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gar 1,  INTRODUCTLON

Nound, as wa percieve it, is physically nothing but vibration of
the aly, of a certain kind, strong enough to be detected by the ear.
Iile detection starts with relatively simple mechanical movements of the
pympanly membrane, Following the path of the hearing centralward, via
the middle ear, the inner ear, the several auditory nuclei to ultimately
the audlvgry cortex, the complexity of neural processing increases ex—
plontvely. In the central nervous system the underlying processes are
wlaptroohemical {n nature; in the cochlea {(or inner ear) the acoustical
snorgy of the sound stimulus is transformed into slectrochemical activity

{n neuronen. In Fig., 1=]1 we see the field of our interest: the peripheral

audltory system,
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Fig, 1=1 Cross section of the human ear
(reproduced from Dallos (1973))

Lt performs an encoding of sound Into dmpulse patterns in the audlvery

nerve.

A short description of the peripheral auditory system follows:

Sound waves cause vibrations of the tympanie membrane which arve
trangmitted to the cochlea via the middle ear ossiclen, The middle sar
takes care of the impedance match which is needed because vibratlous In
the air have to be transferred to vibrations in £lufds, the pari= and
endolymph within the cochlea. From our modelling point of view the mld-
dle ear is of minor importance. Its filtering action im readily abaorhaed
in the much more drastic filtering which takes place in the inner sar,
The transformation of mechanical movement to electrical activity, the
so-cnlled mechano-electrical transduction, is accomplished In the luner

ear (see Fig, 1-2).
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Fig. 1-2 Cross section of one turn of the cochlea. Prepared from a
midmodiolar section of a cat's cochlea
(reproduced from Dallos (1973)).

Movements of the fluids in the cochles caune vibrations of the basllar
membrane. The vibrations discloss o (requency welective actlon of the
mambrane such that different frequency components of the acoustle st lmy-
lup are more ov lens weparated on Lo Te 4o on tha busdlar membesns that



the mechano=alectrical transduction is accomplished by the audivory re=
geptor palla, the hair cells. Mechanical excitation of a hair cell leads
[ an unknown way to excitation of the primary auditory neuron which
{nnervaten the hair cell. The primary auditory neuren conducts all or
nothlng events, impulses which can be picked up with the aid of a micro—

wlockrode,

e wltlmete mechanical movements in the inner ear or cochlea are
anbrvemaly small in amplitude; the cochlear processes are soO vulnerable and
Lip ptructures no delicate that direct observation of cochlear function-
g a0 & whole in still beyond all possibilities.

Hotwlthatanding the scarcity of direct evidence, many theories exist
about the action of a hair cell (see e.g. Evans (1975)). Roughly the
followlng s the case: The movement of a hair cell is accompanied by

o menbrans potential change of the cell: the receptor potential.
Pysnumably the wellknown phenomenon of cochlear microphoniecs is

tha proup slectrical activity of many hair cells. These

mubrans potential changes will be coupled to a transmitter release.
Vi gyndpues hotyeen the hair cell and an anditory nerve fibre this Te-
Luuse will exeite the latter, eventually leading to the appearance of
perve apllkes, These will travel to the central nervous system. In cat
the aotivity in some 30.000 merve Eibres constitutes the encoded version
af the acoustical stimulus to one ear.

Mile global description of the various stages of the encoding pro-
genn oan b used as a basis for modelling. Such quite crude models which
exlnt today have intervesting properties and they can certainly serve as
fruleful tools in auditory research.

{n sddition to this epproach several indirect physical and physio-
fogleal methods for measurement of cochlear functioning exist which, in
the last decades, yielded a wealth of experimental data. These are also
gt great upe in studying the cochlear encoding process.

for several reasons it is important to understand the encoding pro—
gennt aparet from pure aoientific curiosity and academic interest, inaight
{4 necssnary whenever we attempt to help people suffering from loss of
funetlon of thely peripheral hearing apparatus. 1f we want these patients
g0 reestabiieh contact with the for them so dead world (Davis (1947)

page 3949) , a profound understanding of the encoding process nlght ase~
Int the conptruction of an encoding apparatus that could dellver meanlng~
ful messages via an electrode arvay on thelr intact VIIIth nerve,

One way of gaining losdght in to structure the many experimental
data by means of models. Modelling can be done In saveral ways. In thias
context, a model 1w a mors or less abatract, mathematical, desoription
of the signal tranaformations which are Iovelved. Buch a model san he
vealised in software, as a computer program, or in hardware, as physleal
components lumped together. In the ideal case, a modal should not only
show the correct input-=output relations but its steps should also, In
detnils, correspond to procesges in the actual coursas of the algnal trans=
formations. In this thesis, our modelling work will be concerned with
both these appects., It is hoped that in this way, via an Interaction bas
tween computation and verification, between hypothesising and velectlion,
between the study and the laboratory, a working method Il chowsn that at
leant haa gnawed at the boundaries of our dgnorvance In this fiald, The
uncartainty is still so great that Evans (1975), after sumning up several
problems in modelling the cochlea, complains: "At least all thesa Elndluul'
underline our almost complete ignorance of the processens lying hatwasn
the displacement of the basilar membrane and the generation of nerve
impulses in the cochear nerve,"

In our model work some restrictions had to be made, Firat, the
modelling only concerns the encoding procens of low fraguancy tuned
fibres (frequencies less then 5 lkHz,). This is due to a restriction of
the "reveor method" (see chapter [1). Becond, mainly responses to statlos
nary, wideband stimuli are treated for reasons of simpllelty (mos chapter
IT for different stimulus situations).

The atrvucture of this thesis is as followe:

Chapters LT and LIT both contain the above outlined dnteraction hetween
theory snd experimental outcome,

Chapter 1T describen an analytical method. This method spables us to Cast
a mont pdmplified and condensed model via o "wimulation method'", The none
Hneariley of the encoding process gats much atvention, Central ln chapter
IT wtands the "reveor functlon'. (Looked upon In a wore general Wiy, Lhe
"raveor funation" Le proportional to the Flrat=order kornel of the
Volterra=Wiener expansions see Hong and Stark (1077) for a veview of (he



VoltarrasWiener approach, This aspect is being dealt with in chapter
V1), In ghapter LIT three more specific and refined versions of the basic
model from chapteor LI are treated and their properties, as far as rele—
vant for our study, deseribed. These properties are brought into connec-—
tlon with physiological phenomena known from literature, notably atten—
(lun 1n glven to spalogue reasoning with the better known process of spike
fnlulatlon In motoneurones and synaptical processes at the nerve-muscle
Ceanulilon, 16 turns out that the most fundamental difference between
glie Ehres models resides in their tails: the firing medels.

I oligptor [V & mathematical analysis is given of the models of chapter
111, Relatlons Botween the model's outcomes and the predictions via the
wlmuluelon method are calculated. The results of this analysis enable

up (chapter V) to interpret an experimental result obtained from the
gut'n paripheral auditory system. It is concluded that, without adjust-
went, Ghe outeomen of all three models do not agree with the experiment-—
al pesult . The reason for this disagreement is, in the second part of
ahapter V, wought in the fiving model . Then a generalised firing model
{4 Inteoduced, which is submitted to the same mathematical analysis as
the other modale. This procedure leads to new inmsight for the interpre-
patlon of the experimental result in terms of the Firing model . In
glimpter VI the models of chapter IIT are reconsidered in the light of
the oubbomes of chapters IV and V.

Al tomptn to adapt the models in order to remove the disagreement found
In chapter V lead, in a quite natural way to a reappraisal of Weiss'

flelng model, The chapter ends with some questions that remain.

- -

On cochlear encoding: Potentialities and limitations of the
reverse-correlation technique

I do Boer and H, 1. do Jongh

Physten Libasatary BNT Dupartmant (KNO) Wilkilming Hospiiol Amaterdam, The Nethorlands
(Iaoaivec 30 Movewber 1996) revised 37 June 1977)

Thik piper prosanin. & description: of O interelstlon betwoen twi Or proparies of the o
tocardable from auditory merve e frequaney sefeei (vl and partial synshrony batwien sl snd
ToRpMnne, i the courme of this work (he (ni O monkinenriy o e ol Hing firocess ear b
winisned . Tho theory of the revereorsehifon fehnigue (o denived o s mos) general way. 1 1s basid o0
iomodol o whieh w Rirerassmed 1o Do Nneardn followed by o sioshastie pilse genertme—ihe
prokmbbing of producing an outpen pubie bemg an msantaneos bot nainee fapeion of 1 Tl Wil
Tt mb much w model veprevents stimulus bonosfonmations (n o peimary adioey neon, feiliniue
v b applied 1o (e rosponses recorded Trom an auditory nerve fiter. Several lusirative enamplen of
Enprimenind cevrpe-cormalanion fnetiong —abbrevinted: revear funettony  wre presented and disoused
These funetione luve the general character o imgulse rosponses of sharp bandpass (e They sheow vary
Hithe phiee oodulaton. For naise stimuli of up 1o 70 1 per (hied ogiave the revenr faneiions are slingst
Iivirtant, Above that level some (but not sll) of the reveor finetions show o low of frequency slstivity
1T nerve Gber can o contagied for o sofMielently long (e, (1 (x postible o vompare the responss with
UG ol (e, (i whicl tie reveor funetion of that Aler s sabstiiuied s (s impalse revponse Tha
Okt algnnd of the model filter s shown to be s very good predioton of the Oring probability of the b
uivlar stuly. This propecey s demonstonted for nebse w well an for i simull Theia (s wurprialngly ikl
evidince of nonlinear (ltering in tiese rewlin, This soenllod shmulation method can also be applied when
e stimulus i wwitched on and off The rosulis show, apar from effeers due (o Nerng, oo
manifestiniomn of Gt acwptation. Again, the Ditering appeses wo be (ndependent of the litter offect 1 s
concluded that for wide-band nowe and single-one signaly the firing probatiblity i peedom naily
contrelled by o Hnearly filerved verston of the seowtieal stimulus tis constitutes the prineiple of gpele
cieltg . The complencun abwence of nonlinesr effects i the reslts oan partly bo oxplained (1 lerme of (e
renpanne propertien of n closs of networks bnowhich slaeg Wedng oceurs after e genetation of nanhisi
distortion products 1gan en be prediced thar i propecty will Teld only for widebang and 1ol
Sthmull That owr results show so litle evidenee of cochlear distortion ppears (0 be o property of sgoal
trapaformiutions mnd 1o non due to lnearization tendercios of the experfmental method
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aynehrony with (t,  For the type of stimull osed, this
dontirmm e valldity of womodel of & primary auditory
paveon whioh ¢ontadon o Lnear ter ag the only (re-
uoney <goloctive part, Thi model cun e usec ws n fune-
omnd modily ooy, A eun pradiet nputsoutput relationg
I et Chogut bt the aooustiond opat o e ear and
olpul thie Gemin of we Gan potentbals bn g necve fdherd,
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o bnaeeuracien in the measarement of Hhe apoohs ol
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il mmen bo b mdoly of o typlaal neursl charactor,
Al s witaptation (o, , Smith, 1073), saturation
[BChig of al, 1000), wied the deplotion effect described
by Guy (1000), Thin tw certainly o bawlidering gitua-
Fom, wl we may woll wele whit bype of slmple model
WAL dahoetlie the snooding tor everyday slgnals sueh as
kil o tan and haman speoch,

I K gl 00 will o shawn to what extent the prop-
Wrbion [emguendy weloetlyity and synohrony ean be tled
Poguthar by o Hnear typn of medal,  For Hnear syslems
I8 i ponsible to extrael the preameters by operations
fty mbebatie gl o outpud mignals,  Such w technique
P e b e to etraot the dynamie response ¢har-
wotoriabion feam n ptoohastie, [requeney-selpctive sys-
fart Wt weoopbn an wonlog flgnal an fnput slgnal and
arimiias o werion of impalsen at the output=tho tech-
Wiligus af e lggeesd corralation (de Dosr and Kuyper,
LAY, e apptloation of thin tehnique to cochloar
Wl ity e dinawn an roverss correlation (de Boor,
LU0, 100N, 1000k, 1000b) de Doer wnd Jongkeos, 1068).
Wl et dnvodvon sbimulition of the oar of an ox-
Pt sntisl (ud) with white noisn, rocording ol
i b of et potentinds rom o siogle fbor of the
wilary porve, and sompuliation of o specifie type of
ronssnorrelation fmnetlan,  For ench fber the result
oo o Wi foem of & (me aoetion, which can be -
o bnbedd withi e neeve Hher sladiod,  That funetion i
S an i P pevoor funetion® (roversesooreelation
B b ) of -t fbee, The Fourlor (eansform of o rov-
il b s e elhoesotee of 0 bundpaes-iltor fro=
WY Perponss) e oorvosponding [raguenty responsn
funeh b e axlyemely sleop slopes and, 0 faet, e very
S T B puresbone andng oveve (e Bosr, 1073),
Binian | ol e prasent paper prosents the derivation of
i Uiy b ot general wiy wid reports the wave-
g of fyplosl vevonr funetions for a number of pri-
ey mditary naurons,

Lot whow of e anang and steong nonlinoarities in the
COUNM L0 i b fest might not fealtiul Lo pursue a
e anwlysle (oo fur, I e shown in Secs. 11 and 11,
Iwwavie, how wall the reveor function of u nerve fiber
S b sl o peadiol detadled temporel properties of
i D' s vosponae ty widosband slgnals and tonebursts.
e Aiw puepons the response of the actual physiological

Cupiation (8 samparad with that of a model in which a
L e dn (e only freguency -selactive element.
Tl reveor funelion in substitated is the impulse re-
ApOnMe ol tsks Bilbeg, L8 e found that the firing probabili-
1y ol U aeuron (n nearly proportional to the rectified
QUL of fhe Etae, ke holds (rue for nearons with
Vot e feaguino b (C1'%) of 2 kKHz and lower, For
AR With bigher renonance frequencies the firing
ol Ly Bty an o Hneae (low=pass) transform of
g voolitiod oulput of the model filter, The suecess of
Al iombtlod “aimulation procedure” can be interpreted
Lee i Uit e noural teansduser malnly reacts to a
Mpwurly fiterad varslon of e stimulus, the so-called
Wl ple o spoeitic ooding (de Boer, 1978), and that

I e oogblenr fltering procass, nonlinear effects are
Al yery bportint This conclusion is subjeet to the
PURbEioton of widesbund athmulon sigoals and alngle

0 A, B A, Vol B3, N 1, Jaiey 1070

116

Wil (R LT (LA
L

FIG. L. Linear systom deiven by o wtochistlo slgnal,

pure lones and it eannot be expected to hold true for
signals with steep slopes in their spectrum (single-
sideband signals and tone complexes).

For stimuli with an abropt onset the picture is com-
plicated by adaptation. The influence of this elfect can
eagily be separated {rom the filtering process and again
there appears very little evidence of nonlinear filtering.
In other words, nonlinear filtering or time-varying ef-
feets do not substantially upset detailed temporal rela-
{ions between lhe stimulus signal and the nerve fiber’s
firing probability, This holds true for stalionary as
well as lransient wide-band stimulus signals and for
tonebursts,

In Bee, 1V several specific Lopics are discussad re-
garding the vse of the reveor function and the eonse-
quences of the results, It is concluded that, as far as
the prediction of firing patterns is concerned, (he model
with a linear fillter is sofficient for deseribing cochlear
encoding for most if not all signals occurring in every-
day life, A lenlalive explanation is offered for the ob-
sorved near-invariance of reveor functions for varia-
tlang in stimulus intensity, Forthermore, the conspic-
wous absence of nonlinear filtering etfects is discussed
in terms of the BPNL network (de Boer, 1876a). As far
a8 cochlear filtering is concerned, nonlinear effects
appenr to be of a Lype that leaves hardly a discernible
trace in the processing of wide-band signals, This is
consistent with the idea that nonlinear effects occur an
a "wide-band” basis and that the distortion products
generated are affected by sharp bandpass filtering,
However, this is not the only possible explanation.

|. REVCOR FUNCTIONS; THEORY AND
EXPERIMENTS

We first derive the basie theory behind the reverse
correlation technique, Nole that the present derivation
differs from the one used when the melhod was original-
ly derived (de Boer and Kuyper, 1968), Consider a
linear system L (Fig. 1) with a stechastic signal x{/} at
its input terminals, and let y{¢) be the output signal.
The cross-correlation function @ {r] is defined as the
time [or ensemble) average of the product x(f +7)% v ()

0ur) =FT TR w

whera the bar indicates the averaging operation. For
the system of Fig. 1 the following relation holds:

PuglT) = -I’n‘ @ A7 +o)=<hio) dr , (2a)

where ¢.(7) is the auto-correlation function of x{t) and
h(t) is the impulse response of the lingar system L, [f
white noise is chosen for x(f), the relation bacomes par-
teularly simple
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v flber (of, Blobeel, 10005 Dyulfhote, 1078), The
probab ity of fetng p0) of the pulse generator PO b ase
mumed o be a nosmomory nonliness teansforin of the
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W Cme averige
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whove £, (=1, ., Ng) denote this Ny instants al which
norve bmpulaes are detecled in the Lime interval 1,

I'or e purpose of aoalysis, the system of Flg, 2 ean
b radrawn as in Flg, 3, Hore the pulse goneritor in
Inenrs The probability of feing pt) 18 proportiong 1o e
gl wigonl a(t), ALl nonltnearily do lumped ints the no-
muemory nonlinenr element NL whioh, In particular, en-
Aupen thit the signnl 2 () never becomas nogative, 1 s
diny to undergtond that the cross-corralation funotion
W lr) i proporiional to @, (1), According lo Price's
theorsm (Price, 1058) the latter funellon s proportional
U i (1) it lonal when x () is Gaussian—y(6) in then
Cmnpdan (oo, Honco

Paglr) WCxa,, (1) . ()

I termmn of Bas, (2) thin means that for o componito
pyntorm an dopletod by Pig, 2, e waveshapo ol the
Hnour wystom's dmpulse rosponse ki) can ba ro-
tuvarvad from o eorvelation monsurement on sloehastlc

Inpat el oulpol wigorts, 10 2() 0w white-nolse sgnal,
the rolation becomen

My p (= 1) (n

The tunetion @y, (= 1), obtained with whilesnolae (npal, s
e vewprse-corvelation fitetion, abbroviated: vevcor
Sanitlon,

Lol nsmumn that the model of 1y, 2 reprosonts i
primury auditory nouron,  Then the sute woalysls ¢
e appliad o mensurs the propertion of the lineay (ter-
Ing wlinge,  The appropriste experiment Involven sl
tanwoum obmervation of the anulog nput wigonl (peeterably
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widto nodwe) wod Bhe oulput wigead, 1o, e serias of
aotion potentials (Meventa) voeordod feam o obale sl
tory noeve foer, The eomputation sl Be el )
Ly Lo fwnt indtinl odgen of o bion potantinle, wd
provesd aecordimg to Bg, (0), Bioce Uids soquetion i
tinm anly aomum of pacts of e 00 mlionad = tan ot
andd aronnd (G, prdor o) O tnabants £ ol whilel s}
CONLIANN a0 Lo s thia wetuml eotputation of i
erons=oorrolation funetion (8 vory stmple ildeed,

The dorivition prasented above proyides the gone el
heory behind the method of voverne oorralntion e up-
plind Lo the study of the coehloar enooding process, 1
ahioutd be poted il the method doss ool "exit” wiihon
noanodelt 1ot remull can only Be oxpransed e e
of that model, In other words, the renull of the | -
mentul procedure, which comen b Uhe Torng of an (e
blwmnd} antimato of the revear funetion, b notmm s
thin i parwmetor of Do anderlybng modal (0, @) I
the appropeiate paeamotoe (o substiiated, e model
ahould provide an opthimal muloh to the sxpechmenial ol
servations, The validily of the model i n more general
wonme must be justified by an indepeodent test, Mool a
tont 1w domeribed in Bae, 11,

