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Binaural room impulse responséBRIRS) were measured in a classroom for sources at different
azimuths and distancéap to 1 nj relative to a manikin located in four positions in a classroom.
When the listener is far from all walls, reverberant energy distorts signal magnitude and phase
independently at each frequency, altering monaural spectral cues, interaural phase differences, and
interaural level differences. For the tested conditions, systematic distgctbamb-filtering from an

early intense reflection is only evident when a listener is very close to a wall, and then only in the
ear facing the wall. Especially for a nearby source, interaural cues grow less reliable with increasing
source laterality and monaural spectral cues are less reliable in the ear farther from the sound source.
Reverberation reduces the magnitude of interaural level differences at all frequencies; however, the
direct-sound interaural time difference can still be recovered from the BRIRs measured in these
experiments. Results suggest that bias and variability in sound localization behavior may vary
systematically with listener location in a room as well as source location relative to the listener, even
for nearby sources where there is relatively little reverberant energy20@ Acoustical Society of
America. [DOI: 10.1121/1.1872572

PACS numbers: 43.66.Qp, 43.66.Pn, 43.55.-n, 43.5BABI] Pages: 3100-3115

I. INTRODUCTION estimate properties of the environméetg., see Bradley and
) ) ) Soulodre, 1995; Bech, 1998b, a; Torrssal, 2001; Shinn-

_ Spatial acoustic cues are important for_many tasks, rangcyunningham and Ram, 2003and improve the subjective

ing irom locating a sou_nd sourge.g., see M_'ddlemekS and_ realism and externalization of virtual auditory space simula-

Green, 1991 to detecting and understanding one source Nions (e.g., see Durlaclet al, 1992; Begaultet al, 2007

the presence of competing sources from other locatiers, N ) ’ ST

see Bronkhorst, 2000: Ebata, 2008 great deal of research Reverberant' energy glso mflgences speech |ntell|g|bll|ty,
5arly reflections(occurring within 50—80 ms of the direct

effort in the field of psychoacoustics has gone into measurin : e
and analyzing head-related impulse respor&RIRs; the sound generally increase the audibility of a speech source

impulse response from source to the listener's ears fowithout degrading intelligibility (e.g., see Bradleyet al,
sources presented in anechoic spadoegain insight into the 1999, 2003, whereas later reflections smear out the temporal
acoustic cues underlying these important behavioral funcinformation in the speech waveform and decrease intelligi-
tions (e.g., see Wightman and Kistler, 1989; Shaw, 1997 bility (e.g., see Bradley, 1986; Nabelekal, 1989; Bradley
Algazi etal, 1999; Brungart and Rabinowitz, 1999; et al, 1999; Bistafa and Bradley, 20p@Both early and late
Kulkarni and Colburn, 2004and to allow simulation of re-  reflections cause interaural decorrelation that can degrade the
alistic binaural signalge.g., Middlebrooks, 1999; Begault accuracy of directional localizatiofHartmann, 1983; Hart-

et al, 2001; Macpherson and Middlebrooks, 2002; Cullingmann and Rakerd, 1999; Hartmaret al, 1999: Shinn-
etal, 2003; Kiddet al, 2005. Cunningham, 2000b; Kopco and Shinn-Cunningham, 2002

The reverberation present in everyday settings Influ'and the ability to detect and understand one source in the

igcgfivaeu?nl:ns/ plgg’g?gg?aggg gzzav'rz:/i'gebﬁ;?err’lc;'sm\llatﬁngresence of a statistically stationary competing sound source
g ys. P rom another locationPlomp, 1976; Zurek, 1993; Culling

cue for sound source distan@g., see Mershoet al, 1989; . . .
. soune sou istaneeg., s S etal, 1994; Shinn-Cunningham, 2002; Devore and Shinn-

Naguib, 1995; Bronkhorst and Houtgast, 1999; Shinn ) _ =
Cunningham, 2000a; Zahorik, 20023, llow listeners to ~ CUnningham, 2003; Zureét al, 2004. Similarly, early and
late reflections are known to have a large impact on the im-

Ao ) o ) pressions of source width and envelopm@nt., see Barron,
Portions of this work were presented at the 2001 Mid-Winter Meeting of200 D ite the i t f b t
the Association for Research in Otolaryngology. 1. Despite the importance of reverberant energy on

DElectronic mail: shinn@cns.bu.edu nearly all aspects of auditory perception, few studies have
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analyzed how reverberant energy affects the spatial acoustdistant sources and the direct-sound level at the two ears can
cues reaching a listener. be very different(e.g., see Brungart and Rabinowitz, 1999;
In the field of architectural acoustics, there have been &hinn-Cunningham et al, 2000; Kopco and Shinn-
number of studies of how auditoria and other large echoicCunningham, 2003 As a result, the interaction between
spaces influence various aspects of the signals reachingsaurce location and the effects of reverberation will be maxi-
listener’s earge.g., see Kleineet al, 1993; Bradley, 1996; mized when sources are near the listener, even though the
Hidaka and Beranek, 2000; Nishihaes al, 2001; Torres overall influence of reverberant energy will be smaller than
et al, 2001; Okano, 2002 Similarly, there are some studies for more distant sources. Furthermore, analysis of how the
of the behavioral impact of reverberati¢e.g., see Berkley, effect of room reflections varies with source location for
1980; Bradley, 1986; Nabelekt al, 1989; Cullingetal,  nearby sources can provide insights into what will happen
1994; Hartmann and Rakerd, 1999; Hodgson, 1999; Darwifor more distant sources, given that the main effect of in-
and Hukin, 2000; Cullinget al, 2003. Statistics comparing creasing source distance beyond one meter is to reduce the
the relative energy in the early and late portions of roomgirect sound level and increase the relative strength of rever-
impulse responsege.g., the clarity index §) summarize perant energy at the ears.
how reverberant energy affects the subjective experience of The current analyses examine how listener location in a
listening to music or understanding speech in a particulafgom and source location of nearby sources influence BRIRs
space(e.g., see Hidaka and Beranek, 2D0@owever, there i gne example classroom. The specific room, source loca-

are relatively few studies of the effects of room reflections onjons relative to the listener, and listener locations considered
spatial and binaural acoustic cues or how these effects varyare chosen for two reasons: tb) explore how the acous-
with fistener location in the roontalthough see de Vries ics within a specific room can vary as the listener is moved
et al, 2001; Hartmanret al, 2003. The current study ana- \ithin the room(e.g., ranging from a listener positioned far
lyzes some of the properties of acoustic spatial cues preseff,n any reflecting surfaces to the most extreme situation,
in binaural room impulse responseRIRs; the impulse re-  hore the listener is seated in the corner of the rfoand (2)
sponses from a sound source to the ears of a listener Iocatragm insight into results of related behavioral studies exam-

in a room measured in an ordinary classroom. The goal o ining the effects of reverberation on perception for sources

this study is to begin to quantify how acoustic spatial CUCSear a listener that were performed in or simulated the same

are affected by reverberant energy as a function of the ”Stens'pace analyzed hetawhile future papers will address how

ﬁ;tse:]c;cratlon in a room and the source location relative to th%he acoustics of the classroom influence perception and be-
j . . havior, the current analysis focuses on the effects reverbera-

Most previous studies of HRIRs have focused on mea-. . .

. tion can have on different aspects of the spatial cues present

surements made at distances of a meter or more, where the

. . . . in BRIRs. The long-term goal of these efforts is to tease
only effect of source distance is an overall change in gain,

For these cases, interaural time differen@@®s) and inter- apart wh|ch aspects Of the pgrceptual consequences of room
. . : . reverberation are predicted directly from acoustic effects and

aural level differencedLDs) in the signals reaching the ears which arise from interactions between properties of the si

resolve source location to within a “cone of confusion.” prop 9

However, for nearby sourcéwithin a meter of the listengr naIsTaht thfe”ear§ and alu ditory rf) roc?hs stlng. the f d
interaural level differences increase and ILDs provide dis- € Tollowing analyses show that in the irequency do-

tance informationDuda and Martens, 1998; Brungart and main, anechoic head-related transfer functiGhRTFg vary

Rabinowitz, 1999 For nearby sources, interaural differences'¢atively smoothly with frequency in both phase and mag-

resolve source location to within a “torus of confusion” nitude compared to the frequency-to-frequency variability of
(Shinn-Cunninghanet al, 2000 and spectral content can

binaural room transfer functioRTF9, a fact that reflects

resolve source position within a torus of confusié®., in the complex interactions between the direct sound and re-
the up/down, front/back dimensions; Asagioal, 1990; But- flected energy that arise in a room. Whereas anechoic head-
ler and Humanski, 1992; Wightman and Kistler, 1997;related impulse responses are nearly equal to the impulse
Vliegen and van Opstal, 20D4Because the acoustics of '€SPONSes obtained by minimum-phase reconstruction from
such situations differ from those normally studied, sound lo{he magnitude of the HRTF plus a delay related to the travel
calization, source detection, and signal understanding diffefime to the eaxi.e., phase information in the HRTF is rela-
when sources are nearby compared to the more commonﬁ)’ew unimportant for reproducing the proper HRIR except
studied “distant source” conditionée.g., see Brungart and for an overall group delay; e.g., see Kistler and Wightman,
Durlach, 1999; Shinn-Cunningham, 2000b; Shinn-1991), the phase information in a BRTF is critical. In a room,
Cunninghamet al, 2001; Shinn-Cunningham, 2002; Kopco each reflection may boost or reduce the energy in a particular
and Shinn-Cunningham, 20p3Given that many important, frequency of the direct sound, depending upon the exact tim-
everyday eventse.g., a personal conversatjorinvolve ing of the reflection and whether it adds in or out of phase
sources relatively near the listener, it is important to underwith the preceding energy at a given frequency. In addition,
stand what spatial acoustic cues arise for nearby sources ihthe frequency content of a sound source fluctuates with
reverberant environments. time, the interaction between direct and reflected energy in a

For nearby sources, small changes in the source locatiooom will also vary over time in ways that depend in detail
relative to the listener can cause considerably larger changes the spectro-temporal structure of the source signal and of
in the direct-sound energy reaching the ears than for morthe BRTF. This complexity is reflected in the frequency-to-
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frequency fluctuations in the BRTF magnitude and phase,
which can be quite large.

