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ABSTRACT

Theanalysisandmodelingof theresponseof partsof thebodypro-
videsvaluableinsightinto many featuresof thehead-relatedtrans-
fer function (HRTF). In spatialsound simulations,partialmodels,
suchasthesphericalheadmodel,canalsogeneratesimpleandef-
fective approximatelocalizationcues. In this paper, we consider
the composition of an approximate HRTF from the responsesof
structuralcomponentsby makinguseof detailedmeasurementsof
isolatedpinnaeandof a pinna-lessheadandtorso. We determine
thatsuchacompositionis sensitive to additionalgeometricparam-
etersthatcanbeobtainedfrom anthropometry. Weshow that,with
suchparameters,simplecompositionrulescanproduceagoodcor-
respondencebetweenmeasuredandcompositeHRTFs.

1. INTRODUCTION

Head-relatedtransferfunctions(HRTFs)dependexplicitly on fre-
quency andthespatiallocationof thesourcerelativeto thelistener,
andimplicitly on thesizeandshapeof the listener’s body. Much
of the complexity of HRTFs stemsfrom the combination of the
separateeffectsof thetorso,head,andpinnae,eachof which scat-
ters incidentsoundwaves in differentbut overlappingfrequency
bands.

It hasrecentlybeenshown that the completeHRTF can be
computedby solving the wave equationsubjectto the boundary
conditionspresentedby the surfaceof the body [1, 2]. Although
thisapproachis verypromisingandmayultimatelyreplaceacous-
tic techniquesfor measuringHRTFs, it is still importantto under-
standhow the variouscomponentsof the body influenceHRTF
behavior. The useof modelsprovidesan importantway to gain
this understanding.

Lord Rayleigh’s classicalmodelof theheadasa rigid sphere
explains much of the behavior of the interauraltime difference
(ITD), aswell assomeof the behavior of the interaurallevel dif-
ference(ILD) [3]. TheLopez-Poveda/Meddismodelof theconcha
asa spiral-shapedcylinder explainsthe behavior of the so-called
“pinna notch” [4]. Shaw’s morecomplex modelof thepinnapro-
videsinsight into the variouspinnaresonancesandgeneralhigh-
frequency HRTF behavior [5]. Our own work with ellipsoidal
modelsfor thetorsoexplainstheeffectof torsoreflectionson low-
frequency HRTF behavior [6].
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Genuitfirst proposedtherepresentationof HRTFsasacombi-
nationof filter structures,eachcomponentaccountingfor thecon-
tributionsof a corresponding anatomicalstructure[7]. We shall
refer to sucha representationasa structuralmodel. As a simple
example, onemight hypothesizethat a sphericalheadmodelcan
beusedto estimatethesoundfield in thevicinity of thepinna,and
thatapinnamodelcanthenbeusedto estimatethesound field that
entersthe earcanal. Thus,the HRTF might be representedby a
cascadeof two filters,onefor theheadandtheotherfor thepinna.
Indeed, we takeexactlysuchanapproachin thispaper, exceptthat
thefirst filter will accountfor thecombinedeffectsof theheadand
torso.

Becauseeachfilter block corresponds to a specificanatomical
structure,filter parameterscanberelatedto specificanthropomet-
ric measurements,suchastheheadradiusor theconchadiameter.
This allows the useof anthropometry to adapta genericHRTF
model to a particularlistener, or to accountfor theeffectsof pos-
tureon theHRTF. However, any decompositionof theHRTF into
a combinationof filters, whereeachfilter representsthe effects
of oneanatomicalstructurein isolation,is a heuristicapproxima-
tion. Thereareinteractionsbetweenthewavesscatteredfrom the
differentstructures,and it is not clearthat it is really possibleto
recover thefull HRTF from HRTFsfor differentpartsof thebody
measuredin isolation.

