BM vel@iy lewel.

RPmax
ValL) = o explEo=El/5( 14 explino—Ea)/9) (237)
Vein(t)/ T+ A ; ‘max
i (t) = gv-z‘n(t)/iz& i (V) +.4) >0 (2.38)
0 (Vo dn(t) /i 4+ A) =0

Here, l;:n(t) isthe no di fiedmem brane perneabiliy at the BM mo del segnent n. The
paraneters RPnax , L,o, and S resecti®l yspeci fit he naxi mum BM vel @i ¥, t he offset
fromthe BM vel @it 1ewel axi sand the sl op of the function.The paraneter L, whichis
the out put of B mo del ,isBM vel @ity lewelrepresehedby logarithm ci,(t)isthe BM
vel @iy at the BM no del segnent n and ;% isthe peak BM vel ®@i¥ at the segnent n.

The functi onsfl—qt, i—i, and Cfi—“f of extendedI HC no del wasiderticaltothoseof Mddis’s
[HC no del.

The final out put of the extended IHC no del was the ambun t of transmttedewelin
the cl ef tc,.

2.3 Awuditory nerve model

Al thoughman y AN no del shave been proposed,inal most al lcasesout put iseithert he

nean firi ngrateor thesynchrony rate,or sone othersimlamrate,and consequent! yt hese

no del sare not appropriateorthe centralaudi torysystemi nput. Therefore,we propose

an AN no del i nwhi ch the out puts of t he no del area trainof spils. Inthisno del,the

change of the tine courseof postsynapti conductance caused by the neurotransmtter
effectisno del edby Eqgs. (2.39)(2.3)and (2.41).

G(t — \j) = CuA; t AT o for t 2 ) (2.39)
Aj =t +d;+ N(O, f(4;,75)) (240)
F(Aj,75) = Oamy [ A" (241)

Iere, G ispostsynapti conductance,7; isthe tine perid betweenthe adjacent | ccal
m ni mam of the neurotransm tteoutput lewel ¢;, A; isthe peak neurotransmttei ewel
between 7;, Cr isa weighingfactorrelatedto 7;, C'4 isthe anplitude constait, ¢; is
the startingine instanceof each lacal mnimum d; isa tine dela, The tine deld,
dj, set %Tj, and N(O, f(A;,7;))isanormal distributiowitha zeronean and a variance
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f(A;,7;), where f(A;,7;)is the modeled discharge probabiliy at tine ¢; + d; rel atingA;

373
and 7;. The resultingconductance at tine ¢ isgiven by Eq. (2.42).

o) = [ Gt - ) d (2.42)

The cell nem brane potential V isconputed by Ky (2.43) based on the cell nem brane
m del (Hodgkin et al.,1952) as
dv (t)
dt
vwhere ¢, isnmem brane capacitance, Vy isleakage restingpotential,g; isleakage conduc-
tance, and Ky, isthe sum of ionicequilibriumpotentialsof sodium ion and potassium
ion. The output of the AN no del consistsof an all-or-noneaction potential S with unit
anplitude given by Ky (2.44). Ation potentialsare generated when the nem brane po-
tential V' of the cellcrossesa threshold 7'(¢) when the cellhas not fired for the refractory
periad ¢,. The thresholds for the AN no del have a random distributionto generate the
neuronal -1ile outputs. 7T'(¢) returns successiw random numbersinthe range froma to b.

S(t) = { 1 V(t)=T(t), and S(A)=0for )€ [t —t,,1]

0 otherwse,

= (Ve = V()gz + (Bam — V(0)o(0) (243

(2.44)

Figure 2.2 shows response patterns of the AN no del fiber to a 350ns tone burst
for stimulus lewl 43dB. The CF of the no del fiber is 1klz, the spontaneous rate is7
spikes/sec and threshold is0dB

l I 11T A T ¥ 1 o I ‘

| T ) A I W 1 Il ‘
l | 1 A A i (I ‘
l 1 S I I Y [N ‘

0 1 A 1T (| 1 |
I T A I
l I 1T TR T I | i [ | 0 T ‘
T T T T
[ L1l O A |1 I !

0 100 200 300 400 500
Time (msec)

Figure.2.2 Example m dd atpt. Simddims fam tp to bdtan recdv e s impt a1 kHz
tae brst.  In the tp o the row, tim wavdam o the simdes isso wm Otles ae te AN
m d atpt dddred by dffeen t smddicn Tl atpt o the peiged m H is N gk e
& do m in ths figre

In Kgure. 2.2, itisseens that spike trainsevoked by identicalstimuli are hi ghly vari-
abl e, because of the stochastic nature of action potential generation as m deled by K. ().
For further detailsof the firing property, see section3. 1.
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Chapter 3

Evaluation

Response patterns of the auditory peripheral model were evaluated in detail as shown
in Table 1. The threshold intersity of the AN mv del is normlized wmifornhy at relative
intensity 0dB and sound levels in the simulated results indicate relative intensity. The
m del was tested based on evaluation metho ds suggested by Rss (199%) and Hewtt, et
al. (1991). Al of the tests are described inthe folloing subsections.

Table 1. The | istof ewal uatitoat heei ghpre vi o dHC
model andprestperi phemadel Eadi col umnft a-
bl el sbasednRoss(1996)andHewi ttetal . (1991).

Rapid and short-term adaptation

O (1)Larger dynamic range for amet than for steady state
O (2)Adaptation as a sum of (at least) two exporen tials
O (3)Exact fit to data sets for individuwal fib ers
Propertiesof synchroni zed activiyg

O Interval histograma for driven activity

O Period histograma wthowt clippng at high levels

O Sync hronization Index versws intemsity

O Sync. coefficient versus frequency of stimulation

Hazard functionfor driwen activiy

0 ()Foa o wCF fber

O (2)fb er with weak phase locking

Reco very fromadaptation

0 (1)as single exp onen tial

O (2vith smller exponen t for omet than steady state
Reco very of spontaneous activiy

O (1) as singe exp oren tial wth realistic time constan t
O (2) wth “dead” period

Resp onse changes toitensiy

O Alditivit y for incremen ts of stimulation

0 Respomse to decreren t versus delay

0 (1)decreasing function for 1'm wndo w

0 (2)flat function for 10-ma wndo w

Ot her evaluation

0O Outpt of the real action potentials

0 Model comsist of concatemation of sub o dels

O Mking of the FSTH from real action potentials
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3.1 Rapids and short-termadaptation

Adaptationi st hevari ati on nrespnse whi dh occursduringa constart stimlus condi tion.
The adapt ationof t he firi ngrateof an audi torynerwe fiberinrespnsetol ongtone bursts
appearstoconsistof seweraldecayi ngconp onents,at 1 easttwo of whi ch occur wi t hi nt he
first fewhundred m1lisecond§Harriset al. ,1979; Smth et al. 1975; Westerman et al .
1984). Estimtesof the tine constant of short-termadaptationare 40- 508 incat and
gui neapi g,and 15 ns inchinchill arapi dadaptationappearstobe an orderof nagni t ude
faster Harriset al. 1979; Snith et al. ,1975). Smith and co- vorkers(Smith et al. 1975,
1985; Smi th, 1977, 1979) attenpted to di stingui shetween the propertiesf short-term
and rapi dadaptationby obtaini ngrate-ittensiy functionsusinghi stogramwi ndows of
variousduration. H st ogramwi ndows of 10ns or nore enphasi ze t he effectsof short-term
adapt ation,and produce onsetrate-ittensiy functionswhi ch have the sane shape as t he
steady-stateate-ittensiy functionssuggesting hat t he tine courseand rel atievanoun t
of short-termdaptationareindependent of i tensiy. Hstogramw ndows of 2ns or less
enphasi ze the rapi dl yadaptingconp onent of the onset respnse. Correspndi ng onset
rate-itrensiy functionsi ncreasenore at highimensitieshan do the steady-stateate-
itensiy functionsgsuggestingthat rel atiet ynore of the rapidl yadapti ng conp onent
existsat highitensities.