Given the relatively smoothly varying nature of
anechoic HRTFs with frequency, small short-term spectral
fluctuations in a broadband source sigrialg., over the
course of tens to hundreds of milliseconds, such as are com-
monly found in speech and mugitave only modest effects
on the spatial cues reaching a listener in anechoic space.
Furthermore, analyzing the spatial cues in a frequency-
SmPOthed anechoic HRTFe'g"_SmOOthmg HRTFs over a FIG. 1. Schematic showing the rough orientation and location of the KE-
critical band of frequenci@grovides a reasonable summary MaR manikin in the classroom when measurements were made for the four
of the spatial cues that an arbitrary HRTF-filtered source idistener locations(see Table | for more detailed descriptions of different
likely to contain. listener locations

In contrast, and as a direct result of the spectro-temporal
complexity of a typical BRIR, even small fluctuations in a spatial cues for broadband sources, we consider frequency-
sound source’s frequency content with time can cause |arg'@-frequency variations in the BRTFs as a function of listener
temporal variations in the spatial cues observed in the BRTHOcation and source position, a property tias discussed
filtered signal. The exact manner in which the reflected enbelow) depends primarily on the energy ratio of late rever-
ergy in the BRIR will affect Spatia| cues depends Veryberation to direct sound and early reflections in the BRTFs.
strongly on both the spectral and temporal properties of &1 order to gain insight into how reverberant energy influ-
stimulus. For instance, a pure tone signal that is turned on ignces average spatial properties of the signals reaching the
a room will rapidly converge to a steady-state magnitude angars, we compare frequency-smoothed BRTFs to comparable
phase value at each ear, with the magnitudes and phasggechoic transfer functions as a function of listener and
depending only on the left- and right-ear BRTF magnitudessource position in the room.
and phases at the tone frequency. Thus, the interaural differ-
ences caused by a pure tone in a room will rapidly convergel, METHODS

to values that are constant over time. However, a signal with BRIR q K les El ics Mani
more bandwidth will contain fluctuations in its short-term s were measured on a Knowles Electronics Mani-

spectrum. As the short-term signal frequency content varie n f(_)r ACOUS“_C ResearctKEMAR)_fo_r 21 different source
over time, the way in which the short-term magnitude an ocations relative to KEMAR, consisting of all combinations

phase spectra of the signals reaching each ear are affected fetve?hsogr(r:](ta afZ't?:Utlr.(gl 15, 3do t’h45 , 60%, 75d.’ tand
room reverberation will change and evolve dynamically, de—(0 1)5 OO 48 ”gd 1oDnAﬁ Istener an N ree sct)ulice |_st,hatnhces
pending on the spectro-temporal content of the souirce ' d 0, an th 'h -mea}[SLljreimen S V\;e-re. a t(:\n \[N' €
cluding the relative phases of different frequency compo-s?gnr so?rset:nn rel ct>ir\|/zotn ihp a}in(-: cnor:-amlngBrcgﬂ@antg,
nents of the inpytand how it interacts with the reflected %r ricc))ree ge?a; M:ea;sureemoentse wseree ?a,k:ﬁewith KEMAR
energy. Because this interaction is different at the two earséeated ona taII.Wooden stool with his ears aporoximately 1.5
interaural parameters will also fluctuate over time. This com—m above the floor at four different Iocationspiﬁ a classrc))/orﬁ
plexity makes it impossible to predict what spatial cues will . A . . .
be present in a room unless the source is specified (shown schematically in Fig. 1 and described in detail in
. . ; ' Table ), henceforth calledenter, back, egrandcorner. To
Rather than analyzing what spatial cues will be present : . .
Isolate the influence of reverberant energy on acoustic spatial

in the signals reaching a listener’s ears for a specific stimu- .
: . Fues, pseudo-anechoianeasurements were generated by
lus, the current analysis examines aspects of BRIRS/BRTFS . : .
. . : tfime-windowing thecenter BRIRS’ and analyzing only the
that are related to the ways in which short-term spatial cues

will be influenced by reverberant room energy. For instanceportion corresponding to the direct sound impulse response

. . . (see below.
the size of frequency-to-frequency fluctuations in the BRTF In order to estimate measurement reliability, all mea-

magnitude and phase is related to how strongly the Spati%'urements:(Zl source locations4 listener locationswere

cues reaching the ears of a listener in the room depend on ﬂ?Speated on three separate occasions, with the equipment
short-term spectro-temporal content of the source. Thus, ’

frequency-to-frequency variability in BRTFs is related to the
q bili y. q. | y likel y b b h TABLE |. Approximate orientation and location of the KEMAR manikin in
variability In spatial cues likely to be o Servéd'g" at the the classroom when measurements were made for the four listener locations

output of a peripheral auditory nevecross samples for (see Fig. 1 for definition of orientation angle arey axes.
independent tokens of finite-length broadband noise signal

\ol |
(=1 [=
° °

%fenter 5m
I

Ea
<®£orner Back

x location

location

and across time for an ongoing broadband signal. Con-  Listener o X location Y location
versely, the expected value of different spatial cues in the 230N Orientation (m) (m)
signals reaching a listener’s eg@veraged across indepen-  Center/ 0° 4.5 25
dent signal tokens or across tijrie closely related to prop- Anechoic .

erties of the BRTF averaged across frequetey., across a EZ?" _1%%0 ‘2'55 %‘55
critical band. Thus, in order to gain insight into how rever- ;e _90° 05 05

berant energy will tend to affect across-time variability in
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TABLE Il. Number of usable measurement repetitiqo$ three measure-  jnserted into the entrance of KEMAR'’s ear canals measured
ments performedobtained in each source-listener configuration. Bold num-the raw acoustic responses to the MLS Microphone outputs

bers highlight configurations for which fewer than three repetitions wered buil . h i d
usable.(Note that fewer reliable measures were obtained inctiveer con- rove a custom-built microphone amplifier connected to a

figuration because measurements were repeated three times in the ordEDT A/D converter(TDT PDJ1). For each BRIR measure-
center, back, earand corner, and one of the two microphones malfunc- ment, the MLS was presented and the response measured ten

tioned at the end of the final measurement sequence. times. The ten time-domain measurements were then aver-
Source Source azimuth aged to obtain the final MLS response.

Listener distance In order to achieve the best possible signal-to-noise ratio
location (m) 07 157 30° 45° 60° 757 90" for each measurement, the maximum sound source level that
Center/ 0.15 3 3 3 3 3 2 3 did not cause clipping was found by trial and error for each
Anechoic ~ 0.40 3 3 3 3 3 3 3 source position and listener location. Signals were then pre-

1 s 38 3 3 3 3 3  gentedroughly 5 dB below the clipping level.
Back g :05 ,j’ 33 ,j’ 33 3 ;’ g Offline, the average measured response to the MLS was
1 3 3 3 3 3 3 3 cross-correlated with the original sequence to obtain a raw
Ear 0.15 3 3 3 3 3 3 3 estimate of a 743-ms-long BRIRee also Kopco and Shinn-
0.40 3 3 3 3 3 3 3  Cunningham, 2003 Each raw BRIR was digitally filtered to
Corner 10.15 33 33 23 23 33 33 33 remove energy below 100 Hz and above 20 kHz. Visual in-
spection of the raw BRIRs verified that the first-arriving re-
0.40 2 2 2 2 2 2 1 o ”
1 2 2 5 5 2 5 5 flection in every one of theenterconditions(off the floon

arrives between 9.75 and 11 ms from the start of the mea-
suremenino earlier than 5 ms after the direct sound reaches
the ear§ as predicted from geometrical calculations. Ten-
taken down and reassembled in between measurement sefs-long, pseudo-anechoiBRIRs were generated by multi-
sions. For 18 of the 84 source-listener configurations, techplying the center BRIRs by a time window that was flat
nical problems rendered some of the measurements unugequal to 1.9 up to 9 ms, with a 1-ms-long cosine-squared
able; Table Il details the number of useful repetitionsfa| time from 9 to 10 ms, effectively removing all reverber-
available for each source-listener configuration. ant energy from theenterBRIRS.

