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ABSTRACT

Thispaperdescribesapublic-domain databaseof high-spatial-resolution
head-relatedtransferfunctionsmeasuredat theU. C. Davis CIPIC
InterfaceLaboratory. Release1.0 includeshead-relatedimpulse
responsesfor 45 subjectsat 25 differentazimuthsand50 differ-
entelevations(1250directions)atapproximately5

�
angular incre-

ments.In addition,thedatabasecontainsanthropometricmeasure-
mentsfor eachsubject. Statistics of anthropometric parameters
and correlationsbetweenanthropometry and sometemporaland
spectralfeaturesof theHRTFsarereported.

1. INTRODUCTION

Head-relatedtransferfunctions(HRTFs) capturethe soundlocal-
ization cuescreatedby the scatteringof incidentsound wavesby
the body, andplay a centralrole in spatialaudiosystems.Most
HRTF-basedcommercialsystemsconvolve the input signalwith
a single, “standard” head-relatedimpulseresponse(HRIR), and
several studieshave employed the public-domaindatasetfor the
KEMAR mannequin [1]. However, it is well known that HRTFs
vary significantlyfrom personto person,andthatseriouspercep-
tualdistortions(particularlyfront/backconfusionandelevationer-
rors)canoccurwhenonelistensto soundsspatializedwith a non-
individualizedHRTF [2].

Althoughthedeterminationof individual HRTFscanaddressed
in a numberof ways, most recentlyby numericalcomputations
basedon a detailedgeometricmeshof the humanbody [3, 4],
thestudyof individual variationsrequiresa databaseof uniformly
measuredHRTFs.SeverallaboratorieshavedevelopedHRTFdata-
basesto support their own research(e.g.,[5]). However, theonly
publicly availabledatabaseis theAUDIS catalog[6], which is lim-
ited to 12 subjectsmeasuredat approximately 120 positionsin
space,andcannotbeusedfor commercialpurposes.

The CIPIC InterfaceLaboratoryat U.C. Davis hasmeasured
HRTFs at high spatialresolutionfor morethan90 subjects.Re-
lease1.0— apublic-domain subset for 45subjects(includingKE-
MAR with largeandwith smallpinnae)— is availableby down-
loadingfrom our web site (http:// interface.cipic.ucdavis.edu). In
addition to including impulse responsesfor 1250 directionsfor
eachear of eachsubject,the databaseincludesa set of anthro-
pometricmeasurements thatcanbeusedfor scalingstudies.This
paperdescribesthe contentof the database,andbriefly describes
the characteristicsof the data. Additional technicaldocumenta-
tion andMATLAB

���
utility programsfor inspectingthedataare

providedwith thedatabasefiles.

2. MEASUREMENTS

Excluding the KEMAR mannequin, the 43 humansubjects(27
menand16 women)wereeitherU.C.Davis studentsor visitorsto
the CIPIC InterfaceLaboratory. All HRTFs weremeasuredwith
the subjectseatedat the centerof a 1-m radiushoop whoseaxis
wasalignedwith thesubject’s interauralaxis. Thepositionof the
subject’s headwasnot constrained, but the subjectcould monitor
his or herheadposition[7].1

BoseAcoustimass
���

loudspeakers(5.8-cmconediameter)were
mountedatvariouspositionsalongthehoop. A modifiedSnapshot

���
systemfrom CrystalRiverEngineeringgeneratedGolay-codesig-
nals. The subject’s ear canalswere blocked, and Etym� tic Re-
searchER-7Cprobemicrophoneswereusedto pick up theGolay-
codesignals.Themicrophoneoutputsweredigitizedat 44.1-kHz,
16-bit resolutionandprocessed by Snapshot’soneshot function
to yield a raw HRIR. A modified Hanningwindow was applied
to the raw HRIR measurements to remove room reflections,and
the resultswerefree-fieldcompensatedto correctfor the spectral
characteristicsof thetransducers.2 Thelengthof eachHRIR is 200
samples,corresponding to adurationof about4.5ms.
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Figure1: Locations of data points (a) front (b) side

Soundsourcelocationwasspecifiedby the azimuthangle ;
andelevation angle < in interaural-polarcoordinates.3 Elevations

1Small headmotion, detected by abrupt changes in ITD, commonly
occurred. Data setswere discarded if significant spectral discontinuities
wereobserved.

2The free-field responsewasmeasuredat the position of the center of
the head. The free-field compensationwaslimit ed to 15 dB soasto con-
trol theduration andtheripples of thecompensatedresponse.In listening
tests, Møller’s procedure wasusedto compensate for headphonesandto
re-introduce themissingear-canal resonance[12].