IWn now profent some typleal results of the applioation
ol thiy reverse-corralition prooedurs L0 Fompinmes e
cordod from audilary=ngeve HBors, The wepor il
Aotupy In sehomntizod I Flg, 4, Anesthetinml onts
are umed ux experimental wobmade, Thi stbmbas sl
white nolwe=x(f) 1n premented by an sarphone vin a
eloned noountic systen, The (ledtrienl) B ) i
Tod alwo to the ¢omputor (DIOC PRP0),  From B mo
mont on, the slgnl o) asaimen e fole of Ui slmlos
migmil,  Thus, the eleelvoncoustionl teankder oo lion (8
ahgarbad in the lngar systom L of e model,  Aetin
potentials recordad from an asdibory-nerve Tiler i
convortod ito pulwes and sent Lo the computee vin i
dightal chumnel,  The prooedurs outlined D e previoo
pvagreaphn enlts for proessliig of U stioalus signd
o) om udded by the osecurranpe of wotion Potantinle o
oorded,  Hinee only nogabive villues of © are b olymd
let, B, (@3] the prooesstng volves adiibion of sbime
L whnad feaggronts that ooous prloe (o e sobion o
tonbinl, 'To achiove (s, thi computer contbngomly
vonds n the w wlgnnd v b oo tosdighinl nystom,
wa Lt the Dmod inte pant of &0 (over, oo, B0 niw s
wvallab i ovary tine an aotion potential e deteotod, 1
A Lo b notad thak [ wn wotund exporiment only w wetis
minte of the revoor fanotion omm be obeied, dae W (e
Himitod Gima of obssevition,  Appandis A given more o
Ll ahout sxparimontil wnd oompatstiol P s,
cnbibention, pobieity oonveniiong, elo,

higirom Bt ahos wapor imontel eonubin for foue g
ONAEY UGy oetconn dewered b Gt e S0,
00D, 00D, ek (i) oo v iy mbige s af (v vavase e
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Rl s (ioy wew oliined aftor the processing of more
Wit 4000 wetion potentisls, The functions are measured
Wil wiiltasnolue stimull pragented at a level of 20—40 dB
Wwhave e Hbee's thirekhold, ses the legends lo the fig-
Wik, Uhmiiold is defined hore as the acoustical level
Al wiiioh Ui prenentation of o B0-ms burst of noise pro-
iiemn w Just digoernibile ineroase in ficing rate. The
povoun funolionn shiow noveral oseillations with a falrly
VL B up andd @ tadl of slowly decaying amplitude,
Tha fesguanoy of these osclliations corresponds Lo the
Wl o terintlo Tengquaney of the fiber, Hence we associ-
Wli & cemonenoe troguency with each reveor funetion,
Wi we ey identity thin with the characteristic fre-
iy (1) of the fber, The waveshapes reported in
Wiin Hgeen wre ropresentative of the hundreds of rev-
SOb funebions we ohtabied from cat experiments, with
Pemninen fregueneion Tanging from 0,34 to 6 kHz, In
gl the ralative bundwidth decreases with increasing
Sumanaes fraguoncy, ‘The variations are quite large,
Jowavn Ihe neuron shown by Fig, 7, for instance, has
W g s thenvernge bandwidth,

All povonr funetions ahaw an initial delay; this delay
(s anly vefloots propagation time in the cochlea hut al-
S0 e duedes i balldup time of the action potential
B LN dseus of nktiation to the recording electrode.
T Ui (nondal of i, 8 the neural pulse generator is
Wi (o Lo an instantuneous device. Hence all de-
[y ahise up A8 an Anitind delay in the recovered impulse
puapanae L) for L, As mentioned before, the trans-
i olaepotariatien of the electroacoustic system
A0n hnielioi o & too, Aw long ne the same system is
e, noeeeraction b necensary for the comparison of
vunponnnn (o different stimull,

Wiguenn 000), 6(0), 000), B(e), 7], 7(c), Bb), and
H(0) ahow the " ravoor spoctra, ' 1 e, the Fourler trans-
Y of e revoor funetions, The amplitude spectra

), 000, T), and B)] are plotted on logarithmie
AL Al upside down mo ws o stres the resomblince
{oh iireastong tankog cueven,  The speotra are out off at

A B, A, Vol 83, No. 1, denusey 1070

o digtance of up to 40 dB from the top since components
further away from the top are due to measurement in-
accuracy. When platted on logarithmie coordinates,
these amplitude spectra are somewhat asymmetrical
around their resonance frequencies, Onalinear [requency
seale, however, they appear as nearly symmetrical,
The amplitude spectra of reveor lunctions have been re-
ported to be quite similar to pure-tone tuning curves

(de Boer, 1960a, 1973) in the region arcund the reso-
nance frequency, albeit that the tuning curves may be
somewhal steeper.

Figures 5(c), 6{e), T(e), and B(c) show the phase re-
sponses associated with the spectra. Two points are of
interest here, First, the reveor function shows an
initial delay and, as a consequence, the phase changes
fairly rapidly as a function of frequency. To improve
clarity, each phase value at a partieular frequency is
pintted s the difference of the actual phase and the
phase due to apure delay at the same frequency. Thedelsy
used for this correction is indicated in the figure. For
reference purposes, the pure-delay phase is also shown *
(dotted), The second point is that the spectrum cannot
be estimated accurately down to zero frequency and
henee it is not possible to find oul how many times &
phase of 27 is accumulated, For this reason the phase
at the resonance frequency is plotted as its true value
between —m and +m, and all phase values are plotted
with respect to this reference point. The carrection
phase is taken as wero at this point. We observe that
the phase responses are fuirly regular throughout the
resonance region.

The main source of error in the reverse-correlation
procedure is finite sample size: Several thousands of
action polentials are processed for each reveor func-
tion shown, yel random fluclualions are clearly visible.
Under the assumption that errors are independent and
additive, the experimental functions can be smoothed
by removing from the wavelorm or the Fourier speclrum
those components that appear to be entiroly randem.
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The smoothing procedure is alternatingly careled oot in
i feogueney and the Wme domain,  Flgaees B), 0,
), wnd D) of the Hguras show the raw data, g,
D), ), 1), and 06) the smoothed roveor funetions.
Munl of e charaetorintie fonturon of the funellons aro
prasgrved, The smoothed versions of the rovoor fune -
Honn nre ponveniont for further analysis of stimulop-
Funpunse rolatiansbipn, weo Bee, 11,

Ly viow of the Hnewelatng tendoneios of corealntion
Ao, wopheito onin wre dosensiey o asnesn he
Pt played by coohloar nonlinemeity,  Ong Tnpreason
ol sonl mne iy cun b obbadned by s g vin tis
vovarmasoorralation techilgua whathar fraguenoy seloos

o A Boe A Vol 83, No 1 oy 1070

tivity of o neuran b dependent apon stlmolus Dntensily,
For Lows=lo«modorito laveln of sthoulabion, e Pevooe
funetions wre [ound to be slmost ieviebant,  This rgest
varintions ooeur in the phase rosponse, they apgpene s
wouniform phase shift mited (o e/d rud, AL laveln of
avor 70 dD BPL per § octave (B0 dB BPL overal) level fo
i Dndwid th of B kIe) worne vovear fuebons olwnge el
appearanen, o terme of the wavetorm o inoreaied
darnphng b avident,  In terms of he speoteum, the
rolatiyve bundwidth Beeomen beomder with b eoms g
Loval and Ui fop w0 G0 Lower fregueney, Tl b
e b vorindiseont of G nond ety O mee il
Lo Ut win feported by thoda (1011, Wao il ot
ot (hiw bthavior, however, b all (o teated ot high
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wvely 40 I/ oot

Wlensiiien. Comparable rasults on properties of reveor
funitiong ware recontly teported by Lvans (1076, 1977).
A sdiste explination for thaso findings will e do-
WOt i e dimeuasion, Further experiments that give
Jih Ak on e o how L portant sochlear nonlinearity
b 1y bl progenaing are prasentod in the next section.

W VERIFIGATION (BIMULATION PROCEDURE)

11 sxparimontn desoeibed in the prosent section are
uniinad to tant (e predictive power of the model under:
Iyl he veverse-oorvelition procedure, Tho principal

W b Lo pmasire the toveor funetion for a primary
Jeuron, Lo subatitute this funetion as the fm-

4 bwapunae i tie model of Fig, @ and to compare
ﬁ'ﬁmlﬂl pttorn of dotunl narye fivingn with prodie-

b Aoint, B, A, Vol, 03, No, 1, danusry 1076

tions from the model. [f the model holds true, the fir-
ing probability p(f) of the neuron should be a mrmmnraif:
function of the output p{t) of the linear filter L. We will
presently see to what extent y(!) is a good predictor of
pli). The procedurs is called the simulation procedure
{ef. de Boer and de Jongh, 1871; de Jongh, 1972, 1973,
Grashuis, 1874), In the present report the emphasis
will be on the accuracy of timing prediction and the evi-
dence of specific nonlinear effects,

Figure 9 shows a flow diagram of the simulation pro-
cadure, First, the reveor funciion of the nerve liber
under study is determined, using white noise as the
stimulug [Fig, 9a)]. In smocthed form this reveor
functlon—to be called §* (1)—is substituted as the impulse
responae of the model fller L* {an asterisk denoting
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PO 1y Mavoor funetlon of unkt 70=11+80, vesonanon feoquenoys a0 kibe, Dhromhild for molwe | 90 d/mied oty o sbbmutsbhin

lovaly B0 db/thivd ook,

M faet that the guantition and eongepts invelyod are
liwmed on n statistion) eatimate of the reveor funetion),
1 e wecond stage [ Fig, 000] o new atimulus wignal

AU 1 goneratod whieh Ln portodic with the pariod T
A s x0f) dn led to the anbmad's one o woll o o
i diput of the filter L*, The fieing probubility p()

of e (eme) neeve fber b determined feom the physios
Iegglenl proparation n the form of o PET histogeam of the
v felnge aver the nterval 1, The vonponse y* ()

Al e (e &% dn computod aooording o the wellsknown
vonvelution teovem, The wigmal v0 )= of whieh wo oan
0Ly aeanire i atimats y* (e o oatlad (he oxoltalory
sl T8 should e oated sl e axoltatory sigml (s
Ao b the phystond Gusd not in e phystologlont) senme
Illll Just o fittored form of e sl imlos 00 aned nothiong
wlaw,

o A, B, A, Vol 89, N 1, daicy 1070

The fleat cnwe to be deseeibed (v Uit of stimlation
wiih repetitive nolwe (puoudarandom nome),  Alor s
reyveor funetion of o pelmaey neweon wad debe rmined with
Leuly random nodse, e s geareon wis stimalsted
continuously by presentiog preudorandom perlodie
Chanmabnn nolpe genoeated by the Hewloth Tagkaed noiun
gonorator type 0728 A, The bandwidth of e nolee wis
0 Kl wnd the period of repatition 0, 082 & (¥« 13);

Ui uppocmant el of g, 10000 abiows Hie noles wivi -
form, Tha POPD oomputer was progemmsd (o g
o lete 0 PR Bitogeam of e neeve Denge witl e
anset of the nolke repetitions an the woro pulpl tor e,
The towent punele of Fig, 1008) show parts of e moe
mvad PR Bistogramy, 1o, fo fanetian pi), together
Wil this conputad wayeform of e B oulpal y* (),
ow (e o ompibation of ¢* (00 & nrnonthed vaesion b 0] of
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rise to a fully proportional p{f). In Fig. 10(c) we note
just the opposite: Thesmaller excusions of ¥ *(t) seem
to produce a disproportionally small number of spikes.
1f is as if the neuron has an “instantaneous threshold,”
i.e., when y*{f) is below a cerlain {positive) level, the
neuran is not likely to fire. Still, the actual threshold
of this neuron is lower, see Fig. 7. We may conclude
that the relation between y* () and pt) appears to be
nearly monotonic but its character varies irom neuron

G Wil used, oo the insel of this fig-
%’mﬂfmw:mu for y*(t) and pit) are arbi-

o mtudy (79408-73) had o resonance
mla {00 Mg, 1 s ovident that y* (t) pre-
tlm potrse of the probability of firisg pit) to
w Tai pontiive ;I{:l}l!l of y* Ut). ga mre:'»
Pwonn pl) and appears to be nearly
‘ ' m'lﬂ“ I"\!'l.l.v.lll of 4* (), the probability of ;
| 0, Figoros 10(b) and 10(c) show  10(c): Inthe smuller excursions of y*(t) we observe

ured and ecomputed y* (1)
i A ‘ phase modulation is present in these periods, It is

{g, rospectively, The stimulus  probable that errors in the estimation of the reveor
politive i!lb'l 0 :T:m.l. In Fig, 100) we function i* (1) produce time shiftu of y* ()5 10 1s lno
ilﬂlﬂ?. vluan of y* () do not glve probable, however, thal thin effent in ik minifestation

<

to neuron, There is another interesting feature in Fig,

a small shift in timing of the firings. It is as if a certain
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q B0k U5 Humbeating e stages of the slinalntion method,  Hee
! I e Bk misgee the vovear tunoton (e memsu eed and
Wmed,  The Wbboalue de wiite pokee, 1o the second stige

i  pmipnnee of the (s physiologionl propiration (8 om-
il Wbk the responme of the nesyleed model, The stimulie
I Tupottiiva slgonl {n Uil wekges

ol onbneneity, Wo will como bagk to this later,

B0 s wmnkl but systemntic difforences b wives
Babwonn * () and pl),  These difforences are
or for neurons with o higher resonines freguoeney,
11 prosents the cesult of the simulniion proces
for 0 neuron wilh o resonanee frequency of 2.0 ki,
Wil the fieiog probability pi) is noarly n reebifiod
an of W* (1), Tor Wis fber, however, the individual
af the gl fnetion are asymmeteiond, Thaie
Al el flanks e ptosp, wnd thoke eight<hand Tanks
@ Whidlowoer and have o tondency for "oronsing over”
i nexl lobe, Thin de not o resull of processing or
watiemment orrors but, quite iely, roflogts inters
Lt atapn o the dndtietion of neeve tmpulses thl
ot aecounted for by te slmple model of Mg, 2 and
Whow up more olearly whin the resonanes frogquensy
Wl For primary auditory nourons with still higher
unnane freguenelan thin tendeney ts more pronounesd
e Firinge probability senses to follow avery loba of
In w cortain gene, the feing probability tends (o
ilrollod by L anvelope of e y* (1) sigoal,  Figure
the venult for o neuron with o resonance fres
of 4,1 K, an extrome thiat wervem woll to
0 thin . Mote the o Linie wonle in
- v hare a mmlmhunn ol the
nm_u pravente um from umur & ravoor
I s ann Wil Penananes froguans i abive

W A, Vol 88, N 1, darwinry 1970
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At mow was ave prooassed e veeordn of 01 e o
i thi \ﬂl{. Ll we fond fhe sume type of resnll, We
oomehuile il for tha g of mtmulun ased, cepetifive
whelo b notne, Ko model of g, 0 peosdaons an mile -
Uil gndluunn of (e fhetng probability, The muln oor
v o it should e applisd oanoorns e ase el
ulownins of tho ple) Toben wn shown b Plge, 11w 10
(of, alwo g, 1), Inwiy wvant, (he covaime oorreli
Hon funetion (revoor fnetiond providon e mmin e
Lo, the Gmpalee responne funotion 4% (), of tie model,
101 coundbod that the revoor wmpbiiade speoteum weomm
I Lop approx mataly cotoedan with e g oures
(o Wonr, 1078, 1 appanres, thon, it e revoor fym -
Hon doneeiben peveral papeote of kg the lookng oe
P tones meound e CF nnd e Gone ool se of e e
wponnd o (eeudos) eandom widesbind nolse,  The e
dietlons of the model hold trae over e vange of Buotine
Honw (™ (1) sueh an arn anootnberad with o statiaimey
nodme atimilus, The renualts prosisted apply e onse
of witmulation with lovels of up to 50 <40d1 above e
ol Wa found Ui sume type of comult undee eonditions
whore the neuron saturaton, WU ol Tobs ol o0 anly
a nlight fatening of A ooours neme e makima (oot
thiat the neuron of Fig, 1002) was not satuinted],  The
nivme applion (o the cuse of wilmolalion ab bensitian of
ovar 10 AR BPL por thivd ootave, Hors wo obitwin (e
bost ronulln whan we use o rovoor fonetion Ul (e mmes
sured with the swme level of stimulation, Those e
murks wro meunl to bo of o deseripbive nalurs; we haye
procesped (oo fow recordings muda under tens oot
thonw to b more spocific,

Coohlone nenlinearlly (o wo pranounosd st ade e
apoedfle eleeumntancen, ronponaen geor o ity
products (the cuble differance tone, (o partionlae) i
ol to e primary compoments gonovating thae dintor-
ton produetu (Goldmtein and Kiang, 10003, By ilarly,
Lo =tons wuppramslon oun soour by tones il are b
Low (heonhold (o @ Bachn and King, 1000), 1o (heas
ranpocty, nonbinearity seems o overclde coehilese fims
queney Meleelivity, We may axpect oomponents outeli
the passband of the aystam (o wffool Ui tranmm msion of
aomponante brwide the pasibiand,  This (8 o conson (6
puy attention o effects that bateay the influenee of i
Tnoar fltering, Thone effects ooeur in e phase wil
amplitade modulations st sre boront n gaeeow
Band nolne signale e Boer, 107000, Wt thin tn mlid,
we turh sgadn o Mlga, 0= 1% and aparve thal e are
1o obvkous phinse dovistions batwaen ¢* () and ple) [eee
copl for e wlight offeet in Plg, 100e)], Tn gonaenl
torma, nonkinear (leriag by the cochlo, howsyer st ooy
Womay ey, weoma (o leave no traoe i the sepponee (e
widasband sttmuol) suoh wn preudorandom nolae. Nos (he
noxt noction for o further wnalynis,

ALL U applion to atutionaey ouill, The no quis.
ton ine What hippens o e oase of nonatatio LU
WE For (o venultn ahown by Vig, 10 0 tonmhurst of B0
i duration was prasonted wlmnl.uv with o poriod uf
Et:u li“ The tone wis mhm o m:llh ROEEFhe

[0} wh B WY R
1w goen from fhy mlu‘l trm'lm e yo
of fikng wn woll an (e oyolen of spprassion are eors

- e Y ey
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ek, L0n),  Mowolta of the slimulation methed for unit nr, ¢ 75-08-73, resonance frequency: 0. 80 kHz, stimulation level: 45
* il Uhe uppe @ bekoe showa the stimulus waveform w(t); the other traces show the eomputed y*(8) signzal (smoolh line) and

e Inullil‘lli 210 funotion (an 0 histogram), The lower panel shows o different part of the recording. The inset shows the reveor
Aot L okt v and smoothed forms, The letter version is used as i*{f) to eompute y*().  The unit, s are those in Flgs,
L i o) e st lated it 30 dB above ite threshold for noise.

eputly peadietod by the (linear) model, Even during the
Budldup plnse of the y* () response, there is no trace
Of (0 e renwe or o change of synchronization, However,
0 Ui ELoat fow ayelan of 3% {2) the firing probability #(/)
A P bgee than in later eyeles; this s the manifesla-
Ui of aelapbation s it oecurs during the onset phase,
Thi lowesl piansl of this fgure shows the response to
U muddidon conpalion of the stimulus.  Again it 18 seen
Uit the Lineie responso v* (1) correctly predicts the
T of the hintogream but in this case the amplitudes

af 1w pdt) tobon deeay mors slowly than those of y* () —
i (e probinhly wnother manifestation of the adaptation
proeenn,  Pondly, 1t ahould be noted that the “after
oue i tona™ e felog probability, alter the cessa-
Wi of e wtimulin, oeour with the reponanen frequency,
SRt an in (o cane of v @),

Wi il not wplore wiimulation with pure tones in w

A At Ban An Vol 62, No. 1 danuaey 1000

systematic way. We satisfied curselves by noting that
the average phase of the response to tones presented at
up to 20 dB above threshold corresponds (within, say,
30°) to the phase of the revcor function at the corre-
sponding frequencies, This comparison was done while
measuring tuning curves and was found Lo hold over the
frequency range over which the definition of the reveor
phise spectrum is meaningful.

