WO 2005/048653 PCT/AU2004/001479 1. AUDIO SIGNAL

PROCESSING SYSTEM AND METHOD RELATED APPLICATION The
woemonbiagsntion claims priority of U.S. Provisional Patent Applicatizms/ 001479
serial no. 60/519,786 filed NovembeY 12, 2003, titled AUDIO SIGNAL
PROCESSING SYSTEM AND METHOD, to inventors Reilly, et al., filed

with AP SIENMTPROSESBING SYSTPEMSAND RAETHOD
Application serial no. 601519,786 is hereby incorporated herein by

FaRraeBACKEROUNDN he present invention relates to the field of

simulating spatialized 3 dimensional (3D) audio effects around a listener
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be p over ste peakers or mulfi-formatted’loudspeakers, the
refosgngad appears to emanate from inside the listener's head. A number of
systems have been proposed and are well known for providing the effect
BFASPHEIGRRADDIME audio signals, including giving a listener using
headphones the illusion that he or she is listening to sound sources
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Patent Application 09/647,260 filed January 6, 1999 to inventors
systgradrnimdio dmueidistening rooms are known to produce reverberation.

It is desirable for a headphone spatialization system to include a
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imulation of the reverberation at a reasonable cost, e.d., with processi
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ins1I ethserzhastggrllézrasti_?eré (fystem and emitted by standard headphones, should be
given the impression

A number of systems have been proposed and are well known for providing the effect of
spatializing the audio signals, including giving a listener using headphones the illusion that he
or she is listening to sound sources located around the listener. Example of such systems can

- be found in U.S. Patent 6,574,649 issued June 3, 2003 to inventor McGrath, and U.S Patent
Application 09/647,260 filed January 6, 1999 to inventors McGrath, ef al.

Real listening rooms are known to produce reverberation. It is desirable for a headphone
spatialization system to include a simulation of the reverberations fhat 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 bas relatively

low computational requirements.

For example, ﬁ listener, when listening to a suitably processed audio si gnai generated by the
spatialization system and emitted by standard headphones, should be given the impression
that there is a loudspeaker—called a "virtual" Joudspeaker—Ilocated at an appropriate position
relative to the listener’s head. The listener should further be given the impression that he or



that there is a loudspeaker-called a "virtual" loudspeaker-located at an
appropriate position relative to the listener's head. The listener should
further be given the impression that he or 2 she is listening in a desired
listening environment. Thus, the spatialization process implemented by
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. a desired listening environment that sounds natural. For ex le, the .
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"virtualized" at a different location. SUMMARY "Embodiments of the )
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simulation of the echoes likely to be produced in a listening environment.

StvivVilskgspect of the invention, there is provided an apparatus to process
a plurality of input audio signals comprising: a plurality of input terminals
Embdéiaeneps ipypraiisnofinguitsiganls; taspultiipgisn midirdivtieind a listener when
. Jfeverberator accepting t lyrality of input signals.and,arran to
wsing R ST R A e e S ST R U S oiPor e cahoes
likelydorhporshiecdimudiitepitgensitoreeations a listener is likely to hear in a
listening environment; and a multi-input, two-output filter with inputs
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eal and one for the right ear, the filter arranged to i ment a’set o
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outputs playable througfkgsadphones,, such that a listener Ilst_enlng to the .
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cour R R S LSRR SRR R R e e
and direbtiots:forgiiecisigherfifar arranged to implement a set of head related transfer
functions corresponding to a listening environment and a set of directions of a listener in the
listening envi.fonment, 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 audio signals as if they are emanating
from a plurality of loudspeakers spatially located in the listening environment to form a

