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ABSTRACT

In this papera new auditorily motivatedanalysismethodfor room

impulseresponsess presentedThe methodappliessamekind of

time andfrequeng resolutionthanthe humanhearing. With the
proposednethodit is possibleto studythe decayingsoundfield

of aroomin moredetail. It is applicableaswell in the analysis
of artificial reverberationandrelatedaudio effects. The method,
usedwith directionalmicrophonesgives us also hints aboutthe
diffusenessandthe directionalcharacteristicef the soundfields
in thetime-frequeng domain.As a casestudytwo exampleroom
impulseresponseareanalyzed.

1. INTRODUCTION

Traditionally roomimpulseresponseareanalyzedwith octase or
one-third octave bandsin the frequeng domain. For visualiza-
tion, a spectrogranwhich shavs the temporalbehaior of each
frequeng band,is often used. However, this analysisapproach
is not optimal from a perceptionpoint of view. This is the rea-
sonwhy perceptuallymorerelevantway to analyzeroomimpulse
responsess presentedhn this paper

In auditory modelingthe aim is to find mathematicaimod-
els which represensomephysiologicalor perceptualaspectsof
humanhearing. Auditory modelingis potentiallyvery usefulbe-
causewith agoodmodel,audiosignalscanbeanalyzedn a sim-
ilar way thatour hearingdoes.Themethodpresentedh this paper
is not anaccurateauditorymodel,it is ratheran audioengineers
approachto the modelingof perception. Also, we do not try to
modelthebinauralpropertieof theauditorysystemratherwe use
directionalmicrophonedor capturingthe directionalcomponents
of thesoundfield.

This paperis organizedasfollows. First, asa motivation, the
timeandfrequeng resolutionof humarhearings discussedThen
the proposedanalysismethodis presentedn section3 anddirec-
tional analysiss discussedh sectiord. In section5 two roomim-
pulseresponseareanalyzedwith the proposedmethod. Finally,
conclusionsare dravn with a discussionon future guidelinesof
research.

2. FREQUENCY AND TIME RESOLUTION OF HUMAN
HEARING

The frequeng resolutionof humanhearingis a comple phe-
nomenonwhich depend®n mary factors,suchasfrequeng, sig-
nal bandwidth,andsignallevel. Despiteof thefactthatour earis
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Figure 1: Magnitude response®f a gammatonéfilterbank (40
channels,100-2000CHz).

very accuratdn singlefrequeng analysis,broadbandsignalsare
analyzedusing quite sparsefrequeng resolution. Critical band-
width theory (see,e.g.,[1]) andBark scaleis a classicalway to
explain the frequeng resolutionof humanhearingwith broad-
bandsignals. Another scale, consideredmore accuratefor au-
ditory researchijs the Equivalent RectangulaBandwidth (ERB)
scale[2, 3]. It haslogarithmicbehaior in awider frequeng band
thanthe Bark scale. The width of an ERB band(in Hz) is typi-
cally 11-17% of centerfrequeng. One ERB band,asa function
of centerfrequeny f., canbecalculatedvith equation2]

ERB = 24.7+0.108 * f. 1)

wheref. is thecenterfrequeny (in Hz) of theband.

The ERB bandis a psychoacoustieneasureof width of the
auditoryfilter bandwidthat eachpoint of the cochlea.A practical
implementationof ERB filters as a filterbank was presentedy,
e.g., Slang/ [4]. The filters are basedon gammatondunctions,
oneof whichis definedby

g(t) = at" e U cos (2 fot + 6) @)

whereat"~1) definesthe startof theresponseb(f.) is theband-
width of the ERB band(in Hz), f. is centerfrequeny and@ is
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Figure2: Integrating windowusedin the analysis,usinga) linear
andb) logarithmicamplitudescale

phase.In Fig. 1 magnituderesponsesf a gammatondilterbank,
which contains40 ERB filters, arepresented.

Thetime resolutionof humanhearingis even more comple
phenomenothanthefrequeng resolution.In somecasesnonau-
ral timeresolutionof our hearingis 1-2 msathigh frequenciesand
alittle bit worseat lower frequenciesOn the otherhandthetem-
poralintegrationtime constantandthe postmaskingeffect aftera
noisemasler (whenmasler is longerthan 200 ms) are over 100
ms,even200ms.