Figure 14 presents the result of the simulation proce-
dure when a suddenly starting noise bursl is used as the
stimulus, In each panel the upper trace shows the stimu-
lus waveform, the other traces the signals y*{f) and
plt). In this case the burst was chosen long enough (82
ma) to permit observation of the onsel transient [ Fig.

14 ()| a8 well as the steady-stite behnvior | Flg. 14(b)].
In Plg, 14(a) the gradual building up of tha y* () wave-
form, reflecting the resonance tmpliell i the reveor

_
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AJBOZROGO

17927  GPIKES

IN 2676 LCYCLES,

I.'F-' 1220 HE

CYCLE LENGTH B2 MBEC,

;M\/M/" *

WG L0, Sume we B, L0G), bul for unlt ne, o 90=07=08, cononsnee fesquanoys 1, 80 ki, aboulatton leviel B0 dndd wal,
Ihis wtimulun wayelorm (4 omitted,

Tunetion, 16 recognised, The firing probability appers
Lo fotlow v* () elasely but e dnbtial wmplitude i e
Liege e than iy letor soctions of the slgnnl, There 18 no
apparant distortion of e woplitude aned phase modula-
Plons of the signl,  From the nstant macked by & dushed
vartleal Hpe on, the wavelorm of the atimulus in Pig,
LG I detentlend to that in Plg, 140), Apact from the
wfaramentionsd differonee in wmpliode, the wavelorms
al o) Ao these two piets wre found to be practioally
Ldontienl, Wa obrerve agaln the tendeney for "ovarlap-
phog" batwoenn e tndividoual lobos of p) thal was mens
Bonod o eonneotion with Fig, 11,

Thin figura, than, confivms Wt for 1 wide<band nolse
nioabun w Freae Ceansform of e stimulus e the prime
wontralloe of fetng probubitity,  Of the nonlinear offests
anly shortslorm adaplation by manifesl, 1t apponrs ue o
tulipbientive affoct, modulatiog the Being probubility
what sndelun ohangen L stoalis ogoue, and cadueing
fivkng probakitity an the stimalup contioues,  Note Uil
thn fhent phnse of adiptotbon e very tant, 16 (s almont
aommplotod within & omw, 000 romnekablo at fasl adapts-
P mhiows wp ondy (o (e form of anset and offset of <
fontw, (o the ooorme of U eosponme (oo sioo st gl
Ao soour muny Oueutions b e exoitatary sigmal

o A B A, Vil B Na 1 daisry 1000

-] =

I MBEC,

h)

VM), bt short partods (o whioh G oseetions huvs &
nonrly conutant wmplitude ooour wm woll, W do nol ol
sorye systemutie adaplation effeotn during hese poirisiy,
Apparantly, fast adaptation shown up only whn s
wrnplitude changen rapldly over o wide vangm,

L AUTOCORHELATION ANALY KIS

Of the muny nonlinear affools n e couhleg, we wiil
to pay partioular attention to nonbineae ftering,  The
racordingn proanented so far do ool bebray mueh svis
denes of w dorangement of (EeEing dus Lo nembinear sl
foctm,  On the contrary, the remulls oonfiem Uit o nsar
Lrwnsborm of e wthmalom sbgonl b Ui pacding sonbyollee
of Pk probability,  This holds Deae witliin e follow -
A oommstrainta: Lo wpptioation of widesband stodlaalio
wtimull or alogle pure tones I te maln passband, and
{he ume of stimull with constant (everage) ntensity, i
thin section we subjeot the resulls to faether mrslysis
with e whem fo detaot pommiile affeots of aoniiseae e
g of & more subitle natiee, D peetlonloe, we want (o
dotorming tia fine steudiues of e apeoboun of e p)
funetion for nolue exettation,  Am sabil sariier, nins
e P b b st Dihealy to bl s velation b
Cwaon Intednmie moptiface o phass modglation of wlgmmis
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| 0 Maime e i, 1008}, buk for unit nre, . 76-11-28, resonance frecueney: 2,06 kHz, stimulation level: &0 dB/F oct.
=

o b Mo i Bl LU g Bae a neuvon with e igher penannnge fregquency, Ui ne,e PO s08, conmmiie Irepimy 0N
e g fovel A0 4/t oot

Alown the power spoctra nmuch the sume way as Flgs, Al from the top, Thin may b onusad by mondnese of -
(1) but o fraquancy wonle bnwidened conslderally, oot (but thin be by no monms certain), We foud i
o0 npeptinare shown; bolow, the oo corrospondingto — same type of ceults i for ot neueoms with Law ruo-
b wksurad plf) tanotion [aetunlly ¢()], contor, thaone  nanee fraquenalos, with oo axeoption, Pl devist i
RRNpanEin to the v(f) funetion, the tied one (lop) arnount o8 b dn Ois onne wid omonot e g bl (o
A Power speoteun belongiog o the nof computed DPEOCHRNING 6TFONN,
) roveor funetlon ki), The three spectea are,
anm ol elurity, displuced over b did with respec Naurons with rononinee foguano e well abovs 8,0
nother, The tatter two apectea should be ddentis — 1Hn ahiow p (0 funetions it ace definttely weyim imie
(o dnput wignal in (troe) white note) any re< and tond (o be more talatad (o tha envelops of 40
0 difforoncen ava Lo e attelbuted to processing to v Liwalf, moe Bige, 11 and 18, The sabooe
iy more dmportant, to the faet that b, 0r) iy run‘utionh_ﬂ.(fi Tor mueli nourans rofloot tis wipn
ful From i findte pamplo of o sonslochiastie sigoel, — oourse, I fuol Gy show wn topoctanl gamp
fram the figure, the ditforencos batwoon thowe — Lated to the aefl of Biis anvelop, Bl apiet |
V0 MO0t e Loms thin 1D and oin, teratore, b Balr) L eofloctn ndividunl fobow of the o) :
lbntad, The thivd speetrum, it of §,(r) (etually, and (4wl possiile to oompars e n H‘r ik
o eorranponding g funelion) 1 viry similar to W) I the cegion of renonanee,  Figiea 1060 iliows
Awo, Tha davistions ave loan i 1 aB avor o e vanilt of the processing of the dats of Ui e of
A6 A% nid iy woll bo attelbnted to provesning —— Fig, 14 of whish the renonimon fraqusnoy ]

wavalirn e amited.

) | d be evident in the form mean ¥ (w). The only proviso is thal i) is assumed to
“:g :?'ml:p:zﬁim, To this alm we frst nave the probability distribution of a req‘tiﬁad Gauss%a.n”
(Hﬂm‘ﬂ.lﬂ.linn funelion (aet) #,6r) of plt) variable, As it turns aut,. the effect of “derectification
I Wit Ui wef p,(7) of y{t). (For rea- on the main part of ¥ (w) is very small indeed. (1:1 ai-
I.Iﬂi& wi loave out the aaterisks here.) The It;ctfwe meiasufad nnd p;o;g:‘ti(; :;rfrear:r;fi}i:;:ili i:(d )hi;1
! i o I the frequeney domain on e form of a “compound histog
m:m:i\xw::'::::tu -&r,m} u.:d w,(fu') corre- Pleiifer—seq, ©.2., Goblick and Pleitfer _{196_9)—butth
Ahgna functions. this was found to be an unnecessary co_mphcar.mn for the
present purpose. ) Thus the condition is nat a very

uiliig of the computed y(t) sigoal presents no oot one
f W processing of oxperimental p(f)
wa hiaye to correct for two (trivial) The second trivial type of nonlinearily concerns the
fy. The most tmportant one of these  gor of the (instantaneous) relation between y(i) and plf).
ho {iring probability p(f) is a non- See the remarks made in connection with Figs, 10(a)-

0 ooy, 10
.

u

i
b

N

) i i wunpling areoen, We conoludo it in thin — Foar fhis e a sl wider fooquonoy s
tion of thmo,  In Appendix B It is deseribed  19(c), Since derectificalion has so little effect on the o g nontinear flteciog oy nof Toft wny obmervalibe i view of o wmidl bandy it lgv.um. ﬁ. I:?.M
A4 dn ponsilile to correet for rectitication. In es- shape of ¥ (w} in the main frequency band, further cor- oul i the dintribution of apoeteal componants an they — PrODORMINE Oreors woe mpinowhal L ger UHH‘WNIM’

] ihi ,fl“;lmmlad_ [rom the measured pii) funetion  yaetions of instantanzous nonlinearities are not neces- repronanted in e i Ltarn:obtie neuron, dn opnuixtent with tse Bamsl i g
| o (it an wef P,4r) Ls obtained that eor- gary (cf. Davenport and Root, 1958). Further details of jar, gk b pin s ; I.lﬁ_hl.u oo, i M'um. “;',l'::] :g,'wm .

W ORuARIAD Yariable ¢(f) which Ls dentical data processing are given in Appendix B. “Thiw wonaluion 1n orroboratod by U reRulin n l i
Uio Iatler 48 positive, This Lransforma- n M.ﬂﬂ :me i _.1.,.,& .w &‘ wonun o frmg

10 gullod “deroetitication,” Consequently, Figure 15(a) shows the result of this procedureapplied to l : ,illv u.;?pm .
1o {he powor spectrum W,(u) we actually  the p(t) function of the neuron of Pig, 10(), Tho figure

A, Vol 0, Mo, 1 ey 1078
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CUM M e Bl L0, for noneuron with o high re sonance frequency. Unit nr.: T5-08-63, resonance frequency: 4.7 klz,
m:l fuvali 10 di/thisd ook, (20 dB above threshold), noise bandwidth: 15 kilz,

tamponants in this neuron, The figure
At tha speeteam ¥, (w) in the passband s
_'H 1 dir Hian thi specteum W, (w) but the slopes of
1 ] W town fram the resonance region are the
Aguin wa note (hat the eifects of nonlinear filter-
il dinteibution of froquencies are marginal, it
i 1, Inguite genaral terms, cochlear non-
ar (e ring) s of such a nalure that it
: ubily affeet the thning pattern insofar as
' i companents in the (requency region of
onlinear effscts do show up in the form
» i dn the Intensity dependenee of rev-
{ nolthor of these two effects involyes
polilene fltoring. It should be remem-
hin holda true for wide-band stimull and

1N

auditory neuron.  This function turns out to be useful
also for the prediction of firing patterns. In this respect
the reveor functicn has advantages over conventional
descriptors of the response pattern chserved in auditory-
nerve fibers, like the tuning curve or the elick PET
histogram, The method of reverse correlation has the
additional advantage that it reveals details of frequency
selectivity around the resonance frequency which are
difficult to gel otherwise. However, the method is not
guited to reveal dstails about the skirts of the frequency
response curve far from the top, Inparticular, the re-
solving power is not sufficient to assess the presence or
absence of the low-frequeney “tails” of the luning eurve
in the reveor spectrum [ef. Kiang und Moxon, 1974).

All reveor functions have the general characteristics
of the impulse response of a bandpass filler. We recall
that the shapes of the reveor funetion's specirum and the
pure-tone tuning eurve for the samo fiber are most simi-
lar (de Boer, 10604, 1090), General determinanta of
oxperimental reveor finetions ke il deluy, offec-
Live bandwidth, und wlopa of v spectium are in good

TN

e B il 0B e dangh et ssiding

APIﬂ?UIﬂ
Wl 10 MBEE,

z

3] =- "

.‘_/\\f.-*‘-\‘/"\

A A
l

I

f / '. _(ﬁ- k
‘WL _ﬂm b

N

'\.I I," .'I"II
._i | | \ I

i
| J \] Vo

e

0 Wit oortespond g dati obtadned by convans
ol (el tek PHT hintograma and purastone s
On i logasdthmie froquaney sealo the wmpli-
e i Myl'nmnlricnl. Miehnnlenl ro-
{:n‘.. Thode, 10710 are highly ey m-
hiw differonse sugonts thal o (soeond)
ion 8 intormpeeped batwooen mochanieal
e tbition af tho prlmacy nouron (ef, Evanm,
Cand lvane, LT The phase chivrae -
o i vovear funetion shows wround the reno-
; ey i buhayior Ut e veminiscont of o
Gl nyskim, 10 we correct for the ins
oty Catenoy), Wie phise appoars wn anant-
Wl feton around the tasomnne fraguoney,
el Wi waymmeteioal phae ohingen ooour
lan for whieh the spadtial amplitude In more
I Lo sy, The inflience of thaie
nisien on e cenponie patiern o widesbind
el tite,

wobionk have iile or no phase modulation
pin vidence on the praseioe o alisenge
Al e P
11 “x 3 3 ¥ il ! ';.l !
0tIan Newe tho point of resammnoe (ihode,

WK M\] U W

00y 0l s ot for i tone burt () mhowi e atacting phass, and () tha fual phaae, e Jyout 1o 5 e bt of
" E. ANl e, § Th0T =00, venananon (raquenoyt B0 Ha, Eheeahold ab CF 0 dib, stimilabion fraiuerdyi 400 M, wlimnlin
.'.' hian,

10710 and poelonr Croguency modilalion Tt Tmpalse
ronponne (Rhodo and (toblen, 1074) dre teporied Fram
meunurements with the Misshauer effect, On the other
i, o ovidenes on phase modulcion wis o ed
with U gapae it -protio method (Wimon and Jolinstone,
1072),  Agaln, U we considor cochionr frequunoy seleo
Clvlty ni o two-utnge procens, wo see Lo b oo lude
thad the mecond (or 1o mueh moee seloative e s
flrat o Lt Lo e nuerow cange of remaninae the e
i the phisn eurye can 1o langer be alimorved, G i
alber haeed, IF ahiveponing e nehioved by o sioiple L
formution of the output of th moeahnnioal fiter Q0L
Wy Allen, 1001), (e Lattor gamelunion Balds (e i
wall,

e v il preowented in Beo 11 lusbente e predio -
v power of the eevoar fanetion sod oanfem i vilidity
af the snneela ol siomplo e model Thi o miet ol
ahgnid A0, whon I0 [n £ terad by o appeopeiite fiter,
produgan & algnil v that alenely dulinoaton the ek
of prafereail g mne prodiots e oourse of e g
probnkiiliy (n neyoral duisils, This ww-l_lﬂdr‘
i for widesdmnd Wty Do prodigtions of tie Hnesi
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FU0 e Srmalntion pepult fox n notso burat () shows the starting phase, and () shows a part of the recording where the wave-
Ik ok R wba e e exmotly tie snme ws (o the starting phase, The dashed lines mark the heginnings of these sections. Unit
Wi TR liedby vouanime fraguenoy: 8,60 kilz, stimulus level: 30 dB (30 dB above threshald),

I AvBERE Inlanmity we must take into account the de-
[lenns af (he eveor funetion en Intensity, For rapid
Pabinbinne wo olimorve avidence of fast adaptation but
[ O L akimdu Joyvel ehanges capldly over a large
Hwnihiml v,

Ll bwis offenis wro the only manifestations of coch-
Foie ponbines ity that are elonxly present in our results.
(i Whew o Kiown dats on combination-tone generation
e Lo mipprension we would have expected more
BelHBne of nontinea ity particularly of nonlinear fil-
|  Vinual Inspoction of the simulation results in
A1 oo nob ylell oloar manifostations of nonlinear
o Whe wutooorrelation analysis of See. 1M1 re-
Al puptimentation of the stimulus spectrm
CCHRCE pod by & primary auditory neuron s

] iy difforont from a linoar ono, In the low-
et intonmily range, the nonlinearity that is

ile for thi generation of combipation tones and

Blon seemne Lo be of o type that does not
Wiueney woleotivity, At least, not for atimuli

o freuency ppootrum, It seems sudfo 1o ex-

o A Vol 03, No. 1, ey 1078

i Wil Dol brvo nn Long an the mtimulus spec-

trum has slopes that are much lower than those of rev-
cor amplitude spectra, (That ig, it will hold for most,
if not all, everyday sounds.] Fer these stimull & linear
transform of the stimulus is the principal contraoller of
firing probability: the principle of specific coding (de
Boer, 1973). Expressed in another way, this principle
states that the components of a stimulus partake in the
exeitation of a neuron in relative proportions thal are
given by the neuron’s reveor amplitude spectram. This
idea is consistent with findings on the near linearity of
cochlear filtering obtained with guite different methods
{Evans and Wilson, 1873).

It is most remarkable that the reverse correlation and
the simulation method give so litlle evidence of nonlinear
filtering, As far as the revcor function is concerned,
this property can be understood. At present the model
proposed by Pleiffer (1070) comes nearest to the goal of
describing all manifestations of cochlear nonlinearities,
This maodel is composed of (hroe Indepemtont glements
In cascade: a first Hnear filler L, & no-memory non-
linear circult N, woel n sooond Hoar e Ly, Thia
notwork should replaos (e Hieae network Lo the mod -

B il e sl MR e dangh Gonhtear snooding

i 0 e Eutee Gy and Ly uhou il et e
A netwark ol (WA Ly 1n Anawn A8 & BANGDAAN
ML) nolwark, A PRL network i O

ety thd far  Caummian gt the inpt -

L et ion funetion e o slige which s
vt ot nonlinearity (de Hoer,

by wun be consldered nan e
puran, 1L holds for any type of nos
Iy, A proot for e specinl viae Uit
et eoebifier, e bmptielt fn the
wntonded primney nouron medal by
b, (01, 11 the BN network renlly
onliten e nonlinaarity, the ahape of the ro-
Whiom fanelion mual be ndepentdent of skl
Thii wgreon with the gonersl sharieter
frnnbnl penulbn for Low sbosmoderate ntensl -
A, e wlight chnmgen with intensity fou il
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0~
WL, A0, Am Fige L0 bl for twio fetirons with B fosons s
Trotuaneton, ¥ requenoy seade st wider, (W) Uk oeer s
Wb, ranonanoe feequeneys % 100, sililation level, AU
/b ooty Bee Tl 1, (0) UL e TRORSBI cosonimon e
quenay: 4.7 leite, atimulation leveli 0o din/h oot Hew P,
18, Uppor ourver BALL Jower ouvver YAU, dew Taigind b
LU

i the roveor funetions sujgest hat e model doos nob
account ompletoly for nlb mantfestations of nonbiies iy,
That (w, paet of tha nonlinearily 1o of o type (il affaein
venananee diveotly, paetionlarly ol High sthmulus ne
fenmition,

Pt (he slolation resubis show 5o e infaenos
of nonlinenrity 1 more diftioult bo upderstund, A flrst
indieation s eontained in the fuet it e nontiwaeity
produgen a eompranuion whioh slould be (st e
wme for all stimulus dntensitien, Thon Were e o
pounon why the timing of the eutpul siginl of the RENL
network would bo different for dentiond stbmilas wlie
nule differing only In intensity (of, Davenport wid Heol,
1000), Howover, 1t in mare ditfiondt o undeestund why
Ui wavilorny of Ui gutput algond of the nonlinons el
work would e so wimilae to Aat of Ui eovesspondig
Hnene aotwork, 10 oan Do anoortained it the BN
natwarl approximatuly b thin propecty, provided
ol (L oosure wior the 3"”“” ol dine
Loty prosdintn wne the st (e o sfgonl with g
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o bandwidih,  Purthormore, the outpal signal of o
NINL notwork han the sume properties in s acl as
wiw demonsteated for neural pit) functions in See. 111,
Wnder L name sondiblons.

In any eyent, the obgeryed seareity of nonlinear ef -
foete (o not due to the eharacteriaiic lnearizing lendency
of b eorrelation procedure, [t seepms to be more related
Ly i tundiamental property of wide-band notse sighals
procensed by b nonlinear syslem like the cochlea, We
Fornnrk it the analysis of See, II1 presents just one
upproneh Lo the detection of nonlinearity effects. Tl is
protmble that w highor-order correlation analysis yields
mare avidense of nonlinear filtering although it is to be
donbbod whother the accuracy would be sufficient. In
s sonoeetion wa prediet that much clearer manifesta-
Lloni of nonlinenrity will show up if we stimulate with
g nving speclra with steep slopes that are located
whynimelelonlly with respect to the reveor spectrom.

