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Real listening rooms are known to produce reverberation. It is desirable for a headphone
spatialization system to include a simulation of the reverberations that occur in a listening
environment. It is further desirable to so provide headphone spatialization and realistic
simulation of the reverberation at a reasonable cost, e.g., with processing that has relatively

low computational requirements.

For example, a listener, when listening to a suitably processed audio signai generated by the
spatialization system and emitted by standard headphones, should be given the impression
that there is a loudspeaker—called a "virtual" loudspeaker—Ilocated at an appropriate position

relative to the listener’s head. The listener should further be given the impression that he or
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SUMVARY One aspect of the present invention is
NARYati on of audio around a |istener when usi ng
headphone devices or the like, the spatialization
One 4spedt ofl thegpredent wivemtict is spatiatization of ehdiesardundad Kstener bhen using

roduced in J stening .environment. D scl.osed rei.n ..
headfHGRGHE Gl b ke lon FETERRs oSy ARGt g B Sinbes ikely
to be ipfiitedinc Bst&lify ahvironddegt.appar at us includes a

plurality of input termnals to accept a plurality of

Disclb e A8t ABRBLP RO ADEF O S UGE ol e o

appaptustindlides agfludalifyudf ispugnerhfnAnt Reemagsdralicy GfnAItaig®al. The
set of, out ri&# signals that jnclude forned del ayed .

apparagits dputhar dpcludes agrpbniepyts maltrontans reyerberator agesphiag the Riwality of

_ Liet . . ) o ;
ST 0y o oo oo
reverberhtion corpponentswimuolatipgithefreverisaratioris fa listgmet 1 likelypbddartia a
.. the outputs the reverberator. The_ inputs of the )
listengng ?I’_é(FOEF'Sn‘a&EB AISGHPL BT ygkedss & Pl f-igpubwprgigut filter with
inputs 85uP1&PdoShe diMBulsidf RS rePEBMLENE STH Rp@RY BPH{es%lte? B8 419 coupled to
theleft ear and one for the right " ear, and Is
the phiralisy gEihptibterminiatsnEh filierqeovidés thaauhitpws,ane dot the teff ear and one

functions corres di.ng, to | i steni Viro nt .and
for the HE ey Sng 3 @b eiIdo SRPITonCY st F B IO FeER gtions
correSybHdRERNsteniipCerivivon@ehtiint S s8f 6F ditedtem &F 4 1B the listening
headphones. A l'istener listeni n?@t o the left and right

envirgumprt The Grawwputs arerpayabls thraugh herdphooesdnlisterier lisighing to the
o ARG AL Al SRR o e

sensatioB bélisteging 1@ thed lpblityadfiitiptt @hdib GigaRes kethsy sfRaimanbiing from a
|.ocated in the listening environnent to forma

plurafity: ofdeydienkess spetiplly loegtedmn the ligiepingsavirermentéo form a
corregﬁo?ltdﬁ{ﬁ%lurality of directions for the listener.

In one embodiment of the reverberator, the reverberator is arranged to form the reverberation
components, and the forming of at least one of the reverberation components includes
combining a plurality of the accepted input signals. In such an embodiment, the reverberator

is arranged to process each of the input signals differently.
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acconpanyi ng draw ngs. 1 i1s a schematic
accorpdnystg drawmgsof a |i st enl ng envi ronnent, and descri bes
some of the head related transfer functions for a

FIG. Il i$4 §dhematit ShRthich 6% Bst&iPhéhvifoaent, laRE atdcfiBes donfe ofdhe head
illustrates a series of inpulse rs@gonse functions for
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FIG 1 when the sound source is an inpul se sound FI G

FIG. 2 illsstrates larsplies dfeidlpblse edspose Fumdtiond fanesoand ack histeriersfear for the
the present invention.
arrangement of FIG. 1 when the sound source is an impulse sound.

FIG. 3 is a simplified block diagram of one embodiment of the present invention.
FIG. 4 is a simplified block diagram of a second simplified embodiment.
FIG. 5 is a simplified block diagram reverberator of the embodiment of FIG. 3.

FIG. 6 illustrates the head related transfer function (HRTF) filtering process of the

embodiment of FIG. 3 in more detail.