Our purposein this paperis to illustrate the compositionof
anHRTF from transferfunctionsfor structuralparts,andto show
thatstructuralmodelingcan,in fact,provideagoodapproximation
to real HRTFs. During the pastthreeyearswe have assembleda
substantial databaseof measuredHRTFs with corresponding an-
thropometry [8]. More recently, we have measuredthespatialre-
sponsesof a number of isolatedpinnae. We first report on the
measurement of the responsesof the isolatedpinnaeand of the
head-torsocombination, and identify key featuresthat the pinna,
headandtorsocontributeto thetotalHRTF. Wethendetermineand
discussthegeometryof therelativepositionsof thesecomponents
determinedby anthropometry. Basedonthisgeometry, wepropose
anapproximateHRTF asa simplecascademodelof thestructural
components. Although psychoacousticevaluationremainsto be
done, we show that sucha compositionrule canproduce a good
approximationto themeasuredHRTF.

2. STRUCTURAL DECOMPOSITION

Investigationof theseparateeffectsof thepinnaandthehead/torso
combination is easily done for the KEMAR mannequin, which
hasremovablepinnae. Measurement of the HRTF without pinna
identifiesthecontributionsof thehead/torsocombination.There-
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sponseof the isolatedKEMAR pinnacanalsobe measuredby a
methodthatwe describebelow. For live subjects,the responseof
isolatedpinnaecanbemeasuredusingplastercastingsmadefrom
moldsof thepinnae.It is alsofeasibleto measureanapproximate
pinna-lessHRTF for live subjectsby having themweara shower
capthatflattensthepinnae,with microphones mountedat thepo-
sition of theearcanals.We now describethemethodsandresults
obtainedin sucha decomposition.

2.1. Pinna-related transfer function (PRTF)

1. Measurements
We have developedanapparatusanda methodfor measur-
ing the responseof the isolatedpinnaon a plane. The ap-
paratusprovidesa goodapproximation to the idealcaseof
a pinnamountedon an infinite plane. The pinnais placed
on a circular platesurrounded by a rectangular table (see
Fig. 1). Thecircularplatemountedon theturntableallows
for thecontinuousrotationof thepinna.Theearcanalof the
pinna,positionedat thecenterof rotationon theplate,is at
thecenterof a hoopwith aone-meterradius.Theplanede-
finedby thehoopis perpendicularto theplaneof theplate.
Theimpulseresponseof thepinnaataspecificazimuthand
elevation is measuredby playing burstsof sound(Golay
codes)throughthespeakerswhile recordingwith themicro-
phoneplacedin theearcanalof thepinna[9]. Theresulting
responseis compensatedby makingsimilar measurements
with the pinna removed from the plane. Thus, the PRTF
measuresthechangein responseproducedby thescattering
introducedby thepinna.

Figure1: Measurement of an isolated pinna on a plane

2. CoordinateSystems
In themeasurementof HRTF datawehave adopteda head-
centeredinteraural-polarcoordinatesystem.A soundsource
location in sucha systemis characterizedby the azimuth

angle
�
, elevation angle � , andrange � . The azimuthan-

gle is the anglebetweena vector to the soundsourceand
the vertical medianplane,where

�������
	��
corresponds

to asourcepointingdirectly into theright earand
	
�

corre-
spondsto asourcepointingdirectlyatthefront of thehead.1

The coordinate systemof the pinna-relatedtransferfunc-
tion,or PRTF, isear-canal-centeredratherthanhead-centered.
Sucha system(seeFig. 2) is exactly thesameasthehead-
centeredsystemexceptfor asmallazimuthandrangeoffset
that is negligible if the sizeof the headis small compared
to therangeto thesoundsource.