A completemodelfor time resolutionis not known. In this
studywe have tried to find anintegratingwindow which simulates
the temporalintegrationphenomenomf humanear After apply-
ing severalwindows we endedup usingaslightly modifiedversion
of thewindow presentedy PlackandOxenham[5]. It is claimed
to be suficiently good for varioussituations. The shapeof the
temporalwindow is describedy a combinationof two exponen-
tial functions:

W(t) = 0.975¢t/Y 0_0256(“29), when ¢ < 0 (3)

and

W(t) =e"t/3%) when t > 0 (4)

whereW (t) is atemporalweightingfunctionandt is time (in ms)
measuredelative to the maximumof the weighting function. A
pictureof thetemporalwindow appliedis depictedn Fig. 2.

3. AN AUDITORILY MOTIVATED ANALYSISMETHOD

A block diagramof the proposedanalysismethodis presentedn
Fig. 3. Theinputsignalis fed to a gammatondilterbankwhich
dividesthesignalinto 40 ERB bandssimilarfrequeng bandghan
thehumaneardoes.

After the division to the ERB bandsthe signalsare squared
which resembleghe half-wave rectificationdoneby the hair cells
in thehumanhearing.Thenthereis a sliding windowv which sim-
ulatesthe time resolutionof the ear The implementatiorof the
temporalwindow usedis discussedn moredetailin section3.1.
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Figure3: A blodk diagram of the analysismethod.

The humanauditory systemexhibits varying sensitvity asa
functionof frequeng. Thiscanbemodeledasafrequeny weight-
ing filter, suchastheinverseof 60 dB equalloudnessurve. For
the purposeof this study we did not add such processingsince
in auditory perceptionsuchpermanenemphasigs at leastpartly
compensatetbr andthusit canbedroppedn thevisualizationof
analysigresults.

Thefinal stepin the analysisis to usesomemathematicabp-
erationfor visualizationpurposesBy taking the logarithmof the
rectifiedandtemporallyprocessedignalin eachfrequeng band
we can depictthe decibelvaluesin a time-frequeng plot. An-
otherusefultool for visualizationis to apply compressioro geta
desiredpartof thewholedynamicrangeemphasized.

3.1. Implementation issues of the proposed method

Implementatiordetailsof designingthe gammatonédilterbankare
out of the scopeof this article, for moreinformationsee.e.qg.,[4].
Anotherimplementatioranda free Matlab codeis availablein the
HUTeartoolbox[6].

The effective durationof the temporalwindow (seeFig. 2) is
severalthousanaignalsamplegat44.1kHz samplingfrequeng).
An FIR implementatiorof thisresponséeadsto acomputationally
expensve implementation. Harma [7] hasproposedan efficient
implementationby dividing the filter into causaland non-causal
parts.Firstthecausabartis implementedvith asecondrderlIR
filter (Z-transformof the IIR implementationof equation(4), at
samplingrate= 44.1kHz), thetransferfunctionof whichis

1 —0.9990972~!

H.(z) =
(*) = 11993565, + 0.9935692—2

()

Thenon-causapartof thewindow functionis atime-reversedex-
ponentialfunction. Thereis no causallR implementatiorfor this
kind of impulseresponséut it is possibleto implementby using
atime-reversedsignalwith thefollowing filter

1

Hn(2) = 7508551

(6)

As asummarythefiltering algorithmis (for theinput signals(n))
1. Filter s(n) usingH(z) to producesignaly; (n)

2. Reverses(n) in time andfilter with H, (z) to producesig-
nalyz(n)
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Figure4: An exampleenegy-timecurve of analyzedmpulsere-
sponseTheresponsés measued onthetop of thesecondseating
row of a 500-seatconcerthall. Both the source and the micro-
phonehad omnidirectionaldirectivity patterns.

3. Reverseyz(n) in time againandshift it backwardsby one
sampleperiod

4. Finaloutputis givenby y(n) = y1(n) + y2(n).

In this way theimplementationis easyandefficient.

A final implementationproblemof the proposedmethodre-
latesto the visualizationof results. The amountof analyzeddata
from oneimpulseresponsas quite extensie andthe resultis a
functionof bothtime andfrequeng. If colorscanbeusedthebest
plots canbe obtainedwith a 2-D plot (seeFig. 5) wherethe mag-
nitudeis indicatedwith differentcolors. The otherway to present
resultsis to usea 3-D waterfll plot, which is usefulin detecting
decayingpropertieof eachchannelseeFig. 6).