FIG 4 is a sinplified block diagramof a second
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of FIGi8.t eri ng acconplished by the delay and filter
structure, e.g., of FIG 9. FIG is a sinplified block
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of a listener. After the direct-sound conmponents
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reflected sounds may reach the listeners ears. FIG. 1 shows arrivals 5-L and 5-R that reflected
off a wall 4. The acoustic properties of the wall 4 typically affect acoustic properties, such as
the frequency response of the echoes 5-L and 5-R. FIG. 1 represents a listening environment
that is desired to be experienced by a listener listening binaurally via headphones. It is desired

to create for the listener listening on the headphones the experience of listening in the room to

a set of loudspeakers spatially located at different locations around the listener.

FIG. 2 shows an example of impulse responses from the source to the left and right ears of
the listener in the listening environment of FIG. 1. That is, FIG. 1 shows arrivals at the ears

from an impulse sound source 3. Sound arrivals at the left ear are shown as 2-L, 5-L and 8-L,
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that includes reverberation, i.e., the generatlon of echoes. Another embodlment is an

apparatus that includes simulating the environment. Another embodiment of the invention is

amethod of generating signals for playback, e.g., via headphones. The method incorporates

the simulating of the acoustic environment such that when the generated signals are played

back to a listener via headphones, the listener is given the impression that he or she is in the
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requisamantiisdhe iiseah the apparatus of a multiple-input/multiple-output reverberator to

create the echo arrivals. The reverberator uses a recursive filter structure, e.g., a structure that
includes feedback, to provide a multiple-input/multiple-output reverberator to create the echo

arrivals.
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directions assumed of virtual loudspeakers, e.g., in an anechoic chamber. ‘
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includes a feedback signal path for each of the directions of the multi-input, two-output

HRTF filter. Each feedback signal path includes a delay and filter, implemented in one
embodiment as a combined delay and filter, and in another embodiment as a separate delay

line followed by a filter.

Referring to FIG. 5, each of the 5 input channels 60 are summed, e.g., by adders 61, 86, 87,
88, and 89, respectively, with fed back signals to form a five-channel feedback path. The
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example, if the input gain elements are providing the correct gain.

A reverberator such as that shown in FIG. 5 may be modified to use fewer inputs by simply

omitting one or more of the summers 61, 86-89.

One embodiment of the bank of HRTF filters 20-24 of FIG. 3 is shown in more detail in
FIG. 6. For example, filter 20 is shown in FIG. 6 as two filters 30, 31. The notation used for



enbodi nents include the follow ng variations, anongst
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FI Gﬁgfﬁcﬁﬁﬁgﬂrgg@ 30, 31. The notation used forl0
t he HRTFASLIRHRIB@®SIHE. out) where source is one of
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respectively, and out is one of L or Rfor left and

Whet sy@hinetry Bolde,ci dimplified énbodifeatidantbetused fotnksfilter bank. One such

left-to-right symetry. Wien such an assupptiqn is. |
embodipent ig fhayn ind’ 6ol By Ga3cuthed- 3ipd R fipaf and topergignats fhpt mput to
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di nrent can be .used for t filter bank. One, such
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are each processed by a "shuffler” unit, e.g., 90 for
signai lees thearght sigual100 for the surround (rear) signals.
Each shuffler conputes a sumand a difference signal.
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signals 92 and 93, resgectivel_y, where the sum
replaced by only 5 filters, filters 94-98 as shown in FIG. 7. This reduction in the number of

filters, and thus computational requirement, comes at a relatively moderate computational
cost of having additional sum/difference blocks 90 and 100 on the inputs, connected to the L,
R, LS, and RS inputs, respectively. Furthermore, summing junctions 102 and 103 are used.
For example, summing junction 103 is used to compute the right output signal, and includes

subtracting the outputs of filters 95 and 98.