corresponding plurality 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 ombining a plurality of the accepted
input signals. In such an embodiment, the reverberator is arranged to
process each of the input signals differently. 3 In a second aspect of the
invention, there is provided a method to process a plurality of input audio
In onaspyrkidisomipristhg rexssbptiter dimucaknpohiopit siprels] tefleratihg mweeberation
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generatlng including ormln delayed reverberation components that
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is arr@R¥I e et apcthlteRgiapmbipatieRsehtheynput 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
sensationof listening to the plurality of input audio signals as if they are
emanating from a plurality of loudspeakers spatially located in the
listening environment to form a corresponding plurality of directions for
the listener. 3a In a third aspect of the invention, there is provided a
carrier medium carrying at least one code segment to instruct at least one
processor of a processing system to implement a method, the method to
process a plurality of input audio signals, the method comprising:
accepting a plurality of input signals; 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 filtering
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 audio
signals as if they are emanating from a plurality of loudspeakers spatially
located in the listening environment fo form a corresponding plurality of
directions for the listener. In a fourth"aspect of the invention, there is
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illustration of a listening environment, and describes some of the head

related transfer functions for a listener listening to a sound from a location.

FIG. 2 illustrates a series of impulse response functions for a sound at a

listener's ear for the 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. WO 2005/048653 PCT/AU2004/001479



4 FIG. 7 illustrates an embodiment of the head related transfer function
filtering. FIG. 8 illustrates a delay and filter structure in the embodiment of
FIG. 5. FIG. 9 shows a block diagrarzof one embodiment implementing
I he delaey and filter structure, of FIG. 8. FIG. 10 shows ap example of th?
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form QU&YFesBSB%!ngrgﬂﬁﬁlﬁ spuRdsBRvseachiliedisteners ears. FIG. 1 shows
arrivals 5-L and 5-R that reflected off a wall 4. The acoustic properties of
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_ loudspeakers spatially located at dif?ere)nt locations around the listener.
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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 audio signals as if they are emanating from a plurality of
loudspeakers spatially located in the listening environment to form a corresponding plurality

of directions for the listener.



from an impulse sound source 3. Sound arrivals at the left ear are shown

as 2-L, 5-L and 8-L, WO 2005/048653 PCT/AU2004/001479 5 and those

at the right ear shown as 2-R, 5-R a8l 8-R. The impulse responses 2-L

and 5-L correspond to the corresponding direct and reflected propagation

pRRESHIGA RPIIGN DFTREE DBWSIBNGOf 8-L indicates another echo

arrival, perhaps reflected from yet another_surface in the room, These
Pfefel‘ﬁ?éé’@gﬁélgﬁﬁélg,f e gretpRtiETRion Wil mieRAviswrihed idthtdpderence to the
- accorfligereliggshunehasrivals. Typically the series of sound arrivals continues
over time, with the time-density of the echo arrivals increasing rapidly as

FIG. imeapassesitrrid dbesnsangity ofithen cehdiiials, daaraasingey Bbienss the head
The s s of. the waveforms shown in FIG. 2 are drawn as.examples,
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- rin a real listening experience. For example, the direct sound ayrival

FIG. e 8 s LR PR s DR AR RN RLslengieet for the

arrangeameth@diréct solied theisaiad shereig it apin2pRsT kisidd.in keeping with
the situation shown in FIG. 1 that the sound source 3 is closer to the

FIG. steresisndified hioike dicgrar I8, g lvovbediodeftodribieriplesedrinasptinses,
and includes components of the echo, shown in FIG. 1 as echo 5,

FIG. deischinigrhié eskloskigivgean ab skeswndoymimptiksberebpdimsenpart 5-R-
earlier and with greater amplitude than the arrival at the left ear (impulse
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one sound arrival, e.g., 2-L in FIG. 2, is often referred to as a Head
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location. A H IR is often specified in the frequency domain, in which case

embdtlimeatlefiFEGHg adl Retatkthilransfer Function (HRTF). Both of these terms
are used interchangeably. Typically, HRTFs are specified in pairs,
because one HRTF such as 2-L to the listener's left ear is of little use
unless it is used along with its corresponding 2-R HRTF to the listener's
right ear. There is normally one exception to this rule, which occurs for
sound arrivals that reach the listener from a direction that lies in the
medial plane of the listener so that the left and right ears hear the same
sounds. For these medial-plane sound arrivals, the left and right HRTF
signals are typically identical, so that only one HRTF is specified, unless
the system is intended to simulate asymmetrical anatomical features of a
particular listener. One embodiment of the invention includes a method of
simulating an acoustic environment



that includes reverberation, i.e., the generation of echoes. Another
embodiment is an apparatus that includes simulating the environment.
WS éi¢i3odiment of the invention is a method of generatREI&igaels 001479
for playback, e.g., via headphones. The method incorporates the
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signals are played back to a listener via headphones, the listener is given