3Readerswho aremorefamiliar with vertical-polarcoordinatesshould
bewarned that interaural-polar azimuth is limi tedto therangefrom =?>A@ �
to BC>A@ � . Pointsthatarein backof thesubject arefoundat DFEA@ � elevation.
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wereuniformly sampledin GIHKJML
HKNPORQTS HMUKQ � stepsfrom VWNXQ �
to YZUKGIJTS HMUIQ � . To obtainroughly uniform densityon the sphere,
azimuthsweresampledat V\[IJ �I] V\HMQ �I] V^QKQ � , from VWNXQ � to NMQ �
in stepsof Q � , at QKQ �I] HMQ � , and [IJ � . This leadsto spatialsampling
at 1250points,asillustratedin Fig. 1.

3. ANTHROPOMETRY

AlthoughtheexactHRTF is complicated, its generalbehavior can
be estimatedfrom fairly simple geometricmodelsof the torso,
headandpinnae[8, 9, 10]. Thesemodelscanbe individualized
to particularlistenersif appropriateanthropometricmeasurements
are available [11]. However, specifying a generalset of well-
definedandrelevantmeasurementsis problematic.Theproblemis
particularlydifficult for thepinna,wheresmallvariationscanpro-
ducelarge changesin the HRTF. Anthropometric measurements,
even if imperfect,enablethe investigationof possiblecorrespon-
dencesor correlationsbetweenphysical dimensions and HRTF
features.

Thechoiceof anthropometry relevant to understandingor es-
timatingHRTFsleadusto follow anapproachproposed by Genuit
[8], andto definea setof 27 anthropometricmeasurements — 17
for theheadandtorso(Fig. 2) and10 for thepinna(Fig. 3).4
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Figure2: Head and torso measurements

Therangeof variationfor theindividualsin theCIPICdatabase
canbe measuredby somestatisticsfor the anthropometric mea-
surements.In general,histogramsof theindividual measurements
indicatea basicallynormaldistribution of values.Themeansand
standarddeviationsfor theanthropometricparametersarelistedin
Table1.5 Heredistancesaremeasuredin cmandanglesin degrees,
andthepercentage variationis U
��L�� in percent.For example,the
meanheadwidth was14.49cm, and,assuminga normaldistribu-
tion, 95%of thecaseswerewithin ���AG % of themean.Excluding
theoffsetmeasurements ��� ] ��� and ����� , for which percentage de-
viation is not meaningful, we seethat the averagepercentagede-

4In general, aparticularmeasurement wasincludedif (a) it wasdeemed
to haveasignificant influenceon theHRTF, and(b) it couldbereliably and
reasonably easily measured.In addition werecordedeachsubject’sweight,
ageandsex aspossibly relevant.

5Althoughthenumberof subjects in thedatabaseis toosmallto berep-
resentative of the general population, our results arein general agreement
with published values for adults [13].
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Figure3: Pinna measurements

viation is �ZUKH %. Thus,thereis considerablevariationin thesizes
andshapesof thesubjectsin thedatabase.

Var Measurement � � %� � headwidth 14.49 0.95 13��¤ headheight 21.46 1.24 12�¥� headdepth 19.96 1.29 13� � pinnaoffsetdown 3.03 0.66 43��� pinnaoffsetback 0.46 0.59 254�¥¦ neckwidth 11.68 1.11 19��§ neckheight 6.26 1.69 54�¥¨ neckdepth 10.52 1.22 23�¥© torsotop width 31.50 3.19 20� ��ª torsotop height 13.42 1.85 28���£� torsotop depth 23.84 2.95 25� ��¤ shoulder width 45.90 3.78 16����� headoffsetforward 3.03 2.29 151����� height 172.43 11.61 13� ��� seatedheight 88.83 5.53 12����¦ headcircumference 57.33 2.47 9��� § shoulder circumference 109.43 10.30 19« � cavum conchaheight 1.91 0.18 19« ¤ cymbaconcha height 0.68 0.12 35« � cavum conchawidth 1.58 0.28 35« � fossaheight 1.51 0.33 44« � pinnaheight 6.41 0.51 16« ¦ pinnawidth 2.92 0.27 18« § intertragalincisurewidth 0.53 0.14 51« ¨ cavum conchadepth 1.02 0.16 32; � pinnarotationangle 24.01 6.59 55; ¤ pinnaflareangle 28.53 6.70 47

Table1. Anthropometricstatistics,¬­O®�zJIJ°¯�U\��L���±
Correlationsbetweenthesemeasurementsmaybeof interest,

sinceonemight conjecturethata subjectwith a largeheadwould
also have large pinnae. Indeed,this is the basicassumption be-
hind Middlebrooks’s procedure for scalingHRTFs to accountfor
changesin bodysize[14]. In general,therearestatisticallysignif-
icantbut weakcorrelationsbetweenmostpairsof measurements.6

Scatterplotsandcorrelationcoefficients ² for four interestingex-
amplesareshown in Fig. 4.