The classroom dimensions were roughly $<3.5 m. The measured BRIRs contain not only the transfer char-
The room was carpeted and had hard concrete walls on threg+eristics of the head and room, but also characteristics of
sides; the remainingd-m-long wall was constructed from a he sound delivery and measurement system. Calibration
sound-absorptive partition. Acoustic tiles covered the ceilingeasurements were taken of the impulse responses to the left
Few acoustically hard objects were in the room during the, 4 right microphones in the center of the roémithout a
measur_emen_téwo small tables glong the short yvall and a jigrener present, orienting the Bose loudspeaker to point to-
cqllapsmle PIng-pong table, which was folded in half andwards the microphongsising the same procedures described
oriented vertically, parallel to and near the long hard wall above(time-windowing out all reverberant enejgyResults

The broadband g of the room was estimated from the mea- . )
sured BRIRs using the method formulated by Schroede?howed that the system magnitude response is smooth and

(Schroeder, 1965 as implemented by Brown in a Matlab equa! ir_1 the two microphones, with a ge_ntle low-pass char-
function avélilable at the Mathworks web si@rown, 2003. acteristic(decreasing smoothly by approximately 10 dB from

: . , . 200 Hz to 20 kHz Ideally, BRIRs would be postcompen-
For thecenterlocation, these estimates did not vary dramati- .
cally with source location or distance. The mean of the esti_sated to remove the transfer characteristics of the sound de-

mates in thecenter condition (across both ears, all source Itl)very an(i rer::org.lng s.ysteorln by m;:erse filtering. However,
directions and all source distangesas 565 ms(standard P°€cause(l) the distortion due to the measurement system

deviation 24 ms The meansand standard deviationsf the ~ Was small,(2) for the main comparisons of interest in the
estimates ofTg, from BRIRs were relatively robust with current study(.l.e., comparisons across source position re:
changes in listener location with megand standard devia- KEMAR and listener location in the roomany such filter-
tion) values of 581 m$28 m9, 585 ms(17 m9, and 619 ms NG would have no effect, an(B) such compensation could
(33 m9 for the back, left andcorner locations, respectively, introduce additional errors into the estimated BRIBg., if
BRIRs were measured by concatenating two identicafhe error in the estimated compensation filter was of the
32767-long maximum length sequenc@dlLS; Rife and Same magnitude or greater than the compensation)itself
Vanderkooy, 1989:; Vanderkooy, 1994jenerated using a postcompensation was used in the reported measurements.
44.1-kHz sampling rate. This MLS signal was sent to a  Calibration measurements established that the useful dy-
Tucker-Davis Technologie$TDT) D/A converter (PD1),  nhamic range in the BRIRs was at least 40 dB for all frequen-
which drove a Crown amplifier connected to a Bose mini-cies from 200 Hz to 20 kHz and that the exponentially de-
cube loudspeaker. Prior to each measurement, the Bose lougreasing energy in each of the BRIRs was in the electrical/
speaker was hand-positioned by the experimenter to be at ti&oustical noise floor by 700 ms. In order to reduce
correct location(e.g., at the desired direction and distanceextraneous noise in the measurements, the 0.1-20-kHz
relative to KEMAR, oriented to face the manikiMiniature  bandpass-filtered BRIRs were multiplied by a 743-ms-long
microphonegKnowles FG-3329cmounted in earplugs and time window with a 50-ms-long cosine-squared fall time
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& panels show leftflight gray) and right-eafdark gray results

> Q
0§’ S from one of the repeated measurements as weflsesido-
Qg* é‘é’ anechoicresults(black dashed lingsfrom a differentcenter
— e Right Ear measurement. The spectral levels in each plot are normalized
,,,,,,, Left Ear to the maximum peak in the right-epseudo-anechoimea-

surement.

Comparison of the right- and left-e@seudo-anechoic
results(black dashed lingsshows the large ILDs that arise
for lateral sources very near the lister(see Brungart and
Rabinowitz, 1999; Shinn-Cunningharet al, 2000. The
pseudo-anechoiesults also show characteristic notches and
peaks in the received spectral level, features important for
FIG. 2. Magnitude spectra of sample room transfer functions with thesignaling source location within a torus of confusi@ng.,
source at 90° azimuth, 1 m distanaee( KEMAR). Results for the right-  see Butler and Belendiuk, 19)77

Dashed lines showseudo-anecholceauls derved from an mependent N the center conditions(left panej, the only obvious
set ofcentermeasurementsResults for theenterandearlistener locations ~ €ffeCts of the reverberant energy can be attributed to diffuse
are shown in the left and right panels, respectively. reverberant energgadding frequency-to-frequency variabil-
ity; filling in spectral notches; increasing the total energy in

(from 693 to 743 mpto produce the final BRIRs analyzed the shadowed, left earThese effects increase as the direct-
below? sound energy decreases, increasing in both ears with source

The current measurements quantify how source locatioflistance, and increasing at the ear on the far side of the head
relative to the listener and listener location in the room affec@s the source moves laterally.
the spatial acoustic cues in BRIRs for an ordinary room. The  In the ear results for the left-ear spectrufgray plot in
study does not exhaustively explore what happens in arbihe right panelthere are systematic peaks and valleys con-
trary rooms, for arbitrary sound sources. For instance, besistent with frequency-dependent summation and cancella-
cause the Bose mini-cube speaker is not omni-directional, fon of the initial direct sound and the prominent left-wall
was always oriented to face the listener. Altering the orienfeflection. These notches are spaced by roughly 480 Hz,
tation or model of the loudspeaker would alter both the direcftarting at 240 Hz, and the autocorrelation of the left-ear
sound level reaching the listener and the energy in and paBRIR has a prominent peak at 2.1 fm®t shown, consistent
tern of the reflection8.Similarly, while there was nothing with an intense early reflection off the left wall that reaches
extraordinary about the classroom in which the measurethe left ear 2.1 ms after the direct sound. In all of the BRIRSs,
ments were taken, other rooms would yield different meadthe exact timing of, intensity of, and interaural differences in
surements. However, these results can be extrapolated to pray early reflection depend on source azimuth and distance,
dict effects in other rooms by considering the statistics of@s predicted from geometrical considerations. For instance,
reverberant energy in these other spaces. As described @# source azimuth increases, the delay between the direct
Sec. |, because of the Significant frequency-to-frequencﬁound and the left-ear reflection in tkar and corner con-
variation in the BRTF phase and magnitude functions, thdlitions increases and the relative magnitude of the left-ear
Way in which reverberant energy distorts Spatiai cues for éjirect sound decreases. For all tested source |Ocati0nS, the
particular source depends critically on the spectro-tempordgft-ear spectra of thear and corner conditions have pro-
content of the source. The current analyses explore howounced comb filtering whose notch frequencies and notch
source location and listener location can alter different asdepths vary with the relative timing and intensity of the early
pects of the BRIRs that relate to the magnitude of the effectéeflection. However, there is no pronounced comb filtering in
of reverberant energy on the mean and variability in spatiany of the right-ear magnitude spectra for any of the source
cues likely to be observed for broadband sound sourcedocations in thesar andcorner conditions; similarly, there is
While in this sense the current results are spe6dfig., to the N0 prominent comb filtering in either ear in thack condi-
particular equipment, classroom, listener locations)etice  tions, despite the proximity of the back wall.
current results are similar to what would happen in these
other settings. Finally, because the room measured here h8s Effects of reverberant energy on spectral
been used in a number of behavioral studies, the specifimagnitude
details of this study may give insight into how reverberant
energy influences perception in a range of tasks.

Center Ear

Spectral Magnitude
(dB re: Anechoic
Right-Ear Peak)

“02 0531 2 5 1002 051 2 5
Frequency (kHz)

The FFT of each left- and right-ear impulse response
was analyzed as a function of source and listener location.
Summary statistics were computed to demonstrate how
Ill. RESULTS source distance, source direction, and listener location influ-
enced the spectral magnitude of the signals reaching the lis-

tener.
Figure 2 plots the magnitude spectra of BRIRs for a

0.15-m, 90° source for theenterandear conditions(left and
right panels, respectivelyto demonstrate the effects of dif- Random, late-arriving reverberation tends to add
fuse reverberation and of an early, intense reflection. The twérequency-to-frequency variability to the BRTF magnitude.