Westermanand Snmith (1984)reportedmore directapproach tostudyi ngthe conp o-
nents of adaptation. They devel opd a least-squaresurve-fittingprocedure to fit the
sum of two exponential pl us a constart toexperinental data. The fittingtedni que was
appliedtothe respnsesof singl eaudi t orynerve fibersof Mongoliangerbil produced by
constart-ihensiy tone burststimli.By use of the fitti ngprocedure,they attenpted to
determ nethe propertiesf both the rapi dand short-ternadaptationprocessesquanti -
tatigly Here, the fittingt ecdni que was appliedto the respnses of AN no del and then
fittingresul txonpared tothat of thei rphysi ol ogi calat a.

3.1.1 Methods

From Westerman et al . (1984),the stimliconsistedf 300-ns tone bursts(2.5-nsrise
tine) at characteristifecequency((F) and the post-stimiustine (PST) histogramwas

generatedby summ ng 384 repetitionsf a tone burststimlusw tha constart irtensiy,

usinga 1-ns binwidth. For the simil ationithe sane stimlus was used inthisstudy
and PST histogranswerenade inthe same way. The paranmeter val uesof the no del are
determ ned t hat the absol uteimtensiy fromthe mo del isagreedwith rel atievittensiy

fromexperinertal data reportedby Westernanand Smith (1984).

312 Data andysis

Westernan and Smith (1984) characterizedhe adaptationfunctionas the sum of two
exponentialdecay functionspl usa constart, as shown by

A(t) = Ap e™/™ 4 Agp e77ST 4 Agg, (3.1)
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where Ar and Agr respectively indicate the magnitude of the rapid (Rapid) and short-
term (Short) adaptation conp onents, and 7 and 7Tgr are respectively the decay tine
constants of the conp onents, and A, isthe steady-state response.

The bins of the histogram represent a set of discretesanples [a;,7 = 1,--- N| of the
response rate A(t). The fitting was done by a least-squaresprocedure which imvol ves
mnimzing the sum of squared errors given by

S(AR,TR,AST,TST,ASS)
= E[a’l — Ap eit/TR — Agr e ! fer _ Ags]z, (3 2)

wth respect to the five parameters Ag,7r,Asr,7s7 and Agg. The least-squaresprocedure
inthisstudy isrealizedby Marquardt netho d. For both the simul ation and the experi-
nen t, the spontaneous rate (SR) was counted during the 40 ns of silencepreceding each
tone burst. Several constants calcul atedfor the follsing way, isthe sane way as Wester-
nan et al (1984). The rapid (Ag), short-term(Agsr), and steady-state (Ags) conp onents
were derived by fitting Eq.(3.1) to the histograns. The drivensteady-state rate isthe
Agss mnus the SR The Onsetisthe sum of Ar, Asy and Ags.

3.1.3 Results

Hgure 5 shows a set of response histograns from the AN of a gerbil at CF 1170 Hz on
the right and histograns from the no del fiber at ( 1170 B on the left.

384; 84,
40dB 10dB
£ OO‘M“?DO O()—M_Aam £
E’ 384 384 5
Qo 30dB 5dB Qo
(%] 0
Q Q
= =
Q. Q.
@ OO 500 OO 500 @
384 84, 384 - - - T .
20dB 0dB S -0dB
i ,‘ AL
S O P S
OM__“ ol— D |
0 500 0 500 0 500
Time (msec) Time (msec)

Figure 5. PST histogams & diffeen t sord levds. Ldt cdun da fran te m d. Rigt
adun physidgcd  dta fran Westermn & d. (1984).

K gure 6 shows the nagnitudes of the response conp onents derived by fitting the
characteristicresponse Hy.(3.2), and the response conp onents for fibers at (B of 900
H, 1170 H, 4940 B and 6100 H.
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Figure 6. Fi tt ethagni t udemp one hisforf ouAN fiber ot CF’s 900 Hz,11 70 Hz 4940 Hz and
6100Hasreprteldy Westermah984 )i ndi vi depelncircledget her t ldat generated
by t hempdel( mar &dpoi hsconnect bystraitghi nes) .

In Fig. 6, the onset,rapi d,shortand dri en-steadyomponentsfor i ndi vi dudlbers
agreewiththoseforthe physiol ogi cdhta quantitateky and the onsetconponents
(Onset )have | argerdynani c rangesthanthesteady-statenponent (Drian Steady).

Fi gure? shows fitteddeca timeconstahsforfibersat CF's of 900 Hz, 1170 Hz, 4940
Hz and 6100 Hz.

Q
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< 100 . o 100 Short 100 Short 100 Short
(7] ° ° ° —— e 0 M
1) o o ° o o
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=
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-
c
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[s] o
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Figure. Fittedkcgpti meonst baf of ouAN satCF’ s900Hz1170Hz4940Hzand6100Hz
(individouglncircl epgetheithdatageneratbydthemodel( mark&dpoi hisconnected
by straitglhi nesTheselat axorresmdt ot hecompnehmagni t udshom i nFi gure. 6.

InFig. 7resul tof the fit of shortand rapi dconponents wi th physiol ogicdhta
are sonewhat distributenparedtothoseof the anplitudeconponent. The scale
of thetimeconstahislogarithmicnFig. 7and physiol ogi cddtaareal sodistri buted
conparedtothoseoftheanplitudeonponent. We cant lus concl udd hatt heshor tand
rapi dconponent s fori ndi vi duafibersareinagreenen wi t ht hoseof t he physi ol ogi cal
data.ThisisthefirstreprtthatPST histogrameneratedy summi ng sewralhundred
reptitiofsomt heno del areagreew t hphysi ol ogi cddt aquantitateky
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3.1.4 Discussion

In Figures 6 and 7, the indi vi dualnodel fibersexactl yfit t he physiol ogicdhtasets
di scriebl above. Thi sexactfitting ot hei ndi vi duato del fiberst urnedout t obe caused
by no di fyi ng he mem br ane perneabi l ytof the | HC mo del as shown i nsubsecti o 2.
The rate-itrensiytcurve deried fromMeddi s’d HC no del was not quantitatelbyagree
wi ththe physiol ogi cdhta. (See Mddis, 1988, Fig. 2). The paraneterval ueof the

no delinordertofit t he physiol ogicddtaw thvari ousCF was not known. The no del

paraneterval uesusi ngi nthi ssectioweregi eninTabl e2.