Referring again to the reverberator shown in FIG. 5, the mixer 62 has 5 inputs and 5 outputs,
and hence has 25 gain values. These gains may be specified by a 5x5 matrix G, according to

the matrix equation:



signal is half the sumof the left and right signals,
while the difference signal is half the left signal
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and post-multiplying the mxing matri x by a di,agonal
One 3peqt |0f< thedny¢niiog dihe aelectinn ofi theroyethsration ¢ éaﬁaﬁten%nﬁ%w@ch in turn

mclu@ésttﬁé sél&(:t‘loH]o)f 'tl%ﬁdeli}@ of ie IH%§ 88 LA e Fb )?dets 3fhe filters

Unitary to wthin sca actors
70—7abeI@S.nput and/ or outputs of the m xi ng. One aspect
of the invention is the selection of the reverberation
A
Manf HEAOE0 B0 Tor SRAGTE o Sl Aol O eIy R MRl ing
Matlggrander t i es of the filters 70 74 of FIG 5. Many
net hods are known for creating a unitary matri x. One

>>Xr£efahg§(5%ses t he foll ow ng

>>[U,8,V] = svd(X);

where * is the matrix multiplication and T is the transpose operator (assuming real valued
matrices). This code starts by creating a random 5x5 matrix, X, with each element having a
random Gaussian distribution, for example. The method then carries out a singular value
decomposition (SVD) of the matrix X to generate three matrices (U, S and V) with the
property that both matrices U and V are unitary, and X =U S VT. The matrix G=U VT is
therefore a unitary matrix that is derived from the random matrix X. The 5x5 matrix G can be

used as the coefficients of the mixer in the reverberator.

As discussed before, any matrix that is derived from a strictly unitary matrix by pre-
multiplying by a diagonal matrix, and/or post-multiplying by a diagonal matrix is regarded as

"unitary" because such a matrix can be made unitary by gains at the inputs and/or outputs.



Matlab code: " X = randn(5); " [U S V] = svd(X); " M=
UV ; where * is the matrix nmultiplication and T is
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One & of peraputing ¢ @yd 4 is now described. The invention is not limited to this

method, and the inventors found that this method provides pleasing results.

According to this method, each filter is selected to achieve a desired reverberation time at low
frequencies and a desired reverberation time at high frequencies. Typical values for
reverberation times for typical environments are known to or obtainable by those skilled in
the art. To use implementations of the present invention, a user selects reverberation times

suitable for the type of environment being simulated.

A desired reverberation time at low frequency, RT Jow is chosen. A desired reverberation
time at high frequency, DecayRate_high is also chosen. In one embodiment, the filter is then
selected such that the low frequency desired reverberation time is the time taken for low

frequencies of an audio signal to decay by 60dB in the reverberator and the desired high-
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times for typical "environnments are known to or
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is al so chosen. In one enbodinent, the filter is then
follows| ect ed such that the | ow frequency desired

reverberation tine is the tine taken for |ow

al=(favwdtreeGeinedlighray Gaie/ bagl gnal to decay by 6CGdBin the
rever berat ar dt si red hi ghl3 frequency
reve?‘g—ziﬁ‘l”? Wﬁzﬁl%g?@%terﬁ%&f’m taken for high
frequencies to decay by 6QdBi n the reverberator.

wherqypi cal val ues of RTJow can be from 200ns to 5 seconds,
and even longer tines are possible, while typical

LowPayGas=10(PacdyRaghlow abeloeTihe) M p@ns to 100ns. The two RT
val ues are then converted into correspondi ng decay
r at eBjghdeerGad=1Pe A RaaTimeidy Rat eJi i gh,
respectively, and in dB/ second as foll ows:

wher&Pe Ry Rt s ki tehéth BT iV orRBsbn@amaeEaL th bc8itis6 Q4dTelb 36 how the

For each Delay and Filter pair in the reverberator,
length pEeagh (dglay lige in¢haset a2 can be conputed as fol | ows:
al =(LowFr eqGai n+ H ghFreqGai )/2 and a2 {LowFregGain -
Henck] t8é Rltedcrifitiits ¥ efi®q L ek RACRINTT Ddlaylime (the length of the delay,
. Del ayTi ne)/ 20 Hi ghFreqGai n=\ ecayRatediigh x .
in squ@dgyﬂuﬁ@wlgqﬁ that all components of the reverberation audio signals are attenuated
by the same attenuation factor per second. Thus the attenuation of the filter is according to

the length of the corresponding delay.

The delay lines are best set to a range of lengths. Denote these L0, L1,..., L5 for the 5-channel
reverberator. One embodiment sets these such that there is no common factor in the set L0,
L1, ..., L5. Otherwise, the reverberator may fail to get a high density of reverberant impulse
responses. In one embodiment, in general, each of the delay lengths is set to be approximately
equal to the delay time of the first echo arrival in the room being simulated. In one preferred
embodiment, the delays are between 2.5 to 4.5 milliseconds long. The delay lengths are

selected so that the resulting echo patterns are uncorrelated for each HRTF direction.