FIGNS IMBRARS QAR HR FehaASct e WOARRAAAAOSBFIG. 5.
PCT/A172004/001479 6 listening environment. This includes the listener
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appropriate position relative to the listener's head. Another embodiment is
a%paratus for generating the signals for playback. Embodiments of the

invention also accept a plurality of input audio signals, each
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of Ferzptayback over headphones such that a listener is given the impression
there he or she is listening to the plurality of audio signals from a plurality
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space. Thus, a plurality of virtual loudspeaker locations is created.
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that includes simulation of acoustic echoes that would occur in a room
Oulghfthat sounds natural. One method embodiment includes creating a
plurality of virtual loudspeaker locations and creating a pattern of echo

alvd fb@@ﬁ&%ﬁ%%ker location. The patterns can be

different for each virtual Joudspeaker location. In another version, the
Degofahbari A demeied fafate aRBraths r tratinn tepakiithat arepipble over
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terns that are substantjally uncorrelated for the different vigtual . .
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processing uses HR’TF ter pairs. One aspect of the invent
plaghak misteaast eompeadbelasoingreniistiseanmbignesiuireptitahamelenvironments.
apparatus to process the input to generate the signals for playback. A
Flqy hBlstiige g sudisareistioncerasp i & is wel iendersimndyehnspakilled in the
af ORiSRGdRaN TSR sPiHsaliIvRl iR ClioRBaBYhesBiGHEAHRE: radiated

_humber of directions, all the directional processin needed to account for
- SigitieraRAaRE s HkRm kiR g HEN FBUY niadvsastRiey Bk ad 2R,

redp@dtively. Note that "-R" and "-L" in reference numerals or characters refer to the left ear

of

and the right ear, respectively, of a listener. After the direct-sound components arrive, other,
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,



uses a small set of filters to implement a bank of HRTF filter pairs. In one
embodiment, each direct sound, and every separate echo arrival is fed
Wraogpénes3of the HRTF filter pairs in the HRTF filter bank. PET#1E2004/001479
aspect providing for the modest computational and memory requirement
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to create the echo arrivals. The reverberator uses a recursive filter

corsarpadie tegorzesnonding disett WA TR eaiazr g RathEghgwn in FIG. 1. The
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echseirndtds diorsigiaisyahditwo outputs, one for the left ear, and one for the
right ear. The inventors have found a particularly suitable DSP system is
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instruct one or more processors of a processing system to implement a
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sample analog-to-digital converter 157 and a sample digital-to-analog
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o D R
soapplaration etnBRIRNie nifiensipevifiecddhchecliiogiisniy BiGad:, Tihwisphanatusis called
T
Typigallc ST setespreind s drsauesorsdiRaritstelhassiirde e liteer's left
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rig%? gga!.e 'ghtc?e is normally one exception fo this rﬁie, which occurs for sound artivals that
reach the listener from a direction that lies in the medial plave of the listener so that the left
and right ears hear the same sounds. For these medial-plane sound arrivals, the left and right
HRTF signals are typically identical, so that only one HRTF is specified, unless the system is

intended to simulate asymmetrical anatomical features of a particular listener.

