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2. MEASUREMENTS

Thispaperdescribes public-doman databasef high-spatial-resolutiofFxcluding the KEMAR mannedgin, the 43 humansubjects(27

head-relatedransferfunctionsmeasuredttheU. C. Davis CIPIC
Interface Laboratory Releasel.0 includesheadrelatedimpulse
responsedor 45 subjectsat 25 differentazimuthsand 50 differ-
entelevations(1250directions)atapprodmately5® anguar incre-
ments.In addition,the databaseontainsanthropanetricmeasure-
mentsfor eachsubject. Statistts of anthropmetric parameters
and correlationsbhetweenanthropoméy and sometemporaland
spectrafeaturesof the HRTFsarereported.

1. INTRODUCTION

Head-relatedransferfunctions (HRTFs) capturethe soundlocal-

ization cuescreatedby the scatteringof incidentsourd waveshby

the body, and play a centralrole in spatialaudio systems.Most
HRTF-basedcommercialsystemsconvolve the input signal with

a single, “standard headrelatedimpulseresponsgHRIR), and
several studieshave employed the public-domaindatasefor the
KEMAR manneqin [1]. However, it is well known that HRTFs

vary significantlyfrom personto person,andthat seriouspercep-
tual distortions(particularlyfront/backconfusionandelevationer

rors) canoccurwhenonelistensto soundsspatializedwith anon-
individualizedHRTF [2].

Althoughthedeterminatiorof individud HRTFscanaddresse
in a numberof ways, most recentlyby numericalcomputations
basedon a detailedgeometricmeshof the humanbody [3, 4],
the studyof individual variationsrequiresa databasef uniformly
measuredHRTFs. Severallaboratoriehave developedHRTF data-
basedo suppat their own researche.g.,[5]). However, the only
publicly availabledatabasés the AUDIS catalog[6], whichis lim-
ited to 12 subjectsmeasuredat appro¥mately 120 positionsin
spaceandcannotbe usedfor commercialpurposes.

The CIPIC InterfaceLaboratoryat U.C. Davis hasmeasured
HRTFs at high spatialresolutionfor more than 90 subjects. Re-
leasel.0— apublic-doman subséfor 45 subjectqincluding KE-
MAR with large andwith small pinnae)— is available by down-
loading from our web site (http:// interface.cipic.ucdas.edu). In
addition to including impulse resporsesfor 1250 directionsfor
eachear of eachsubject,the databaséancludesa set of anthro-
pometricmeasuremes thatcanbe usedfor scalingstudies.This
paperdescribeghe contentof the databaseand briefly describes
the characteristicof the data. Additional technicaldocumeta-
tion andMATLAB™ vutility programsfor inspectingthe dataare
provided with the databasdiles.
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menand16 women)wereeitherU.C. Davis studentor visitorsto
the CIPIC InterfaceLaboratory All HRTFswere measuredvith
the subjectseatedat the centerof a 1-m radiushogp whoseaxis
wasalignedwith the subjects interauralaxis. The positionof the
subjects headwas not constrainedbut the subjectcould monitor
his or herheadposition[7].

BoseAcoustimas$™ loudspeakrs(5.8-cmconediameter\were
mourtedatvariouspositionsalongthehoop. A modifiedSnapsht™
systemfrom CrystalRiver EngineeringgeneatedGolay-cod sig-
nals. The subjects ear canalswere blocked, and Etyniotic Re-
searchER-7Cprobemicrophonewereusedto pick upthe Golay-
codesignals.The microphme outputsweredigitized at 44.1-kHz,
16-bitresolutionandprocessd by Snapshos oneshot function
to yield a raw HRIR. A modified Hanningwindow was applied
to the raw HRIR measuremats to remove room reflections,and
the resultswerefree-fieldcompersatedto correctfor the spectral
characteristicsf thetransducer$.Thelengthof eachHRIR is 200
samplescorresponihg to adurationof about4.5ms.

Figurel: Locations of data points (a) front (b) side

Soundsourcelocation was specifiedby the azimuthangled
andelevation angle in interaural-polaccoordinates. Elevations

1Small headmotion, deteded by abrug changsin ITD, commonly
ocaurred. Data setswere discarded if significant spectal discontnuities
wereobsened.

2The free-fied responsevas measuredt the position of the cener of
the heal. Thefreedield compersationwaslimitedto 15 dB soasto con-
trol the duraion andthe ripples of the compensatd responseln listening
tess, Mgller's proceduie was usedto compensa for headplonesandto
re-introdue the missingearcanal resonace[12].

SReackrswho aremorefamiliar with vertical-polar coordinatesshould
bewarne thatinteraural-plar azimut is limited to therangefrom —9¢
to +90°. Pointsthatarein backof thesubject arefoundat 18(° eleation.
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were uniformly sampledin 360/64 = 5.625° stepsfrom —45°
to +230.625°. To obtainrougHy uniform densityon the sphere,
azimuthsweresampledat —80°, —65°, —55°, from —45° to 45°
in stepsof 5°, at55°, 65°, and80°. Thisleadsto spatialsampling
at1250points,asillustratedin Fig. 1.