One aspect used in the above embodiments is that only a relatively small number of HRTF

directions can be used to provide spatialization for the reverberations. The inventors have
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Thus has been disclosed a method and an apparatus for generating a set of signals playable on
headphones that provide a listener with the sensation of a set of virtual loudspeakers at a set
of locations. The apparatus uses a multi-channel reverberator in conjunction with a bank of
HRTF filter pairs. The multi-channel reverberator includes internal feedback signal paths for
each location of a virtual speaker. Each feedback signal path is coupled to a corresponding
HRTF filter pair. The reverberator includes a mixer describable by a mixing matrix. The
inventors have found that using a unitary mixing matrix in the reverberator, together with

filters in the feedback signal paths to provide the desired decay rate at low and right
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contrbllE & Pro&stig Fstdn? td’infilhEf-a théBbE U RBrdingly, aspects of the present

invention may take the form of a method, an entirely hardware embodiment, an entirely

software embodiment or an embodiment combining software and hardware aspects.
Furthermore, the present invention may take the form of carrier medium (e.g., a computer
program product on a computer-readable storage medium) carrying computer-readable

program code segments embodied in the medium. Any suitable computer readable medium
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Operatg?gr%?sﬁél?l’ encodi ng or carrying a set of instructions

Referegée throughout this specification to “one embodiment” or “an embodiment” means that
a particular feature, structure or characteristic described in connection with the embodiment
is included in at least one embodiment of the present invention. Thus, appearances of the
phrases “in one embodiment” or “in an embodiment” in various places throughout this
specification are not necessarily all referring to the same embodiment. Furthermore, the
particular features, structures or characteristics may be combined in any suitable manner, as

would be apparent to one of ordinary skill in the art from this disclosure, in one or more
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In the claims below and the description herein, the term “comprising” or “comprised of” or

“which comprises™ is an “open” term that means including at least the elements/features that
follow, but not excluding others. The term “including” or “which includes™ or “that includes”
as used herein is also an “open” term that also means including at least the elements/features
that follow the term, but not excluding others. Thus, including is synonymous with and

means comprising.
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accepted input signals, and wherein the reverberator is further arranged to process each of

the input signals differently.
3. An apparatus as recited in any of the above claims, further comprising:

a first set of combiners coupled to the inputs of the reverberator and to
the input terminals, arranged to combine the plurality of inputs with the set of
reverberator outputs to generate a set of inputs for the multi-input, multi-output
filter.

4. An apparatus as recited in any of the above claims, wherein the filter is

arranged to generate two sets of outputs, one set for the left ear, and one set for the right
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| it f.feedback .si gnal, paths ith at |east ..
ol bl s b siagREPARE il A M R yeSmack ol gty Brbding o delay
afd fiket. apparatus as recited in any of the above cl ai ns,
wherei'n the multi-input two-output filter is arranged

. it il i .f . .
O%or r cepnabngttuf e ePied Y EiEE Y bfimf Hicfi Bl gipc-inpu

tweoupactiltdrds arshgtdne dhplemefital pltuadity 6SRMTEfiltedPairs for a
wherein the reverberator includes a plurality of
corsesneniing Rlugplify of B4 digagHons, one pair for each formed direction for the

listener, and wherein the reverberator includes a plurality of feedback signal paths, one
for each formed direction for the listener, such that the coupling of the reverberator
outputs to the multi-input, two-output filter couples each of the feedback signal paths to a
corresponding one of the HRTF filter pairs.

