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ABSTRACT

Theanalysisandmodelingof theresponsef partsof thebodypro-
videsvaluableinsightinto mary featuref thehead-relatetrans-
fer function (HRTF). In spatialsourd simulations partial models,
suchasthesphericaheadmodel,canalsogenerae simpleandef-
fective appraiimate localizationcues. In this paper we conside
the compasition of an approximae HRTF from the responsesf
structuralcompaentsby makinguseof detailedmeasurementsf
isolatedpinnaeandof a pinna-lessheadandtorso. We determine
thatsuchacompositioris sensitve to additionalgeometrigparam-
etersthatcanbeobtainedfrom anthropanetry. We shav that,with
suchparameterssimplecompagitionrulescanproduceagoodcor
respon@ncebetweermeasure@ndcompaite HRTFs.

1. INTRODUCTION

Head-relatedransferfunctions(HRTFs) dependexplicitly on fre-
gueng andthespatiallocationof thesourcerelative to thelistener
andimplicitly on the size andshapeof the listeners body. Much
of the complity of HRTFs stemsfrom the combimation of the
separateffectsof thetorso,head,andpinnae eachof which scat-
tersincidentsoundwavesin differentbut overlappingfrequeng
bands.

It hasrecentlybeenshavn that the completeHRTF can be
computedby solving the wave equationsubjectto the bourdary
conditionspresentedy the surfaceof the body[1, 2]. Although
this approachs very promisingandmay ultimatelyreplaceacots-
tic techniquedor measuringHRTFs, it is still importantto under
standhow the variouscompmentsof the body influenceHRTF
behaior. The useof modelsprovides an importantway to gain
this understanihg.

Lord Rayleighs classicalmodelof the headasarigid sphere
explains much of the behavior of the interauraltime difference
(ITD), aswell assomeof the behaior of the interaurallevel dif-
ference(ILD) [3]. TheLopez-Peeda/Maldismodelof theconcha
asa spiral-shapeaylinder explainsthe behavior of the so-called
“pinna notch” [4]. Shawv’s morecomplex modelof the pinnapro-
videsinsightinto the variouspinnaresonaresand generalhigh-
frequeny HRTF behaior [5]. Our own work with ellipsoidal
modelsfor thetorsoexplainstheeffect of torsoreflectionson low-
frequeny HRTF behavior [6].
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Genuitfirst proposedherepresentatioof HRTFs asa combi-
nationof filter structureseachcompmentaccountingor thecon-
tributions of a corresponihg anatomicalstructure[7]. We shall
referto sucha representatioras a structuralmodel. As a simple
examge, one might hypothesizehat a sphericalheadmodel can
beusedto estimatethe soundfield in thevicinity of thepinna,and
thata pinnamodelcanthenbeusedto estimatehe sourd field that
entersthe ear canal. Thus,the HRTF might be representedby a
cascad of two filters, onefor theheadandthe otherfor the pinna.
Indeed we take exactly suchanapproachn this paper exceptthat
thefirstfilter will accountfor the combinedeffectsof theheadand
torso.

Becausesachfilter block correspond to a specificanatomical
structurefilter parametersanbe relatedto specificanthropmet-
ric measurementsuchasthe headradiusor the conchadiameter
This allows the use of anthropanetry to adapta genericHRTF
modéd to a particularlistener or to accountfor the effectsof pos-
ture on the HRTF. However, ary deconpositionof the HRTF into
a combinationof filters, where eachfilter representghe effects
of oneanatomicaltructurein isolation,is a heuristicapproxima-
tion. Thereareinteractionsbetweerthe wavesscatteredrom the
differentstructuresandit is not clearthatit is really possibleto
recover the full HRTF from HRTFsfor differentpartsof the body
measuredn isolation.