3. ANTHROPOMETRY

Althoughthe exactHRTF is complicatedits generabehaior can
be estimatedfrom fairly simple geometricmodelsof the torso,
headand pinnae[8, 9, 10]. Thesemodelscanbe individualized
to particularlistenersif appropriateanthroponetric measuremess
are available [11]. However, specifying a generalset of well-
definedandrelevantmeasuremetsis problematic.The problemis
particularlydifficult for the pinna,wheresmallvariationscanpro-
ducelarge changesn the HRTF. Anthropametric measuremats,
evenif imperfect,enablethe investigationof possiblecorrespon
dencesor correlationsbetweenphysical dimensiors and HRTF
features.

The choiceof anthropoméy relevantto undestandingor es-
timatingHRTFsleadusto follow anapproactproposel by Genuit
[8], andto definea setof 27 anthropmetricmeasuremess — 17
for theheadandtorso(Fig. 2) and10 for the pinna(Fig. 3)*

2 x4 {]

*7

x4 height
x15 seated height

x16 head circumference 11
x17 shoulder circumference

Figure2: Head and torso measurements

Therangeof variationfor theindividualsin the CIPICdatabase
canbe measuredy somestatisticsfor the anthroponetric mea-
surementsin generalhistogramsof theindividual measuremes
indicatea basicallynormaldistribution of values. The meansand
standarddeviationsfor theanthroppmetricparameterarelistedin
Tablel® Heredistancesremeasuredh cmandanglesn degrees,
andthe percentag variationis 20/ in percent.For example,the
meanheadwidth was14.49cm, and,assuminga normaldistribu-
tion, 95% of the casesverewithin +13 % of themean.Excluding
the offsetmeasurem@ts 4, x5 andzs, for which percentag de-
viation is not meanindul, we seethatthe averagepercentageale-

4In geneal, aparticularmeasuremerwasincludedif (a)it wasdeemed
to have asignificantinfluenceon the HRTF, and(b) it couldbereliably and
reasonaly easily measuredin addiion werecadedeachsubjed’sweight,
ageandsex aspossiby relevart.

5Althoughthe numberof subjedsin the datébaseis too smallto berep-
resendtive of the generd populaion, our resuls arein geneal agreenent
with publishel values for adults [13].
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Figure3: Pinna measurements

viationis +26%. Thus,thereis consideablevariationin the sizes
andshape®f the subjectsn thedatabase.

Var Measuement 7 o %
1 headwidth 1449 095 13
T2 headheight 21.46 124 12
T3 headdepth 19.96 1.29 13
x4  pinnaoffsetdown 3.03 066 43
Ts pinnaoffsetback 0.46 0.59 254
Te neckwidth 11.68 1.11 19
x7  neckheight 6.26 169 54
Ts neckdepth 1052 1.22 23
r9  torsotopwidth 3150 319 20
210 torsotop height 1342 185 28
11 torsotopdepth 23.84 295 25
212 shoudderwidth 4590 3.78 16
z13 headoffsetforward 3.03 229 151
z14 heigh 172.43 11.61 13
z15 Seatecheight 88.83 553 12
z16 headcircumference 57.33 2.47 9
x17 shoddercircumference  109.43 10.30 19
di cavum conchaheight 191 0.18 19
ds cymbaconcta height 068 0.12 35
ds cavum conchawidth 158 028 35
ds  fossaheight 151 033 44
ds pinnaheight 6.41 051 16
de pinnawidth 292 027 18
dr intertragalincisurewidth 0.53 014 51
ds cavum conchadepth 1.02 0.16 32
01 pinnarotationangle 2401 6.59 55
0> pinnaflareangle 28,53 6.70 47

Tablel. Anthroponetric statistics % = 100(2 o /)

Correlationshetweenthesemeasurementsiay be of interest,
sinceonemight conjecturethata subjectwith alarge headwould
also have large pinnae. Indeed,this is the basicassumgion be-
hind Middlebrooks’s procedue for scalingHRTFsto accountfor
chargesin bodysize[14]. In generaltherearestatisticallysignif-
icantbut weakcorrelationsbetweermostpairsof measurements.
Scatterplotsand correlationcoeficients p for four interestingex-
amplesareshowvn in Fig. 4.

We focus on the importantbut difficult to measurepinnadi-

6For 45 subjeds, ary magnitua of morethan.28is staistically signif-
icant atthe 95% confidercelevel.
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mensions Fig. 4ashaws thatthereis afairly goodcorrelationbe-
tweenpinnaheightandcavum concta height(p = 0.45). Thereis
alsosomecorrelationbetweerheaddepthandcavzum conctawidth
(Fig. 4b, p = 0.33). Interestingly thereis not much correlation
betweenthesetwo conchadimensiors (Fig. 4c, p = 0.25). Per

hapsmoresurprisingthereis little correlationbetweerheadheight
and pinnaheight(Fig. 4d, p = 0.16), and aboutthe samecorre-
lation betweenheadheightand cavum concla heightp = 0.17.