A. Example binaural room impulse responses

1. Frequency-to-frequency fluctuations
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With such variability in the BRTF magnitude, the gain of the a) Frequency-to-frequency b) Difference between smoothed

effective room filter acting at any point in time varies with varioninigliear magrniyde:  pesudounechols and smacthed
. . . reverberant left-ear magnituae

the signal content at that time. Thus, whenever a signal has — anech

nonstationary spectro-temporal content, spatial cues in the e e e

signals at the ears will tend to vary, and the amount of fluc-

210.15m g wlotsm
tuation will be related to the variability in the BRTF from o 15 5
frequency to frequency. To characterize how such across- = o.; < s O
frequency variability depends on listener and source configu- g 2 o L L e
ration in a room, the average size of the magnitude fluctua- S 12 : % 10{0.40 m
tions in the BRTF (per Hz were computed and then § P g
averaged across frequency. For each of the source locations £ 05 $
(re: KEMAR) and listener locations in the room, this sum- E gm E
mary statistic was then averaged across the repeated mea-g 15 J— § el
surements. LM eSS B - ) S
The BRTF can be thought of as a sum of direct sound, 0 E 0 peasneet

i 7 0 30 60 20 0 30 60 920

early echoes, and random late-arriving reverberation. Posed 53 AN (Eo0rEae) Source Arimuth (degrees)

in this way, the random fluctuations in the BRTF magnitude
as a function of frequency can be attributed primarily to re-FIG. 3. Effect of reverberant energy on left-ear magnitude spe@rilean
verberation. Statistical room acoustic analysis predicts thathange in spectral magnitude per Hz as a function of source azimuth, cal-

the mean sbacina between adiacent maxima in the maanit ylated by taking the mean of the absolute values of the derivative of each
pacing W | X ! gnitu asurement in dB per Hz, then calculating the mean across repeated mea-

response of a room transfer function is approximatelysures.(b) Mean absolute difference between energy in smoothed third-
3_91]1'60 (e_g_, see Schroeder and Kuttruff, 196Further- octave bands of reverberant apdeudo-anechoitransfer functions as a
more. the average dB Change from a local maximum to al!.Ijnction of source azimuth, calculated by computing the absolute value of

] .. the difference of the energy falling within each third-octave band of the
adja;):ent minimum should equal 10 dB.g., see Schroeder, reverberant angbseudo-anechoitransfer functions, calculating the mean
1987%. For the current room withlg;=565ms, statistical across frequency bands, then calculating the mean across the three repeated
room acoustics analysis thus predicts that the |ate_arriving1e§sgres. In botta) _and(b), error bars s_how the across—repetition sFandard
reverberation will have fluctuations of approximately 29 ewauon(where_deflne}iand each row gives results for a different distance

! ; X from source to listenef0.15, 0.40, and 1 m from top to bottgnResults

dB/Hz (i.e., 20 dB of fluctuation from peak to adjacent peak, jithin each panel correspond to different listener locations in the room.
which is, on average, 6.9 Hz awayDur measurements con-

tain both direct sound and early reflections that vary rela-
tively smoothly with frequency. As a result, the overall sizeeft to right] as expected, as the direct-sound energy at the
of the fluctuations in the BRTF magnitude should vary be-left ear decreases with source azimuth. Looking within each
tween roughly 2.9 dB/HZif the reverberant energy domi- panel in Fig. 3a), the average fluctuation is greatest for the
nates the total energy in the BRT&own to almost no varia- center and back conditions (dark dashed linesand much
tion (when the reverberant energy is negligible compared t@maller for theear and corner conditions(light-gray dashed
the sum of the energies in the direct sound and early reflegines).
tions). The late portions of the left-ear results for the 0.15-m
Variability in the right ear(not shown was relatively  sources contain relatively more measurement noise than the
small (at most less than 0.5 dB/frequency sample for sourcesther measurementsee footnote B Therefore, the average
straight ahead of the listener at J,rdecreased slightly with  spectral fluctuation is slightly greater for the nearest source
source laterality, increased slightly with source distance, an¢han the more distant sourcgsompare results in the top
was essentially identical for all listener locations in the room.panel of Fig. 8a) to those in the middle and bottom pariels
The effect on the left ear, which generally received less diAWhen the effect of the measurement noise is factored out,
rect sound energy than the right ear for all of the testedhe magnitude of the frequency-to-frequency variations is
source locations, was greater overall and varied with sourceoughly constant with increasing source distance. The maxi-
laterality, source distance, and listener location in the roommum mean fluctuation in the BRTFs is on the order of 2 dB.
Figure 3a) plots the across-measurement mean of the  Because the magnitude of the BRTF fluctuations is di-
absolute spectral magnitude change per Hz in the left-eakectly related to the proportion of late-arriving energy mak-
magnitude spectra and, where defined, the acrossng up each impulse response, the values analyzed here
measurement standard deviation. Within each panel, resulshould be inversely correlated with standard room-acoustics
for each of the four listener locations in the rogaashed metrics such as the clarity index, which computes the ratio of
lines) and thepseudo-anechoitsolid line) results are shown early-to-late energy in a room impulse respon8gy (the
as a function of source azimuth. Each row gives results for aatio of the energy in the first 80 ms of the impulse response
different source distance. over the energy in the remaining portion of the impulse re-
Fluctuations in thepseudo-anechoitesults[solid black  spons¢ was computed for each BRIR. The mean of this
lines in Fig. 3a)] are essentially zero and independent ofvalue was then computed across repeated measurements for
source direction and distance, as predicted. Variations in lefteach ear and each spatial configuration.
ear spectral energy increase with source azimuth for all lis- Table Ill gives the mean values @iy, for the various
tener locations in the roofiin Fig. 3(a), values increase from measurements. As expectdtly, decreases with source dis-
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TABLE Ill. Mean clarity indexCg, (in dB) averaged across the repeated measurements for each of the BRTFs.
(Note that the clarity index is infinite, by definition, for tl@echoicconditions)

Source Source azimuth
Listener distance
Ear location (m) 0° 15° 30° 45° 60° 75° 90°
Left Center 0.15 22.9 215 16.8 16.7 16.0 13.7 10.9
0.40 23.2 20.3 17.3 16.5 15.3 145 115
1 18.3 15.2 13.0 12.0 111 10.8 10.2
Back 0.15 22.9 20.8 17.1 17.3 16.4 14.2 111
0.40 24.1 21.0 17.8 17.0 15.9 15.7 12.7
1 19.5 15.8 14.0 12.7 12.2 11.2 9.4
Ear 0.15 23.4 21.8 18.1 18.0 16.7 12.3 11.9
0.40 24.2 22.6 20.1 20.2 18.7 16.9 15.5
1 20.0 19.0 18.0 18.3 18.0 14.7 15.7
Corner 0.15 25.3 22.4 18.6 19.6 17.5 15.1 12.3
0.40 25.7 22.4 21.3 21.2 20.1 19.3 18.5
1 21.6 20.2 194 19.7 19.3 16.8 17.8
Right Center 0.15 235 26.6 31.2 34.1 36.3 36.9 39.3
0.4 25.3 27.2 29.9 31.3 32.2 33.1 33.7
1 18.6 20.5 22.1 22.8 23.3 23.0 23.0
Back 0.15 23.1 25.4 30.9 34.7 35.8 36.3 40.1
0.40 24.6 27.2 30.0 32.3 33.1 33.9 33.3
1 19.0 21.1 22.8 24.0 24.0 24.1 23.7
Ear 0.15 25.0 26.8 315 34.8 37.3 37.2 39.4
0.40 24.7 26.6 29.6 32.0 32.9 33.9 34.2
1 18.7 20.1 22.2 22.9 23.6 23.4 23.6
Corner 0.15 24.1 25.9 31.8 35.0 37.7 35.8 38.2
0.40 25.9 29.4 325 33.1 33.8 34.6 34.9
1 20.2 21.9 23.1 24.1 23.8 23.9 23.8

tance in both ears. For the right e®g increases with azi- 0.2—-20 kHz was computed for each measurement in order
muth, wherea<g, decreases with azimuth in the left ear. to estimate how the average rate of a corresponding auditory
Room location has little effect on the right ear results; how-nerve fiber would be influenced by the reverberant energy for
ever, the left-eaCg is smaller in thecenterandbackcon-  an ongoing broadband stimulus. For each reverberant mea-
ditions than in theear and corner conditions(where early  surement, the smoothed spectral level was subtracted from
reflections are more prominenthis difference is most pro- the level of a smoothegseudo-anechoimeasurementin-
nounced at the greatest distance. dependent of theenterresult used for a given calculatipn
The correlation betweerCg, and the frequency-to- The absolute value of the difference between smoothed re-
freguency _variability (modified to remove measurement yerperant andpseudo-anechoicesults was computed for
noise as discussed abgueas calculated for the 168 inde- gach third-octave band and then averaged over center fre-
pendent measuremen(& ears, 4 room conditions, 3 dis- g ency. This statistic was then averaged across the indepen-

Fances,l and 7 Iazwgu?_ahsAs pre<|j|gted, theﬁfe. measugreésg ar®4ent repeated measures for each source direction, source dis-
inversely correlated. The correlation coefficient was. tance, and listener location.

f(i.e.ls rokughly 80;{0 ?f the variatncfe B0 can be' ag:.(lz':)u'nte'z[g The mean effect on the right-ear spedimat shown is
or Dy knowing the frequency-to-irequency variabiiity In the very small(2.4 dB or less and does not vary significantly

BRTF magnitude and vice versa with room location, source direction, or source distance. Fig-
ure 3b) plots the across-measurement mean absolute differ-