10. An apparatus as recited in claim 9, wherein the reverberator further includes a
multi-input, multi-output mixer with inputs coupled to the input terminals and to the
outputs of the feedback signal paths, the mixer arranged to mix the plurality of inputs, the
mixer outputs coupled to the feedback signal paths, the mixing describable by a non-
diagonal matrix, such that at least one mixer output is generated by combining a plurality

of mixer inputs.



for each formed direction for the listener, such that

the coupling of the reverberator outputs to the
woreiosio4senput , two-output filter couples each oPCT/AB2004/001479

f eedback signal paths to a2torrespondi ng one of the

HRTF figlﬂgler pairs. 10. An_apparatus_as recited in )
1L ai m o0 gpperaphag settedeipelaimy herol0, Pieraiepachiaftheifesdhack signal

i, . . . . | o
PR cldPiila b 8 LRkt ekt itk o bR TR el frove tha
variignath thatfiegueridydfonechees prodaseddyy theraspectivh deqabh¢ladipial path, and
of I nput s,qéhe m xer, ou PUt s .coupled to the feedback
eaghgRspectivg drlay hevas ?ﬁl‘}ﬁt?fig odueYifs p desiredggveabsration pajtsrmfor the

HE ihat at |east one m xer output is
1genle a?‘gg&%gbnconbi ning a plurality of m xer inputs.21

1. An aratus as recited in claim9 or_10, wherein
12ach of F@araé%%f&ﬁﬁ%ff lgr?gé}mpﬂe Wheret¢agh dilten 1sfelegipddp achieve a
dédidell SverBRR N (HRO S PedubhdiBy arld b i
déceay_vregte tI%lat varies (\ﬁut h lt%:we %%gg&lnges’e%g?ﬁégﬁ%gesatmgh
fioquasiaiced by the respective feedback signal path, and
each respective delay being selected to provide a
18lesi r edAd SyREded & debifedBIBRN 1f 2112t RiedelSthe s of the different
envi ronment. 12. An apparatus as recited in claim 11,
feprleackisignebipaihs areselectied tasbe digferant withaotvosweorafadtesi r ed
reverberation tine at |ow frequencies and a desired
l4ever beAmbpparathd #Freditedin@ihih 180 UL 118 Swhérdin ¥ of the delays of

a&o&rat us as recited in claimor 12, wherein the )
theeitfsrentfeedbagk sigpalgaghss selecieshiobespgroaimptghesual to the delay time

0Bk 8l efhd Arel i thd ggtgﬁhgpg§i¥n§nﬁ?neggmn factor. 14. An

apparatus as recite or 13, wherein

ach of , the delays of the different feedback signal
liat hs 40 SNAEANSE repitedenglaimdly bt ld gr b (yeierein epgheof the delays
bk Atdrbntebalib Sighdl ] [d ' ' |
o et ghl i 36 PR Tl o iRl B BRipp0are
unevrreladsd for edoh feedtmck signalgmth. of t he del ays of the

different feedback signal paths is selected such that

16he patAeigparfhs RGBSR BchiMY 20, Al 2bed 19! 0183 Wherein the
feedback signal path. 16. An apparatus as recited in

numb¢raf IR A directipps isilgss than the mutber eftiepwisignatsin theflerality of
a&{iolﬁlgﬁgsidiglecti ons is less than the nunber of input
st gnal’s PR he plurality of audio input signals. 17.

An apparatus as recited in claim9, 10, , 12, 13, 14,
1% 15, Athanaratug ssgecited in claim 9, 10, 11, 12, 13, 14, or 15, wherein the

number of HRTF directions is greater than the number of input signals in the plurality of

audio input signals.

18. An apparatus as recited in any of the above claims, wherein the apparatus
further includes a memory arranged to store at least one set of parameters for at least one

listening environment, each set sufficient to simulate a listening environment.

19. An apparatus as recited in claim 18, wherein the memory is loaded with a

plurality of sets of parameters for a plurality of sets of listening environments.

20. An apparatus as recited in of the above claims, wherein the filter and

reverberator are implemented by a DSP system having a memory.



nunber of HRTF directions is greater than the nunber
of input signals in the plurality of audio input
WGER@al®s3 18. An apparatus as recited in any oPCT/AB2004/001479
above cl ai ns, wherein the &pparatus further includes a
menory arranged to store at |east one set_ of
21par anefdnethedto process aplurehiey ofiisputandig stenglscoppaising:
each set sufficient to sinulate a |isteni ng