���

���

����
�

�

Figure2: The interaural-polar coordinate system

Becausethesourceis never locatedbelow thepinnaon the
plate, the PRTF dataset corresponds to ipsilateralHRTF
data. Thereforefor a right pinnathe azimuthrangesfrom	 �

to
���
	 �

, andfor a left pinnatheazimuthrangesfrom
	 �

to � ��	�� .
3. Analysisof thepinnaresponse

The absenceof the headandtorsocontributionsenhances
and simplifies the appearanceof the salient featuresdue
to the pinna. Fig. 3 shows the frequency responsefor the
KEMAR large pinna for a �
� � coneof constantazimuth
(“cone of confusion”). The responsewasmeasuredevery� � , smoothedwith a critical-bandfilter, and displayedas
an image,with dB magnitudemapped to grayscale. The
resultingresponseis substantiallysimplerthanthat for the
completeHRTF. We canseethe pinnanotchesat low ele-
vations,both front andback. Fig. 3b shows the frequency
responsefor

	 �
elevation.2 The PRTF variesslowly as a

function of azimuthuntil ����� 	�� , wherea pronouncedat-
tenuationor shadow dueto thepinnabecomesapparent.

2.2. Response of the head and torso (HAT)

TheHAT response�! of thepinna-lessKEMAR mannequin was
alsomeasureddenselyin bothazimuthandelevation.Fig.4 shows
theresultsfor a ��� � coneof confusion. In the frequency domain,
the dominantfeaturesarearch-shapednotches (Fig. 4a) that cor-
respond to torsoreflectionsin thetime domain(Fig. 4b) [6]. Note
that the amplitudeof thesenotches fadesout at high frequencies
whenthesound sourceis athigherelevations. Thiscorrespondsto

1Notethat theseanglesaredifferent from theanglesin a vertical-polar
coordinatesystem,althoughwe usethesameterminology for them.

2In Figure3b,weuseavertical-polarazimuthratherthattheinteraural-
polar azimuthto show theresponsein backaswell asin front.
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Figure3: HRTF spectrum for the isolated pinna

a broadening of thetorsoreflectionthatresultsfrom dispersionas
theincidentwave is scatteredfrom uppertorsosurfaces.Although
theexact behavior of thesefeaturesis subjectdependent,qualita-
tively similarcharacteristicsareexhibitedin 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[10]. In the HAT coordinatesystem,the pinnaorientation
can be specifiedby threeEuler angles: a outward flare

��¸
and

downward dip
�H¹

thatbring thereferenceplanefor thepinnatan-
gent to the headat the entranceto the ear canal, followed by a
counterclockwiserotation

�Hº
about thenormalvector(seeFig. 5).

Given theseangles,and given the azimuthand elevation for the
HAT data,onecandeterminethecorresponding azimuthandele-
vationfor theisolatedpinnadata.

4. COMPOSITE HRTFS

In the reflectionandscatteringof sound waves that result in the
full HRTF, theinteractionof thecomponentsis complex, sincethe
torso reflectionsand scatteringwill impinge on the pinnaefrom
low-elevation directionsandcombineor interferewith the direct
soundto thepinna.However, examinationof theHAT response,of
thepinnaresponseandof thefull HRTF suggestsa simplemodel
andcompositionrule.

TheimpulseresponseHAT datain Fig 4b leadsusto hypoth-
esizethat soundwaves reachthe ear by two distinct paths,and
suggeststhe model shown in the upper part of Fig 6. We write

»�¼½
¾

¿�À

Figure5: Pinna location and orientation

the transferfunction for the pinna-lessheadandtorsoasthe sum�Á � � ¹ � �ÃÂ �Ä where � ¹ accountsfor the direct pathand� Â accountsfor theindirector reflectedpath.Becausethewaves
for thesetwo pathsarrive at theearfrom differentdirections,they
arefiltereddifferentlyby the pinna. Thus,we write thecomplete
HRTF as � � � ¹ � ¹Å � � Â � ÂÅ � �ÃÆ � ¹Å (1)