Table 2. List of parameterval uesinthe [HC and AN mo del secti on.

| nane | (F 900 B [C(F 1170 He |(F 4940 H: [(F 6100 He
Lo 220.0 135.0 370.0 220. 0
s 30.0 17.5 22.5 16.5
RPrax 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
Yy 5.05 5.05 5.05 5.05
l 2800 2800 2800 2800
7 6580 6580 6580 6580
z 59. 3 52.0 69.0 78.5
m 1.0 1.0 1.0 1.0
Cy 500000 500000 500000 500000
Cr 0.047 0.047 0.047 0.047
Ch 7.4x107% | 5.7x107°% | 1.34x107% | 1.09 x10~°
n 2.0 2.0 2.0 2.0
Cm 0. 001 0.001 0.001 0. 001
Vi, 0.0 0.0 0.0 0.0
gL 0.1 0.1 0.1 0.1
Eayn 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
ty 0. 8ns 0. 8nz 0. 8ns 0. 8ns

InTable. 26hel HC mo del parameters, vy, g, [, r, m and t he AN no del papraneters
Cr, Ca, 1y Cm, Vi, g1, Esyp, and t, wereconstah withirresgmtierof CF. Onl ynine
paraneterswerechanged CF to CF. The THG AN no del propsedby Rose, 1996 al so
exactfit todatasetforindivi duaibers,but 23 paraneterhave to be changed CF to
CF. ThereforeRose’ sno del was di flicul t6o fit wi t hphysiol ogi cddta. Contrarythe
peripherato delinthi sstudycan be fittedt o physi ol ogi cddtaeasily

The slop of “Onset”, “Rapid”, “Short”,and “Drien Steady”inFig. Twerenore
sensitetotheparaneterly, s, RPpx thanotherparameters These paraneterswere
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appended to t he IHC model proposed by Meddis (1986, 1988)t o no di fyt he nem br ane
permi abi Iy bf t he no del as shown i nsectio2.2. 2. Onsetfiri ngrat enni nl ydepended
on the paraneterval uea and steady-statferi ngratedepended on b. Throughfitting
the parameterswi t hphysiol ogi cddta,i twas foundthattherapidtimeconstahsare
sensitetothel HC no delparaneterr which isthewei ghi ngfactorel atetlorecwering
transm ttelreel . Thereforetherapi dtineconstahcanbe fittedtophysiol ogi cddta
by mo di f yi ngnl yone paraneterz.
Inthissimlatiompontaneousrate( SR)wassetconstah,but SR canbe controlled

by changi ngt he | HC no del paraneterA or C'4 i ndepndent]yinsilencetterul.
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3.2 Properties of synchronized activity

In responseto low-frequencysimisoi daktimli di shargesi nfibersof t heaudi toryere
do not occurrandond yintine. Becauseactiompotenialareelicitdg unidirectional
no venents of the basil amem br ane (Davi set al . 1950; Gol dstei ,968; Brugge et al .,
1969), di shar gesoccur wi t hi na well- definetdi me wi ndow rel atévoa sirngleycl eof
the simsoid. Thisoccurrencef acti onpotertial at preferretli neshas beenterned
syndroni zatioar phasel aki ngof the di sharge (Roseet al. 1967). Synchroni zation
or phase-laki ngoccursi nauditoryeuronsof allvertebratel assessquirrefonkey,
cat,chinhill aguinea-pighirdscraodileturtl efrogand fish. Synchronizati oar
phase-laki nginrespnsetol o+ frequenci esn be obserwd inal laudi t or mer e fibers
irresgtieof t hei bestfrequency

There areman y ways of docunenti ngneur aldi shar gesyndroni zati oflwo of nost
commonl y enpl oyed anal ysearebasedon perid anditterspiek mersl (ISThistograns.
The princi padi fferencdetweenperid and ISThistogrand sthatISIhistogrampro-
vi deaddi ti onalnf or nati ombout t hetendencyof successewi shargestoski psti ml us
perids. That isjfa spik occursat one poitt inthesti mlusperid and t henextspik
occursat thesame poin inthenextstiml usperid, thenthetineitersl betweent he
spi kswillbe equaltoone perid of thestiml us.On t heot herhand, i ft heneuronfails
todi shargeon thenextstiml usperid and di shargeson t heoneimmedi atel fol Iva ng,
thenthetineitersl willbe equaltotwo stimlusperids. Ineitherase,theneuron
issendi ngpreciselencaled i nf ornati ombout thestiml usperid and, by inplication,
about thestiml usfrequencys well (Javelet al. 1988)

Thereforeperid and I SThistogranweregeneratedromt heno del out putand t hen
thehi stogranfromt heno delareconparedwi t ht hatof physi ol ogi addt a. Synchroni za-
tiomn ndexversud tensiytand syndironi zati emeffici ehversudrequencpfstiml ation
wereal scconparedw t hphysi ol ogi cddt ai na sim 1 away.

3.2.1 Period hist@grams witlmt clippng & hgh levds

A perid histogramsa pl otoft heaccuml at echumbersof occurrencesfdi shargesasa
functiooftinew thimthesti ml usperid. To conpil ea perid histogranthestiml us
perid isdividedtodiscrethbi ns,a poittercyclet hrought he hi stogramhi nsas the
stiml uswavef orm spresehedacoustical hyd theoccurrencef each spi k causest he
appropri atki ntobe i ncremetedby one. The hi stogramoiterresetsot hebeginning
withead reptitionr perid of thestimlus. Any tendencyof t he di shargesto be
syndroni zeds | lul ti mat elsshow up as peaksintheperid histograns.

Exanpl esof perid histograormt heno delareshown i nFig. 8The lefsideshows
datafromt heno deland theri ghsideshows physiol ogicddtaremwrtedby Javelet al.
(1988) pbt ai nedhs theitensiytof a toneburststi ml usi ncreasing.

The stimlususingsi mlationand experined was a 120 ns, 833. 3Hz si msoi dand
thebinsizeofeach histogransvere(. 0384ns.

InFig.8, theshapesoftheperidhistogranbasedontheoutputoftheno delarevery
simlatothoseof the physiol ogicddta. The syndronizatidms a certai hhreshol d,

21



1 1! 150 150- 150
" 40dB 30dB 20dB @ 70dB 60dB 50dB
g g
g = Iﬂﬂm}ﬂm “'rlﬂw”h"‘
S § 0 0 o
8 0 123 0 123 0 123 O 123 123 123
5 1 ‘S 150 150
5 10dB 5dB 9] 40dB 30dB
o Qo
S €
S =1
= = Jﬂﬂmﬂ}m

JWHWH_ R s 0 o
0 123 0 123 123 0 . 123
Time (msec) Time  (msec)

Figure 8. Period histograms of the stimilus at different intensities.Leftcolum: data from the
no del. Right columm: physiol ogi caldata from Javel (1988)

below which di shargesar euns ynhroni ze @hedegrecefdi dar gsynkroni zati on
increawietshncreasitngh ushensyi Theresani hensyiattwhilks ynleroni zation
satur ataemsl ur t hiemrc r e thesnn h e nsyidtonotr e s uil f ur t hseyrnler oni zatTha.
functifdd;, ;) ofEq. (2. 4lpmodel etdos at i sthypr oprtides c ridhlove .