2. Distortion of frequency-smoothed magnitude ence between the smoothed reverberantpsedido-anechoic

If reverberant energy alters the BRTF magnitude averSPectra for the left ealincluding, where defined, the across-
aged over a critical band, the mean spectral content of thB1easurement standard deviaiowithin each panel, results
BRTF-filtered source will be altered. Whereas frequency-to.for each of the listener locations are shown as a function of
frequency fluctuations in the BRTF magnitude can causé&ource azimuttimeasured relative to KEMAR's median sag-
temporal fluctuations in the neural excitation pattern cause#ital plang. Each row gives results for a different source
by a broadband source, systematic distortions of the BRTHistance.
magnitude(averaged over a critical bandill alter the mean The effect of the reverberant energy on the left-ear spec-
excitation pattern. To quantify such systematic spectral distra increases for all listener locations in the room as the
tortion arising from reverberant energy, the BRTF magnitudesource moves to the right. For the conditions with an early
was first smoothed over frequency and then compared tteft-wall reflection[the ear andcorner conditions; light gray
pseudo-anechoicesults. The energy falling within third- results in Fig. 80)], the difference between the reverberant
octave wide energy band&enter frequencies spanning and pseudo-anechoicsmoothed spectra is larger and in-
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creases more rapidly with azimuth than in the other condimay induce localization bias, as it will tend to alter the mean
tions[i.e., light gray dashed lines are above and steeper thaperceived spectral shagagain, averaged across time for a
the dark gray dashed lines in Fighg]. The effects of rever- long-duration stimulus or across tokens for shorter stimuli
beration on thecorner magnitude spectrum are consistently Thus, the way in which reverberant energy influences sound
larger than on thear magnitude spectrurfin Fig. 3(b), the  localization in the up/down dimension may depend on the
double-dot-dashed light gray line is above or equals thdistener location in a room, with token-to-token response
single-dot-dashed light gray limkeWith increasing source variability largest in conditions where the random reverbera-
distance, differences across the listener locations increasmn energy is largest, and response bias largest in conditions
[e.g., the separation between the light and dark gray resultshere a listener is near a reflecting surface.

in the left column increases as one looks from the top to the  The frequency-to-frequency variability discussed in this

bottom panels in Fig. ®)]. section is directly related to the relative energy in the late-
arriving, reverberant energy compared to the sum of the ear-
3. Discussion lier portions of the room impulse responses, As a result, this

énetric is inversely correlated with such common room-
@coustics metrics aS€gy (Which is commonly used to sum-
marize the subjective influence of room acoustics on listen-

center and back conditions; dark gray lines in Fig.(8], ing to musi¢ and Dso (which is predicts the effect of

systematic deviations between the frequency—smootheﬁeverberant energy on speech quality in ropn@ine advan-

pseudo-anechoiand frequency-smoothed reverberant mag_tage of examining the current metric rather than either of

nitude spectra are largest in the cases where there is a sufﬂles_e metrics Is that_ It doe_s not depend on mgklng“any (?'ne
ciently strong early reflection to cause comb-filtering of theCho'Ee aE)out yvhat time window should con.stltute early
spectrum[i.e., in theear and corner conditions shown by and *late” portions of the room transfer function.
light gray lines in Fig. 8)]. Similarly, while source azimuth
has the greatest effect on frequency-to-frequency variability
in conditions dominated by diffuse reverberant engicgn-  C. Interaural level differences
ter andback dark gray lines in Fig. @&); conditions produc-
ing the smallest values oCgg), azimuth has the greatest , , o pinayrar room transfer functions
influence on changes in the smoothed spectral shape for con-
ditions with an early intense reflecti¢ear andcorner, light As with monaural spectral cues, reverberant energy will
gray lines in Fig. &)]. Overall, these results show that alter the across-time mean of and variability in ILD cues.
frequency-to-frequency variability in the BRTF magnitude Reverberant energy will cause frequency-to-frequency fluc-
spectra[Fig. 3(a)] depends primarily on the strength of the tuations in the ILD that are directly related to the monaural
diffuse reverberant energy relative to the sum of the directfrequency-to-frequency fluctuations discussed in the previ-
sound energy and the energy in any early reflectsuth as  ous section. Such fluctuations, in turn, will cause temporal
those present in the left ear for tear andcorner measure-  fluctuations in the short-term ILD observed through any
ments. In contrast, systematic distortion of spectral shapecritical band filter for broadband stimuli. Because the influ-
cues depends primarily on the energy in any early intensence of reverberant energy on monaural spectral level is
reflections relative to the direct-sound energy. The locatiodarger in the ear far from the source than the near ear, the
of the listener in the room alters the intensity of any earlyoverall effect of reverberant energy on frequency-to-
reflections reaching the listener and, therefore, influencefequency variability in the ILD increases with source later-
both frequency-to-frequency variability and systematic specality and with the relative level of diffuse reverberant energy
tral distortion. (i.e., ILD variability over frequency is inversely correlated
As discussed in the Introduction, frequency-to- with Cgg).
frequency variability in the BRTF is related to the across-  To quantify how reverberant energy alters the expected
stimulus-token and across-time fluctuations likely to be ob4LD for broadband sources, the energy falling within third-
served in a BRTF-filtered sound source. In contrastoctave wide energy bands from 200 Hz to 20 kHz was com-
systematic deviations between frequency-smoothed BRTHsuted for the left- and right-ear BRTFs for each measure-
and their anechoic counterparts are related to how the exwent. These values were subtracted to estimate the ILD in
pected value of the received spectral shape will be affectethe room response filters as a function of frequency and then
by the reverberant energy in a room. Because perception @veraged across the independent repeated measures for each
spectral shape is important for judging the location of acenter frequency, source direction, source distance, and lis-
source within a cone or torus of confusion, both spectratener location.
variability and mean spectral distortion may influence sound  Figure 4 plots the across-measurement mean ILD in the
localization by listeners in rooms. Frequency-to-frequencysmoothed BRIR spectra and, where defined, the across-
variability may reduce the reliability with which the ex- measurement standard deviation as a function of the center
pected spectral shape can be extracted from a finite-lengtinrequency of the third-octave bands. Within each panel, the
broadband stimulus, and thus might increase variability inLDs are shown for each of the four listener locations in the
judging source locatiofeither across time or across stimulus room (dashed linesand for an independepseudo-anechoic
tokens. In contrast, systematic distortion of spectral cuesBRIR (solid ling). Each row gives results for a different

Whereas local frequency-to-frequency fluctuations in th
spectral magnitude are biggest in conditions where diffus
reverberant energy is relatively more importéin¢., in the
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Frequency (kHz) FIG. 5. Schematic diagram showing the soui®eand effective location of

the back-wall reflectioriR) for the backcondition. The direct-sound path is
FIG. 4. Mean interaural level differences in the binaural room transfer func-shown by the black dashed line, arriving from angleelative to a line
tions as a function of frequency. Each point was calculated by computing th@erpendicular to the wall. The reflection path is shown by solid black lines.
energy in each third-octave band of the transfer functions, taking the absdFhe pointR shows the effective location of the back-wall reflectitee
lute value of the difference between the left- and right-ear values, therhllen and Berkley, 1979 The angle of the reflection is given hy. The
averaging these values across the independent repeated measures for edistance from source to the center of the head is giverDgy and the
condition. Error bars show the across-repetition standard deviétibare distance from the center of the head to the wall is giveiDhy, . When the
defined. Results within each panel correspond to different listener locationdistener’s interaural axis is parallel to the wéfl is zerg, the lateral angles
in the room. Results are shown for sources at 0°, 45°, and 90° azitettth (relative to the listener's median sagittal plafer the arrival direction ofS
middle, and right columns, respectivel\Each row gives results for a dif- andR equal @ and «, respectively.
ferent source distand®.15, 0.40, ad 1 m in the top, nddle, and bottom

fow, respectively creasing the ILD magnitude by as much as 20 dB for a 1-m,

90° source in the bottom right panel of Fig. 4, but at most by
source distance. The left, middle, and right columns showl0 dB for the 0.15-m, 90° source in the top right panel
results for sources at azimuth angles of 0°, 45°, and 90°,
respectively. 2. Discussion

For the source directly in front of the listendeft-hand The impact of reverberant energy on ILDs is dominated
column of Fig. 4, the ILD is very small at all frequencies. py the effect of reverberation on the signals at the ear that is
However, for the conditions in which the left ear receives angyiher from the source. With increasing source distance, re-
early intense reflection, there are small but consistent ILDSs ajarperant energy tends to increase the energy in(ltfe
some low to mid frequenciesa consequence of comb- ghaqowed ear, thereby decreasing the ILD. As the source
filtering effects in the left-ear magnitude spectra for &  moyes to the right side of the head, reverberant energy
and corner conditions; at higher frequencies, third-octave c4,ses a relatively larger change in the total energy reaching
smoot_hmg hldes_any comb-filtering and the only consistenthe |eft ear and the ILD magnitude decreases by a larger
effect is a boost in the left-ear energy from the early refleCyount. For theear andcorner conditions, the early intense
tion in the left ear, which causes a slightly positive ILD refiection reaching the left ear off of the nearby left wall adds
Around 6 kHz, there is a modest notch in the d'recz'soundsigniﬁcantly more energy to the left ear than to the right ear,
spectrum that is symmetrical at the two ears for the 0° SOUrCghich receives a head-shadowed version of this early wall
location shown in Fig. 4. However, for conditions with a yefiection. Thus, for these conditions, the ILD magnitude de-
strong left-wall reflection, the left-ear notch is filled in more -roases even more due to reverberant en@rgsticularly at
than in the right ear, producing a small but consistent posige |argest source distangehan for the reverberant condi-

tive ILD near 6 kHz. _ tions where diffuse energy is more dominant.
Reverberant energy decreases the magnitude of ILDS  The gimilarity betweercenterand back results can be

and the size of this effect depends on the listener location i'E)artiaIIy explained by considering the geometry when the

the room. In general, the ILD magnitude is smallest for thejistener is near a wall. Figure 5 shows a schematic diagram
conditions with early intense reflectiorisght gray, dashed ¢ this sjtuation. A sourcé reflects off the back wal(see

lines corresponding to thear and corner conditions in Fig. 3¢k lines with arrows producing a reflection that is
4), intermediate for the conditions with relatively diffuse re- roughly equivalent to a phantom source at locatifisee
verberant energydark gray, dashed lines corresponding 0 ajien and Berkley(1979 for a description of this sort of
the centerand back conditions, and largest for th@seudo-  yeometric approximatidn For this geometry, the angle be-
anechoicresults(solid dark lines. For instance, for the 1-m, yyeen the arrival direction of the sound source and a line