In generalthereappeargo berelatively little correlationbetween
the sizesof large andsmallanatomicafeaturesandaccurateesti-
mationof pinnadimensiors from headandtorsomeasuremetsis

problematic.
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Figure4: Selected scatterplots

4. HRTF VARIATION

Oneof theadwantags of measuringdRTF dataat high spatialres-
olution is that the datacan be representeds an image. Fig. 5a
shavs suchan imagerepresentatiomf the impulseresporse for

KEMAR'’sright ear Eachcolumnin thisimageis oneimpulsere-

sponsataparticularazimuth! with brightnessodingthestrength
of the response. The variation of arrival time with azimuthis

clearly seenin the roughy sinusoidalshapeof the top envelope
of the response.The wealening of the responseasthe azimuth
approacksthe oppositeside of the headshaws the effect of head
shadav.

Fig. 5b shavs the spectrunfor this samecase Hereeachcol-
umn is the magnitudeof the HRTF in dB, after the power spec-
trum was smoothedby a constantg) filter (Q = 8). Thegener
ally darker appeaanceof the right half of the image shavs the
effect of headshadow The strongrespons on the ipsilateralside
around5 kHz correspouds to the quarterwavelengthdepthreso-
nanceidentifiedby Shaw [9], andtheweakresponsearourd 9 kHz
is the so-called“pinna notch” In addition, otherinterestingbut

70f course interaurakpolarazimuh mustlie between—90° and+-90°.
For convenience we shav the corventioral vertical-pdar azimuthin this
figure.
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more difficult to explain azimuth-depndentspectralfeaturescan
beseen.
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Figure5: Horizontal plane (a) HRIR (b) HRTF

Thesemageggive someideaof the HRTF variability for asin-
gle subject. It is moredifficult to characterizehe rangeof HRTF
variability betweersubjects However, two simplemeasures—the
maximuminterauraltime differencel TD,,x andthe pinna-ndch
frequerty f,n — aresimple,perceptuallyelevant parameterthat
characterizeéhevariability thatexists.

Forthesubjectdn thedatabasdTDmax is approXmatelynor-
mally distributed, with 4 = 646 psecando = 33 usec,which
correspmdsto a +10.3% variation. Not surprisingly ITDmax IS
strongly correlatedwith headsize (seeFig. 6), andit canbe es-
timatedquite accuratelyusing simplelinear regression. The best
singlepredictoris the headwidth, with a correlationcoeficient of
p = 0.78 betweerthe estimatecandthe actuallTD. The bestpair
arethe headwidth andthe headdepth,for which p = 0.87. For a
more detailedpresentatiorof the estimationof ITD from anthro-
pomdry, see[11].
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Figure6: Scatterplots for estimation of the ITD

In the frequeng-domain, mostHRTFs exhibit the prominent
depthresonancearourd 3 to 4 kHz, followed by the pinna“notch”
[9]. Fig. 7 shavs the HRTF magnitudsfor § = ¢ = 0° for aset
of 54 subject$ Thepinnanotchesareindicatedoy theblackdots,
andthegraphsaresortedby the pinna-notchfrequeny fon.

8Somesubjects usedto evaluatestatistcs have notbeenincludedin the
datbaseaelease.
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Statisically, fpn is approxmately normally distributed, with
p = 7600 Hz ando = 1050 Hz, which correspmdsto a rather
large +28% variation. As expected, fpn is correlatedwith the
pinnameasurementgut the relationshipis not strong,andlinear
regressionis not assuccessfuin estimatingf,» from anthropom
etry. Thebestsinglepredictorof f,n is the cavum concta height
(p = 0.33). Somavhatsurprisingly the bestpair of predictorsare
the two anglesf; and8» (p = 0.42), andthe besttriple addsto
thesethe fossaheight(p = 0.51). Theseresultsreflectthe fact
thatthescatteringof incidentwavesby the pinnais acomplex pro-
cessrelatedto detailedfeatures,and that accurateestimationof
fen may well requireadditionalconchaparametersiot included
in our measuremes. However, simple regressionanalysisdoes
help identify the mostsignificantof the measurecgharametersr
indicatesthe needfor additionalmeasuremes. It our view that
theeffective customizatiorof HRTFswill requiresadeepe under
standingof the perceptuallyimportantcharacteristicef the HRTF
andof their deperlenceon detailedpinnafeatures.
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Figure7: HRTF magnitudesfor § = ¢ = 0°

5. CONCLUSIONS

High-spatial-resolutiorHRTF measuremds clarify the physical
sourcesof HRTF behaior. A uniform databas of HRTFs en-
ablesthe studyof person-to-prsondifferencesandof therelation
of temporalandspectrakcharacteristicef the HRTF to theanthro-
pometricdata.We hopethatpublic availability of the CIPICHRTF
databaseaugmentedvith anthropometrianeasurementsyill fa-
cilitate furtherresearchn theundestandingmodeling,anduseof
individualizedHRTFs.
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