I partiewlne, we pecommend the use of single-side-
Dl (M81Y) wlgls with the carrier frequency at or near
(e Peronnnee froqueney (CF) of the neuron under study
(0, do Nopr, 1896b), This (s the reason we do nol wish
Lo pursun the doalysls as presented in See. Ol toa
wroibor dopth or generality for wide-band stimuli. Nor
o we doem 1 necessary Lo do this analysis for more
peurong, Mole, Hoally, that the sigpnals commonly used
L0 demonmteate goneration of combination tenes and two-
Lone muppromsion are really of the “SSB” variely: Their
spueten nre hghly asymmetrical with respect to the
rononnnie froquoney ,

Wo sonclude with a lew remarks on the model under-
Iyt the muethod of reverse correlation, The model of
i, # in n slochastle one, It is remarkable that the
slmudntion mothod reveals so little evidence of the
thessholdl crosaing that s inherent in a neural triggering
process, Cur earlier work on the reverse-correlation
b wis based on 4 model (Weiss, 1964, 1966) in
whieh u threshold -crossing process was explicitly built
1 Pram our results it appears that the mechanism of
L lgpering of u primary auditory neuron is considerably
piore sampliented than in the simple Weiss niodel, even
iw moditied form {de Jongh, 1973). In particular, the
mloohnstielity of te mechanism is of a different kind.

Conmidor Flgn, 11, 14, and 14 and observe the small
Il pymtamntie ditferences between the shapes of the
funeliions y* () and plt). The lobes of the firing prob-
WoilLy tunetion ple) are somewhat narrower than those
ol 9% (), and they appear as slightly, but signifieantly,
Whwid, Thews properties reveal that the model of
Fig, #in nol sufflelently detailed to describe nerve fiber
Hming patlerns on ik microtime scale, Jobannesma et
al, (1) proponed and discugsed n gensralized model
for n neuron that takes several physiological factors
Tito weemint, mueh ap: propagation of EPSP’s along 4
preimary dendrito and temporal integration al the site
of Witietion of nerve fivings, A similar model can be
sl Lo roprosent a primary auditory neuron, Quite
formully, the additional elfects are represented by a
Wiene teanaformation, namely, u low-pase filter, in-
sertod botween the rectifying nonlinearily NL and the
pulae genorabor PG in Flg, 3 Inoa qualitetive way, the
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obsorvod dimorapanean bitwsen g wil y* 00 wre con-
aigtont with wioh w meodel,  Note Gl the theoram men-
tioned in conneotion with the WENL petwork aleo applies
to Johannesma'n model, hanes the crosmsoorrelation
funetion of the entire network relatos direotly to the
response of the two linear systoms in onsonde, Since
the secendary filter is a low-pags (lter, [t is readily
understood that there is a high-frequency Limit to the
reverse-correlation methed. More aboul the underlying
model can be found in de Jongh's latest study (1997).

V. CONCLUSIONS

For the case of stimulation with wide-band signals Lhe
process of excitation of a primary auditory neuron ean
be split up into two parts (see Fig. 2), one involving
linear filtering of the acoustical stimulus and the sec-
ond one representing the generation of a stochastic
series of pulses.

The impulse response of the linear filtering stage can
be measured with the reverse-correlation method.

Reveor functions have very little phase meodulation in
their waveferm and & gradual phase spectrum in the
regionof resonance (within 20 dB from the Lop),

The ogutput signal of the linear fillering stage —Lhe
excitatory signal —is a good predictor of firing prob-
abilily, Positive values give rise to increased firing
probability, negative values produce suppression, even
of spontanecus activity,

For wide-band stimuli, the spectral content—as mea-
sured from the autocorrelation funetion—of the firing
probability 1s indistinguishable {within 1 dB) from that
of the excitatory signal. That is, no trace of frequency-
selective nonlinearity is observed. This holds for the
range within 12-15 dB from lhe lop of Lhe power spec-
trum, and for the great majority of neurons tesied.
{More evidence of nonlinearity may be expected for
single-sideband stimuli, ete,)}

Meurons with resonance frequencies above 2.5 kiz
show characteristic wavefcerm differences between the
firing probahility and the —rectified—excitatory signal.
Nevertheless, the conelusion above on the power spec-
trum remains valid.

When stimulus intensity varies rapidly over a large
range, adaptation effects can be observed. These do
not affect the timing patlern of the neuron’s action po-
tential but appear to cantrol the (instantaneous) rate of
firing in relation to the excitatory signal.
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Py oy v 1 (A2)

aver e full gange = 1<p,< 1, Inversely, p, can be
uxpronnod in terms of o,

Py (mp )" =1, (A3)

Uhim expronsion (s wsad to convert the (normalized) auto-
poreolntion function i,(r) of the firing probability plt)

1o e autoporralation function g,(r) of a variable li)
Lt eorpanponds to v above, It is seen that this con-
vermlonedoreotifioation--ia very simple indeed.

If e wignid g(f) has the character of a narrow-band
vundom wlgnil, rectification has little effect on the spec-
Lt b the mal passband (of, Davenport and Root,
1000), mout of the distortion products arise elsewhere
I the wpeateum, Convergely, the dereetification pro-
wienm haw Hte sifect in the main passband but it serves
willeedf not nlways satistactorily in our recordings—

1o eliminate other distortion products due to rectifica-
o

Itooords of the v{¢) and plt) signals are processed with
Wowerd eount of 4000, the sampling period being 20 ps
W oapnil,  Auto relation functi are puted for
B8 vnluen of v, starting at 0, A triangular window over
(e witiee ¢ eange i applied to achieve some smoothing
i Ihe frequeney domiin; next, the autocorrelation func-
i e mnde symmetrical to a word count of 1024 and is
Fourler transformed., The plotting program was similaz
fu [he ane used for plotling reveor spectra; it had the
aption Lo widen the frequency scale and Lo adapt the cen-
tor poinl to the resonance frequency, It should be noted
Ut the vertienl seale has acquired o different meaning:
I Ui revoor spectrum plots the spectral amplitude is
plotted on o deeibol seale according to its power but in
W, 16 und 18 the Fourier transform of the acf has
e dimenmion of power (density) and ean be plolted di-
oty In docibels,

I5e sonntidor as o primary sudltory neuren & functional unit
(it botudon the oxternal and the middle sar, the coehles,
(i approprinte (onor) halr cell, and the process that leads to
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fovin of the pound received=—ioto o train of pulses (“events'f.
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\apter 110, MODELS OF THE AUDITORY PERIPHERY . =

- flavernl models of the peripheral hearing organ exist; of the older
R qualltative models (which date from the time before electrophysiological
'_q!'l from wingle auditory nerve fibres were obtainable} the one of Davis
o _ﬂﬂﬂ'?. 1958) is still of interest. The most important quantitative mod-
~ ale are those of Siebert (1965, 1968, 1970), Weiss (1966), Duifhuis
(1070, 1972) and Johannesma (1971).
Wooaune Duifhuis! model is an extended and improved versiom of Siebert's
model, the latter is not considered here.The supplements and improvements
Lo Welns' model made by Geisler (1968) and De Boer (1967) will be consid-
orad with Weigs' model in III-4.

The anatomical and physiological aspects relevant to modelling were
dluoussed in chapter I. Some of the aspects are quite accurately known;
wuthorw, however, can at the moment only be surmised. Thus models of the
pudltory periphery cannot as yet be very detailed and also give very
ﬂ-ﬁlnnt representations of the various stages of the transformation.

Three models are discussed in this chapter: those of Duifhuis,
Johannesma and Weiss. The models are presented in their original forms
un found in the mentioned publications; only for the sake of uniformity
wemponanty were sometimes piven new symbolic names. The chapter ends
with a critical evaluation emphasizing the physiological aspects of each
wodel, Deeper exploration, possible after a discussion of the analysis
method and its results, is found in chapters V and VI.

A2, pulfhuts! nodel

1M, 3=l depicts the model as described in Duifhuis (1972). It con-
ﬁl i of two complexes: a filter bank followed by a firing model.

qunugaims chapter,

= 4P -

1inear
(1) dynam| o

nonl in,
Slhatic

Pofsson
Jaenerator

L
+

refractoriness

Flg. 3=1. Duifhuis' model, For the sake of unfformity the f1lter bank of
the original model (Duifhuis (1972)) was replaced by onn 1inear f11ter N,

The filter bank consists of a series of linear £ilters the propertlen of
which mgree with the frequency selectivity derived from alactrophyniolos
pleally measured pure tone tuning curves. Thua the linearly filtered g
nal y(t) does not represent the movement of the basilar membrans, but L
A more sharply filtered hypothetical signal (see 111=5),

The firing model im of the stochastic type. (The abjections to a trlgger
(model which led Duifhuls to this choice are discvssed in moction LIT=N,)

The basic assumption incorporated into this medel in that at eseh Instant
the firing probability density per unit of time is proportional te the

amplitude of the stimulating waveform when the latter is panitiva; the
probability im sero when the waveform {n negative er sero, This Hving
modal, mathematically & nonhemogenesus Polason procenn, wan tntrniuiii
- by Hlebert (1965, 1968, IO?@@. !hl Juntifieation for a noural firing mod=

lﬂ llni&lmtnl l!w ha



alnunold, complex stimuli) is found to fit, to a first approximation, the
vootifled linearly £iltered acoustical waveform (see chapter L1).

Home more detailed characteristics of peripheral hearing which are
modelled by Duifhuis are:

poun activity which is easily introduced as a constant level, Par
added to the input of P (see Fig. 3-1). When no input signal is present,
l Polesen process with rate, Py {an excellent description of spontaneous
wobivity) results,

H'!E&ﬂﬁbrin“-s which is modelled as a factor ky, by which the input teo
thn Polsson process (the rate) is multiplied (when a spike occurred on
£ = o)t

= mpffe - €)
Kyt @ Ti) = U (&t ~ @) e (3-a)
in which U(.) is the Heaviside step funection.
Bulfhuis took the absolute component of the refractoriness, @, to be
0,8 muec,; the time constant of the relative componment, tj, was assigned
viluen between 0.1 and 1 msec.

l'l turation which is introduced by a feedback system which controls the
nunber of firings of a fibre. A "leaky count" of the cutput of the Pois—
on generator, P, is compared to a maximum rate to determine a factor,
"ﬂ.[g which affects the input to P. The factor k; depends on Ar (the dif-

forence botween "the desired rate" and the current rate) as follows:

il
kg - -—r—l.. T _—

W he

‘When # = | gec. and 7y, the time constant of the leaky integrator, equals

250 muoe., the model shows an adaptation with a time constant of about
00, (Duifhuis (1972)).

Wnn model of Tig, 9=1 was realised as a nnﬂﬂﬂ mm.\
done on sinusedidal, elick and periodie p

- auditory nouron, When the Integrated {nput wignal pawsen the Iﬁ!w

-s‘.-

With a proper ;;hpiu of the parametern 0, vy, ty and r . (nee Fig, 3=1)
Dudfhuds ohtained the following resultnt

a) The fiving probabilivy during stimulation of the model wich o
wdnusodd of 1000 Ha £its an experimentally obtained perdod histogram
(from Rose ot al. (1967)).
Thin fact supports Duifhuia' basic assumption.

b) Interval histograms of the pulses obtained with sinusoddal wedmus
Latfon show good qualitative fics to the experimental data over a large
dynamic range.

@) With the proper choice of parameters, PST histograms of ellek
responges can be brought into good agreement with experimental rewsultu,

Adaptation occurs as a result of the adaptive behaviour of the saturvatlon

machaniem (see Duifhuis (1972)), Duifhuis' model may be characters
lwed as a phenomenological model. The firing model is of a stochastie
type.

(#4, Johannesma's model

We will denl with two veraions of it; Fig, 3=2 shows the model au dll-ﬂ‘&'

‘bed by Koldewijn (1973). It consists of two complexen; the fieat complex

Lo, an in Duifhuis' model, a Linear filter H with wharp tuning eurve

propertien. The second stage is explicitly supposed to modal uhn'brﬂnl!P

tles of the hair cell plus the synapse and the primary afferent dendsite
it 1o a no-memory nonlinearity, G, followed by a lowpass )inear £11ter K,
An Important diffevende between thin and Duifhuis' model 1ias Lo the

flring mechanism: Johannesma used the SILIT model (Stochastic Lnput Leaky
Integrator Threshold model, Johannesma (1969)). The model implies an ln=
togration procens presumed to Lie in the poripheral part of the pumu

d, n upllee 1o generated, An ':nm.ku- vl.wlm ol h‘hn urul




mant with Dulfhuls’ banic assunption,

 fhe second property is concerned with synchrony. As already mentioned
In chapter 1T, the phase=locking of neural apikes with the stimulus
wavelorm gradually disappears for Wigh stimulus frequencion, In Johans
nesma' s model the phase=locking occurs ag o direct consequence of the

| -'@é'lr uui.: of time is proportional to the input s:i.‘gunl‘ value '(%Kﬂiﬁdiﬁi'a

'.tm. .

B overlapping spectral characteristies of the band= and lowpass f1ltars o
; M oand © (Pig. 3=2). When H and K do not overlap, no synchrony pecurs.
A proper cholee of the cut=off frequency of K leads to good agreansnt
3 —ﬁ.l’"“’ RONATL Ve | p{ SILIT |, batween the model's loss of phase locki ' ' j .
¥ . i : cliing and experimental obmsrvatdonn
!_ . Aty dynnm c stalic dynamic 2(t) 4 e '
G K kﬂngtatiun is not realised by a wsengitivity change of the pulse pgenehas |

ting mechanism as in Duifhuis' model, but as o dynamic exeltation change
{n the hair cell-synapse component. This adaptation ocours {n an earlisr
ftage of processing,

Johannesma's model may be characterised as a physiologically orlented
F1g. 3-2  Johannesna's model. model; the firing model is of the integrate and fire type,

Now we proceed with the third, much older, model.

.

i’ model

After the typical stochastic model of Duifhuis and the threshold
modal of Johannesma we treat the simpler and older model of Welaw (1066).
Walns' model (Fig. 3-3) was conceived shortly afver the firut aloctros
physiologlcal single fibre data were available. Again, the first element |
in a linear filter, H, but here it represents the mechanical properties of
the basilar membrane, the most plausible data available to Welws = thoms
of von BEk@sy (1960), This is in contraat with the othar modals in which .
Il represents the sharp tuning curve filter, J

.' More follow some detailed characteristics of peripheral hearing which
are reallsed by the model:

\wous activity is realised by an extra noise input just prier to
l*m multiplicative action of the adaptation loop.

Wma_lq is present in this version of the model only as an inher-

ant attribute of the SILIT component.

e The second element, G, is a transducer, modelled an a no=memory nonlinears

Aty, The shape of the nonlinearity has a great influence on the sfmula=
tlon results of the model.

'W arises from the saturating characteristic of the rectifier.
L e properties and simulation results of Johannesma's model have been
biiahed by van Gisbergen et al, (1971), Johannesma (1972) and Kolde-
) (1973), Two properties are of special interesti
m undte with low CF (<1 kbz), the m -

the rectified bandpawn ttlr.and dnp

%. lant pnt in the mm modals Tt connlate of a I.me Wn\mm, 1&,



upward divection, a spike is generated. After a firing, the threshold is
remet to a maximm value which decays exponentially to a resting value

with a time constant t

R‘
lowpass
nit)
» Inear o] nontin. N linear AN AT trigger
Alt) dynamic 7| static 2(t)
H G K T

Fg. 3«3 Weiss' model.

j":!;':l‘ll_'--lttlclltlﬂ:ir; character of the firings results from a low-pass noise,

n(t), added to the trigger's input signal. This noise signal also produ-
f@n apontapeous activity in the absence of a stimulus.

In considering the results of the simulation of Weiss' model, let us

fleut look at spontaneous activity. The properties of spontaneous acti-

vity are gouvernedby the time constant of the reset mechanism Tgps and by
_ﬁll out=off frequency of the low-pass noise. A choice of 0.3 msec., for
1"‘ﬂﬂ a bandwidth of 2-5 kHz for n(t) will yield a satisfactory spontan-

Cpoun activity.
The evoked activity cannot be simulated successfully, however. The fail—

i mainly caused by Weiss' choice of linear filter H, which is not

I11-5.

This solution doss not hold for ':c'ne' higher frequencies, howevar. Tha mon|
simple way out of this problem was suggested by de Boar (1967). De lo_ll":fl_
argument is based on the fact that his reveor functions show very sharp
tuning that canmot be explained by any instantaneous nonlinear aptlon
(see also chapter IT). The solution is to take a sharp Linear filter L=
stead of the "basilar membrane filter'.

Refractoriness again is an inherent property of the firing modal, Gl“;ﬂ

(1968) adapted the threshold reset mechanism so as to take care of an abi

lute refractory peried.

Saturation results from the instantaneous nonlinearity, G, As lor !ﬂll:
tation, this was not explicitely included by Weiss in this veralon of Wi
model.

Weiss (1966) mentions several failures of his model, which would dip-
appear with the introduction of the sharper linear filter. We will not
discuss the results of the original Weiss model further, In the wegquul
we adopt de Boer's improvement and use a "modified model' which haw n
sharp linear filter as its first element, like the other two.

Weiss! firing model could be characterised as a trigger modal,

Discussion

The components of the models are now discussed in relation with
their physiological correlates. Bach section beging with s short des-
cription of the component and a brief exposé of the relevant phyndologls
cal processes, Then an attempt is made to establish the link for suoh of
the three models if applicable. During the presentation comparimous wioh
the properties of the preceding model are given.

All three models are built according to the following general wehemal

an initial linear filter is followed by a static nonlinearity whileh i
turp dw followed by a flving model., The output of the 1inear £11ter I
a hypni.'.hului lﬂlﬂlﬂ llvml which is supposed to mirror the 0



ﬂlm modal, of course, reflects the properties of the d_endr:‘.ta .and
M;lﬂlﬁi‘hiﬂ. pogment' of the primary auditory neurom.

all -

1) The linear filter H - Basilar membrane filter, "second filter".
The mechandcal properties of the basilar membrane as revealed by direct

CMeknurement of its displacement and velocity are linear over a large dy-

ile. vange (Von Békésy (1960), Johnstone et al. (1970), Wilson and

™ m’lﬂm (1972)). Only one experimenter finds clear nonlinear behaviour
ﬁlhllh Intensities (Rhode, (1971, 1973)). However the mechanical fil-
torlng capnot explain the much sharper frequency selectivity found in

& ‘mﬁ.. Iibre responses, e.g., pure tone tuning curves and revcor func-
Llons. There is considerable evidence of a "cochlear sharpening”; Evans
(13?@} faw suggested a "second Filter'" which is strongly dependent on
webubolle processes and appears to be physiological vulnerable. However

= the navurs of thisg filtering action is still very unclear, and it seems

~ b the moment not justified to try to include it in a model. Besides,

aonm: total frequency selectivity of the auditory periphery (at least in
uat) #n deduced from neuronal responses in the auditory nerve is quite
vonvinedngly demonstrated to be linear over a large dynamic range (chap-
m t:). I'hus at the moment it seems adequate to describe the frequency
m‘-’ﬂ&lh up Lo at least 60 dB above the threshold of a fibre, by
II‘N! ol one, sharp, linear filter.
AlL thees models (when we use de Boer's modification of Weiss' model)

*”mwﬁ it,m0 on this point no controversy exists.

i v :

i ) The rectifier - The sensory synapse.

m.ll wontain a rectifier in the form of a static nonlinearity. The
wﬁwﬂll mechanismg which underlie this element are supposed to re—
-{‘ﬂﬂ] An the hair cell - primary afferent synaptical junctionm. The pro-

' of fhese synapses are unknown, but an analogy with the well

neuromuscular junction may be supposed for operational purposes.
'l&ﬁuﬁmulaular Junction in the frog (del Castillo and Kate (1954))
later in mny other excitatory synaptical jum:t.iunl " 11 Wi

!ﬂﬂ the synaptical vesicles to

Bie & &~ g~ [

J
eloft. Durlng hyperpolarisation the opposite occurs, This vectification
effect iw depicted in Fig. 3-4 for the squid glant synapse! the abelwsa
gives the presynaptical polarisation, the ordinate gives the postuynap
tical polarisation as the result of the transmitter mction. We can

assume that the linearly filtered acoustical stimulus modulatus the
hair cell membrane potential, and that in the depolarised phawe of the
modulation synaptical vesicles empty into the cleft in amounts that de=
pend on the extent of the depolarisation. Postsynaptically, EP&P'a

(excitatory postsynaptical potentials) are generated.