3.2.2 Interval histograns fa dnven activit y

An IST hi stogriasma pl obft heaccuml at endmber sofoccurrenofgionti me
iheral betwees uccessiprels Aswast heasktoperidhi stogr amaleroni zation
ofdi har gewi | pbrducepeakd nt hel SThi stograimt t hesetofpeakgpossibly
repatingi hegemul ti pbftshest imh uper ido

Fi gur®shws asetof ISThistogr @it hestimhusatdi flertemhensi tficers
fiberatCF 111 Hz.Thel efsti dehwsdatdromhenodelandt hei glsi dehws
plysiologdatad eprtehly Rosetal (1967)Theduratioft hestiwhusonés
200-msandi t§requenslyl1 Hz. Eah hi st ogrsahmws r e soms esbt ai nevd r50
trialisinglmsbimwidth.
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InFi gudet hes hagpsoft hd Shi stogrhasednt hout pwtft hanode hreery
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the IST histograms. As C) of the AN m del paramter was decrease, the period of loca
distributions was decreased

The length of the m dl IS, o “center of gravity” of the IS histogram tenk to d
crease as nare interse stimuli indce increases in discharge rate, that is, as mre intervals
of shorter length arise.

Te m dlity of the IS histogram  can be con trdled by the AN m del paramters
Caad T(t).

3.2.3 Synchronzatiaan Index veasus intasit y

Te relatioship between average rates and sync lron y las been studied extemsiv ely (Johm
son, 1980). To dtain a maswe o the agituk  of the syc hroized respase, we
abpted  syc lrorization  inkx repoated by Jomson  (19R0) (for calcdation mtho d of
syic Iroization  indx, see Jowson, 1980). Te sy hroization indx dtaired from pe
riod histogramm  for the m d fiber at CF 1000Hz are dotted inHgl0 (a) and the avarage
rate are fdotted in Hg 10 (b) dtaired the sam dta Te stimdw frequercy is IkH.

1 ‘ ‘ ‘ o 200
c 08 § 150
c S
S 06 )
N o 100
S 04 CF=1k Hz g
£ Freq=1k Hz o CF=1k Hz
g 02 o 90 Freq=1k Hz
A g
(8]
Q : : s g 0 ‘ ‘ ‘
-20 0 20 40 -20 0 20 40
Intensity (dB) Intensity (dB)

(a) (b)

Figure.10. (a) Synchronization index for the model fiber at CF 1kHz as a function of stinmmlus
level (b) Average rate obtained the same data for (a).

Te momlization show in Hgll was podwed by taking the resuts o the fitting
o cedre  and mnipdating  them so that each cave in Hgl0 spamed the range 01
From Hgre 11, it can be seen that the shap es of mormlized curv e for sync hronization
ad for average rates have threshdd — Athoygh  the shap e of the cuv es are the sam,
syc hrozation  has a lower threshdd than average rate in Hg1l. In term of this, data
from the mo &l iscoresp od to phsidogead data from Javel (199).
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Figure.11. Normali zedsynchroni zati oni ndex (crossor square) and average rate (open circle).
Left col um: data fromthe mo del. Right col umn: physi ol ogi cadata fromjavel (1988).

3.2.4 Synchronzatiamm o effiden t vasus frequacy d stim da
tian

Period histgrams (BIs) so w tlt  AN-fibe resp ass pmelo ck to the poitiv e Hf-
gde d lowfrequeny taes. At hgh sigd fregedes, o wever, the peio d listqran

dow m rddiasip to the sgd’s pee claadaistic Roe & d. (1967) qm tifid
te los d spe hn y with tle spe haizdia o dfiden t (te dwit y € te mt  pop
das Hf d tle peaiod listagan  dvidd by tad dut y. To rasue m d fbass
sy haizia odien ts, stimdi & 1000 200 308 400 ad 500 H snwid wee
wd T meits fa th m d fbae & CF4IH ae pesn ted in Kg2 +ic his dswo
illstrdes  jh widgd  dfa wp ated by Ree o d, (199

(%)

100

Synchronization Coefficient

50 : : :
1000 2000 3000 4000 5000
Frequency (Hz)

H gure. 12. Synchroni zati oncoeffici eis for the no del (solidine)conpared to Rose’s (1967)
physiol ogi cadlata (open circleJorthe fiber at CF 4000Hz.

In Fgre 12 th m d smddes thke fdl df d sy haidia wth inreming  fre
qary  aarddy  caped to tle th widgad  dta rep ded by Ree (1990
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The synchronizati oncoeffici e can be controll ed he AN model paraneterCr, c,,
and C). The syndironizatiomoefftien isincreasedithi ncreasirghe paraneterCrp
and wi t hdecreasi nghe paraneterc,,, and C. The paraneterC) isdirectland easel y
control ed heval ueof syncroni zati ameffti et conparedtoCr and c,,.

3.2.5 Discussion

In thissectiomropertiesfsyndironi zedcti vitof theno delrespnseweretestedy
usingvariousret hods. As we have seen,t he degreeof phase-1 cki ngor syndironi zation
depends on the AN no del paraneterC), C4 etc. The Eq. (2. 3)was no del edtosatisfy
the propertiesf syndroni zedcti vyt Al t houghthe proppsedno del was a functional
mo del the propertiesf dishargepatternwereknown fromtheformof Eq. (2. 3)The
nain reason sthatthepropertiesf syndironi zedcti vytf romt he no del out put were
good agreewi t ht hosef romphysi ol ogi cddt a.

The propertiesf syndironi zedicti vitnai nl ydepend on t he AN no del paraneter.
Thereforegnl yt he AN mo del paranetersaregi eninTable. 3.

Table 3. List of parameter valuesin the AN no del section.
‘ nane ‘ Periad H ‘ ISTH ‘ Syn. Index ﬁyn Coeffici erl*
Ca 500000 500000 500000 500000
Cr 0. 047 0.047 0.047 0.047
Ch 4.2x107° 6.0x107° 6.7x107° 1.6x107°
n 2.0 2.0 2.0 2.0
Cm 0.001 0.001 0.001 0.001
Vi, 0.0 0.0 0.0 0.0
gL 0.1 0.1 0.1 0.1
Eoyn 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
ty 0. 8ns 0. 8ns 0. 8ns 0. 8nz

InTable. 3t he paranet erval uesweredetermn ned hatthe out put of t he no del was
agreedw t hphysiol ogi cddt aby referri g Table. 2.

As shown inTable. 3theval uesof parameterL'y, Cr, n, ¢y, Vi, g1, Esyn and t, were
constahirresptieoofsi ml atioparadi gns.

3.3 Hazard function fordriwn acti viy

When a neurongenerateanactiompoternialtheneuronentersastateofabsol uteefrac-
torinessforabriefrtersl thecellsincapabl ef generati ngsecondactiompotential.
Then gradual 1l ¥heexcitabilidf thecel returngoitsnormalleel .Duringthisperid
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of relative refractorinessthe probabiliy of firingisrepressed due to the 1ingeringeffect
of the spike on the neuron.