45° source thepseudo-anechoillD is nearly —20 dB at 5 perpendicular to the wallg) and the angle between the ar-
kHz (solid line in the bottom middle panel of Fig),4oughly  yiya direction of the reflection and the same referenek
—12 dB for thecenterandbackconditions(dark gray dashed 4.6 related by

lines), and only around-5 dB for theear and corner con- _
ditions (light gray dashed lings The effect of reverberant w—tan L Dspsing
energy on the ILD increases with source distafeg., de- 2DywtDgncost|”

@
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FIG. 6. Interaural time differences in sample room transfer functions with the source at 90° azisiuUKEMAR) as a function of frequencfshown up to

2.2 kH2. Values were calculated by subtracting the phase of the left- and right-ear transfer functions at each frequency, then dividing by frequehcy. For eac
frequency, multiple values are plotted, corresponding to all possible shifts of the ITD by integer multiples of thgeuiog, frequency-independent ITD

would give rise to a horizontal line at the true ITD valu&ray points show results for the reverberant conditions. For comparison, black points show
pseudo-anechoimeasurement&@erived from an independent set@#ntermeasurementsEach column shows results for one of the four listener locations

in the room. The top and bottom rows give results for distances of 0.15 and 1 m, respectively.

The smaller the distance between listener and wallThus, distance perception of nearby sources may be robust in
(Dpw) and the greater the distance from source to listenea room, especially given that reverberant energy provides
(Dgp), the more similar® and « become. In addition, the additional distance information to listeneflglershonet al.,
difference betweem and « approaches 0 ag approaches 0. 1989.

When the listener’s interaural axis is oriented parallel to the

wall as in theback condition (i.e., wheng in the figure is  p. Interaural time differences

zero, 6 equals the lateral angle of the direct sound and
equals the lateral angle of the reflection. Thus, when th
listener is oriented with his interaural axis parallel to a Frequency-to-frequency variation in ITD cues in BRTFs
nearby wall, both the direct sound and the early reflectiorwill cause temporal variability in the ITD cues reaching a
produce nearly identical interaural differences. As the lis-istener for a broadband sound presented in a room. Figure 6
tener rotategas the magnitude g8 increases from zejpthe  compares the ITDs in the reverberant gmsktudo-anechoic
lateral angle of the direct and phantom sources become ireonditions for a source at 90°, plotted as a function of fre-
creasing disparate, reaching an extreme when the listener hgaency for the low to mid frequenci¢200 Hz to 2.2 kHz,

one ear towards the wale.g., 8 is —90°, as in theearand  frequencies for which the ITD is thought to be most sajient
corner conditiong when the source is directly to one side of Each plot in Fig. 6 was generated from one individual BRTF
the listener(# is 0°) and the phantom source is on the exactmeasurement. Rather than trying to extract the “true” ITD at
opposite side of the listener. As a result, early reflections ireach frequency, only the phase-wrapped IPD, denoted by
the back condition produce significantly less interaural dis- ¢noq2-, Was computed: the phases of the left and right
tortion than the early reflections in tlear andcornercon-  BRTFs at each frequency were subtracted and set to an
ditions. equivalent value modulo72 In order to account for the in-

To the extent that the magnitude of the ILD influencesherent interaural phase ambiguity #},q2- . at each fre-
perception of source laterality, sound sources may be systemencyf a vector of possible IPDs was generated by calcu-
atically perceived as closer to the median sagittal plane in &ting ¢meq2r)+27k for all integer values ofk. The
room than in anechoic space, as the expected ILD magnitudesulting values were divided byzX to generate multiple
is generally smaller in a room. Furthermore, any such sysiTD values consistent with the observed IPD at each fre-
tematic localization bias would be greatest in conditionsquency. Figure 6 plots these ITD values as a function of
where the listener is oriented with one ear facing a &alch  frequency when the sound is 90° to the right of the listener’s
as theear and corner conditions. head. In each panel, gray symbols correspond to the rever-

In addition to reducing the average ILD magnitude, dif- berant results and black symbols correspondpsgudo-
fuse reverberant energy increases the frequency-to-frequenayechoicresults. Thepseudo-anechoicesults in each row
variation in ILDs by introducing frequency-to-frequency are identical and derived from an independeetter mea-
variability in monaural spectral level®.g., see Fig. @]. surement to make across-listener-location comparisons
Thus, ILD cues will tend to vary with the short-term spectral “fair.” The top and bottom rows give results for 0.15- and
content of a source in the presence of diffuse reverberarit-m sources, respectively. Each column shows results for one
energy. listener location.

Although low-frequency ILD cuegbelow 3 kHz; see All pseudo-anechoiplots (black symbols, repeated in
Brungart(1999] convey source distance for nearby sourcesgach columj contain a roughly horizontal line, consistent
low-frequency ILD cues are less influenced by ordinarywith an ITD that is nearly the same at all frequencies. This
room reverberation than are ILDs in the mid to high frequendTD value is approximately-750 us for the 90° locations
cies (compare results above and below 3 kHz in Fig. 4 shown, independent of source distance. The other ITD values

d- ITDs in BRTFs as a function of frequency
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consistent with the IPD at each frequency form stereotypifrequency band is proportional to the energy in that Haea
cally curved lines in the ITD-frequency plotsee, for ex-  Shinn-Cunningham and Kawaky(2003 for analysis of
ample, Stern and Trahiotis, 1995 short-term, narrow-band cross-correlation results and how
Looking first at the results for theentercondition(left ~ across-time integration affects ITD estimation from reverber-
column, the relatively diffuse reverberant energy causesant signal$ As such, the broadband analysis shown here
small distortions of the ITD that appear to be random andorovides a simple summary of the extent to which ITD cues
independent from frequency to frequen@ye., in the left- in a room can provide useful information about source
hand column results, the gray symbols fall near, but raniaterality®
domly scattered around, the blapkeudo-anechoicesults. To quantify the effects of reverberant energy on ITD
The amount of distortion caused by the reverberant energgues, the normalized cross-correlation of the low-to-mid-
increases with source distan@@eviations between the gray frequency portion of the left- and right-ear impulse responses
symbols angseudo-anechoiesults are larger in the bottom was calculated. For each measurement, the left- and right-ear

left panel than in the top left panel of Fig).6 impulse responses were low-pass filtered with a cutoff fre-
Results for thébackcondition(second column from left  quency of 3 kHz(note that the upper-frequency cutoff has
are similar, except that deviations frogpmseudo-anechoice-  little influence on the results we will present; 3 kHz was

sults are greater than for theentercondition. For a sound chosen in order to focus analysis on the low-to-mid fre-
source at 90°, the back-wall reflection arrives from a differ-quency region in which ITD cues are thought most salient
ent lateral angle than the direct sourmdg., roughly 70° for The normalized cross-correlation functiof{7) was then
the 1-m source; see Edl)], thus altering the ITD cues computed as

reaching the ears. Furthermore, the distortion of the ITD cues

varies systematically with frequendgee the upper panel in > [n]r[n—r7]
the second column of Fig)6a sign that part of the distortion X(7)= 5 — 2
VEIn]ZE urm]

of ITD cues is from a distinct reflection, rather than diffuse
reverberant energy.

Results for theear and corner conditions (third and
fourth columns in Fig. Bshow prominent, systematic devia-
tions from pseudo-anechoi¢TD results. For example, for
the 0.15-m source in thear condition (top panel of third
column), the reverberant resultgray symbolgnearly match
the pseudo-anechoicesults(black symbols at 500 Hz, but
are consistently above thgseudo-anechoicesults just be-
low 500 Hz and below thepseudo-anechoigesults just
above 500 Hz. With increasing source distance, the distortio
caused by reverberant energy gro(esy., compare the top
and bottom panels in the third columrindeed, the panel
showing the 1-m source in thear condition (gray symbols,

wherel[n] andr[n] are the low-pass filtered left- and right-
ear impulse responses, respectively. This normalized cross-
correlation function takes on its largest value at the time
delay rthat best aligns the left and right ear signals. For each
measurement, the largest peak xqfr), pmax, Was found
along with the corresponding time dela,.,. Because the
largest such peak might fall outside the plausible range of
ITD values for a sound in anechoic space, the largest peak
within the limited range of —1,1] ms was also foundg(,,)
Qlong with the corresponding interaural time delay,{).

Figure 7 plots the values af,, and 7., [Figs. 7a) and
(b), respectively and the normalized peak amplitudpgy,

) ) 2 andpmax [Figs. 7c) and(d), respectively as functions of the
bottom panel in the third columrshows a striking pattern of source azimuth. Results for the three source distances are

_negatwely sloped Imes_,, W'tho.Ut any ob\{|ous horizontal “ne;shown in individual panels; results within each panel show
in other words, there is no single ITD in the plotted rang€jiferent listener locations in the room. Lines show the

that is consistent across frequency. across-repeated-measurement mean and symbols show indi-
vidual measurement results.