40-'|

30 -
E 20
i O
8

10 O

O 1
50 100
Pre (mV)

Fig. 3-4 From Katz and Miledi (1966).

If we assume that in the hyperpolarised phase no LPSP's ara generated, |
then a rectification of the hair cell membrane potential resultn, (In
this very simple description we ignore nonlinear effects which ll‘ﬂltm
exist in the mechano-electrical transduction, but these might be of
minor importance in the low frequency encoding which we study here,)

It in well known that synaptic transmission may show hoth saturation
and adaptation (Auerbach (1972)), Indeed Johannesma allocates thews '
propertiuen ot .mu raotilior nite (synapse).

il mﬂ are at least three possible w
 receptor potential, At this 1
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wummp havd to conceive of a dynamic range of even 60 dB. For example, model = The primary afferent, the "1ﬁiL1l1 sognant',
~ the maximun modulations of the hair cell membrane potential must be of The action potlntlnll that travel along a primary audltory neuron are

(he order of 20 mV. With a 60 dB dynamic range this requires the modula- I genarated at the "initial segment" of ite ganglion cell., When at that
tlons ot threshold of the order of 20 \- an unrealistic value in view gite the membrane potential surpasses a certain depolarisation lavel,

- ul wpontansous merbrane potential fluctuations, which might be of the a spike is initiated. In other words, spike initiation is the result of
ovder of 2 wv. a threshold crossing. Consequently, a model of the auditory periphary

#hould contain a threshold mechanism.
‘I necond possible source of saturation is the generator potential. The

affect of nonlinear summation of EPSP's (Martin (1966)) will tend to
saturate the generator potential as well. However, we must [ace the fol-

| This does not necesserily mean that a. non threshold model like the one
of Duifhuis should not be able to simulate very accurately the input=
| output relations., It is even conceivable that the threshold character

lowlng experimental fact: no matter how intense a sinusoidal stimulus is, ¥ of the spike generation is indeed a detail which is irrelevant for an

we nevar meet "clipping" of the firing probability (see chapter II}. In | adequate description of the firing model, The following reasoning for

olhier words, in the firings the sinusoidal distribution of firing proba-

instance eliminates subthreshold synaptic events and would justify such
Wltlpy In always preserved (see also Rose et al (1971)). This would mean

a view. The transmitter release from the presynaptic element | the haly

thal the saturation cannot be the result of a saturating instantaneous cell, can be described as a Poisson process, the rate of which depends

nonlipearity, Rather it appears to be a dynamic sensitivity change - a 0 on the membrane potential of the hair.cell. Lf, first, the alze of an

dynamic change in the slope of a nonsaturating rectifier. (This argument EPSP in the post synaptic element is relatively large (several mV'm [n |

doms not held when the instantaneous saturation is followed by a band
Paun {11ter like in Pfeiffer's model (Pfeiffer (1970)). This possibility

lu voconnidered in chapter VI.).

conceivable in the very thin nerve endings involved), second, the cablae
properties of the primary dendrites are such that the EPSP's arrive re-
latively unaffected at the initial segment and, third, the f£iring threp=

A thivd possible source of saturation is the limited firing rate capaci- | hold is low compared to the size of the EPSP's, EEEE every transmitter
Hy:nﬂ an auditory nerve fihre. This, however, does not seem to play a gquantum which is released will give rise to a spike (unless refractorl-
vole, because it is possible to force an acoustical nerve fibre into ! ness interferes). In this way the Poisson character of transmitter relesss
‘*EQHI rates by means of electrical stimulation (Kiang and Moxon (1972)) |8 is translated into a point process—like gemerator potential (the wlngle
much higher than those found in a normal, accustical, stimulus situation. : EPSP's are the "events") which in its turn is translated into the sams
Ihough all three models contain a rectifier, only Johannesma used I Poigsson process but now in the form of action potentials. The threshold
It wn a dynamic element by modelling the adaption and saturation at that g character of the spike generation need not show up in the model in thia
- alte, case.
I
In view of the results concerning adaption of Eggermont (1972), Johan- i In view of our general knowledge of synapses and receptors however,
~ uesoa's modelling seems the most plausible. In view of the remarks about (Papas (1972), Loswenutaln (1971)) i is more likely that the generator
waturatlon, Weiss' solution of attributing the saturation to the static potential im far from ressubling a point process like the one desoribed

Idnearity cannot be correct.

ahove, Vary probably the s potential of the primary afferents
consinta of many e o th o very substantial dntrinele
mombrane nolae, A Ing to V (1963) the relative spontansoun




fluotuntions in nerve fibres are related to the diamater of the [ibre by:
ufn = (),03 d*O.S' in which o is the s.d, of the fluctuations, E the mean

membyane potential and d the diameter of the fibre in um. Near the base
of o halr cell we may expect c/E to be about 0.2! In this case the gene-
vatdon of action potentials can not be described whithout the introduction
of threshold crossings, which are, unfortunately, mathematically very
diffleult to handle (see e.g. Slepian (1962)). On the surface, the firing
mements resemble an inhomogeneous Poisson process, but the threshold
sharacter of the generation of the spikes would be suppressed by such a
depeription, In this thesis it will be shown that the incorporation of

4 threshold in the model enables us to solve a discrepancy between exper—
lmental facts and model predictions.

We now proceed with Johannesma's firing model. The lowpass Eilter, K, models
{he passive conduction of the generator potential along the postsynaptical
oloment to the "initial segment". In our opinion such an element must be
ineluded in a model of the peripheral auditory system because of well-
lnown properties of neuronal membranes.

Mow returning to the firing model we must consider that there are indie-
ations pugpesting, both indirect - on anatomical grounds (Spoendlin
(1970))=, and direct (Robertson (1975)), that the spike originating site
of the primary auditory afferent is not localised at the

wlte of origin of the axon (in analogy with the motoneurone) but more
peripheral, and that the spikes pass the soma via modes of Ranvier.

Thug the soma is probably not involved in an integration process connected
fo the firing mechanism. This makes it, in our opinion, less probable
that the integration time is several milliseconds (Koldewijn (1973) uses
4,9 muee 4in his simulation). For a node of Ranvier of a frog nerve fibre,
Pamald (1955) measures a capacity of the mode of about 1 pif and a rosis-
tance of about 50 Mi. This means an RC-time of about 50 ymes. Of course
we do not want te imply a strict resemblance batwenn whl tnltm. Hegmen t
of our interent and this frog node, we want to st wibliicy

[is!

that the Integratlon tima in the {nitial segment could be very short in=
deed. We now toudh upon 4 correspondence which exists betwean Johannesma' s
STLIT model and Welws' firing model: when the integration time gots very
ghort, Johannesma's model degenerates to Weiss' (see VI=4),

Duifhuis' firing model takes care of the saturation and adaptation,
Though these properties can be observed at the initial segment (Granfy
et al, (1963), Nakajima (1964)), the results of Tehil (1971) (in gold=
fish) and Eggermont (1972) (in guinea pig) suggest strong uznsgtlu adnp=

tation in the peripherzl hearing organ.

Let us now consider the simplest threshold firing model = that of
Weiss. In discussions of the complete model some rather perioun shor b=
commings are often mentioned:

a) The internal noise in the model poses some difficultion (Dullliuly
(1972)). A large dynamic range can only be obtained when the Internal
noise level in the model increases comstantly with increaning loput laval,
This problem does not arise when, as described above, we ARAUNG that the
noise is added to the signal after adaptation and gaturation = fn physlos
logical terms, when the membrane noise of the afferent fibre fu the maln
noise source, and when the main adaptation and saturation effectn ary
the result of dynamic sensitivity changes in the hair cell, In thin dann
the signal to noise ratio of the generator potential remalns conutant whan
saturation is complete, (In principle this happens in Wealnn' model, hut
with the type of saturation used the result is unsatisfactory, mes dhaps

ter VI.)
b) For clicks of high intemsity the Weiss model pradicts PHIN's

which are much nmarrower than those found experimentally. This difffoulby
also disappears when the argument in a) is applied.

¢) With a constant trigger level and ginusoidal stimulation we would
expect threahold erossinge to occur closer ta zero crossings of the stls
mulating signal as the stimulus level is raised. There should he a whlft
of the perlod histogram with inereasing intensity. This ahift la not
found in primary auditory lmpulwes evoked by sinusoids at GF (Andarsen et
al (1971)), Thie lilﬂm.w will be discussed after the Welss model haw
been connidered (n detall (shapter V1),




{0ler'n attempt to improve Weiss' model by changing the pro Chapter 1V, MA
nodse and the behaviour of the threshold failed becausa ewwnua to

"mﬂihn at high intensity levels could not properly be simulated

[ - (Oedaler (1968)). Again, the main reason for misfit with experimental IV=1. Introduction
datn, apart from the wrong linear filter, lies im the kind of adaptation)/

‘. paturation mechanism used in the model. In the following mathematical analysis of the models that were ln=
L troduced in chapter III, the models of Duifhuis and Johannesma nve treatud
‘ﬂﬁlﬂ'ﬂ an o whole Weiss' model shows bad simulation results, the firing together; the analysis is quite straightforward for the simplified vers
—mll may be more of less correct. In the sequel it will be shown that sions used. Weiss' model, notwithstanding its simple appearance, i much
d"@llj firing model has an important property which gives a possible more difficult to analyse. A simplified version of Weiss' model im ana-

~ ouplanation for certain experimental findings. lysed in this chapter, but that takes considerably more efforl than Lhe

former analysis. In the following paragraphs the shapes of the reveor |

functions for the various models are calculated and it is attempted to

elucidate the properties of the simulated signals y*(t) in relation to

the firing probabilities p(t) in these cases. As explained in chapter LI,

y¥(t) is the linearly filtered input signal to the medel, wheve the rev-

3 cor funetion is taken as the impulse response of the linear filter.
Looked upon in a more general way, the reveor function is proportional

4 to the first order Volterra-Wiemer kernel, which implies that y"(t) lu

) the best (in mean square error sense) linear approximation to the outpul

signal p(t). (See for an extensive review of the Volterra-Wiener approach

- - Hung end Stark (1977).)
i 1 1
1
li 1v-2. The analysis of the models of Johannesma, Duifhuisg and Siebert |
#*
o |

In this chapter we analyse the models without taking into account
. " the adaptation mechanism. This mechanism is virtually inoperative ln the
case of Gaussian White Noise stimulation: attempts to demonstrate fiw
e effect failed. Another simplification reduces the problem
ll' of analynin conslderably, The spike generating mechanism may be {gnored 1
- becauna Lt Lranaparaney for the correlation technique used. This fu trus i
for thene Ml aplke gonerating mechanisms are inatantansousi
ulgnal ol ' ' eﬁ.l H:Ul for the ﬂw ﬂ.lw
modal (ol Mv for the SILIT mode




ffor the moment, then, we shall ignore the spike generator and concentrate
0N the analysis of the simple system of Fig. 4=1 (in the case of Duifhuis’
and Sieberts' models we simply take &(t) for the impulse response of the
woocond filter, k{r).

| Iinear nonlin. ) linear
T x(t) | dvnamic u{t}l static v(t) | dvnamic | y(t)
. H G K
g, 4-1

Il result of the first order crosscorrelation procedure:

The same definition of the crosscorrelation function used in chap-
fer 11 will be used here. In order to obtain this function we start with
the egrosscorrelation function between x(t) and v(t):

Ry f) = x(E=1) v(E) = 1 h(r) (4-2)
: i
i - .1 :
(where the bar means time-averaging : x(t—t) v(t) = lim _fo‘r x(t-1) w(t)dt)
T
with oy depending on the nonlinearity This follows immediately from the

theoram of Price (Price (1958)). The crosscorrelation function between
the lnput and output signals then becomes:

‘w"ﬂ » X(E=1) y(t) ""'l' ylt fw x(t-1) v(t-a) k{a) da
. ey j h(t=0) k(o) do « (b & k) (1) (4-b)

~ where 4 stands for the operation of convolution.
~ In the Fourier domain this reads:

) w ey Hw) ¥w (4=¢)

means the operation of Fourier transforming!

S 0 oTHE e,

In thin cane the srosscorralation function Ilwm Lu proportional
to the {mpulseresponse of the linear part (or cascade of linear parta) of
the ayatem.

Now. we treat a useful case in which the amplitude characteristics of the
linear filters H and K can be obtained via a second order analysin. When
the nonlinearity ¢(.) is a function which can be expanded in n power
series, the second order crosscorrelation function reads (for the camnn
of a quadratic monlinearity see Johannesma (1976))

Rmy(tr,'r) = x(t-o) x(t-1) y(t)

= ¢,/ h(o-v) B(z=v) k(V) dv + c'6(o=r), (=)

which in the Fourier domain becomes:
v
ﬁmy(m,u) = coli(w) vy Feutv) + e, (h=n)
On the ancillary diagonal (V=-w) this function has the form:
v
2
Ky @5mu) = e K0 [Bw)|* + . (4=1)

From this relation the amplitude characteristic of H can be recoversd,

Then the am‘plitu.de characteristic of K feollows from:

|¥( Y= §xz (A=n)
[B(w) |

Thus when the second order V-W kernel can be measured accurately and tha

nonlinearity is such that the amplitude of the kernel is not too small,

the linear parts of the system of Fig. 4-1 can be determined. With the

aid of a least squares method the nonlinearity can then be estimated,

Returning to the first order kernel, in the case of Johannesma'n model we
find:

nyf‘r)=(11 w ) (1) (h=h)
and Duifhuin' or Siebert's model yields:

Rw('r)l'hh) (d=1)
vhere * meAns o

We ave now In
the 1 lneaet)

-fIMnun on the simulation result relating
p ¥U(E), and the firing probabilivy.

=)




(4-3)

(4-1)

,lﬁraﬂhl!! modela the firing probability and the simulated signal are instan-

m‘ﬂl nan-linurly related. For Johannesma's model, no such si_mpl-e cor-

ﬂll lian the form:
N TR O
- I.ﬁ!-xft-'r)ofg(r-v) k(v) dvdt

l:nf’u'(t-va k(v) dv (4-1)
wiila the firing probability is:
rhﬂ? wp y(L) =e fmw{u(t-v)} k(v) dv (4-m)

ullv: there is no instantansous relation between p(t) and y*(t) here.

wles of the narrow band signal u(t) pass K relatively unaffected,
-ﬁfﬂ"‘ﬁuf;:}} = v(t) and y*(t)=u(t). Indeed in this idealised case
wlation (4=k) holds, and thus For Johannesma's model we should ex-

‘ 1ds n pignal, to which the actual firing probability has an
neous nonlinear relation. This means that a comparison of that
§ t)y #nd the cot:rnpnndins p(t) can serve Lo teat the 'Jﬂ.idity
This '
d mﬁﬂ miwh in a much move o

The oviginal Weiss model (Weiss 1963, 1966) was altered in Chapter
ITI, where it was shown that the linear band pass filter with "BEkésy"
characteristics should be replaced by one with tuning curve  clharae~
teristics. When we ignore the adaptation mechanism for the reason wen-
tioned in IV-2, we arrive at a simple version of the modified Weluw model
shown in Fig. 4-2. Note that in this case the spike generator can not he
discarded because, as we shall now see, the Lransparancy principle does
not hold. In this paragraph we assume G to be an ideal halfwave .l‘litﬂ.i.l‘l‘.n'
This is for the ease of the notation hut does nor present a restrliotlon.

; > Tinear nonlin. e
o™ aynamic [ 500 7| staic TRE
H G T
Fig. 4-2

The result of the first order crosscorrelation procedure;

The crosscorrelation function between a GWN input signal x(t) and
the resulting spike signal z(t) (treated as a series of dirac &=functlonn)
for the system of Fig. 4-2 is given by

R_,(¥) = b h(r) + /{? h' (1) o)
where x(t) and z(t) are aspumed to be of unit variance and the qutdnilll

content of W) In squal to 1 (de Boer and Kuyper (1968)). The quantity
b iw d!.muﬂ.nml and Lu aqunl to the threshold of the r.rinlr rolative
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Wa now define the function h*(t) for this chapter:

T, 1 " . _ e
W* () 'ﬁ{b K(t) + %h (). (4=0)
Thin function is the normalised revcor Eunction.

Beenune h(t) and h'(t) are approximately orthogonal in view of the nar-
-rqi hand frequency selectivity (see Chapter IT for examples), the revcor
function ap defined in (4—o0) is normalised and the simulated signal,
y*(t), has unit variance. This facilitates mathematical manipulations.
The result (4=0) holds for the system of Fig. 4-2 when the threshold
level of the trigger, b, is fixed.

A fluctuating threshold:

It is not realistic to assume a fixed threshold, We must certainly
wipect stochastical fluctuations in the level (membrane noise, synaptic
nolue) and more or less deterministic fluctuations due to refractoriness.
A lluctuating threshold is introduced as followsj
When y(t) passes the threshold level and y'(t) is positive, a spike is
gonerated as in the original case, but now the threshold level is mot
Ilxed, The probability that the threshold level will have a certain
lavel b at any given time, is gouverned by a probability density function

‘m(o J‘

’ﬁh(h) w ply(e) = b | t is a spike moment} = p{y(tn) = b} (4=p)

:&mlfl ﬂﬂ iu a wpike moment. For the time being we will mnot be concerned
’_Jﬂﬁh problems in relation with the temporal behaviour of the threshold
[ luetuationn; these will be discussed with the generalisation of Weiss'
model (ehapter V).
following treatment ve shall simply mesume that the time range of
sorvelation function of the threshold flu T

pared to the tima betwean Gl

ey -

Tor the esleulation of the fivst order crosscoxvelation functlion, we
rewrite (A=n) an follows:

R, (1) = E(x(e=t) | y(€) = b, y'(£)>0)}

= b h(x) + V& h' (1) (h=q)

where E means mathematical expectation.
With the aid of (4-p) we find for the fluctuating threshold casat

Ry (1) =0 [ 7€ () (b 1(0) + VZ b (1)) db = B (o) + /2 h'(D) (hor)

where b is equal to the mean value of y(t) on spike moments: that fm, b
is the mean threshold level. Again, the function h"(tr) ia defined an Lhe

normalised crosscorrelation function given by

W*(1) = == (b h(x) + /2 B’ (1)} (h=4)
Thus in the case of an arbitrary threshold distribution, where spllen

are generated when y(t) crosses the threshold and y'(t) is positive, the
function h¥ (1) has the same shape as in the case of a fixed threshold
level. The only difference is that the coefficient of h(r) is now aqual
to the mean threshold b instead of the fixed level h.

Clearly, the crosscorrelation procedure does not yield the lmpulse clisrans
tetistic of the linear part in Weiss' model, contrary to the findings with
the other models. In Weiss' case there is a perturbation term containing
the derivative of h(t). We should not expect a simple proportional rals-
tion between the simulated signal, v¥(t), and the firing probabilitvy ple)
in Weiss' case, as we should expect to find in the other cases (mea A-k),
Before we proceed with this relation, we might ask if the perturbatlon
term might be directly visible from the shape of the reveor function Lt~
self. Unfortunately, this is not the case; the linear filter H" dafinad
by the rveveor funetion has slopes which can deviate ne more than b /oot
from the wlopes of the actual filter H. In the case of the peripheral
auditory mystem the slopes are too steep to perceive such a diffarence,
So puraly from the devived functdon W*(r) no conclusion can be drawn an
to the pressnd g ol a parturbation term which could fndiente
that a CELuotuath hold Ls present in the spile generating nys«
ety




he linear filter used in the simulation procedure, H¥, has the
funetion given in (4-s) as its impulse response. Thus the simulated sig-

j'wl y"(t), has the form:
g ) ) |
w) = HT S gy (By(®) +2 y'(0) _—

~ In this section wve wish to clarify the correspondence between y*(t) and
i t'ﬁ’ ). Whenever the relation between y*(t) and p(t) is quite different

] f-‘-ﬂﬁﬂ;.'ﬂh.; characteristic of the other models (4-k), it should be possible
to Infer from experimental data whether or not it is necessary to incor-
purate a threshold into the firing model.
In the fixed threshold case the character of the threshold does show up
¢learly in the sinulated signal y*(t). The stochastic variable y’*(tn},
whero Reri = I, N are spike moments, is distributed as follows:

e

(2wt P AT

4
Yb242 /e n> __b2
h ! 242
piy* (e ymn) = Vo242 ]
0 otherwise. (4-u)

e
Ahin do ensily found from:

' 1 _ "
?&’ﬂzﬂ'- m{ biyle )+ r’% y (tn)}
l : .