Gaumond (1980) found that the recovery of firing probability follwing a spike in
an auditory nerve fiber was determned by the product of two functions, one depends
only on the tenp oral variationof the stimul us, and another depends only on the interval
since the preceding spike. Gaunond  terned the forner the “excitation” function and the
latterthe “recovery” function (seealsoLutkenhoner et al.,1980). Guwmond et al. (1983)
proposed a Markov chain no del of the recovery process, which can be used to estinate
the underlying excitationfunctions for a given spike train, provided that the recovery
functionisknown (or can be estimated). Westernan (1985) alsoproposed the netho d to
derive the recovered excitationfunction. We adopted the netho d proposed by Westernan
(1985) to derive the function. The metho d utilized nthe present study isdescribed bel ow
The recovery functions are derived from the hazard function by normalizing itto a value
of unity at long intervals. In Westwenan (1985), the steady-state driven response to tone
bursts was used to derive the recovery function. An interval histogram was constructed
fromall the interspile intervals occurring during the 1ast 200 ns of the standard 300 ns
tonal stimmlus.

From Westwenan (1985), the hazard function isderived from the interval histograns
inthe follsing way: The estimated val ue of the hazard functionat each bininthe interval
histogram isthe contents of the bin, divided by the sum of the contents of that bin plus
the bins of alllonger intervals. The hazard function isthe probability that the neuron
will fire at a given tine (number ina particular bin) given that the neuron has not fired
since the discharge at tine zero (sum of contents of allintervalsequal or longer than this
interval ). The quotientisan estinate of the hazard function. The hazard functionisthen
nornalized to yieldthe recovery function.

3.3.1 Results

M exanple of the hazard function for the no del fiber shown inthe leftside of Fg. 13
and for a singlegerbil auditory nerve fibers reported by Westernan (1985) shown inthe
right side of Hg. 13.

The hazard function shown inHg 13 was derived from the responses of a no del and
actual fiber with a CF of 4300 Hz. The instantaneous firing probability was zero inme-
diatelyfolleing a spike (absolute refractoryperial). This perial lasted 0.8 ms in the
no del fiber and 1.2 ns inthe actual fiber from Fg 13. This refractory periad can be
controledby the AN no del paraneter ¢,. The paraneter ¢, set 0.8ns inthe leftside of
Hg 13.

K gure 13 shows that the firing probability then increased rapidly over the next ml-
lisecond, and nore slosty over the next tens of mlliseconds, to an asynptotic value.
Westerman (1985) described that this function can be converted to a recovery function
by nornalizing all data points to the asynptonic value, right side of K g. 13 about 0.06.
The hazard function from the no del also converted to a recovery function divided by
0.05. This hazard functionisvery simlarinshape and tine course to the archetypal re-
covery function shown by Westernan (1985, riglt side of Fig. 13). Westernan (1985) was
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Figure 13. Hazard functi on of the model and actual fiber at CF 4300 Hz. Leftcolum: data
fromthe mo del. Right col unm: physi ol ogi catlata from Westernman (1985). The total number
of spiles fromthe no del fiber was 13778, and that formthe actual fiber was 52065. Binwidth
of each hazard functionwas 200 p sec. Stimulus itensiy was 43 dB above AV threshol df or
both simul ationand experinent. The curve (broken lineinleftsideand straighlineinrigh
side)isthe least-squaredit of a two- conp onent exponentialf unctionto the data (seetext).

approximated t herecoeryfuncti omsi ngan analyti cadxpressi omhi & consi st edf two
exponetntiakonponentswhich startaftemn brieflel 3. Westermandenotedt hatthefast
conponent had a ti meconstahof0. 5ns and contri buted0-75% of t het ot alprobabilyt
recoeryand thesl w conponent had a timeconstahof20 ms. FromWesterman(1985),
theanal yticdlormoftherecweryfunctiowas

£ = 0 T <7y
p( ) - 1 — PFef(TfTo)/TF _ Psef(TfTo)/’rs T > 7.

The fittedresul bf theno delshows inthel efsideof Fig. 13 broknline)The fast
time constah of the mo del was 0. 2ms and comtri buted5. 5% of t he t ot alprobabilyt
recoeryand theslw timeconstah was 14 ns. The fittedcurwe of theleftand righ
sideofFig. 13denonstratd hedegreet owhi ch theanal yticdlbrmdescridid t heactual
recoery Westermanal sd ndi catetlhattheparametersPr, 7p, Ps, 75 vari edonewhat
fromfibertofiber. Thereforetheparaneterval uesd romt henmo delwereveryappropri ate
forphysi ol ogi cddt a.

Westwveman (1985)denotedthat the tini ngof nerwe dishargeiscomtrollely the
recoeryfromrefractori namsl by sti ml usphase ,however ,phasel aki ngi sstrongnly
withl v frequencytiml atiomot hatt hedataofFi g. 18lo not di s plyat hi phenonenon.
ThereforeWestweman generateshe hazardfunctiofiorl w frequencyni tsas seenin
therighsideofFig. 14Sim 1 arl we generat¢hehazardf uncti ohorl w CF no delfiber
as shown intheleftideof Fig. 14.

Thesedatawerecollectdd omt heno del and act ualfiberwi tha CF of 842 Hz. The
lefsideofFig. 14 sverysimnilarncom et tooneshown as Westerman 1985ri ghsi deof
Fig. 14)and demonstrateshattherecweryof firi ngprobabily fol e ngaspi kreflects
thetenporalvari atiomf stimlusforl w frequencgtimlation.

(33)
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Figure 14. Hazard functi onforlow-CF fiber (842 Hz). Leftcol umn: datafromtheno del . Ri ght
columm: physi ol ogi catlata from Westerman (1985). Interspik itterwal soccurringw thinthe
last200 nsec of the responses to 300 nsec constart irtensiy tone burst stimli,wereusedin
the both of cal cul ations The total number of spiles frommo del was 13778, and fromactual
fiber was 147056 Anal ysishinwi dth foreach functi onwas 200 p sec. Stimil usittensiy was 43
dB above AV threshol df or both si mil ati onand experinent.

It follows fran vhat hs been sad thd the lwad furctim fa fiba wth wek phee
lockrg ad fa low CF fba fran the m d is qute ageamm t wth expeaimn td dta

3.3.2 Discussion

Tk aly dffaere bdwen dta fran th m H ad 1h wdgd da in Hg 13 ad
U was the vde d mdratay paiod Bu the ratay paiod eam be an trded by the
AN m dH prade t, as describd above. Therefore,the proposed no del passedthe
testforthe hazard functionforfiber wi th weak phase 1 acki ngand forl ow (F fiber.

The paraneter val uesusedinthissectiorFigs. 13 and 14) wereused t he val uesnear
the (Fs as shown inTable3. Bat onlythe parameter C'y wasmodi fiedo6.4 x 10°%i n
Figl4.
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3.4 Recovery from adaptation

To examine the recovery process, data were coll ected from single AN fibers of the no del
using a forward nasking paradigm Masking, as originallyapplied to auditory sensation,
was the effect of one sound being snothered or concealed by another sound, thereby
being “rendered powerlessto affect the ear”. Diflerent termnol ogies have been used to
di flerentiatethe “one sound” from “another sound”. We will use the term “probe” to
apply tothe signal to be detected, and will use “nask er” torefertothe sound introduced
to interferewvith the detection of the probe. Msking has also been used to describe
the process by which the loudness of the probe isreduced in the presence of nask er.
Physiol ogi cal msking has acquired a simlar definition as a shiftin the threshold or a
reduction in the nagnitude of the response evoked by the probe stimil us caused by the
introduction of the nasking stinmulus. A appliedspecificallyto the responses of indi vi dual
audi tory neurons, masking ismnanifest as a reduction in probe-evoked firing rate or as a
shiftinthe fine structure of the tenp oral response pattern from one phase-1ocked to the
probe to one phase-locked to the mask er. (Harrisand Ihllos, 1979)

The work of Smth (1977) and Harris and Dillos (1979) imvestigatedthe recovery from
adaptation of single AN fibersingerbiland chinchilla.The fasterconp onent of recovery
was studied indetail by Westerman (1985). In thisstudy, we referthe work of Westernan
(1985).