In all the panels of Fig. (&), the peak ITD magnitude

Frequency-to-frequency variability in the ITDs con- increases from roughly O to roughly 756 as the azimuth
tained in BRTFs influences how short-term ITD cues in aranges from 0° to 90°. Despite the strong distortion of ITD
broadband sound source will vary. However, analysis of sucinformation by reverberatiofsee Fig. &, 7, is essentially
variability does not address whether reverberant energynaffected by reverberant energy: in all three panels of Fig.
causes a change in the mean ITD. In this section, we coni(a), results for all listener locations fall on top pseudo-
pute a broadband cross-correlation of the left- and right-eaanechoicresults. In other words, despite the frequency-to-
BRIRs to investigate whether reverberation causes systenfrequency fluctuation in the ITD, integrating information
atic distortions of ITD information. This analysis is closely across frequencye.g., by calculating the broadband cross-
related to analysis of the interaural cross-correlation comeorrelation from 200 Hz to 3 kHzgives a reliable ITD esti-
monly employed in room acoustics studies to summarize thenate when the range of candidate ITD values is limited.
interaural decorrelation caused by room reflecti@ng., see Results in Fig. ) show thatr,., equals, for all
de Vrieset al, 200). Although neural computation of ITD cases in which there are no prominent early reflectiaes,
information is performed by computing the narrow-bandfor the pseudo-anechoic, centeand back conditions; see
cross correlation within each critical band as a continuousolid and dashed dark linesHowever, for the conditions
time function, the broadband cross-correlation function is eswith an early reflection(the ear and corner conditions,
sentially a weighted average of narrow-band crossshown by light results the largest overall peak in the nor-
correlation functions when the weighting of each constituentnalized cross-correlation function does not always fall

2. Cross-correlation analysis
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a) Tjjm (Within [-1, 1]ms) b 75y (unconstrained) though 7;,, is essentially unaffected by reverberatifsee

s o —— Fig. 7(@], pjm for the ear and corner conditions is very
TN -1 et | small(less than 0.4 for sources beyond 15° to the right of the
05 e |2 oaneen . listeney.
] 4 oiGm 5 |-8f ---aback --vcomer Figure 1d) plots py,ax for the various source positions
< o o —— and listener locations. For listener locations in which there is
g \N ! no prominent early reflectiom,. always equal®;,, , inde-
2'05 040m - & Ty 1 %y pendent of source azimuth and distarice., the solid and
E L e ; : dashed dark line results are identical in Fig&) &and (d)].
. -:) o ———, For the nearest sourcé®op panel in Fig. @)], the peak
B ‘”W«\?Mﬂ M amplitude is essentially unchanged when the peak ITD value
im |, is unrestricted; only for the sources at 90° are there differ-
- ences betweep,., andp;,, and only then for theear and
0 30 60 9 O 30 60 920 .. . . . .
Source Azimuth (degrees) cornerconditions(compare the rightmost light gray points in
the top panels of Figs.(@ and(d)]. With increasing source
€] Pyjgyy (within [-1, 1 me}  d) Ppgy (unconstrained) distance, howeverp,,, in the ear and corner conditions
o changes dramatically. For the intermediate source distance,
oE g 13% Pmax for the ear and corner conditions decreases as the
oanech | %5 source azimuth moves from 0° to 30°, but then changes very
- -0 back corner little as the source angle changes from 30° to @ight gray

—
=}

results in the middle panel of Fig(d]. For the most distant
source in the listener locations for which there is an early
left-wall reflection,p.x actually increases as the source azi-
muth changes from 0° to 9Qfight gray results in the bottom
panel of Fig. Td)].

Normalized Peak Amplitude
5 &

o
5

3. Discussion

0 30 360 Agp 3] 4 30 60 % Because monaural phase distortion is larger in the ear
ourGe-Azim(ith {dedrees) that receives less direct sound energy, ITD distortion de-
FIG. 7. ITD and normalized height of the peak in the broadband crosspe€nds most strongly on the phase distortion in the far ear,
correlation function of left- and right-ear impulse responses as a function ofncreasing with source laterality as well as source distance.
source azimuth(@) ITD of largest peak within the physiologically plausible For listener locations in which there is an early reflection
range of interaural time differencés-1 to +1 m9. (b) ITD of the largest f he lef I th fITD f : ff
overall park(without limiting the ITD rangg (c) Peak height within the rom t e_ eft wall, t _e pattern o as a function O_ re-
physiologically plausible range of interaural time differencesl to +1  quency is grossly distorted, even when the source is very
ms). (d) Height of the largest overall pediwithout limiting the ITD rangg near the listener’s head.
Lines show the across r_epetmon average for each listener location in the The small but consistent difference in ITD distortion in
room. Results for each independent repeated measurement are plotted EF]S .. . .
symbols. Each row gives results for a different distance from source td ecenterand backcondl_nons_ can be pgrtlally explained by
listener(0.15, 0.40, ad 1 m in thetop, middle, and bottom rows, respec- the geometry of these listening conditions. The early back-
tively). wall reflection causes ITD cues that are identical to those in
the direct sound when the source is directly in front of the
listener[see Fig. 5 and Eq(l)]. Thus, for the 0° source
within the plausible range. The likelihood that,,, differs  angle, the distortion of ITD by reverberation is smaller in the
from 7, increases with increasing source azimuth and withtback condition than thecentercondition. As the source azi-
increasing source distance. For instance, the numbeaof muth increases, the back-wall reflection’s lateral angle no
and corner measurementglight gray resulty with implau-  longer exactly matches the direct-sound lateral afgha-
sible peaks is largest in the bottom panel of Fi¢h)7and ticularly for the smallest source distance; see 8], and

increases from left to right in the panel. the ITD deviation in theback condition grows rapidly with
Figure 7c) shows that for all source distances,, de-  source azimuth.
creases with increasing source laterality all panels,pjiy, Whereas the ITD information in any specific frequency

decreases from left to righaind with increasing source dis- may be dramatically distorted, in the broadband cross-
tance @, decreases from top panel to bottom panel correlation function there is a local ITD peak corresponding
Whereast;,, does not vary with listener location in the to the direct-sound path. These results show that even when
room, p;,, varies dramatically: in genergby;,, is largest for  there is an early intense reflection, knowledge of the range of
the pseudo-anechoicesults(solid black ling, intermediate  “true” ITDs and integration of information across frequency
for the centerand back conditions(dark gray results and  enables accurate estimation of the sound source lateral angle.
smallest for theear and corner conditions (light gray re-  Behaviorally, the distortion of ITD cues by reverberant en-
sulty. Differences between the different listener locationsergy may increase variability in judgments of source lateral-
also increase with source distance. In fact, for the mostity across different stimulus tokens. However, because the
distant sources testefbottom panel of Fig. (€)], even ITD of the direct sound can be recovered with sufficient
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across-frequency integration, laterality judgments based ohand cross correlation; however, see also Shinn-Cunningham
ITD cues may not show any large bias, regardless of thend Kawakyu(2003 for a more physiologically motivated

location of the listener in the room. analysis of what ITD information can be extracted in a re-
verberant setting when considering short-term ITD cues aris-
IV. SUMMARY AND GENERAL DISCUSSION ing within critical band$ and restricting the range of ITD

This study examines the effects of source distance\,/alues to those that are plausible. In fact, psychophysical

source angle, and listener location on the distortion of spatidfSts and theoretical studies suggest that although ITD is

cues in BRIRs by reverberant energy when sources areomputed independently within a critical frequency band,

nearby a listener in an ordinary room. All of these factorslisteners integrate ITD information across frequency when

have a significant impact on the form and size of the distorlUdding source lateralitye.g., see Trahiotis and Stern, 1989;

tion caused by reverberant energy. This kind of analysis iSUell and Hafter, 1991 Perhaps as a result of such across-
important for understanding both how reverberant energy alff€quency integration, listeners are able to make reasonable
ters the statistics of acoustic attributes in the signals reachinfdgments of source laterality of broadband sounds in some
a listener(e.g., cues for source direction and for source conféverberant settingse.g,, see Hartmann, 1983; Shinn-
tent and how reverberant energy can provide information tgCunningham, 2000b

the listener(e.g., about source distance and the acoustic en-  1Ne current results suggest that for many aspects of BR-
vironmeni. I_Rs, the mos_t |m_p0rtant differences thz_at arise from changing

Room reflections alter the magnitude spectra of BRIRdIStener location in a room can be ascribed to the presence or
by causing random frequency-to-frequency variation; filling@Psence of an early reflection arriving from the side of the
in spectral notches; increasing the overall energy, particularlj/éad that is opposite the direct souine., such as arises in
in the ear receiving less direct-sound energy; and, in som#€ current results inear and corner conditions. The
cases, generating comb-filter distortion. As source lateralitptrength of any early reflections depends strongly on the lis-
increases, all of these effects become more pronounced at tkner location in the room and more modestly on the source
far ear and smaller at the ear on the near side of the healpcation relative to the listener. Only when the listener is
While the random variations in spectral content are greategtositioned with one ear facing a nearby wall is the initial
when most of the reverberant energy is diffisenterand  reflection sufficiently strongand from a sufficiently differ-
back conditions, the systematic distortions of spectral con- €nt direction than the direct sountb cause any systematic
tent are greatest when there is a prominent early reflectioflistortion of spatial acoustic cues. In the current measure-
(ear and Cornerconditiong_ ments, reflections from a wall behind the |iSte(i%., in the