1

Y A {02 o2 (e}

he constraint y'(tﬁ)SO together with the statistical independence of
g ’
y(t) and y'(t) leads to the half Gaussian distribution to the right of
-

~ he value _E’f-y‘;’ + 2/y, In Fig. 4-3a, b and c, these distributions are
layed for the threshold values b =0, | and 2 respectively, together
@ o priori (Gausian) distribution of y*(t), For the sake of clarity
{{atributions are all normalised to the same maximal  value.

(4=v)

iy ===

Fig. 4-3

The conclusion is that, although y¥(t) is a perturbed version of y(t)

having the property that y(tn) = h for all toe the threshold charactaer
is still clearly preserved. In a histogram of values of the simulated

sipnal at spike moments, all values lie to the right of the value

b2 / A2 + 2/,

This is not the case for the fluctuating threshold where the threshold

character need not be preserved in the y*(t) signal. At spike moments

we now have:

T vt = b ovley) v Ay bW

in which the normalising factor v%z + 2/7 is introduced for the sane of
calculation,
Tor a given thrashold value, b, equation (4~w) yields the value:

B.b + /% y' (e (=)
which leads to the dlateibution funetion:



=- 80 =

. nln= B b}?
a
.:'?« i | B e -
,t (tn? * zfﬂ } lo

nebob

otherwise
(4-y)

Mhe overall distribution function, which takes into account the threshold
dlpteibution (4=p) is thus:

_m{n - b b)?2
BRE) = ol [ £ @ Y LU -B) b (2)
o s bt

whare UC.) {8 the Heaviside step function. The shape of the distribution
In wtrongly dependent on the threshold distribution and unlike the Fixed
threnhold cose need not betray a threshold character at all,

11 we go deeper into the problem of how far the threshold character of
apllie generation is preserved in the simulated signal y*(t), we must
diatinguish between two cases:

I+ The threshold fluctuations are relatively small compared to the stand=
ard deviation of y(t); that is, Eth(.) is a narrow distribution around a
mean value b.

2, The fluctuvations are large, even a histogram of y(tn) values would

not reveal the threshold character of the spike generator.

In came |, the threshold character, evident in the wvalues of y(tﬁ) all
haelng around b, is more or less preserved in y*(tnj values, because the
Jutter are distributed according to a more or less smeared out version
of the distribution of (4-u) (examples were showm in Fig. 4-3a, b and c).
In cane 2, the threshold character can no longer be deduced in the y(t)
domatn from the y(tn) values, but rather from the faect that y'(tn)>0 for
.q&i aplle moments tn. This feature is completely lost in the y®(t) domain
ﬂiﬁnl'wmtn turns out to be essentially zero (see helow),

T'o gomplete this section we give an example of a threshold distribution
Dalonglng to class two. Let us take:

“bi/,

In thin cane the "effactive flving .ptu‘bal;ility" Cor the [lring probas
bility conditional on y(t)) is proportional to the half wave rectlfled
y(t) signal (see Pig. 4=4a), What might be coneluded about the "effenl lve
firing probability" incorrectly deduced from the simulated wignal y"()¢
The mean threshold level in this case is:

oo
- g sl
B= b2 l2gp =%, (h=ah)
so that the function h*(1) would be

1
912/4 + 1

b* () = {-;i h(t) + h'(1)}. (h=nu)

The distribution of y*(tn} values can be calculated from (4=g)., It In
displayed in Fig. 4-4b together with the a priori distribution of y*(1)
and the effective firing probability, which is the quotient uf the two
(all three are normalised to the same maximal value).

By comparing the firing probability to the simulated signal y"(L), we
would conclude from Fig. 4-4b an expanding nonlinear dependence of p(L)
on the linearly filtered stimulus, but in reality the dependence I )lnwar

(for positive y(t) values). This kind of problems we may meat whan we are

uncertain vwhether the spike generating mechanism is of a thrashold type,

_ ply{ty)=nt i pLYACETan)
5 e N =) wril el
plyit=n} leltn_:l il EPTIY pLy*(th=n P!y"{tn) n P TTI
i i 2 g _2.66 0 1 b my -lﬂ’
Fig. A=4

utable thranhold; we must

¢ tool




An essential difference between the Weiss-like spike generators
Mueussed {n the last three sections and the other spike generators is
fhat the time derivative of the input signal y(t) plays a role in the
Ilrat group but not in the second. Accordingly, in the second group
(Johannesma, Duifhuis) we expect that the mean derivative of v™(t) on
apdles moments is approximately zero. This is indeed the case:

When we assume that (in the mean) no dependence exists between p(t) and

= 0, then, because y*(t) is functionally related

y' (), or -a-yat:(t)
Lo y(t), also Ta,t y* (L)

Tor the Weiss=like models considered so far we have for the actual y(t)
algnal  the property:

Lot #
% w Bly' (1) |y'(t)>0} = /.f:ofne"”z’f-z dn = /2

but, surprisingly, we again have approximately zero mean time derivative
‘of the simulated signal y®(t) at the spike moments:

" 20, This can be seen from the following reasoning: (using (4-t))

# /“%‘E () = b 4e 7O +/2_ 35 ¥ (1)

j M
= 5 /TR dry'(o +J5-9——3——£31—93 ()

ol “h12(ty gt

=B ey +vZ e y'(D)

It whould be remembered that the notation ' means differentiation and

normallining (see 4=n).

(for differentiating y'"(t)) are practically equal in the narrow band
0y thus we find at the spike moments:

X0 | ety (e urk v ()

The factor ¢y (for differentiating y'(t) and c,

1)

- “:nﬂ - /;. « An aceurate estimate of y"-_itﬁ.-“-'n

Aecording to ﬁ":m —
is =B, bacause poooy ey (01 and FTE no= b. Thus we can write for

the mean value of the derivative of y*(t) on spile momentu!

t=t o s

This result means that irrespective of the threshold distribution !uh<|},
in the mean the spikes occur at maxima of y*(t) (see also de Jongh (1974)),
fn interesting fpature is that in the fixed threshold case, the diutwihus
tion of the spike moments around the maxima of y*(t) is very narrow when
compared with the mean period of y®(t). This will be indicated for the
case b = 0 (when spikes are generated on zero crossings of y(t)) but

holds equally well for arbitrary b-values. When b equals zero, then, Ul!n.
(4=af), we get

LD () (h=ah) |

which on spike moments yields
'd__ *['t) | t=tﬂ3c "Ct j
de 7 & g (heal)

The signal y"(t) has a Gaussian distribution with unit wvariance but,

since y(t ) = b = 0 and p j(0)3—1. y'(t) is narrowly distributed

y(e)y'(t
around zero. From this it follows that spike moments can peeur only near

a maximum of vy*(t) (see for examples de Jongh (1973)),

In the case of a fluctuating threshold the coincidence of apllea maments

with maxima of y®(t) disappears; when the fluctuations of the threshold

are not small compared to the s.d, of y(t), the spike instantus will i
spread over as much as half the period of y*(t), as in the other modeln,

At this stage of the analysls we can only state that a fixed threshold

model shouli ll LI bogause the fiving probability will be narrows

ly dmm e around Che ma ! y'w. but the distinction batween
i - Wl and 4 nonthreshold model on the basis of




n conparison between p(t) and y*(t) escapes detection. A still more re-
iiﬁ;ifanliylis is required to distinguish between the latter two cases,
 Before considering such an analysis we will, in the next chapter, intro-

3 Vel
(dues an experimental result and attempt to explain it, first in terms of .
u fixed threshold model, and then in terms of a fluctuating threshold
medel and the non-threshold models. :
he results of this comparison lead to new imsight into the relatiom
batwean y*(t) and p(t).
r ;:-2 i

o

pter V.,

Introduction

In this chapter experimental data are discussed; the datn are, 1ike
in chapter IT, from single auditory nerve fibres in cat. We accentunte
the behaviour of one unit: nr. 750712. This unit had a CF of about 600 Mw,
and therefore is a good representative of low frequency units. Other undtn,
forming a pool of about 15, corroborated the findings presentad below,
On the other hand their diversity was not large enough to permit a aya-
tematic analysis of the effect of stimulus parameters and unit eharap-

‘teristics on an experimentally observed particularity.

It is attempted to explain the experimental result introduced in V=2,
with: a} a fixed threshold trigger, b) a fluctuating threshold trlgger

and ¢) the non-Weiss models, in V-3, V-4 and V-5 respectivaly,

The data given in V-2 are only a starting point; it turns out that a move
intricate characteristic, introduced in V-4, is crucial for detalled daoly
sions sbout the models. The conclusion is them, that none of tha models
can explain the experimental wresult .

In V-6 a more thorough investigation of an experimental result leadn to

the idea that a time derivative is involved in the spike generat Lon pro~
cedure, This idea leads to a generalisation of the analyain mathod: the
reveor function has to be calculated for this more complex situation
(V=-7). In V-8 the results of V-7 are applied to the experimental renul i
the conclusion is, that if a dependence of p(t) is postulated of bnih "
signal y(t) and its time derivative y '(t), the experimental rlnulﬁ “Hn
be explained in a surprisingly simple Way.

An experimental resul b

Fige S=1 aliows a Flll of p(r) against y*(t) obtained from unit

7507[2| 1L 4 I
1l




V=3,

= 58 =

Nt)T

Fig. 6«1 horizontal scale: units s.d. of y*(t)

vertical scale: arbitrary

Cluarly o rectification effect can be seenj however there is considerable
sweatter of the data points.

Thiv most simple characteristic in principle could be the result of
i fluctuating threshold trigger or a non Weiss firing model. However, the
{ixed threshold could already be discarded when comparing Fig. 5-1 with
Mg, 4=3, which displays the theoretical curves. Still, for the sake of
complatencss, the next section is devoted to the fixzed threshold trigger

chpe, The other firing models are treated in subsequent sections.

The experimontal result and a £ixed threshold

In this section we assume that the model of Fig. 4~2 holds true with
o fled thranhiold level for the trigger. If we assume b to be near zero then

the mout favourable correspondence exists between the theorstical and the
exporimental y*(:n) plots of Figs. 4=3a and 5«1 reapaotivaly (which is
Thowever atill poon).

V=4.

Thore ave two dlgoordances dn connection to the fixed thranhold weuump-
tion, however, The first concerns the number of firings and thelr regus
larivy. A fixed threshold near zero must give rise to a very regular
firing pattern forced by the regularity of the zero crossings of the
narrow band signal driving the spike generator. In contrast, spike tralis
in auditory nerve fibres show irregular firing reminiscent of Poluson
processes (Gray (1967), Siebert (1972)). A plausible cure for thim dig=
crepancy is to add an extra noise to the signal before the spike penera~
tor (Weiss (1966)). This is equivalent to introducing a fluctuating
threshold, however, and will be discussed in the next gection. Neverthe-
less if we want to keep the principle of a fixed threshold we shall have

to introduce the concept of firing probability so that when the thres-

hold level is crossed by y(t), a firing may result with a certain proba~
bility less than 1. In principle it is possible to generate pulae tralnm
with the desired stochastic temporal firing pattern in this way. A sec-
ond problem associated with the fixed threshold can not be cured. A
fixed threshold implies perfect synchrony or phase locking of the spilen
to a sinuscidal stimulus. Even at the highest sound levels no such par-
fect synchrony is found. Firings are distributed over at least one quar-
ter of a cycle of the stimulus (Kiang (1965}, Andersom et al. (1971)).
Again, internal noise or jitter of the spike moments might solve Ehin
problem, but these are antagonistic to the fixed threshold assumption.
Hence we must conclude that a fixed threshold trigger cannot describe
the spike generating mechanism.

The experimental results and a fluctuating threshold

In this section we consider spike moments tn, n= |,2yuenees 00
which y(t) has the properties: y(tn) = By y'(tn)>0, where b is n atochaw=
tic variable having a distribution function, fth(b), ag introduced in
section IV=3, Wa have shown that when b is the mean threshold leovel that

is b= yitni ﬂ_ﬁf h {uhthj il by than the revecor function is given by
Ch=m) anid the shmulaved slgnal will be

yh(e) =



It was suggested in section IV-3 that an experimental result like the
one of Fig, 5-1 can be explained in principle by a fluctuating threshold

Alring modal. Let us see whether we can indeed do this!
Yo want to recover the threshold distribution fth( .) from the properties

u! the simulated signal y¥*(t) at the spike moments, when we assume that
the threshold fluctuates as defined in IV-3.

When y(t) crogses the threshold on the level b, causing a spike at t ,

E__ﬂl'?liu‘. of the simulated signal is given by

?'Cgﬁfq sl (§ b+ /() (5-b)

/B2 2y

“.’-’hl-. moan value is given by

2 .
mw,@?m (5-¢)

s the mean value of the simulated signal on the spike moments yields
the mean threshold level directly:

I FE;TI - 2/, (5-d)
With the value of b,the differential equation (4-s) can be solved:
AT T 1 (1) = B onr) + f%' h' (). (5=e)
The Fourier transform yields:

7T W) = B B + /2l (5-5)

and thus

B (w). (5-g)

arEm

m the ald of the inverse Fourier transform h(t) can be found. It is
Iﬁm ”Illhh to determine the desired impulse response h(r) from the
Jarnel h*(1). Once we have h(t) we can reconstruct the signal
with the fluctuating threshold madel, givan the threshold
£,,(b) from the threshold values g(ﬁlﬁ'ﬁﬁg atly.

=L

d
This mchame im;nggmiyiﬁﬁiﬁ'un-ulti obtained from unit ne. 750712, The
mean value of y*(t) at the spike moments was: YRE Y = 1.0 ,kquation
(5=c) gives the mesn threshold level: b = y/(1.0) Imo= 0.6 ,In Mg,
5-2 we see the revcor function h*(r) together with the solution of the
differential equation (5-e) (the latter is called W™ (r) bacause Lt {n
another, supposedly better, estimate of the impulse response h(t)).

— i et S il
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Fig. 5-2

Vith the aid of h**(1) another simulation was performed, which ylelded *

the signal y**(t), This signal should be a better estimate of y(L) tlun

y*(t), because under the assumption of a (fluctuating) threshold meoha=

nism the latter aignal was contaminated with the time derivative y'(t),

Now obviously the justification of the assumptions should follow from

the properties of y"™ (1), At the spike moments t M 1250000, the |
valuen of y**(6) ghould be distributed accardina to the threshold dip=
cributlon £ ¢

Thin Fact do o validicy of the assunptions,

however, b el awsumptions with respeat to



“ 02 - “y -
tm(.): on the contrary, the y*’*[tn) distribution should yield an esti- Phus Crom Pig, 53 wa can see that a firing model with a threshold, aven
mate of the unknown threshold distribution. a fluetunting thrashold, as defined in this section, 1s not compatible
ith 4 .
e property which characterizes a threshold medel, namely that y‘[tn)>0 | ¥ the experimental data
lfor all spike moments t should also apply to y**'[tn), however. \

g —_— y e . o 3 I : 5 J
[hia provides a test for the validity of the threshold model defined in Ty the mevt Geotions @ geerallssnion of tha ainple trlgkanlainiseiRRE
thin seobion. The dependence of the firing prebability p(t) on the simu- chpwtibTe with she given sxperinental dete 15 daveloniis rRT SRR
latod wignal y** () (the data are, as mentioned from unit 750712) and

| reconsider the non-Weiss models in relation to Tig. 5-3.
Ity time derivative y**'(t) are displayed in Fig. 5-3. From this result
It in fmmediately clear that the assumption of the fluctuating threshold
I . v . ' - - * [] - |
flring model is wrong: p(t) is not identically zero when ¥**'(t) is S W wmpmmsriial e bl e rom i iy

nugative as it should be when ¥**(t) correctly estimates y(t). Also plt)
I not Independent of y**'(t) as it should be; on straight lines

For the non-Weiss models we should expect no dependence of pl(t) on
Y™ (t) = b in the half plane y**'(t)>0, the firing probability should be

y'(t) at ail, or only a slight one (see IV-2 and VI-4), It was shown In
gopstant but it is not. section IV-2 that in the case of units of low CF, the signal y™(t) In
an estimate of y(t). S0, in order to get the pendant of Fig. 53, [ur
this case we need to consider a figure in which p(t) is plotted aw a
funetion of y*(t) and y*'(t). This is done in Fig. 5-4 with the same

experimental data.

(04=3)

Flg, b=3 scales in the horizontal plane: units s.d. of y**(t)

e R g Fig, G4 nonles 0 the horfgontal plane: units s.d. of y*(t)

vartieal sualel arbitrary

M- e e
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Obvilously p(t) is dependent on y*'(t); p(t) is clearly not an instanta-
neoul funetlon of y*(t) as it should be if a non-Weiss model were cor-
raet,

Thus It weems that the non-Weiss models are also incompatible with this
'IIQ]!@MIntli result (see chapter VI for further discussion). We are for-

¢od te extend the analysis to the case where p(t) depends on both y(t)

and y'(t). This is done in the next sectionms.

An_dnfluence of y'(t) on the firing probability

It appears that none of the models is compatible with the data pre-
nented, What is the reason of the discrepancy? In chapter IT several
wxnmplen of comparisons between p(t) and y*(t) were displayed (Fig. 10).

When we look at these we observe a 'very good correspondence' between

the two; in each positive going half period of y*(t) we find enhanced
{lring probability; in the other half period the probability is zero or
vary small, There are, however, systematic deviations of p(t) from the
instantaneous nonlinearly distorted (rectified) v (t) waveform, which
are bant ween in very low frequency units (CF less then 1500 Hz).

Iy, 5=5 {llustrates the deviations (the data are again from unit 750712
ui Lhat they can be compared with the preceding figures). Within each lode
the plt) function is clearly asymmetrical in contrast with the shape of
1”&!). Iirthermore there is a systematic relation between the place of
the activity in the lobe and the "character" of the lobe: the smaller
valuen of p(t) occur as much as a quarter lobe later relative to y¥(t).
(Ihin anymmetry or "skewness" of p(t) is readily found in many publica-
(lonm on auditory nerve responses: e.g. in Rose et al. (1967) for squir-
ral monkey; in Kiang ot al. (1965) for cat, and also very clearly in
Kidinke et al. (1977) for caiman!). As will be shown, a solution to the
prabilem of the discrepancy is found, by assuming that the firing proba-
Wlley In determined not only by y(e) but also by ¥'(t).

1 millicecond t

Fig. 5-6

We first solve the problem of caleculating the revecor function (or {lrut
order V-W kermel) for a generalised model. In the generalised model the
Firing probability is determined by the pair (y(t), y'(t)) in a more
complex way than in the fluctuating threshold model of section I1V=1,

Tinear y(t) DPU?E“-
N ik —
dynamic qeﬁer?
differ-
entia-
tor

Fig. 5-6
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netion for a generalised firing model

{s section we derive an expression for the first order V-W ker-
veor function when the firing probability, p(t), is a function
y(t) =, a linearly filtered version of the input signal =(t) -

jl}y Ate time derivative.

{der the stochastic variables x = x(t-t), y = y(t) and z = y'(ﬂt)‘:.
wll are Gaugsian with zero mean and unit variance: x,y,z N(0,1).
‘covelation coefficients are: p xy = (D), o, = h'(r) and B ™ 0.