3.4.1 Methods
The work of Westernan (1985) used the paradigm shown inFigl5.
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[0}

-

g ) M

:

©

c

>

o

%]
Masker Time Probe
duration interval duration

Time

Figure.15. Forward making paalgn wd by Weterm (1985 to sty reco vay o resp ase
dter  agdian Mak e dratiar 30Gs pdb e didian g mk e ad pb ead 43B
& ove AV threldd At vaied beéwen 0 ad 20=m

Themaskrstiwhwer 00mscons ttant rnsyittonburstwi,t irequesemt
fiberCF andi hensyidt43dBalove AVt hresh¢fdAV t hreshodedWester man,
1985 Theprobstimbiver 0mst ongi p2. 5msi se /ftalneprestachtvari ous
iherad § olWwiong hemas ki g iwh us384stimh useptiti wasa ecor detdah
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conditim Bin widh d PST histgrams isset @ 1m Inths study , tle stim dws intasit y
ad fraqeny wad fa the smddim ae tke sam dsaib e @& ove

3.4.2 Results

An exaple d tle resp are fran th m dH dtamd fran tle 1o vay mmalgs is
so m in ldt sik d te Figl ad fran Westarmm  isslo m in the ngh t sid & Hglo

1000

CF 14500Hz

0 P

0 200 400 600
Time (msec)

0 200 400 600
Time (msec)

Firing Rate (spikes/sec)
Firing Rate (spikes/sec)

Figure.16. Recoveay o resp mse fdlo wirg adggdin Ldt ddunn dta fran the m d fa
fiber & CF X500 Hz. R t cdun hydgd  dta fran Wetarm & d. (1984). Fb e
E2¥, @& 41 Ec hfpre dow the mdizd PST Hhstogas recxdd  in resp ase to
ad3lm amstan tintast ypd etag ad a dm mking tae pem ted & valas intav ds
dtr the dfst o the pb etae T dlent intavd was 5 m Intesit y £ ading ad
test taes wa 48 B dove AV theddd fa bdh dmddimm ad expeairm t B simdws
rep eitias  wee randd A& ldt ad rnghtsd 4 the Egle Bn wdh in Hglb was 1m

Right sik o the Hgre 16 dow tht tle ast 1esp ase graded by te pd e tae
wa dfeted by tle mkirg tae Hs paoem wa do dsav el in the dHa fran
m d s sowm inldt sk 4 the Hgle

Westarm  (1985) claataized tle reo vay po es fdlovirg way the arsp ad
il resues wae daaed fa te (flly o vaed 1ep ase to the abypa, ail tle
daamn  t d tle tet tae resp ase div e to the reo vaed rep ase  dtanmd It
wa asual tht the reo vay d ex h msue ald be dsaib e & adige ep am tid
o s wig a eqaiam  d te fam

An(T) = AL —€ ™), 7>0, (3.4)

e A, isth mk e 1ep awe 4 tim 7 dta alia  dk, A, is tke e vaad
ep age, ad 7, is the tim asta t d o vay d te meswe Eq(4) was apied
to te 10 vay d bah the ast ad shat-tam TEBBLIES. A, ad A,, wee estirded
fran the spk ean ts ad apgd o te doam t (A4, — A,(7)) @ saitlg  © adses
yddd  estitdes d 7, fa thh pd ad slottam a«p aom s B md aset
m an td the fist 0 m ad the con td the lst 20s o the tae pp wee tk e
® inddas d the rgd ad duattem cap am ts & tle mkig rsp ae  fa bah
smddim ad ep am t.

A eape d the thwdgd da div e fran te faow ad mhig  @adgn s
sowm in the gt dd o Hgll (Westamm 19%).
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Figure.17. Recovay d resp mise amp am ts. Ledt dun data fran the m dH fa fibe &
CF 90Hz. R t addunm b wdgd  dta  fran Westara(188), bea E2MW3, @& 88X

Tle fgrss do wtle dffeere beawen the rep ase to the irtid patim o the IWa  mkig

tae ad the rep ae to adim tet tae o equd intasit y, pesen ted & vaias intev ds dter
the di¢ o the mlirg tae T asd «n t was the mid m @n twthn te fist 1
m d the simds : tke duttem @n ts wee tle nun be d sik & oaqurirg beéwen 10 ad
Jm dte simds ast.  Stimds intesit y was 8 B b ove AV theldd  fa bah smddia

ad ep am t.

In the right si deof Fi g.17,t hevaluesf ort hedecremehi nt heonsetrespnseappearto
be well-fittelly a singl straighlineinpl yi ng hattherecoeryreflected exponenti al
process. The estimatedi meconstahof theprocessi s49ms. The recoeryoftheshort-
termneasurewas al sdittedby a singl processwi thatimeconstahof 68ns. The time
constahsofrecweryofrapi donponentsaresmall et hant hatofshort-teraonponents.
Westermnn(1985)remwt edt hatt heaver agef ort heti meconstahsofrecwoeryofrapi cand
short-teroonponentsis48ns (s.d. =25nmsdnd 16908 (s.d. =/9ns)respctiol yfrom
estinmatioon 12 fibers.

The datafromt heno delfiberat CF 900Hz (i st henearCF atrighsideoftheFig. 17)
areshown inlefsideof theFig. 17. The recweryof theonsetand short-termeasure
was fittedby a singl @rocessand the tine constahsof recoeryof rapi dconponent s
aresmnll et hanthatof short-termonponentssimnilatothephysiol ogicddta. The
estimtednsetti neconstahfromtheno delis74ms and theshort-tertn neconstat
1s180ns.

Itseemsreasonabl tosupposet hattheval ueoft heti neconstahsfromtheno delis
realistienparedtothatfromexperi nemalresul ts.

Intheno del and t heact ualfibersdi s ply ngno der at eor hi ghs pont aneousl eel sof
di sharge,thespont aneousacti vytratesweretransi dhysuppresseflol v ngtheoffset
of theadaptingone(seee. g.Fig. 5) Westernan(1985)descridi thattherecoeryof
spont aneousfiri ngal scappearedtofol Iwo a singl exponenti alf unctiornt,he measurabl e
recoery however ,commenci ng at sone del y aftestiml usoffset.A curwe of t hi stype
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_ 0 t < T0
A.sp(t) - { A(l . e—(T—To)/Tsp) # 2 To

was fitted to the PST records of spontaneous activities followng the masker offset. Here,
To represen ts the delay, and 7gp i1s the tima comstan t of the recovery of spontaneous
activity.