envi r onment acckPing prpgtaty of ipubsighaigi ted in claim,

wherein the nenory |s | oaded with a plurality of sets

of paranete

envt T onment Eneshing R UERL Gl ST Bl S Hohyality of
aboviapwtlsigna®, thwtgen@hmg hlehj‘duﬂg formandetayed reb'ermafrona:bmponents
I mpl ement ed b\é a DSP system havi ng. a nmenory i
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to hear in‘a listenin enwronmsnt and terlng
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| Dl GRBBhBAL, heTRb oﬁfpulf‘sﬁﬁﬂ b2 Bk QbhiHeadHoges, f unct i ons
correspondlng to a Ilstenlng envi ronnent and a set of

the b B2 BcBerglsSOrRRTe (Rt Bl SRR B Bt [P B pine
erﬁ'lfohﬁa%ﬁﬂﬁfough héfﬁijbhﬁ@stlﬁs 'tﬁ‘ﬁehﬁtion@ﬂ ﬁstbtn@@ tto ﬂid:tmm’fahty of input

signals in the |listening environnment throug
audéeigpainassif ey ar%@nglaﬁ%latfr%lh apfurplityoé }ﬂuagﬂqaberﬁ gRatially located in

k- it
thg rlrlg{eﬂ] e}ﬂv?(?ngf}élg p it &r?ésgé}ﬁhﬁo%@lﬁ: b&é{@}’egggﬁs fo, the listener.

Iocatedln e listenin I ronnent ofor
2% or r esgbHEihe gaﬁrqﬂtg ﬁ'\f/]éeg@pélp% OFIB}-ngthélt least one of the

ETT e e
amhmmmarth«s gémecitinges asetndfiraverheratop butpat signaloprotésses different
acce ut signals, and wherein the generating of
inguty ag?dlfég—‘ Bil¥er at or out put signals processes
different input signals differently. 23. A nethod as
2%.eci t ed metholdas mectted in claim 21 or 2hdirthesreompsising:

combining the plurality of inputs with the set of reverberator outputs to

generate a set of inputs for the reverberating.

24. A method as recited in claim 21,22, or 23, wherein the reverberation
components include a series of mixed, delayed and filtered versions of the accepted input

signals.

25. A method as recited in claim 21,22, 23, or 24, wherein the generating of the
set of reverberator output signals includes mixing the plurality of input signals, the
mixing describable by a non-diagonal matrix, such that at least one mixing output is

generated by combining a plurality of mixing inputs.



conmbining the plurality of inputs with the set of
reverberator outputs to generate a set of inputs for

W h@s510e8663 ber ati ng. 24. A nethod as recited i nPCT/aUZ004/001479
21,22, or 23, wherein the r&verberation conponents
incl ude, a serjes of xed, delayed and filtered
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ncl ude I ni ng, the t.ed h del ayed
|Itere‘§n}}%f i A5 AECTisH 11 f i 35@5 %érrk% %éo& ch that the

generating of the set of reverberator output signals

i ncl wiersipthe fillging inaplpmgnts|a plyrabity cfféB&fBE\ﬁktespagmetbr a

t h eedback .s
Pl ittty pFARTEMRFE PRE Poi3 iS5 B diggotion for he
listegdrf ed in claim 21,22, 23, 24, 5 or 26, wherein the
filtering inplements a plurality of HRTF filter pairs
for ' ' T ' j - , .
R Pt o R
fostibacki sigriahpathie pae &iricach fifrmed daetitmafonthedistepet, S
i ncludes providing a plurality of feedback signal
pat h f i
o ah el B O Hu e Pling Sloh of i & SHBEE bienal
pahstmecmn@uhﬂgmegrfaheﬂﬁm?sﬁhmpmmorrespondl ng one of
the HRTF filter pairs. 29. A nmethod as recited in
26) ai m 2X nRfihciths rébiRSh elahﬁqmﬁagrﬁhéreﬁ tﬁé ééhe?zﬁfn fa set of
rever ber at or outﬁut signal s further includes m Xing
rqvndaeaat@mtm signp tfgrthwrnnplum naigfingths aceptet m;fuesawrﬁhdte outputs of

ath r od ce n tst f eed S
R Dol RenRmefingd BEUEFy RS oy bdiaek s Bt ¥ Mixing
deRtibae b§ u@bnidih%nﬂtmétﬁﬂséucﬁ Hilgat &t Peht@n6 WiRkib oufput is generated by

gener at ed b){ ining a plurality of m xing inputs.
comblmng a plurality of mixing inputs.