4. DIRECTIONAL ANALYSISOF ROOM RESPONSES

A properway to includedirectionaland spatialpropertiesof au-
ditory analysiswould be to develop a binaural auditory model
[8]. Perceptionof sourcedirection, basedon direct soundbut
discardingthe influenceof early reflections(precedenceffect),
perceving spatial attributesdue to reflectionsand reverberation

at differenttime momentsgetc., aregenerallyknovn phenomena.

However, thereexist no detailedbinauralmodelsfor roomacous-
tics analysisthat include theseeffects beyond interaural cross-
correlation[9] or similar simplified methods.

Insteadof hypothesizinghew adwancedbinaural modelswe
combinedmonauralauditoryanalysisand signalscapturedby di-
rectional microphones. In this way the physicsof the arriving
soundwavefrontsis also easily interpretable. For example, car
dioid microphonegancapturethe componenbf asoundfield that
is arriving from the main axis frontal direction. If this first or-
der directionalaccurag is not enough,microphoneswith higher
directiity canbe appliedaswell.

Basedon this kind of directionalselectvity it is possibleto
studythe spatiotemporaformation of the soundfield in a room,
andyetapplymonaurahuditoryanalysidor propertime-frequeng

Source S1, Receiver r1 omni—-mic

Frequency [Hz]

=
N

0 100 200 300 400 500
Time [ms]

Figure5: An exampleof auditorily motivatedanalysisof an im-
pulseresponse

resolution.For examplediscreteechoexanbeanalyzedisingthis
approach.Two concerthall caseswill be discussedelonv where
thearrival of soundenengy at differenttime spands analyzed.

5. EXAMPLE ANALYSISOF TWO IMPUL SE
RESPONSES

To illustrate the analysismethod,two exampleroom impulsere-
sponse@reanalyzed.First oneis measuredn a 500-seatoncert
hall while the otheris from a 2000-seatoncerthall.

5.1. Small concert hall

Thebroadbananegy-timecurve (ETC),whichis thesquaredm-
pulseresponseof asmallconcerthall is plottedin Fig. 4.

The sameimpulse responses analyzedwith the proposed
methodandthe resultis depictedin Figs.5 and6. The analysis
is doneonthefrequeng rangeof 100-2000CHz, regardlesf the
factthatthesourceusedin themeasuremerdoesnotradiatemuch
enegy above 10 kHz. This canbe seenin Figs.5 and6, aswell
asthe rapid attenuatiorof high frequenciesver time. An inter
estingdetailin Fig. 5 is the dark areasaround300 ms. From the
ETCcurwe (Fig. 4) it canbeseerthatthereis agroupof reflections
around300ms. Againfrom Fig. 5it is seerthatthe enegy of this
reflectiongroupis at low frequenciesaround250 Hz andaround
600Hz adozenmilliseconddater It would beinterestingo know
from which directionsthesesoundcomponentgomefrom.

Theproposednethodallows usalsostudythedirectionalchar
acteristicsof the impulseresponseskFor this studywe have done
thesamempulseresponseneasuremenwith two cardioidmicro-
phoneswvhich werepointedto the stageandto theaudience With
thesemicrophonegositionedbetweerthe stageandthe audience
areawe obtainedtwo impulseresponseshat tell us somefacts
aboutthe directionalcharacteristicef the soundfield atthe mea-
surementpoint. If the two responsesre analyzedwith the pro-
posedmethodandsubtractedrom eachother anestimatiorof the
directionof soundenegy flow at eachtime momentis acquired.

DAFX-3



Proceeding®fthe COSTG-6 Confeenceon Digital Audio Effects(DAFX-00),Verona, ltaly, Decembei7-9,2000

Source S1, Receiver r1 omni—mic

|
N
?

i
A W"W’
; v" LR
,,"/"‘!g)('ﬁ. 0

Magnitude [dB]
A
S

|
(o]
o

!
[o5)
o

100

594
2064

17567 600

Time [ms]
Frequency [Hz]

Figure6: Thesameresultasin Fig. 5, but presentedisa waterfall
plot.
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Figure7: An exampleof the analysisof directionalaspectof the
soundflow,

Becauseof temporalintegration of the analysismethodthis sub-
tractionis morereliablethana subtractiorof two ETC curves.