The spontaneows activity of the actual fber (right side of Fig 17) were recorded wth
a tima comstan t of 38 m. The spontaneows activities of the mo del fiber also follow a
singe exponen tial function Tre constan t of the recovery of spontancows activity from
the mo del (left side of Hg17) was 35 m. The tim comsstan t from m del, 35 m, was
realistic value compared  to that from the actual fiber.

(3.5)

3.4.3 Discussion

In Kg 17, the recovery of the omset and short-term masures from the no del yielded
nore  straight than that from actual fber. Trough simuation itisclear that the THC
parameter A affcted wth recovery process. When the value of the paramter A was
decrease, decremn tal respomses inlogarithmc scale yielded more straight. The paramater
valte of A wed inthis section was 0.3. Other paramters were almst identical as shown
in TaHe. 2.

Meddis, (1988) reported that the ITHC m del shows equivalent tire comstan ts for
both recovery processes. The tim comstan ts of recovery of rapid comp onen ts from the
pop osed m del, in contrast, are smller than that of short-term conp onen ts simlar to
the physidogical data. This isbecase that the AN m del has threshdd 7T(¢) as shown
in Eq (2 44)

3.5 Response changes to intemsity

Aditory-nerv  efbers exhibit a characteristic decay or adaptation infiring rate inrespomse
to a tore of corstan t somd intersity (see chapter 3.1). The decay app ears to be conprised
of several exp onen tial comp oren ts, including rapd adaptation wth a time corstan t of
several mlliseconds, and short-term adaptation wth a tine comstan t of several tems of
mlliseconds. Abptation produces an emphasis  on the respomse to change in intersity
and ma y pay an inp ortan t role inthe enco ding of dynamc  stimuli such as speech (Smth
et al., 1985).

Revioss experimn tal studies have led to the conclwsion that short-term adaptation
is hasically additive in mature and mnot the result of a semsitivity or gain change.  For
example, vhen an increman tinsound intemsity isadded to an ongoing hac kground sound,
the change in fring rate produced by the increman t is constan t and indep enden t of the
ammm  t of prior adaptation (Smth and Zwislocki, 197; Smth, 1979). Smlar additivity
was found for responses to decreman tinintemsity and for test tones apdied after adapting
tones (Smth, 1977 Ades, 1979).
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3.5.1 Methods

Tk stimds algs wad by Sith ad hs ddlegss ae dowm in Figre B 'k
simdws wa ab6ls tae hist wth a intast y B B & ove the AV theshdd A6B
dram  ta imem  tocured 4 tim At. R tim dHa yin At is clagpd < bd wen
s to 4w B stimdw wd inths sty issam & slowm Hgre 18 R simdws
freaqacy wth a dageen  tin intasit y is IHz ad wth & imeen tis 40
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Figure 18. Schematicrepresentationof the paradigns (a) Decrenen ts of 6dB applied at tine
del ays(At) after the onset of a pedestal. (b) Increnen ts of 6dB applied to a pedestal.

3.5.2 Results
Responses to decrements in intemsity

An examplodPSThistogrpmducely decrertheshni hengiatr s hwnint he
left-haadumnfFig. %) ThePSThistogrameobt ai nwidt B00s t iwh us
reptitiomdar enadeusi nigmsbi mwi dt hTheCF oft hemode lfiberi 350 Hz .
Theti meelyat ot hedecremegretbkagdmgoi nfgr omhe o ot hebot t omft he
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Fig.19 (a). The listogans  tle nigh t ae the carsp adirg dffaae lisgan Te
dffrace hstggan  is dbtared by subirating  the wesp aee to a tae with a dmeaen ¢
fran the 1esp ae to a amstan  tintamt y tae  Cassqun  tly, diress in finrg rae
were apted & paitiv e Hgre 19bH illstrdes expeimn td dta rp ded by Srith
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Figure.19. PST histograms of the response to a decreman t inintemsity. The left-hand colum
shows total respomses and right-hand colum the corresp onding decrenan tal resporses obtained
by subtraction as explaired inthe text. (a) Data from mo del fiber at CF 3.5kHz. Binwdth of
histogram islm. (b) Fh ysiological data from fiber at (F 3.58kH Bnwdh of histogram is640

b sec..

T dbts o tim dHa yae slow by adle  way in HglA

T ast e td resp ae vess tim dHa y, resusad wth asdl Wwnb wd
Im is pdted in Hg20 (sdid lire), is doese  with tim  In cn trst, tle doen  td
resp ase  resued wth alag vwmb wd Il sow in HgD (sdid lie), is qpo x
imdy st t s afutim o tim dHay & was fad dta fran Sith o« d (19
insow in Hg D(p en drde)

(dsqen tly, the ast daeen td rep ase  mmsuad wrg bah sdl ad lag
b w fran the m d is cssten  t wth th widgad — dta 1 ded by Sith (19

Response to incremen ts inintemsity

Inreen  td 1esp ams  wae diamd  wig pradgs idn tid to thee wad fa dae
m ts, ht wth a 6B imrese in intasit y gpied imted o a duveme Tyd inre
m td resp ass, meEsuad W bdh sdl ad lag wnb w ae do wm in Hg2l
In an trst to the ast coeen  td 1esp ase mtlr  resue d the inreen td
resp aee drewss & afution o the tim dHa y fran ke kgand  ast.  Bth  the ast
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Figuer.20. Decremen t in rsp orse caswed by 6 B daeen  tin levd d stimddian  gpied &
vaios da p dte asdt.  Sdid lire dta fran the m & & mesuwed lm ad 10w bn widh
Cros:  eaprid dta, fran Sith o d., 1985. Bn vidh is Q6lm  Open drdes apricd dta
fran Sith & d., 1% Bn wth is 02w

increment, neasured witha small window and the increnen ts neasured with a large
wndo w eitherrenain constant or increasesliglilyas a resultof tine delay. Physiol ogical
data derived from Smith et al. (1985) and Winter et al. (1993) are shown Fig.21(open
circleand cross, respectiely)

In KHguer2l, both the onset increments, neasured wth a snall wndow and the
increnen ts neasured wth a large wndo w is constant for both data from the no del
and physiological data repoted by Smth(1985). Consequen tly the onset incremen tal
response neasured using both snmall and largewindo w8 fromthe no del isconsistent with
physiol ogi caldat a.
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Figure.21. Incremen t in resp orse po dued by a 6 B imreen  tin levd d simddin  gpied
& vaias da p dtae ast o simdaion  Sdid lire dta fran the m d & mesuwed Im
ad 0m bnwidh Cres eaprid dta fran Sith e d., 1985. Bn wdh is Q6liy  Open
drde : aprid dta fran Sith & d., 1%  Bn wdh is 02w Adaisk:  aprid dta
fran Winter ¢ d. 198. Bn Wwdh is 06m ; Plwe aprid dta fran W te & d. 9B
Bn wdh is 102=n

3.6 Response to steady-state vowels

To investigate the spex h po exitg o the aiditay paipgay , we ample tle resp ase
d tle vowd wig tk adtay peaipgad m &

Udg tle vowd /i/ & ipt dta fa te m H, te ds g pitas o dl CFs
an be diard  fran the m H’s atpt. An exage d dsclag pitas  is slow
in Hg 22 PST I§ ad paiod listggam ae beed @ 1esp aps damd  ove 100
tids. T hn size d tle BI' ad I9 hstogas islm ad O0lm 71esp ediv dy ad th
d tle peaio d listggan is 02 m 'k paiod listggan wee mk by aam ddirg
tle nun bea d ocdurrams d dsc lags  in ptc h paio d intav ds (fa A/ in ths wak,
82m. I9 ad peiod listgas weae calded Wy steadrstae resp ass  d tle
paipgd m d. k dmcx re d te N m dH isst ufady da 45dB ad R
is st uifaty & O spk e Sud  pesue  levd o the stimdws is 60B

T pitas  do wlhwtle vowd feduess ae rgresen  ted in tle adtay — peaiped
System
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Figure 22. PST hi stograms,ISI hi stograns and ”pit&-synchronous” perial histograns of the
respnses of four di fferett CEs fibers. The Top leftand right above PST histograns are tine

waveforns forthe vowel /i /.
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Chapter 4

General discussion

The evaluated results are sumnarized in Table 4. Table 4 shows a conparison of the
previous eight THC no dels and the proposed peripheral no del.