Spectral magnitude distortion degrades the cues impofackcondition do not cause obvious comb-filtering spectral
tant for resolving source location within a particular torus ofdistortions. Furthermore, the interaural differences in the
confusion. Such spectral distortion is much greater in the fagarly reflection from a back wall tend to reinforce rather than
ear than the ear near the source. This observation may eglistort the interaural cues in the direct sound. As a result,
plain why listeners give more perceptual weight to spectrapurrent results from théack condition are comparable to
shape cues in the near ear when the left- and right-ear specfif2ose of thecentercondition and unlike those from thear
are pitted against one anoth@vlorimoto, 2002: in many  and corner conditions for nearly all of the statistics exam-
ordinary (reverberant environments, the near-ear spectralined.
cues are relatively more reliable than the far-ear cues. The acoustic similarity of many spatial cues in ten-

In all cases, reverberation tends to reduce ILDs, espeter andbackconditions is consistent with results of a recent
cially when the source is relatively far from the listener. Forbehavioral study that examined the ability of trained listeners
the source locations tested in this study, the reduction ofo identify the four listener locations in the room when lis-
ILDs is especially pronounced when there is an early reflectening to stimuli simulating different source and listener con-
tion from the side(i.e., in theear and corner conditiong.  figurations using the BRIRs analyzed heréhinn-
Furthermore, diffuse reverberant energy adds frequency-tdsunningham and Ram, 2003n this study, listeners were
frequency variability in ILD cues. To the extent that listenersgiven blocks of trials in which the simulated source location
use ILD cues to judge source laterality, reverberant energpf a random token of noise was fixed relative to the listener,
may therefore induce systematic localization bias, with lis-but the simulated listener location in the room varied from
teners perceiving sources nearer the median sagittal plarigal to trial. The listener’s task was tdentify which of the
than the true source location, as well as increase variabilitlistener locations was simulated on each tfia., listeners
in judgments of source laterality. had to categorize the room location while ignoring trial-to-

ITD information becomes more distorted by reverberanttrial variability caused by variations in the noise tokens pre-
energy as the source moves away from the median sagittabnted. Listeners generally did not confuse listener locations
plane and as source distance increases. Distortion from r& which there was an early reflection from the Iéfie ear
verberant energy can cause quite severe interaural decorrekad corner conditiong with stimuli in which there was no
tion (e.g., significantly decreasing the amplitude of thesuch reflection(the center and back conditiong, but were
“true” peak in the normalized cross correlatiprNonethe-  very likely to confuse theear and corner stimuli (mislabel-
less, the ITD of the direct sound can still be extracted froming anear trial as acornertrial and vice verspand to con-
the BRIR by combining ITD information across frequency fuse centerand back stimuli (although listeners might have
[accomplished in the current analysis by computing a broadbeen able taliscriminatebetween these stimuli, especially if
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the noise token had been held constant across)trials mensions. Judgments of source laterality may be biased
The current analyses may underestimate the effects of in a room because reverberant energy reduces ILD mag-
reverberation in an ordinary classroom, as the source dis- nitude; additionally, because reverberation causes tempo-
tance was 1 m or less in all of the conditions considered here. ral fluctuations in both short-term ITD and ILD cues,
In fact, results show that even for these conditions, where the laterality judgments may show greater token-to-token
source is very close to the listener, the effects of reverbera- variability in a room than in anechoic space. Similarly,
tion can be quite prominent. These results shed light on the judgment of the up/down direction of a source may be
ways in which source location relative to the listefiaclud- biased because reverberant energy tends to alter the
ing source distangeand listener location in the room interact mean spectral shape of the signals reaching the listener.
with the effects of reverberation to influence the signals  Finally, distance judgments may be more accurate in a
reaching a listener. Of course, many other factors can alter room than in anechoic space, as low-frequency ILD cues
the pattern of direct and/or reverberant energy reaching the that arise for nearby lateral sources are robust to the

listener, including, among other things, room propertias- effects of reverberation and reverberant energy may pro-
ume, dimensions, and surface propeitissurce directivity, vide additional distance cues.

and source orientation. However, many of the results from
this study are applicable to other environments and sourcexckKNOWLEDGMENTS

listener configurations that give rise to similar relative levels . .
of direct-sound, early reflection, and reverberant energy. 1 his work was supported in part by AFOSR Grant No.
Similarly, the current analyses focus on steady-state IoropeF_49620—98-1-0108 and the Alfred P. Sloan Foundation. Steve

ties in the BRIRs and do not directly address how theColburn, Armin Kohlrausch, and two anonymous reviewers

spectro-temporal content of a sound source interacts witRrovided very helpful and careful comments that vastly im-
properties of the room or how reverberant energy builds ufpProved the manuscript.
and decays over time. Instead, these results examine different

properties of BRIRs that can influence the mean and Vanab"_So_und Iocallzatlo_n of human I_|steners has _be_en studied in the same room,
itv in spatial cues received by a listener in a room and ShOWusmg the same listener locations and a similar range of source locations
ity P . y . > " relative to the listener(e.g., see Santarelli, 2000; Shinn-Cunningham,
how these properties vary with source and listener position.2000b; Kopco and Shinn-Cunningham, 2D02he BRIRs analyzed here
also have been used in headphone-based experiments investigating how
reverberation influences various aspects of percepfiery., Shinn-
V. CONCLUSIONS Cunninghamet al, 2002; Devore and Shinn-Cunningham, 2003; Shinn-
. . . Cunningham and Ram, 2003; Shinn-Cunningham, 20B4searchers in-
Measurements of binaural room impulse responses inerested in obtaining copies of these BRIRs for their own use can contact
the classroom studied here demonstrate a number of importhe first author at shinn@cns.bu.edu
tant prlnC|pIes governing how reverberant energy will distort The combination of the source distances relative to KEMAR and the height

th tial . hi th f the list of KEMAR relative to the floor were chosen to ensure that the initial floor
€ Spaual acouslic cues reaching the ears o € lISteNelyfiection in thecenterposition was temporally separated from the direct

Some of these principles, which will also apply in other sound impulse response.
acoustic settings, are listed here: Because the overall level of the MLS measurement signals vériestder
to present signals at the most intense level possible without distprtien
(1) Especially for sources near the listener, the listener loca-time at which the BRIRs reached the noise floor depended on the location
tion in a room and the source position relative to the ©f the source relative to the listener. For the nearest sources, the measure-

. . . ments were taken at a lower overall gain in order to avoid clipping of the
listener influence how reverberant energy distorts anddirectsound impulse response. As a result, the BRIRs for the 0.15-m distant

degrades spatial acoustic cues. Systematic distortions argurces reached the noise floor as much as 150 ms earlier than the BRIRs
most prominent when a listener is oriented with one earfor sources at 0.40 and 1 m. Because the BRIRs for the 0.15-m sources

toward a wall. Reverberant energy influences Signa|scontain not only reverberation but also additional electro-acoustic noise, the
t th farther f th th t th distorting effects of reverberatiqaompared to the anechoic HRIR&e, if
more at the ear tarther from the Source than at the neaEnything, overestimated in the results presented here. However, the effect

ear, particularly when a source is nearby the listener.of this additional noise was found to be negligible. To validate results, all
Spectral cues are more reliable in the near ear than th&RIRs were also processed with a more sophisticated time-windowing

ear farther from the source. and interaural cues becomécheme. In this scheme, the time at which each measurement reached the
less reliable with source Iat;arality noise floor was estimated by determining when the energy in the late por-

] ) tion of the BRIR no longer decayed with time. To approximate the correct
(2) Interaural level differences are systematically reduced byexponential decay in the late portions of each BRIR, an appropriate expo-
reverberant energy, such that the mapping between thaentially decaying time envelopevhose decay time constant was deter-

expected ILD(as a function of frequengyand the later- mined from estimates of g, for the room multiplied the late portion of
each BRIR from the time at which the measurement hit the noise floor to

ality of a sound source presented in reverberant SPace. eng of the BRIRNote that the imposed envelope was longest for the
depends on acoustic properties of the environment asiearest sourcsin almost all cases, the results for the original and expo-
well as on the location of the listener in the environment. nentially windowed BRIRs were indistinguishable. The only analysis for
(3) For moderate levels of reverberati¢such as observed which the exponential window had a noticeable impact was on the sum-

. . . mary statistic reported in Fig. 4; see footnote 5.
here, the ITD in the direct sound can be reliably ex- 4Comparisons betweepseudo-anechoicesults and theoretical computa-

tracted in reverberant signals by integrating interauraltions (see Kopco and Shinn-Cunningham, 2p88ggest that the radiation

cues across frequency and restricting the estimated ITDpattern of the speaker has little effect on the direct-sound impulse re-
to a pIausibIe range of values sponses. Published specificatiortttp://www.bose.com/pro/dd/product/

. ain.htm) detail the frequency-specific polar radiation patterns for the
(4) Reverberant energy may have different effects on soundsgge speaker used. At 8 kHz, the radiation gairn-B dB relative to the

localization in the left/right, up/down, and distance di- on-axis gain for a direction 40° off axis; at 16 kHz, thé dB point occurs
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