Theabove describedlirectionalanalysisvasdoneandthere-
sultis shavn in Fig. 7. Theblackareasareobtainedvhenthereis
more enepgy propagatingrom the stageareato the audiencearea
thanthe otherway. In otherwordswhenthe resultof subtraction
haspositive values,soundflows from stageto the audience.lt is
seenin Fig. 7 thatin this casethe enegy before150msis flowing
to the audienceareaandthenbackduring the next 100 ms. This
is anexpectedresult,sincel50mscorrespond$o about50 meters
distancewhich in this hall is the distancefrom soundsourceto
the backwall andthento the measuringpoint. After 250 msthe
soundfield is moreor lessdiffusebecauseo black neitherwhite
areasaredominating.An interestingfinding canbe madearound
300ms. Thereflectionsaround250Hz arecomingfrom the stage
area(black color in Fig. 7) while the other group of reflections
around600Hz is comingfrom the audiencalirection (white area
in Fig. 7).

5.2. Largeconcert hall

The broadbandETC curwe of a large concerthall is plotted in
Fig. 8. From this curve we canseethatthereis onedistinct re-
flectionat about20 ms afterthe direct soundandlater afterabout
50 msthereis a groupof strongreflections. The auditorily moti-
vatedanalysis(seeFigs.9 and10) tells usthe frequeng contents
of thesereflections.For example,thereis a possiblegroupof re-
flectionsat low frequenciesafter 100 mstime stamp,becauseat
this time the magnitudeis even higherthanthe magnitudeof di-
rectsoundatlow frequencies.

In this casetwo cardioidmicrophonesverealsoused but this
time they werepointing to the sidewalls of the hall. By this way
we could have informationon the direction of the lateralenegy
flow at the measuringpoint. The auditorily motivated analyses
weredonefor bothimpulseresponseanda subtractiorof themis
plottedin Fig. 11.

It canbe seenthatthe abore-mentionedlistinct reflectionis
comingfrom theright sideof the measuringoint while thegroup
of reflectionsafter100mstime stampis comingfrom theleft side.
(At leastmajorpartof reflectionds comingfrom left sidebecause
the enegy at measuringpoint at this particulartime momentis
flowing from left to right.)

6. CONCLUSIONS

A new way to analyzeroomimpulseresponsess presentedThe
analysismethodresembleghe traditional one-third octave band
spectrogramanalysis. It filters the impulse responseo several
subbandsindthenappliesatemporalsmoothingo theenegy en-
velopeof eachband.

Althoughthe proposednethodis not basedn afull-scaleau-
ditory model, it betterrespectghe frequeng andtime resolution
of humanhearingthana one-thirdoctave bandspectrogramAlso
the integratingtemporalwindow is a simplified modelof thetime
resolutionof humanhearingandit might not be anideal onefor
the analysisof impulseresponse$or smallrooms. Nevertheless,
the featuressuchasfrequeng or time analysisparametersf the
model,canbeadjustedaccordingo desiredresults.

Themodelis monaurabut it canbe usedto studydirectional
aspectf soundfields by applyingtwo or more directional mi-
crophonesAn interestingapplicationof this featureis searchfor
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Figure8: TheETC curveis measued in the middle of mainfloor
of a 2000-seatoncerthall. Boththe souice and the microphone
hadomnidirectionaldirectivity patterns.
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Figure9: Anauditorily motivatedanalysisof theETCcurveshown
in Fig. 8.
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Figurel0: Anauditorily motivatedanalysis presentecsa water
fall plot, of the ETC curveshownin Fig. 8.
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Figure1l: An exampleanalysisof lateral enegy flow Whitear-
easare obtainedwhento theleft-pointingcardioid microphoneis
dominatingand blad areaswhento the right-pointing cardioid
microphoneis dominating
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disturbingdiscreteechoesndtheir possiblesourcedy directional
analysis.

The proposedmethodis only a framework for moreaccurate
andauditorily motivatedanalysisof roomacousticsevenif it is al-
readyprovento beanapplicabletool, aspresentedvith two exam-
plesabove. Futurework shouldincludeaddingauditorymodeling
details,particularly binauralfeatures,n orderto seeif they con-
tributeto theanalysisanddesignfor betterroomacousticsyirtual
acousticsapplicationspr evaluationof spatialaudioeffects.
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