We focuson the importantbut difficult to measurepinnadi-

6For 45 subjects,any magnitude of morethan.28is statistically signif-
icant at the95%confidencelevel.

100 IEEE Workshop on Applications of Signal Processing to Audio and Acoustics 2001



mensions.Fig. 4ashows thatthereis a fairly goodcorrelationbe-
tweenpinnaheightandcavum conchaheight( ²³O´J°S NMQ ). Thereis
alsosomecorrelationbetweenheaddepthandcavumconchawidth
(Fig. 4b, ²µO¶J°S GIG ). Interestingly, thereis not muchcorrelation
betweenthesetwo conchadimensions (Fig. 4c, ²·O¸J°S UIQ ). Per-
hapsmoresurprising,thereis little correlationbetweenheadheight
andpinnaheight (Fig. 4d, ²¹OºJ°Sg�AH ), andaboutthe samecorre-
lation betweenheadheightandcavum concha height ²»O¼J°Sg�A½ .
In general,thereappearsto berelatively little correlationbetween
thesizesof largeandsmallanatomicalfeatures,andaccurateesti-
mationof pinnadimensions from headandtorsomeasurementsis
problematic.
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Figure4: Selected scatterplots

4. HRTF VARIATION

Oneof theadvantagesof measuringHRTF dataathighspatialres-
olution is that the datacan be representedasan image. Fig. 5a
shows suchan imagerepresentationof the impulseresponse for
KEMAR’s right ear. Eachcolumnin this imageis oneimpulsere-
sponseataparticularazimuth,7 with brightnesscodingthestrength
of the response. The variation of arrival time with azimuth is
clearly seenin the roughly sinusoidalshapeof the top envelope
of the response.The weakening of the responseas the azimuth
approachestheoppositesideof theheadshows theeffect of head
shadow.

Fig. 5b shows thespectrumfor this samecase.Hereeachcol-
umn is the magnitudeof the HRTF in dB, after the power spec-
trum wassmoothedby a constant-u filter ( uRO¼[ ). The gener-
ally darker appearanceof the right half of the imageshows the
effect of headshadow. Thestrongresponse on the ipsilateralside
around5 kHz corresponds to the quarter-wavelengthdepthreso-
nanceidentifiedby Shaw [9], andtheweakresponsearound 9 kHz
is the so-called“pinna notch.” In addition, other interestingbut

7Of course,interaural-polarazimuth mustlie between =?>A@ � and BC>A@ � .
For convenience, we show the conventional vertical-polar azimuth in this
figure.

moredifficult to explain azimuth-dependentspectralfeaturescan
beseen.
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Figure5: Horizontal plane (a) HRIR (b) HRTF

Theseimagesgivesomeideaof theHRTF variability for asin-
gle subject.It is moredifficult to characterizetherangeof HRTF
variability betweensubjects.However, two simplemeasures— the
maximuminterauraltime differenceITD ÊRËCÌ andthepinna-notch
frequency Í�Î�Ï — aresimple,perceptuallyrelevant parametersthat
characterizethevariability thatexists.

For thesubjectsin thedatabase,ITD ÊRËCÌ is approximatelynor-
mally distributed,with �­O H
NMH � secand �­O GKG � sec,which
correspondsto a ���zJ°S G % variation. Not surprisingly, ITD ÊRËCÌ is
stronglycorrelatedwith headsize (seeFig. 6), and it canbe es-
timatedquite accuratelyusingsimplelinear regression.The best
singlepredictoris theheadwidth, with a correlationcoefficient of² O JTS ½
[ betweentheestimatedandtheactualITD. Thebestpair
aretheheadwidth andtheheaddepth,for which ² O J°S [I½ . For a
moredetailedpresentationof the estimationof ITD from anthro-
pometry, see[11].
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Figure6: Scatterplots for estimation of the ITD

In the frequency-domain,mostHRTFs exhibit the prominent
depthresonancearound 3 to 4 kHz, followedby thepinna“notch”
[9]. Fig. 7 shows theHRTF magnitudes for ; O®< O®J � for a set
of 54 subjects.8 Thepinnanotchesareindicatedby theblackdots,
andthegraphsaresortedby thepinna-notchfrequency Í Î�Ï .