Our purposein this paperis to illustrate the compositionof
an HRTF from transferfunctionsfor structuralparts,andto shav
thatstructuraimodelingcan,in fact,provide agoodapprodmation
to real HRTFs. During the pastthreeyearswe have assembled
substatial databasef measuredHRTFs with corresponihg an-
thropametry[8]. More recently we have measuredhe spatialre-
sporsesof a numker of isolatedpinnae. We first report on the
measurerant of the resporsesof the isolatedpinnaeand of the
headtorsocombindion, and identify key featuresthat the pinna,
headandtorsocontrituteto thetotal HRTF. We thendetermineand
discusghe geometryof therelative positionsof thesecomporents
determinedy anthroponetry. Basedonthisgeometrywe propcse
anapproximateHRTF asa simplecascadenodelof the structural
components. Although psycloacousticevaluationremainsto be
dore, we shav that sucha compositionrule canprodice a good
appraimationto the measureddRTF.

2. STRUCTURAL DECOMPOSITION

Investigationof the separateffectsof thepinnaandthehead/torso
combnation is easily done for the KEMAR mannegin, which
hasremaovable pinnae. Measurement of the HRTF without pinna
identifiesthe contributionsof the head/torsacombination.There-
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sponseof theisolatedKEMAR pinnacanalsobe measuredy a
methodthatwe describebelown. For live subjectsthe responsef

isolatedpinnaecanbe measuredisingplastercastingamadefrom

moldsof the pinnae.It is alsofeasibleto measurean approximae

pinna-lesHRTF for live subjectsby having themweara shaver
capthatflattensthe pinnae,with microphone mourted at the po-

sition of the earcanals.We now describethe methodsandresults
obtainedin suchadeconposition.

2.1. Pinna-related transfer function (PRTF)

1. Measurements

We have developedan apparatusanda methodfor measur

ing the responsef theisolatedpinnaon a plane. The ap-

paratusprovidesa goodappraimationto the ideal caseof

a pinnamountedon aninfinite plane. The pinnais placed
on a circular plate surrounetd by a rectanglar table (see
Fig. 1). Thecircularplatemountedon the turntableallows

for thecontinuausrotationof thepinna. Theearcanalof the

pinna,positionedat the centerof rotationon the plate,is at

thecenterof ahoopwith a one-meteradius.Theplanede-

fined by thehoopis perpemicularto the planeof the plate.
Theimpulseresporseof thepinnaata specificazimuthand
elevation is measurecby playing bursts of sound(Golay
codes}hroughthespealerswhile recordingwith themicro-

phoneplacedin theearcanalof thepinna[9]. Theresulting
responsés compersatedby makingsimilar measuremes

with the pinnaremoved from the plane. Thus, the PRTF

measurethechange in respons@roduedby the scattering
introducedby thepinna.

Figurel: Measurement of an isolated pinna on a plane

2. CoordinateSystems
In the measurerantof HRTF datawe have adopteda head-
centerednteraural-polacoordinatesystem A sourd source
locationin sucha systemis characterizedy the azimuth
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angled, elevation angle¢, andranger. The azimuthan-
gle is the anglebetweena vectorto the soundsourceand
the vertical medianplane,wheref = +90° correspods
to asourcepointingdirectly into theright earand0° corre-
spondsto asourcepointingdirectlyatthefront of thehead:

The coordinde systemof the pinna-relatedransferfunc-
tion, or PRTF, is earcanal-centereththerthanhead-catered.
Sucha system(seeFig. 2) is exactly the sameasthe head-
centeredsystemexceptfor asmallazimuthandrangeoffset
thatis nggligible if the size of the headis small compaed
to therangeto the soundsource.

X1

Figure2: Theinteraural-polar coordinate system

Becausehe sourceis never locatedbelow the pinnaon the
plate, the PRTF dataset correspods to ipsilateralHRTF
data. Thereforefor a right pinnathe azimuthrangesfrom
0° to +90°, andfor aleft pinnatheazimuthrangesrom 0°
to —90°.