30. A method as recited in claim 27, 28, or 29, wherein each of the feedback
signal paths includes delaying and filtering, wherein each filter step is to produce a
desired decay rate that varies with the frequency for echoes produced by the respective
feedback signal path, and wherein each respective delaying step includes applying a
respective delay selected to provide a desired reverberation pattern for the listening

environment.

31. A method as recited in claim 30, wherein the filtering in each feedback signal
path is selected to achieve a desired reverberation time at low frequencies and a desired

reverberation time at high frequencies.



30. A nethod as recited in claim27, 28, or 29,

wherei n each of the feedback signal paths includes
waledoaypisse and filtering, wherein each filter SPEPAUS00#/001479

produce a desired decay rat¢ that varies with the

frequency for echoes produced 2{ t he respective

3% eedbadkmsthgd as resitedin elpign 3P er 31.Whesein tlreé@@@tqf {he different
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as recited in claimor , wherein the delays of the

iffer t1S3ar & 186
340 11 or eoPUR R el 180G B0, 1932,% SI0EELR e oPthe delays of
the dcﬁfdren‘t feefdbadzlaslgma'i Paths is seﬂHcteﬁiZSuchﬂmt terpattemmb of EcHolee are

del a o OS %{? er ent fe dback signal paths is
W@F@ o;ga de B?IB%B%?@T equal to the delay tinme

of the first echo arrival in the listening
3%nvi r orerethod 34 recitednint tlain a8, 2% 301 Hd 32,836 bad4n v@greid the number

r.33, wherein each of the.de|lays.of di.fferent. .

of R R Siseiiont s oSt e 8% it Eirpit S e Dt 8 Eiio nput
ip@adig. er ns of echoes are uncorrel ated for each feedback
Signal path. 35. A nethod as recited in claim28, 29,

303 0, %meﬁx%d rec%t% PM:]I bg idq §r330 g'BWher in the number
o geedteq e I

di rect i‘ONSHS € ’nu ’Inpu
ot HR TP diveetidris)is Qfeataﬂﬂiaﬁ thewpithbediof ﬁkﬁius sigitdls nﬁthephh@lttyaxf audlo
recited in claim28, 29, 30, , 32, 33, or 34, wherein
inpyksightdber of HRTF directions is greater than the
nunber of input signals in the plurality of audio
37.nput <A garaiesmedivim danging atdeastrent code cegmatit g imstruttenh ddast one
one code segnent to instruct at |east one processor of
PIRCHSBTAAR geswgtsmméo weata mstheds the grethaddo pERgsste

p1h9a1ﬁ% QFpSt &) éigfalé e I%thbﬂ EHltanl %0_ signals, the

nmprising: accepting a lity of input
signal s; generatin ver berat or out put
si gnal s frorﬁcﬁepﬁpggﬁ?wstydﬁjl?ﬁéﬁ{gn% Synal's, the
generating including form ng del ayed reverberation
conponent s generating a set of reverberator output signals from a plurality of input

signals, the generating including forming delayed reverberation components
simulating the reverberations a listener is likely to hear in a listening environment;

and

ﬁitering combinations of the input signals and reverberator output
signals to produce two outputs, one for the left ear and one for the right ear, the
filter implementing a set of head related transfer functions corresponding to a
listening environment and a set of directions of a listener in the listening

environment, the two outputs playable through headphones,

such that a listener listening to the left and right output signals in the listening

environment through headphones has the sensation of listening to the plurality of input



simulating the reverberations a listener is likely to
hear in a listening environnent; and filtering

wa@ oovbiomssss ons of the i nput signals and rever bePEl/ap2004/001479
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corresponding plurality of directions for the
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46ality of the accepted i nput signals, and wherein
he generating of a set of reverberator out put signals

rocessges different |n t SI al enI . 9. A ..
4dcsz)ar ri er‘g Fadr U élmraescrl (ﬁl lflﬁ’ fl ﬁ?| %’ %e%kmg? genprating of
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miHpBY fie%rlg?hal? by apgn-diagonpkmatyixpeuehhat 45 leps oine arixing output is
2a ener ating of the set
e?drtge%g)zger a o‘;l1 ?xah&glgi&fégﬁn%l udes m xi ng the

| ural |O4y of |n ut nal s, m xi ng descri babl e

non- dr SGRaMe W c%‘?ﬁldﬁ 4‘%‘&378@84 28% 40 ehergin m&generatmg
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Inputs. 4 . Acarr umas recit I'n clalm
daayedsﬁltercd vet§ipnsicthe 'mixetrlwtmm; suclt thaighe gericnatingadf the set of

AN AR i s R bt i Sl
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rever ber at or output S|gna s I hc udes prOV|d|ng a
Iurall of feedback SI | east one
eedbad&xg?@ﬁg? b Fﬂﬁ k@n&§53§ g°% d filtering.