Table 4. The e w1 ua terd sul tasndcompar is omft heei ghpre vi oflllC model andprestn
peri phemadel Eadh col umaftabliesbasednRos s(1996)andHewi t€fal .(1991).
Thecalesusedrd hes ameast hoswesedby RossThecalesf oerdri as esf olvwso “+, ”
tespasseld{+) ,tespartlppssetiNo, testtail &d;No) t2spartialldiyl &dinr, ”
tespassddprinci phéewi thhnreal ipardametvat ue ($NA, hotapplicalwliag o
nat urodmodel¥? hottested.

Scroder Allen Oomo  Cooke Schwid Meddis Smith Reoss Mk
and and and and  (199)
Hall Sujuk a Geisler Brac hman
(1980)

Rapid and short-term adaptation
()Larger dynamic range for omet than for steady Unr. ? ? + + + + +
state
(2)Abptation as a sum of (at least) two exporen tials  No N + + + + + + +
(3)Exact fit to data sets for individual fib ers ? ? ? ? ? ? + +
Propertiesof synchronized activiy
Interval histograma for driven activity ? N N N N + N + +
Period histograma wthot clipping at high levels + ? ? ? + Too flat + (- +
Sync hromization Index versus intemsity ? ? ? ? ? + ? + +
Sync.  coefficient versus frequency of stimul ation N + N N N + + + +
Reco very fromadaptation
(1)as singe exp onen tial N N N N N + N + +
(2)wth smller exp oren t for omset than steady state N N N NA N N N + +
Reco very of spontaneous activiy
(1) as single exp oren tial wth realistic time constan t Ur . Tr. Tr. Ur. + . + +
(2) with “dead” period N N N N N N %) + +
Resp onse changes tointensiy
Aditivit y for increren ts of stimulation N N N + + N + + +
Rsp omse to decreran t versws delay
(1)decreasing function for I'm windo w ? ? ? + (- (H +
(2)flat function for 10m wndo w ? ? ) + ) +
Hazard functionfor drivwn activiy
()For Iow@ fiber ? ? ? ? ? ? ? +
(2)fb er ith weak phase locking ? M M NA N N + +
Ot her evaluation
Qtpt of the real action potentials N N N N N N N + +
M del comsist of concatenation of sub mv dels N N N N N N N N +
Mking of the FSTH from real action potentials N N N N N N N o +

The proposed no del passed alltestsas shown inTable 4.
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The THC-AN model proposed by Ross successes to a certain extent. But the no del
was not comnected wth external ear and middle ear. On the contrary, the proposed
mo del consistsof concatenation of sub no dels, i.e. external ear, mddle ear, inner ear.
the proposed no del was a peripheral no del. Therefore, the proposed mo del can produce
the response of vowelsor the response of nore conplex sounds that can not ignore the
roleof external ear and mddle ear.

A nen tioned inIntroduction, other peripheral nmo dels consist of concatenation of sub
no dels have been proposed (Carney , 1993; Jenison, 1991; Kates, 1991; Payton, 1988, and
Scho onho ven, 1994), but output of the mo dels was not evaluated in detail as shown in
Table.4. Therefore, the proposed peripheral no del was the nost effective in providing
primary input to the central auditory no del.

The number of paraneters of proposed no del was lessthan that of other no delse.g.
Ross, (1996). From Tables 2. and 3, a half of paraneters of THC and AN mo dels were
constant through various eval uations. Accordingly, the paraneter values can fit to agree
wth physiologicaldata easily Additionally, the paraneter dependence on eval uation was
clear to a certainextent as shown inabove section.
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Chapter 5

Conclusio n

We present a functional model of the audi tory peripheral system that can generate a train
of spikes of all CFs. The output of the no del were conpared wth various physiol ogical
data.

For the test of rapid and short-term adaptation, the short and rapid conp onents for
individual no del fibers are in quantitatiely agreenen t with those of the physiological
data to mo dify the nem brane perneability of the IHC mo del. (Qearly, through fitting
the paraneters wth physiological data, the rapid tine constants are sensitie to the
IH® no del parangter x which isthe weighting factor rel ated to recovering transmtter
lewel. Therefore, the rapid tine constant can be fitted to physiol ogicaldata by no difying
only the paraneter x. For the test of perial histograns wthout clippingat high lewls,
the aspects of the periad histograns based on the output of the no del are very simlar
to those of the physiologicaldata. The function f(A;,7;) isnost effectiwe inno deling
these properties. For the test of interval histograns for driven activity, the shapes of
the TSI histograns based on the output of the no del are very simlar to those of the
physiologicaldata. The perial of splittinglaocal distributionsin ISI histograns can be
controlledby the AN no del parameters C', Cr, and c¢,. C) isthe nost eflective in
the periad of local distributionsinISI histograns. The no dality of ISI histogram can be
controlledby the AN no del paraneters C4 and T'(t). For the testof synchroni zati on Index
versus intensity, data from the no del is matc hed to the physiologicaldata with regard
to threshold. For the test of synchronization coefficient versus frequency of stinul ation,
the no del simul ates the falloff of synchronization with increasing frequency accurately
conpared to the physiological data. For the test of recovery of onset and short-term
process, the hazard function for fiber wvith weak phase locking and forlow (F fiber from
the no del isquite agreenen t with enprical data. For the testof recovery fromadaptation,
the val ue of the estinated tine constantsfromthe no del isrealisticonpared tothat from
experinental results. For the test of recovery of spontaneous activity, the spontaneous
activitiesof the no del fiber follw a singleexponentialfunctionand val ue of tine constant
was matc he to the physiol ogicaldata. For the test of reponse changes to intensity, both
the onset increnen ts, neasured with a small windo w and the increnen ts neasured with
alarge windo w isconstant for both data fromthe no del and physiol ogicaldata.

A& described above, the mo del was in excellert agreenen t with physiological data
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compared to previousno dels over t hel asttwo decades as shown inTabl e4. Additionally
t he number of paraneters of the proposed no del was 1 essthan ot her no del sthat isin
agreenent with physiol ogicalatatoa certaiextert. Accordingl ythe paraneter val ues
can be settoagreewi th physiol ogi calata easily

To beginan imwestigationf neural processingbeyond the audi toryperiphery the
mo del iseffectiinprovidi ngprinaryinputstocentralauditoryprocessingmw dels.
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