3. Analysisof thepinnaresponse

The absenceof the headandtorso contributions enharces
and simplifies the appeaanceof the salientfeaturesdue
to the pinna. Fig. 3 shavs the frequeny responsdor the
KEMAR large pinnafor a 25° coneof constantazimuth
(“cone of confusion”). The responsevas measuredvery
5°, smoothedwith a critical-bandfilter, and displayedas
an image, with dB magnitudemappel to grayscale. The
resultingresporseis substantiallysimplerthanthatfor the
completeHRTF. We canseethe pinnanotchesat low ele-
vations,both front and back. Fig. 3b shavs the frequercy
responseor 0° elevation? The PRTF variesslonly asa
function of azimuthuntil —150°, wherea pronauncedat-
tenuationor shadev dueto the pinnabecomesppareh

2.2. Response of the head and torso (HAT)

TheHAT responsedd gy of thepinna-lesiKEMAR mannegin was
alsomeasuredienselyin bothazimuthandelevation. Fig. 4 shavs
theresultsfor a 25° coneof confusion In the frequengy domain,
the dominantfeaturesare arch-shapedotches (Fig. 4a) that cor
respom to torsoreflectionsin thetime domain(Fig. 4b) [6]. Note
that the amplitudeof thesenotches fadesout at high frequencies
whenthesourd sourceis athigherelevations This correspodsto

INote thattheseanglesaredifferentfrom the anglesin a vertical-polar
coominatesystem althoughwe usethe sameterminology for them.

2|n Figure3b, we usea vertical-polar azimuthratherthattheinteraural
polar azimuthto showv theresponseén backaswell asin front.
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Figure3: HRTF spectrum for theisolated pinna

abroadeing of thetorsoreflectionthatresultsfrom dispersioras
theincidentwave is scatteredrom uppertorsosurfaces. Although
the exactbehaior of thesefeaturess subjectdepaendent,qualita-
tively similar characteristicareexhibitedin all of thedatathatwe
have examined[6].
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Figure4: Pinna-less head and torso response

3. HAT AND PINNA COMPOSITE GEOMETRY

The orientationof the pinnawith respectto the headvariessig-
nificantly from personto person,and hasa strongeffect on the
HRTF[1Q]. In the HAT coordinatesystem,the pinna orientation
can be specifiedby three Euler angles: a outward flare §; and
downward dip 8,4 thatbring the referenceplanefor the pinnatan-
gentto the headat the entranceto the ear canal, followed by a
counterclo&wiserotationd, abou the normalvector(seeFig. 5).
Given theseangles,and given the azimuthand elevation for the
HAT data,onecandeterminethe correspoding azimuthandele-
vationfor theisolatedpinnadata.

4. COMPOSITE HRTFS

In the reflectionand scatteringof sourd wavesthat resultin the
full HRTF, theinteractionof the componatsis comple, sincethe
torso reflectionsand scatteringwill impinge on the pinnaefrom
low-elevation directionsand combineor interferewith the direct
soundto thepinna. However, examinationof theHAT resporse,of
the pinnaresponseandof the full HRTF suggests simplemodel
andcompositionrule.

TheimpulseresponsdHAT datain Fig 4b leadsusto hypath-
esizethat soundwaves reachthe ear by two distinct paths,and
suggestghe model shavn in the uppe part of Fig 6. We write
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Figure5: Pinna location and orientation

the transferfunction for the pinna-lessheadandtorsoasthe sum
Hy = HY% + H, where H accountsfor the direct pathand
HY,; accountdor theindirector reflectedpath. Becausg¢he waves
for thesetwo pathsarrive atthe earfrom differentdirections they
arefiltered differently by the pinna. Thus, we write the complete
HRTF as