Mﬂ. the covariance matrix is:

RIS ) R

~ h(r) 1 0
by o 1/ (5-h)

Jodnt probability demsity function of %,y and z can now be calculated
- (1950)) ¢ '

_ X2 (1=h"2 (1)) y2+ (1=h2 (1)) 22=2h (1) xy+2h(x)h'(r)yz-2h' (1)xz

242

R

£ (A = (1=h%(r) - n'2(r)).
function of the generalised model can be calculated with this
peapony of clarity this is done in four steps.

ler the' condition that y(t) = b, y'(t) = o,
. H'

¥ (1) = Blx(t=t) | 9(e) = b, ¥'(t) = ¢} =_ [ xply=b, s weldew

i mmf x p{x,b,e} dx = "
o Ix=(b bilr) 4 e b)) )?

2 Z. e e
R Ve Pee 2 2%

V2T A

= b h(t) + e h' (1)

(49

b) When spikes are generated under the condition that y(t) = b,
v"(t)>0, (the problem of de Boer and Kuyper (1968)), the reveor functlon
is:

W (1) = E{x(t-1) | y(t) = b, y'()=0} =

1 <
" Py = b, B0i-ed %S P, zls dx =

_ ZIx=(b h(r) + oz W' (e}
4 oo == 2 o
slE el L. P 35 d dg

© YZm A
e
= T afm e {h h('l') ¥ =z h‘ {1)} dz
=b h(r) + vf‘%h'(ﬂ,
¢} A more general problem occurs when spikes can be generated unde

conditions that bEB, c€C with B,C measurable sets in (=m,m),
First we consider the case of a constant firing probability in I

is a positive constant, otherwise it is zero. In this cass the
function san ﬁp caloulated an follows:




—) i
[ [ (yh(o+an' (1)) e ¥le o753 dydz
B o

LA RTORECR N - |
where b and ¢ are the mean values of y(t) and y'(t) respectively, at the
ﬂ,iﬂ"ﬂﬂﬂlﬂll- The results of problems a) and b) follow immediately from
'jﬁil'iilultu We are now in a position to treat the most general case:
) For sach pair (y,z) a firing probability demsity pg(y,z) is defln?d.
'fhl ronnonlng now proceeds as follows: a point (b,e¢) in the (y(t), v' (&)
plane yleldn o contribution to the revcor function of the shape

b W) + ¢ h'(t) (e f. problem a ).

ﬂﬁl'fliltivi amplitude of the contribution is

4y def

Pty ) ply(t) = b, y'(t) = ¢} EZpib,e)

The reveor function is now given by:
WCE) = [ T B+ e b () Ip(b,c) dbde =

-q-r-“rn b p(b.c) dbde hit) + _m_rn_w'rwc p(b,C) dbde h'(T)

© wahte) 4 (D
where o and @ are constants.
WEIIQW'iHiI pesult is o generalisation of the results from problems a),
ﬁg anid ©). Por inatance the solution (5-1) from c) follows easily from
tl'ﬂb whan thb.ﬂ) {8 constant for (b,c)C B@C and otherwise pf(b,c) =

(5-m)

sofficlents of h(1) and h'(1) can be interprated as the mean values
Cand y'(t) respectively, taken at the spike momentu.

V-8,

Thus Loy any um gonerating system whn‘u the firing probabilivy in an
instantansous funetion Pely(t), y'(t)) of both y(t) and y'(t), whers y(r) In
the linearly filtered input signal, the normalised first order VoW karnal op
reveor function will he a linear combination of tha impulse responue hir)
and its time derivative h'(1):

Y52 4 2 (Ben)

This means, in general, that the statement: Lhe first order V=W kornel (n
the best estimate of the impulse response of "the linear part" of u

W = {b h(t) + ¢ h'(r)}

system is not correct. A correct statement is: the convolution of the lnpuy
signal and the firet order V-W kernel does supply the begt approximation, Iy

Mean square error sense, to the nonlinear transformed output aignal,

The experimental data and the generalised firing modal

The result of section V-7 is now used to explain the experimentul
data of unit nr. 750712 in terms of a generalised firing modal.

We assume that the function p(t) that controls the firing probabilivy
instantaneously depends on both y(t) and y'(t) as introduced {n V6,

When the "firing probability function" as defined in section V=7d 1a
pf(y(t), ¥'(t)), the twodimensional threshold distribution density [upe~
tion is p(b,c) = Pe(bsc).ply(t) = b, y'(t) = c}, as in (V~7), and we fnd
the mean y(t)-value b and y'(t) ¢ at the spike moments from:

b= [ bplbe) dbde

c = L:f ¢ p(b,c) dedb (=)
According to the result of V-7 the reveor fumction is:
; | -
W*(r) = (B h(e) + & b'(r)) (S=p)
Vi p

and the '-'MLL.
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with & mean value at the apike moments (since ) "B lhd’y'fts Bal)

m u‘tn my e o? (5-1)
Mhds mean value of the simulated signal at the spike moments can easily
Be obtalned from the experimental data and emables us to choose pairs
(E,EJ with the proper squared sum. 1f the wodel is correct, cne of these
padvs Lo the "right" one; the problem now is to recognize this pair when
fo a priord information about the firing probability is available, other
than the asmumption that it depends on both y(t) and y'(t).

In aur search for the "right" (b,c) pair we will use plets like those in
Wige 53 and Fig., 5-4. For any (b,¢) combination such that (5-r) is ful~
{111ad, the differential equation (5-n) can be solved. Now such a solution
W% () (an It is called in V-4) can be used to generate a signal a5
which, in the case of the correct (b,¢) pair, should be an uncontaminated
entlnate of y(t). A plot of the firing probability p(t) in the
y“*tt)-y**'(tj plane should reveal whether the chosen (b,c) pair is
Plaundhle,

We procecd with the data from unit nr. 750712. As mentioned in V-4, the
mean value of the simulated signal at the spike moments was 1.0 .We start
with the choice (b,e) = (1.0, 0). But then, according to (5-n) because z
In wero, the estimate h¥*(1) is proportienal to h(t) and the solution to
ho differential equation (5-n), h**(r), is the original h®(r) funmctiom.
i thin case Pig. 54 applies. As already said in V-5 such a dependence
of ple) on y(t) and y'(t) is unlikely. We cannot possibly interpret this
pesull and #o we conclude that c # 0.

To galn dnwdght in this problem consider an arbitrary palr (E!E) such

ghat /67 + 82 = 1.0 : (B,2) = (0.46, 0.89). With the aid of W**(c), the

solutlon of (5=n), o signal y**(t) is penerated. In Fig. 5-7, p(t} is

plottad an a function of y™(t) and y**'(t) for this choice., Evidently

Hh&l wolutdon iw as inappropriate as the previous one. The problem now

; 4hnr to obtaln a more sensible choice for (by¢). lvery cloice (B e)
dny via tho dufountinl aquation (5=n) to a runutinn 11.”(1) whl.:h in

Al
aimllar statement holds for y*™* (L), This signal is a linear combinatlon
of y(t) and y'(t), hﬁl coafficient of the latter heing zere for the cops
rect (b,e) palr. This means that the p(t) plots in the y"**(t)=y"™*' (1)
plane for all (E,E) pairs are identical in shape but show diffarent ro=
tation angles with respect to the y(t) and y'(t) axes. In other words,
it should be possible to obtain the plot which we seek from sach of (he
previous showm plots (5-3, 5-4, 5-7) simply by a rotation. To ba precinel
assume v(t) to be transformed by y**(t) by
vE(L) = y(t) cosd + v'(t) sing.
Then, under the condition that y(t) is a normalised narrow band wignal,
y**'(t) = y'(t) cosd + y"'(t) sing = -y(t) sing + y' (L) cosy,
This shows that under this condition the transformation of y(t) and y'(1)

is orthogonal.
The most promising situation, plotted in Fig. 5-8, results from a cholee

(bye) = (.92, .42).
Of course the simplicity of this plot is no proof that these parameters
are correct and that a firing model as defined in this section applieus
but if such a dependence of the firing probability on y(t) and yv'(t) In
the case, this choice of (b,c) is much more likely then any other cholos,
If this is the case, then the resulting y**(r) estimates y(t) without
contamination with y'(t), and the dependence of p(t) on both y(t) and
y'(t) can be determined from the plot 5-8. Clearly we find thali

a) the firing probability p(t) is virtually zero when y(1)<0}

b) p(t) increases monotonically with y(t) when y(t)=0;

e) p(t) increases monotonically with inecreasing y'(t).

A few more units were analysed in this way; they gave qualitativaely -
the same result. As said, not enough different units and stimulus pltus~
tions were met for a complete analysis. It would for instance be
very interesting to know the dependence of the skewness on paramelars
like: the intensity of the stimulus, the CF of the unit and tha mponta=
neous activity, lowsver, the result reported in this chapter is lnteress
ting on Ltw ownt L& Lo diseunsed in che next chapter,

At this painty o sonneatfon with rig. 5-8, a refarence should be
mada to Che vk ln o Do o hin analynin aof untc rllpﬂﬂlll

in the
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orthogonal linear functionals on the input signal x(t). A favourable
approxgimation seems to be provided by p(t) = eQ(w,w')' where Q i a
polynomial of the second degree and w,w' are the above mentioned
functionals. In this way, accurate approximations to both our plot
(5=H), and those of Grashuis, should be possible. Grashuis uses for
w a coneolution with the reveor function, and for w' a convolution
with the Hilbert transform of the reveor function. Though mathemati-
vally this i attractive, interpretation is difficult. We rather use
the time derivative of the reveor function for w', the difference how-
avar, In minute for the narrow band signals involved. Still Grashuis'
plots loolk different from ours (they seem to he more symmetrical);
thin Iw prebably due to the fact that we recorded from auditory nerve
[lbres, while Grashuis used data from the more central auditory station
ol the cochlear nucleus.

In the next chapter we proceed with our idea of the involvement of

A Llme derivative in the firing probability.
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Fig. 5-7 scales as in Fig. 5-3
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Mpter VI FINAL CONSIDERATIONS

“ly

Jnkreduction

The moin reason for a need to revise the firing model (chapter V)

WAl the oxperimentally observed skewmess of the firing probability p(t).
Ihls phenomenon could be observed in many publications concerning auditory
nerve fibre data (see for sowe examples V-6), though it was mot always as
Glearly present as in our result given in chapter V. As far as we know,
the phenomenon did not attract systematic attention. That skewness is
ﬁﬁh.llwlyl present (even if we restriet ourselves to low frequency sti-
mulug wltuntions) may be due to imperfect quality of the recorded impulses,
which leads to smearing out of the histogram that estimates the firing
probablility, For instance, our own observation is that often during the
facording, the physical shape of the spikes changes gradually or abruptly,
{nevitably leading to a smeared out estimate of the firing probability.
Mother reason for the absence of skewness, or only a small effect, is
dincusned in the sequel.

In V1=2 the following possible causes of the skewness are discussed:
a) rofractoriness, b) a lowpass filtering effect, c) a quick adaptation
and d) an intrinsic property of the firing model.

In V=3 the findings of Vi-2 are discussed in connection with the
wmodele of chapter I1T. The conclusions are that for the non~Weiss models
only the cause mentioned under c, a hypothetical fast adaptation, could
axplain the skevness effect, but that for a properly defined Weiss firing
model d) applies. This surprising finding is speculated upon in the last
weotlon, Vi=4, where remaining questions are raised and a proposal is made

to arrive at a "best" model based on the conclusions of this thesis.

Vi-2. Possible causes of skewnees ’

a) Refractoriness.

In principle the refractory mechanism could account for the sley=

ness. When a spike occurred in the first half of an excitatory lobe, an«
other spike in the second half is highly unlikely (for a CF of 500 Hz &
lobe is | msec in duration so that refractoriness would play a dominanl
role). Consequently, the firing probability will be greater in the firut
half lobe than in the second. We cculd call this a "virtual" influence
of the time derivative of the excitatory signal on this firing probabil=
ity since in the first half lobe the derivative is positive while in the
second it is nepative. As a consequence the mean derivative at the splile
moments will be positive, though the derivative is not actively involved
in the spike generation process. However, the shape of the revcor funelion
is not given by (5-p) in this case. We will come baclk to this later, f{rut
we want an estimate of the skewness effect. _

We will derive a quantitative measure of the amount of skewness.

For ease of calculation we use Duifhuis' assumption that the spike mo=
ments can be interpreted as an inhomogeneous Foisson process (see chap-
ter III-2). First we calculate the firing probability for a sinusoldal
input signal. Without refractoriness the firing rate will also vary
sinuscidally; in mormalised notation: r(t) = c sinnt), O<t<l. The
property of refractoriness can be introduced by assuming that r(t) in
equal to c sin(wt) when no spike cccurred in @,t), and that otherwinn
r(t) = 0. This means absolute refractoriness during an excitatory lobe
and complete recovery during the non exeitatory phase. We can ecanily
calculate the rate corresponding to a sinusoidal stimulus ¢ sin(it),
O=<t<l., Let pOCO,t) be the probability that no spike occurs in @.t). It
is easily shown that the firing probability or rate is then given byt

() = p,(0,t) c sin(nt), (=)

Because of the Polsson assumption, pQ(O.t) depends on the ainusoidal in=
put signal In the lolleowlng way:

* _
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s the rate r(t) is given by

3
¢,/ sinCyr)dr (e/m) (cos(nt) =1}
HOE) = oo gin(yt) = c e sin(rt) (6-c)

. (efm) leos(mL) = 1]
The distortion factor e

miljl thus the effect of absolute refractoriness is indeed a skewness

decreases monotonically in

of the firing probability relative to the excitatory signal. Is this
wffect large enough to explain the experimentally observed skevness?
In order to answer this question we need to determine c¢ in (6-c).

Lot un first reconsider the problem: we wish to determine if the skew-—

ens of p(t) in the narrow band noise case (namely the data of unit nr.

150712) can be explained by refractory effects. When the upward going

deflections of the excitatory narrow band signal are replaced by purely

wlnusoidal deflections of amplitudes equal to those of the lobes, then with

thee ald of (6=¢) we should obtain a fairly accurate idea of the "refrac—

fory skewness', The most proncunced skewness would be expected for the

groatest lobes; the distortion factor becomes more effective with in-

craaning c. In the data from unit nr. 750712 the maximum firing proba-

bility per lobe is about 24% (in a continuous sinusoidal stimulus situa-

tlon this would mean about 145 spikes per second). Then p_(0,1) = 0.76

['sinGrodde  -2¢/x

4o that from (6-b) we find:i e -e = 0.76, which

leads to c = 0.43. In Fig. 6-1, the excitatory sinusoidal wave form is

dopleted together with the corresponding firing probability.

Comparing Fig. 6-1 with Fig., 5-5, it is evident that the skewness is

mueh smaller than the experimental one. The fact that p_(0,1) = 0.76

means that the firing probability in the tail of a lobe is at least

0,76 tlmes that in the front. Fig. 5-8 clearly shows a much greater de-

prasnion of p(t) for the highest y¥¥(t) values when going from large

positive y*“'(t) values to large negative ones (corresponding with fronts

and talls of the lobes respectively). In order to explain the experimen-

tally obuerved skewness by refractory effects, ona would require unrea-

; tho large (lring raten. For instance, a value of 3.{0.'1 = 0,2 neans
§ probability per lobe of 80% which means AUO. apike | mecond

in a unie with a F of 500 Mz,

p(t) y(t)

0 I 1

Fig. 6-1 vertical scale: arbitrary

The more realistie agsumption of relative refractorinesa, vather than
absolute refractoriness, will further weaken the eFfect of this kind of
skewness. We must conclude that, though refractoriness plays a role, it
can not account for all of the observed skewness of p(t). Also, though
refractory skewness" can qualitatively be described as "an influsnce
of y'(t) on the firing probability", this does not mean that, evan ap=
proximately, a functiona1 relationship p(t) = Fly(t), y'(t)) holdep the
relative depression of p(t) in the second half of a large lobe ls greater
than in a small one. Thus the results of V-7 are not applicable :a.ﬁﬁil

case, but anyway, the effect cannot explain the skewness phenomenon, and
we leave it here.

b) Skewness may result from a low pass filtering after the rectifior.

So in Johannesna's model it will be present. In order to get an lden of
the extent of thin kind of skewness, we First look at Flg, 6=2, Tt shown
a) one perdod of 4 veetliled winusoid wich a fraquency of 1 kilg,

b) the dmpulae lll'lqll l‘ a l&m@lh RG low pass £ilter having a time
conatant of (00 Woa) #ault of filtering the mignal of ),
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i ! ._}ghgl_ﬂy. from Fig. 6-2, we expect a p(t)-y(t)-y"(t) pI'.ot tc‘:: isplay
| ‘wmearing out of the firing probability towards negative y (t) values.
In the resultin isible in Fig. 6-2c sufficient to explain
;;IM.MM!::lluliins asymmetry visible in Fig. 6-2c sufficien P

F’ ~ the skewness of the p(t) versus y*(t)-y*'(t) plot of Fig. 5-87

E. '1$i‘ﬁﬂﬁﬂlttltl the effect a hardware model was constructed, see Fig. 6-3.

bandpass
Hter

Polsson

! ! 3
it | yRI spfho sgnal

Fig. 6-3 Hardware model for the investigation of a Towpass filtering
effect,

noise generator: H.P. type 3722A set to pseudorandom noise with a band-

width of 5 kHz, n=13

bandpass filter: third of octave at 1008 Hz. Wandel und Goltermann
amplifiers: operational Manifold RP-F. Philbrick.
poisson generator: designed by C.  Kruidenier. Consists of a maximum

Tength sequence generator driven by a clock pulse generator,

The frequency of the clock was propartional to the 1nput 4
value; for negative values of the input, no pulses were
generated. |

In the RC part, the C was given different values in order to study tha

effect of the time constant on the skewness. The bandpass filter wian o

%-cct filter with a central frequency of 1008 Hz. Since the output ol

the model consists of pulses, the simulation procedure as developed

for the experimental data could directly be applied to this aitustion, 1
In Fig 64 we wee the vesult of the procedure applied to the model with

Co=.0 uls bl




Mg, 64 same scales as in Fig. 5-4

Al sxpocted, no systematic dependence of p(t) on y*'(t) is present.

ol ractory= nor low pass filtering effects nor adaptation plays a role,
thus the only non linearity is the instantaneous one which, as has been
dlpeussnd in chapters IV and V, has no effect on the shape of the cross

aurrelation funetion. (Indeed, a direct check showed that h¥(x) = h(r).)

In the next figure, Fig, 6-5, however, we clearly see the effect of low
pann fllearing. The time constant of the RC part was taken 33 jsec. The
fledng probability p(c) differs from the rectified band pass filtered
Input slgnal to the effect that individual lobes are delayed and smeared
Gut, The affect i somewlat less than that displayed in Fig. 6-2; there
the ¢ lme constant was 100 psec. When looking at Fig. 6-5, three points
ol fnterest are readily seen:

1) & smearing out of p(t) at negative y*'(t) values is clearly
vinible,

2) though y(t) leads with respect to p(t), from this plot wa san
deduce that y*(t) laget this phase shift of y*(t) wheh vespsot te y(r)

e A

———

il -

cun approximately bo demeribed as o counter clock wise rotation of the
plot with respect to the y(e)=y' (L) axes.

But the most interesting is:

3) the skewness of p(t) with respect to y*(t) is again much smaller
than the experimental one. The skewness could be enhanced hy introducing
a different RC part with a longer time constant in the hardware modaly but
than the smearing out of p(t) gets too pronounced to he comparabla
with the experimental result of Fig. 5-8.