where � ¹Å is the PRTF for the direct path, � ÂÅ is the PRTF for
the indirect path,and � Æ � � ¹ � � Â �Ç � ÂÅÉÈ � ¹ÅËÊ . Now, if the
PRTF wereindependentof direction, � Æ would simplify to �! 
and � wouldsimplify to theproduct � � �] Ì� ¹Å . Weshallshow
empiricallythatthissimplecompositionrule turnsout to providea
surprisinglygoodapproximation. A possibleexplanation is based
on aroughcaseanalysis.Thegreatestdifferencesin thedirections
of arrival occurwhenthesourceis at moderateor high elevations.
In this case,the energy from the indirect pathis scatteredby the
irregular shapeof the uppertorso,andthe resultingdispersionof
the impulseresponsereducesits high-frequency content.(Inspec-
tion of Fig 4aconfirmsthatthetorsonotchesathighelevationsare
very weakabove 4 kHz, wherethepinnabeginsto besignificant.)
Thus,at high elevationsthemagnitudeof � Â is sosmall thatdif-
ferencesbetween�ÍÂÅ and � ¹Å have little effect. At low elevations,
thebandwidthof � Â is wider, but thedirectionsof arrival aresuf-
ficiently closethat � ÂÅ�Î � ¹Å andonceagain � Æ Î �Á . Thus,
in bothcaseswe canapproximate � by �� �� ¹Å .
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Figure6: Models for HRTF composition

4.1. Composite HRTF for KEMAR

We illustratethecomposition processandtheresultingcomposite
KEMAR HRTF in Fig. 7. TheHAT responsefor the ��� � coneof
confusion is shown in Fig. 7a. As we have discussed,the PRTF
hasto beremapped to align thegeometryof thepinnawith thatof
theheadandtorso.Wemeasuredthefollowing valuesfor thelarge
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KEMAR pinna:
� ¸ ��� �

,
� ¹ � ��� � and

� º � � � . Fig. 3ashows
thePRTF at anazimuthof ��� � . Transformationof thatdatato the
HRTF coordinatesresult in the pinnaresponseshown in Fig. 7b.
In additionto shifting theresponse,theremappingproduces some
changes in the depthof the notchesfor locationsin back(eleva-
tionsabove

��	��
). Thecomposition of pinnaandHAT responseis

illustratedin Fig. 7c andcanbecomparedto themeasuredHRTF
of Fig.7d. Wehaveassumedthat �ÍÂÅ � � ¹Å , sothatthecomposite
HRTF is computedsimply asthesumin dB of theHAT response
andthegeometrically correctedPRTF response.Visually, thetwo
HRTFs arein goodcorrespondence.Thecomplex behavior of the
compositeHRTF canbeseento betheconsequenceof theconsid-
erablysimplerbehaviors of thecomponents.
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Figure7: Composition of HRTFs for a �
� � cone of confusion

5. DISCUSSION AND CONCLUSIONS

Structuralanalysisof theHRTF is a promisingapproach to under-
standingandmodelingthedistinctcontributionsof thehead,torso
andpinna.Thecomposition of suchpartialcontributionsrequires
otheranthropometricparametersthatspecifythe relative position
andorientationof thecomponents.Oncetheseadditionalparame-
tershave beenspecified,simplecompositionrulesmayprovide an
effective substitutefor a measuredHRTF.

Additionalwork is neededto fully investigateandevaluatethis
approach. Preliminaryinvestigationsat otherazimuthanglespro-
ducedsimilar resultsfor azimuthanglesabove � � � . For azimuths
between

	��
and ��� � , the pinna notches are not well reproduced

when the sourceis in back. This is perhapsto be expected,be-
causethe differencebetweenmountingthe pinnaon a planeand
on a headbecomessignificantnearthe medianplane.Obviously,
the approach breaksdown completelyon the contralateralside,
wherewe cannot measurethe contribution of the isolatedpinna
at all. However, it is possiblethat the contralateralHRTF can
be adequatelyapproximatedfrom the ipsilateralHRTF by using
a spherical-headmodel[11].

Theultimatemeasureof theeffectivenessof any approximate
HRTF is how faithfully it recreatesspatializedsound. A formal
psychoacousticevaluationof sucha completecompositeHRTF is

a future task. However, theseempirical resultsareencouraging,
andbring uscloserto our goalof substitutingsimplegeometricor
mathematicalmodelsfor complex measurements.
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