H=H{Hp + HyHp = Hy Hp @)
where H¢ is the PRTF for the direct path, Hb is the PRTF for
theindirectpath,and HY = HY + Hy (Hb/HZ). Now, if the
PRTF wereindependentof direction, Hz would simplify to Hy
and H would simplify to theprodud H = Hy HE. Weshallshav
empiricallythatthis simplecompositiorrule turnsoutto provide a
surprisinglygoodapproxmation. A possibleexplandion is based
onaroughcaseanalysis.Thegreatestlifferencesn thedirections
of arrival occurwhenthe sourceis at moderateor high elevations.
In this case the enegy from the indirect pathis scatterecby the
irregular shapeof the uppertorso,andthe resultingdispersionof
theimpulseresponseeducests high-frequeng/ content.(Inspec-
tion of Fig 4aconfirmsthatthetorsonotchesathigh elevationsare
very weakabove 4 kHz, wherethe pinnabeginsto be significant.)
Thus,at high elevationsthe magnitudeof Hi; is sosmallthatdif-
ferencesetweenH: and HE havelittle effect. At low elevations,
thebandwidthof H}, iswider, but thedirectionsof arrival aresuf-
ficiently closethat H: = H% andonceagainH® =~ Hy. Thus,
in both casesve canapprosimate H by Hy HE.

Head/torso Pinna

Equivalent single path

Figure6: Models for HRTF composition

4.1. Composite HRTF for KEMAR

We illustratethe compasition processandthe resultingcomposite
KEMAR HRTF in Fig. 7. The HAT responsédor the 25° coneof
confusionis shawn in Fig. 7a. As we have discussedthe PRTF
hasto beremappé to align the geometryof the pinnawith thatof
theheadandtorso. We measuredhefollowing valuesfor thelarge
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KEMAR pinna: 8y = 4°, ; = 11° andf, = 5°. Fig. 3ashaws
the PRTF atanazimuthof 25°. Transformatiorof thatdatato the
HRTF coordinategesultin the pinnaresporse shavn in Fig. 7h.
In additionto shifting theresporse,theremappingproduces some
changs in the depthof the notchesfor locationsin back (eleva-
tionsabove 90°). The compasition of pinnaandHAT responsés
illustratedin Fig. 7c andcanbe comparedo the measuredHRTF
of Fig. 7d. Wehave assumedhat H> = H%, sothatthecompasite
HRTF is compued simply asthe sumin dB of the HAT response
andthe geomerically correctedPRTF resporse. Visually, thetwo
HRTFs arein goodcorrespondnce.The comple behaior of the
compositeHRTF canbeseento bethe conseqgenceof the consid-
erablysimplerbehaiors of the comporents.

a) Head and torso

(b) Rotated pinna

(c) Composition (a+b)

(d) Measured response
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Figure7: Composition of HRTFsfor a 25° cone of confusion

5. DISCUSSION AND CONCLUSIONS

Structuralanalysisof the HRTF is a promisingapproah to under
standingandmodelingthe distinctcontributionsof the head torso
andpinna. The compasition of suchpartial contributionsrequires
otheranthropanetric parametershat specify the relative position
andorientationof the componats. Oncetheseadditionalparame-
tershave beenspecified simplecompositionrulesmay provide an
effective substitutefor ameasuredRTF.

Additionalwork is neededo fully investigateandevaluatethis
approach Preliminaryinvestigationsat otherazimuthanglespro-
ducedsimilar resultsfor azimuthanglesabore 15°. For azimuths
between0® and 15°, the pinnanotches are not well reprodiced
whenthe sourceis in back. This is perhapsto be expected,be-
causethe differencebetweenmountingthe pinnaon a planeand
on a headbecomesignificantnearthe medianplane. Obvioudy,
the apprach breaksdowvn completelyon the contralateralside,
wherewe canna measurethe contrikbution of the isolatedpinna
at all. However, it is possiblethat the contralateraHRTF can
be adequatelyapproxmatedfrom the ipsilateralHRTF by using
aspherical-headhodel[11].

Theultimate measureof the effectivenesof ary approximae
HRTF is how faithfully it recreatespatializedsound A formal
psychacousticevaluationof sucha comgete compositeHRTF is

a future task. However, theseempirical resultsare encouragng,
andbring uscloserto our goalof substitutingsimplegeometricor
mathematicamodelsfor complex measuremes.
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