Fig. 6-5 same scales as in Fig. 5-4

Now it is time for a new experimental result: in Tig. 6-6 the result of
the analysis procedure for unit nr. 750873 is displayed. In this plot
p(t) In plotted in the y"(t)=y*'(t) plane; no rotation was done, so di=
rect comparinon with Fig., 6=5 {s possible.
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[1g, 66 same scales as in Fig. 5-4

fivldently the experimentally observed skewness is much more pronounced.
Apart from that discrepancy, the similarity is striking. The conclusion

In that Johannesma's lowpass filter K just before the firing model is a
plaundblo alement, (See also Eggermont (1972) in this context.) That this
wiearing out is less evident in the plot of unit nr. 750712 (Fig. 5-8)
way be due to the difference in resonance frequencies: 580 Hz for the
Jabtar, compared to about 800 Hz for unit nr. 750873. As for the skewness,
the oonelusion is that a low pass filtering effect cannot explain it.

9) The third possibility is a fast adaptation.
1, durlpg esch excltatory lobe, the "effectiveness" of the stimulating

wave Form continuously decreases, then a skewness of p(t) will result.
With properly chosen parameters it should be possible to explain the
wperinentally observed skewness effect completely. Although such a
@I@&ﬁ'l!ﬂlnn s aw yot unknown, it canmot be excluded, (The time constant
‘wasoelated with fast adaptation as found in chapter IL 1o too largs.)

; ) Ihe last poasibidity that the skewness be an fnhavent prs of the

g wodel in discussed in the next section )

Vi=3, The gleownann el lect and the modeln

The conelusion of VI=2 was, that only either a fant adaptation,
or an inherent property of the firing model could explain the skewnens,
We will only treat the latter possibility, because this adaptation 1a une
yet unknown.

Since the firing model of Duifhuis and the SIPIT model of Jolanteu=
ma are instantaneous devices (see chapter IV), they can be excluded an
candidates for the skewness effect and we will concentrate on Welss'
firing model.

Concerning Weiss' firing model, from experimental data we coneluded
that neither a fixed nor a fluctuating threshold is appropriate (V=1 and
V-4). The problem is that the time derivative of Lhe excitatory algnal
evidently plays a role which can not be explained by the simple Lrigper
as defined in those sectioms.

If we define a "threshold crossing" more carefully, however, we aubomp=

tically (see below) arrive at the desired dependence.

Let us assume that in the process of spike generation two signalu arve ln-
volved: the excitatory signal y(t), and a random fluctuating threaliold
signal b(t). A spike is initiated when y(t) crosses b(t) as specillied
below. We arrive at a threshold model with a fluctuating threshold,
which, however, is significantly different from the one introduced in
V-6. There we described the threshold fluctuations in terms of a proba-
bility distribution function; only the probability density of a partis
nent threshold value was given. The omission of not defining the temporal
behaviour of the threshold value, or the autocorrelation properties ol
the fluctuations, leads to conceptual problems with respect to dafi=

ning the threshold crowsings. If we introduce a threshold sigral, b(t),
and assume 1t to ba 4 mample function of a differentiable stochastis
procass, however, then we have no difficulty defining crossings and Ghus
spike momentus & momenty Uy fn a spike moment when the excitatory nlgnal
y(E) eronnen bhe bhrsshold wlgnal ble) "in upward direction that i

y(&) = ble) and y'(edeh ﬁy Iy partion of the thrashold aignal HeE)
complately daks | AR




tant ourselves with showing that b(t) signals exist which, In a hardware
model (see below), lead to results which very satisfactory slmulate our
auditory nerve data.

What properties should this threshold signal, b(t), have? First b(t)
must be positive. From Fig. 5-8 we see that spikes do not occur when
y(L)<0, Thus in terms of the firing model introduced in this section
tlilp means that y(r) only meets h(t) in the upper half plane, so clearly
PO 0 must hold, It is readily seen that the required dependence of
pt) on y'(t) is qualitatively present: when y(t) moves in positive di-
pootfon ("towards b(t)'") a crossing will be more probable than when

' (1)%0, In the latter case b(t) must "surpass" y(t) in order to cause
@ vronsing. In order to illustrate the principle a hardware model (Fig.
6=7) wan used and b(t) was taken to be low pass filtered noise (see

Py, 6=7 for details).

offset
level
0o we
Qunn-
TS \
!
H1
~uity
to
trigger
yIt)
nivlgn
(LTS ¥
rl%nr

H2

I1g, 6=7 nofse generator 1: H.P. type 3722A. Bandwidth 5 kHz, n=13.
nofse generator 2 generated pink noise.
H1: Lowpass filter; set to 2 kHz cut off (designed in our lab.
rajection: 60 dB/oct over 400 Hz)
H2: third of octave filter at 449 Hz. Wandal und foltarmann,
= The signal to the trigger had an r.m.s, value of LV and had an
 offset of ~1.2V, The level of the trigger WAs anb &b G4,

Fig. 6-8 same scales as in Fig. 5-4

Fig. 6-9 same scalos as 1n Fig. 5-4
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e slmulation procedure was performed with this model and gave results
vary almilar to those obtained from acoustical nerve fibre responses.

ﬂhl voaulte are shown in Figs. 6-8 and 6-9. The figures show p(t) plotted
fn the y*(e)=y*' (t) plane and the y*™*(t)-y**'(t) plane respectively.

Thay whould be compared to Figs. 5-4 and 5-8 respectively. The fit be-
fween the hardware models outcome and the experimental data qualitatively
1 vary good,

Tl sonclusfon i, that the fluctuating threshold model introduced here
-tﬁhlﬂh aupentinlly is the trigger firing model of Weiss) could apply to
the peripheral auditory systems'spike generating mechanisms, at least
whien an appropriate threshold behaviour is inserted. The experimentally
Whimerved skewness can completely be attributed to an inherent property
ol that flving model.

The Laripheral Auditory System model

In thin section an attempt is made, applying the conclusions of this
tlisnln, to mynthesize the "best'" model. The model consists of complexes
all of which are already introduced in the preceding chapters.
Ik 1n not srricely phenomenological because it consists of building blocks
vepresanting fundamental sensory mechanisms like spontaneous activity,
volvacroripess, saturation and adaptation. Therefore, the integration of
wll these componenta in the ultimate PAS-model should provide a complete
dueperlpelon of neuronal firing behaviour to stimulus situations that are
more oomplex than those investigated in this thesis.

We will now procesd discussing the various complexes of the PAS-model,
whioh {n displayed in Fig. 6-11.

1) Mg Cfrequency selectivity and the saturation

Iy shapter 111 it was concluded that modelling the frequency selec-
tivivy via one sharp linear filter is a quite satisfactory solution.
Hﬁlﬂ. however, we want to include a Weiss-like firing model in the PAS-

odal, we run dnte trouble as already mentioned in L1T=5, Thin trouble
--kl-lﬂ!id hv moans of a different modelling of the !ruqunnq soloctive

= A7 =

with inereaning stinulus intensity one éxpects near perfect synchrony at
the highest stimulus intensities. This is not met in practice. A posnlble
cure for this shortcoming of the model is to increase hoth the threshold

level and the intensity of the internal noise with the input lavel. Thin
solution, however, will only work in stationary stimulus sltuationn|

e.g. the firat peak in a PSTH belonging to a very intense click can not
properly be simulated. As already discussed in chapter [IT1 a lttu!&!igﬂ
in the sense that the signal to noise ratio at the trigger input stays
constant above a certain stimulus level above threshold eliminates the
problem. However this saturation must be of a special kind. An inwtan=
taneous nonlinear saturation which would yield a clipped version of the
linearly filtered input signal at the highest stimulus levels is Inaccep-
table. Even at the highest intensities such a clipping can not be ohasrve
ed in actual firing patterns (Kiang (1965), Rose et al. (1967), Gray
(1967)).

An instantaneous saturation mechanism which does not display this undes
sired clipping phenomenon is provided by Pfeiffer (Pfeiffer (1970)). It
consists of a linear filter ("the basilar membrane Filtering'?) followed
by a saturating instantaneous nonlinearity and again a linear [ilter
("the second filter"?) (Fig. 6-10).

linear nonlin. Tinear
I Fynamic static dynamic I
H, H,

Thiw nonllnlal
two=Lone mi

I"I hy Ploaiffer to model the phenomenon of
ho uned an a valuable extenslon of




Tl properties of this nonlinear filter are subject of our prasent re-
wearch, Proliminary results indicate that when, in the modeln, the linear
Uliver I (ign, 2=1, 2=2 and 2-3) is replaced by Pfeiffer's nonlinear
{ilter of Mg, 6-10, the simulated signal still has the desired properties.
The reveor function will be proportional to the impulse response of the
euncads of the filters Hy and Hy (in Johannesma's model the lowpass filter
g wlightly complicating factor) and the simulating signal still is a
penarliably good approximation to the nonlinearly filtered signal. As said
I ohaptar 111, however, the "second filter'" situation is unclear and
wonseguently this solution is speculative. The resulting saturation is
favourdble because of two reasons. First, Weiss' model can be incorporated
I the PAN=model, Becond, saturation in this early stage of the model is
In accordance with the fysiologically plausible assumption that already
the receptor potential must have undergone the main saturation (LIL-5).

2) The nolwe fnputs n)(t) and ns(t)
The nolse source n)(t) takes care of the spontaneous activity; the

motlvatlon for its location just before the feed back loop is that in
thin way ft provides a correct modelling of post stimulatory depression
of the spontaneous activity. See Koldewijn (1973) for simulation results.
The physlologleal corelate of the noise signal ny(t) is: spontaneous flue-
tustlons of the hair cell membrane potential plus synaptical noise.

e nolse source ny(t) takes care of the threshold fluctuations; it
Can eause the skewness phenomenon described in this thesis. In our simu-
latfons we used lowpass filtered pink noise. The simulation results of
,tlla.ﬁ-l and 6=9 were obtained with a cut off Erequency of the lowpass
fllter Wy dn Fig. 6-7 of 2 kiz. The physiological corelate is the mem~
l!lﬂl.ﬂotlntinl fluctuations in the primary auditorvy nerve fibre at the
aplls orlginating site.

4) The nonlinearity G, and the feedback loop

Thil complex takes care of the adaptation. As a part of Johannmesma's
ﬂ'ﬂhij.ntmuiunlona were performed by Keldewiin (1973). The time constant
Qn&ihj Teadbuck loop was taken 33 msec. This value probably im too long;
At Ls even quentionable whether a simple exponentially decaylng funetion
It 'js-ﬁpuaglbal the adaptation, Howevar, tha.pﬁml,'*';T‘ hdn il

T — .
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tiplicative Lesdback Loop is supported by our own unpulilished chuervations,
As for the physiological aspects, there is considerable evidence (Bpger~
mont (1972), Prijs (1979), in guinea pig) that adaptation of the peri«
pheral hearing is mainly situated in the hair cell - primary afferent
synapse. According to Eggermont it should be modelled as a dynamic de-
crease in excitation during stimulation. The solution adopted here [rom

Johannesma's model is a simplified version of Eggermont's modal.

4) The firing model

In the PAS-model of Fig. 6-11 the firings are generated by a Liring
model consisting of a lowpass filter, K, followed by a trigger, 1. Tho
firings are fed back to T via a lowpass filter and subtracted from i
input in order to take care of refractory properties. A noige source,
no(t), causes random fluctuations at the input of T.

In VI-3 a simulatien was described in which only the trigger and the
noise source were involved. This simulation proved succesful and wan the
reason for incorporating this firing model in the PAS-model. The inflluence
of K was also studied in VI-3. As for the influence of the refractoriness
mechanism, this was not studied. In the case of low Eiring ratew, no ln-
fluence should be expected: when the value for the time consgtant of thuo
lowpass filter in the feedback loop is taken to be 0.3 msec (Wedun (1066))
then the "refractoriness effect" is virtually zero in | wmsec.

In performing simulations with the hardware Weiss model of Fig., 07,
it was observed that the resulting skewness of p(t) strongly depends on
the properties of the threshold signal b(t), on the relative amplituds of
y(t) and on the central frequency of the bandpass filter. A aystematic
study of these dependencies together with systematic investigation of (he
dependency of the experimental skewness on the CF, the stimulus Intenslty,
the spontaneous activity and the firing rate might give conclupive svi=
dence about the valldity of this solution. The physiological consldora~
tions for the flring model are: K represents the lowpass filtering affect
of electratonlo conduntion along a nerve fibre; the trigger, T, raprasents
the nouronal astlon potentlal triggering: the refractory mechandnm tuluy
care of the temperartly suppressed excitabilivy afver a firing, The nolss
nouree, g (e, miew he 4 naeus potential fluctuationn that exlsr
acronn il
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Now we end the discussion of the PAS-model with en important con=
~ olundon about Johannesma's SILIT-model. It is readily seen that the STLIT
ij@ﬂ';w}ﬂql and Weiss' firing model are functionally equivalent. The
Wi =modal consists of a lowpass filter followed by a trigger, with a
ﬁ’*@ﬁ.&nom. Weiss' model emanates. Thus these two models are functiomally
aqulvalent (i.e. cannot be distinguished via their input-output conduct)
!ﬂ;ﬁ the proper noise source adjust ment. The conclusion must be that
Cwlpo the S1ILIT firing wmodel can explain the skewness effect.
1ﬂﬁqg;d&pg-tn-ul, though, the time constant of the leaky integrator should
e taken much shorter then the 3.3 msec which Koldewijn (1973) used in
JMI wimulation, say 0,3 msec.
Only physfologicalmeasurenent at the site of the spike generation could
ﬂlﬂ!ﬂiﬂ& which of the two models is closer to reality.

r
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Concluding remark about the Volterra-Wiener approach

As mentioned in chapter ITI, the revcor function and the first order
V- kernel are essentially the same. One might ask why the seemingly logl=
cal next step in the V=W approach, of including the second order kernel
in the analysis, has not been taken. We did measure a few second ordar
kernels, but the result was disappointing. The reason for that is the fol=
lowing. As has been shown in chapter II, a very reasonable model for the
peripheral auditory system (in the low CF cage) when using GWN ap the ln=
put signal and considering as the output signal the firing probabilivy In
one nmerve fibre, is simply the cascade of a bandpass filter and an Lvimt s
taneous nonlinearity, a rectifier. For that simple system, the second
order V-W kernel is (via (4=d) with k(t) = 6(1)) proportional to h(r).hu),
where h(r) is the impulse Tesponse of the bandpass filter. Indend, no
systematic difference could be demonstrated between the measured et lmnte
of the second order kernel and this predicted function.
30 the analysis according to the V-W approach was abandoned and the leds
formal spproach (using only the first order kernel) as found in thin

thesis, was followed.
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In this thesis we are concerned with the P(eriplieral) ACuditory)
Wlyntem). This system transforms a sound stimulus into trains of nervaus
Ampulpen in the ensemble of single auditory nerve fibres. Several models
wnlat daperibing this transformation. This thesis attemps to probe the
applicabllity of three of the most important models. The models are
"Hihﬂllﬂ mathematically using a corelation method. Two restrictioms are

,{‘IIEQV'khI method: first, only the responses of fibres with low charac-
tordatle {raquency (<5 kiz) can be analysed; second, the stimulus involved
Ao wideband and stationary, For verification purposes experimental data
wore sollected from neuronal units of the cat's auditory nerve. It was
Aemonntrated that none of the models correctly describes the experimental
faotn,

A wynthenised model is proposed that should describe the experimental

_‘llll adequately. It is based on the following conclusions and considera-
Elonu
#) The frequency selectivity of the PAS as derived from tuning curve pro-
portlen can vory well be described as a linear filtering for a dynamic
rangh of at least 40 dB.

B) A fring modal should contain a threshold mechanism.

l’tﬂ'iﬁwﬂlll flltering is probably present just before spike initiatiom.
j’“'ﬂl flring probability in a primary auditory fibre cam, in first approx-
Iﬂk&innrbn deseribed as a rectified linear transform of the input signal.
iﬂ“tﬁ 4 clower analysis the firing probability appears to be gouverned by
twn Llnear functionale on the input signal wave form. Ln this most general
“Gune the first order Volterra-Wiener kernel, c.q. the reveor functionm,

I o lipear combination of the Filter response function and its time
dorivative,

1) Mhe deviations from the linear transform approximation can largely be
!‘]ltbuﬂ.ﬂ to an inherent property of the firing model. Other factors are
a_'_'tmhn dmportance in this respect.

Ll @ generating mechanism of the PAS.
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STELLINGEN

i
Het nmeurcnale vuurmodel van Weise en het STLIT vuurmodel van Johannesma

zijn functioneel equivalent. (Dit proefschrift).

A1
Het meten van RC-tijden behorende bij biologische membranen, met behulp
van ﬁicroelectrodes, ig een moeilijke zaak. Het gebruik van de zgn. capa-
citeitscompensatie 1s &én van de redenen waarom de resultaten van deze
metingen met veel reserve moeten worden beschouwd.
P.M, Sellick and I.,J. Russell: Intracellular studies of cochlear
hair cells. In: Electrical evoked activity in the auditory ner—

vous system. Ed.: R. Naunton. Acad. Press. In press.

LT
De vuurkans van een primaire auditieve zenuwvezel kan, in het geval van
een stationaire brede band stimulus, met behulp van twee lineaire func—

tionalen, werkend op de acoustische ingangssignazlvorm, benaderd worden.

v
De door Oetinger en Hauser voorgestelde verbetering van het een—dimensio—
nale cochleamodel door middel wan het begrip '"toegevoegde massa'" is on-
derhevig aan bedenkingen. Het verbeterde model geldt slechts onder de
voorwaarde dat de mechanische impedantie van de toegevoegde massa veel
kleiner is dan die van het basilaire membraan,

R. Oetinger und H. Hauser (1961)}. Acustica 11,161-177

v
De verdediging die Hubbard, Llinds en Quastel aanvoeren voor het gebruik
van het woord gquantum in verband met transmitter release is zwak.
J.I. Hubbard, R Llinds, D.M.J. Quastel: Electrophysioiogical
analysis of synaptic transmission. (blz. 117). Publ. E.Arnold
Ltd. London. 1969.

VL
De reclameslogan "bloemen houden van mensen' moet ontstaan zijn vanuit
een gebrekkig biologisch inzicht gepaard aan een, op historische gronden

falsifieerbaar, idee van menselijke beminmelijkheid.

VII
Gezien de afhankelijkheid die de externe, zogenaamd onafhankelijke, re-
‘gisteraccountant van een bedrijf heeft ten opzichte van zijn broodheer,

is de accountantshandtekéning onder een jaarrekening zonder waarde.

VIIT
Er dient een deugdelijke kwaliteitscontrole op tandartswerk te komen.
De negatieve consequentie van deze maatregel, een toemame in het tand-
arts tekort, zou meer dan gecompenseerd worden door een aanmerkelijke

verbetering in de kwaliteit wan het werk.

IX
Gezien het element van spelbederf dat gewezen staatssecretaris Klein
ziet bij de invoering van de prikklok en gezien Tinbergens idsgen over
een reciprook verband tussen beloning en werkplezier, kunnen wetenschap—

pelijke werkers binnenkort hum salaris met geruster hart incasseren.

b8
Wie op grote schaal wetsovertredingen wenst te plegen en zich op on-—
rechtmatige manier wenst te verrijken, doet er, in verband met de straf-
moraal van de staande en zittende magistratuur verstandig aan deze de-

licten in vennootschapsverband te plegen.

X1
Wie op grote schaal zijn medemens directe en indirecte schade wil toe-
brengen, kan dit als automobilist wolstrekt ongestraft doen, d.m.v. la-
waai, stank, bedreiging met letsel, aanjagen van doodsangst ete.,, tegen—

over voetgangers, fietsers en binnenstadbewoners.

¥I1I
Het is verbazingwekkend dat men in conservatieve kring geﬁant is tegen
demokratisering en popularisering van het instituut "Hopger Onderwijs'.
Tmmers, deze leiden tot achteruitgang van de kwaliteit van het onderwijs
en daarmee tot het minder geschikt worden van het diploma als objectief
selectiecriterium. Dit leidt op zijn beurt tot een revival van de krui-

wagen bij het bestijgen van de maatschappelijke ladder.

XITI
De gewoonte, ook van niet gepromoveerde dokters, om hun naambordje met dr.

te beginnen heeft meestal niet met plaatsgebrek op dat bordje te maken,

smsterdam, 28 juni 1978 H.R. de Jongh