8Somesubjectsusedto evaluatestatisticshave not beenincludedin the
databaserelease.
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Statistically, Í Î�Ï is approximately normally distributed,with� O¶½KHKJIJ Hz and �´O �AJMQ
J Hz, which correspondsto a rather
large �ZUK[ % variation. As expected, Í�Î�Ï is correlatedwith the
pinnameasurements,but the relationshipis not strong,andlinear
regressionis not assuccessfulin estimatingÍ�Î�Ï from anthropom-
etry. Thebestsinglepredictorof Í�Î�Ï is the cavum concha height
( ² O JTS GKG ). Somewhatsurprisingly, thebestpair of predictorsare
the two angles;K� and ;�¤ ( ²·O¸J°S NMU ), andthe besttriple addsto
thesethe fossaheight ¯c² O JTS QX� ). Theseresultsreflect the fact
thatthescatteringof incidentwavesby thepinnais acomplex pro-
cessrelatedto detailedfeatures,and that accurateestimationof
Í�Î�Ï may well requireadditionalconchaparametersnot included
in our measurements. However, simple regressionanalysisdoes
help identify the most significantof the measuredparametersor
indicatesthe needfor additionalmeasurements. It our view that
theeffectivecustomizationof HRTFswill requiresadeeper under-
standingof theperceptuallyimportantcharacteristicsof theHRTF
andof their dependenceon detailedpinnafeatures.9
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Figure7: HRTF magnitudes for ;ZO´<{O´J �

5. CONCLUSIONS

High-spatial-resolutionHRTF measurements clarify the physical
sourcesof HRTF behavior. A uniform database of HRTFs en-
ablesthestudyof person-to-persondifferencesandof therelation
of temporalandspectralcharacteristicsof theHRTF to theanthro-
pometricdata.Wehopethatpublicavailability of theCIPICHRTF
database,augmentedwith anthropometricmeasurements,will fa-
cilitate furtherresearchin theunderstanding,modeling,anduseof
individualizedHRTFs.

6. ACKNOWLEDGMENTS

This work wassupportedby theNationalScienceFoundationun-
dergrantsIRI-96-19339andITR-00-86075,andby theUniversity
of CaliforniaDiMI program,with additionalsupportfrom Aureal

9Thisareaof research wouldbenefit from systematic parametric studies
usinggeometric modelsandcomputational techniques [3, 4].

Semiconductor, Creative Advanced Technology Center, Hewlett-
Packard,andInterval ResearchCorporation.Any opinions, find-
ings,andconclusionsor recommendationsexpressedin this mate-
rial arethoseof theauthorsanddonotnecessarily reflecttheviews
of theNationalScienceFoundationor our othersponsors.

7. REFERENCES

[1] Gardner, W. G.andMartin,K. D., “HRTFMeasurementsof a
KEMAR,” J.Acoust.Soc.Amer., Vol. 97,3907-3908,1995.
Seealsohttp://www.sound.media.mit.edu/KEMAR.html.

[2] Wenzel, E. M., Arruda, M., Kistler, D. J. and Wightman,
F. L., “LocalizationUsingNon-individualized Head-Related
TransferFunctions,” J.Acoust.Soc.Amer., Vol. 94,111-123,
1993.

[3] Katz, B. F. G., “Measurementand Calculationof Individ-
ual Head-RelatedTransferFunctionsUsing a Boundary El-
ementModel IncludingtheMeasurement andEffect of Skin
andHair Impedance,” PhDdissertation,GraduateProgramin
Acoustics,PennsylvaniaStateUniversity, 1998.

[4] Kahana, Y., Nelson,P. A., Petyt,M. andChoi,S.,“Numerical
Modelingof theTransferFunctionsof aDummy-head andof
the ExternalEar,” Proc.AES 16th Int. Conf. SpatialSound
Reproduction,Rovaniemi,Finland,1999.

[5] Møller, H., Sørensen,M. F., Hammershøi,D. andJensen,C.
B., “Head-RelatedTransferFunctionsof HumanSubjects,”
J.Aud. Eng.Soc.,Vol. 43,300-321, 1995.

[6] Blauert, J. et. al, “The AUDIS Catalog of Human
HRTFs,” Proc. 16th ICA, Seattle, WA, 2901-2902,
June, 1998. See http://www.eaa-fenestra.de/documenta/
publications/09-de2.htm

[7] Algazi, V. R., Avendano,C., and Thompson,D., “Depen-
denceof SubjectandMeasurement Positionin BinauralSig-
nalAcquisition,” J.Audio Eng.Soc.,Vol. 47,937-947,1999.

[8] Genuit, K., “Ein Modell zur Beschreibung von
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