42. A carrier_medi um as reC|ted in claim37, 38, 39,

or 3Whesgiethe filteting implements agplimalitycrF3FEF Altpl pairsifory of

c&%ggoﬁdlhé Sfurzﬁfﬂl BFHiﬁrF (ﬁrectlons, one pair for each formed direction for the

listener,

wherein the generating of reverberator outputs uses a plurality of feedback signal

paths, one for each formed direction for the listener,

and wherein the method further includes coupling each of the feedback signal
paths to a corresponding one of the HRTF filter pairs.

43. A carrier medium as recited in claim 41 or 42, wherein the generating of a set
of reverberator output signals further includes mixing the accepted inputs with the outputs

of the feedback signal paths to produce inputs to the feedback signal paths, the mixing



corresponding plurality of HRTF directions, one pair

for each fornmed direction for the listener, wherein
W0 bh@s50essss at i ng of reverberator outputs uses aPCT/AU2004/001479

plurality of feedback signab paths, one for each

for. irection for the listener, and wherein the
dff?ﬁlflﬁ%ﬁﬁ €¥| P ORBdIAZRBR JERIEX cGP that gt leations fuxing oppuklsgererated by
cSthisif ga?l(%ﬁﬁﬁt}lﬁlﬁix%gi&gﬁt@pndi ng one of the HRTF filter

[ . . A

pairs carrier diumas recited in claim41 or

42, wheyrein the_generat.i of .a set_of reverherator
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of” the feedback signal paths includes delaying and
listening envigpnnwinbr ei n each filter step is to produce a
desired decay rate that varies with the frequency for
4gchoes Deadiecpddinmn dshecitiShRen\d, aefhpdkK feAR@in each feedback
path, and wherein_each respective del aying step )
sigpal [pathds selpged tonashieve aslesited rpwereration tmleat lavvifipquencies and a
' Ik j on pattern for the
dﬁ‘g{‘gﬁ%ﬁ%@‘ﬁﬂ@%ﬁgﬁﬁ ﬁ%@eﬂﬁeg'ar rier mediumas recited
in claim44, wherein the filtering in each_ feedback
43i gnal ‘pstFef MedigmsTaeitedgn glamdor 45gwheteisghe delays of the
A | . .
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rever beration requenci es. carrier

diumas recited in cl.aijmn44. or, 4 rejn the
4fel ays AFarREELARRR 0D GBI 13T Sbgingagh of the delays
t 1- «\\ n I,

OF8} AMLFR SR G 1 e SRR o
tingle off Shierfingberho afrivahin the listepingfenyivenmderdtf er ent f eedback

signal paths is selected to be approximately equal to
48.he del RyarriefRediunt &ereéitddSh cREMY4245,1 462br 47) WHREein each of the

| istening environnment. 48. A carrier mediumas recited

delayscofdherfterent feedhak signalipathpiseselscied sudhthat the hattetnd ofechoes
f i fif .gpal paths is selected
a%&gh&??}gﬂ[eatf ﬁl{ee%gélﬁegﬁ%% %gélagé%g‘es gr e uncorrelated for

each feedback signal path. 49. A carrier nedium as
4Y-eci t edd CRITIST BRcAIADas tpitsddn ¢laimet 2y wheein e nppber of HRTF

directions is less than the number of input signals in the plurality of audio input signals.

50. A carrier medium as recited in claim 42, wherein the number of HRTF
directions is greater than the number of input signals in the plurality of audio input

signals.
51. An apparatus to process a plurality of input audio signals comprising:
means for accepting a plurality of input signals;

means for generating a set of reverberator output signals from a

plurality of input signals, including forming delayed reverberation components



directions is less than the nunber of input signals in
the plurality of audio input signals. 50. A carrier
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