One embodiment of the invention includes a method of simulating an acoustic environment
that includes reverberation, i.e., the generation of echoes. Another embodiment is an
apparatus that includes simulating the environment. Another embodiment of the invention is
a method 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



a respective input terminal of a multi-input, multi-output head related
transfer function filter via a corresponding summer unit 3 5-39,

WEERBAIMBY3 The multi-input, multi-output filter has two sets PEDAIRMEZ/001479
one for the left ear and one for the right ear. In one version, each of the
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fixed number of sound arrival directions 15-19, in this case 5. The HRTF
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generates a set of output signals, one for each of a set of directions, each
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multiple inputs and generates multiple outputs to simulate echo arrivals.
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respectively to produce the left and right outputs 47 and 48, respectively.
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als for playback using headphones. Varigus alternate embodiments o

HR ] BSRg AEPOOFERE: SS A ERUR S DEIE LB THUBARGR. For
example, in one embodiment, the center channel 17 can_be eliminated by

O R R T S R AN e R AP B R T A eshent of

anfappeessig.piisssahelisput to generate the signals for playback. A number of design
choices have been made to achieve this. One aspect is restricting the number of sound-arrival
directions. By restricting the number of directions, all the directional processing needed to
account for all the directions is achievable using multi-input, multi-output filter HRTF that
uses a small set of filters to implement a bank of HRTF filter pairs. In one embodiment, each
direct sound, and every separate echo arrival is fed through one of the HRTF filter pairs in the
HRTF filter bank. Another aspect providing for the modest computational and memory
requirement is the use in the apparatus of a multiple-input/multiple-output reverberator to
create the echo arrivals, The reverberator uses a recursive filier structure, e.g., a structure that

includes feedback, to provide a multiple-input/muliiple-output reverberator to create the echo

arrivals.



achieved by adding half of the center channel to each of the left and right

channels. Such an alternate embodiment is illustrated in FIG. 4, wherein

We nestesedzannel 52, via a divider (a 0.5 attenuator) 59, is adcieddmiheciaro

left and right channels 50 and 51, respectively, by summing circuits

{ 1 7.e ] This simplificati Ly
N ke R R R R
Digiral RigneltsoerssmidDSB) daviery land imrpamtic ) ad SPotvaiane Hisihghadioses DSP
4e¥R39 STRAUMEALR 138 U ARAR0PKRYEHGHRI Al IS AN Iighifho?

Th nal pa

. e reverberator includes a feedback signal path for each of the
inclydes feRbAimmat emshalsie e R pe oamm filesple adh e aBtTEsigdfpr the
lefPa) malmﬁm@m.fmiﬁmmmﬁmmmw
compined delay and filter, and in another embodiment as a separate del%/ ;
ne o
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skifiGrate: auroined, esgmaytadderadilk; B6nifr wWith medRDatiesRaahetamitting of
back signals
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mefipd plepsajssetivedyhersind Fugtitepne7entbhdiswpt ttidesignad fde Saritaane! input and
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. uses a part of the delay line. Each of the five delay lines 63-67 delays its )
digigadsedidigitabioranplasskrayerenfaietigma jhedngthepdreseer sinp aaalpg output in
thePsHidhaf ﬁhﬁﬁwsdﬁiam?arﬁzr&f%@ A sﬁyﬁ@mﬁ 081 38hvefillye 57 and

filters 70-74 that filter and attenuate each of the signals as it is fed back to .
2 SHEE RIS BRI SABVETIRY 478 .&?@Hﬁﬂﬁé@glﬁ- I# RE BRREEEREnthe input
is dheadytiigisaDfithheiftens ofifel atbarm (IDHRY D) aidd dbgdl) flgmBatadanalog-to-
dif%ﬂgﬂee%& s8z9r é)f- o%'{?elﬁt%gf the mL(I/ti-channeI reverberator. The gain

&&nien S, €.0., gain e emen#gf}lﬂ%'e settable gains that are applied to

ensure that the reverberagion level is correctly si d in a target
O e S PR S HC o ki By elges et of
inpatéetinanalatie sondth thetfodiprenepdar sghalesTheadudBdiny timadpeiniea 5-
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sired reverberation pattern f0r the a target listening environment
susipHaihfalgo called right rear) channels 15~-19, respectively. The set of signals is coupled to

a respective input terminal of a multi-input, multi-output head related transfer function filter

via a corresponding summer unit 35-39, respectively. The multi-input, multi-output filter has
two sets of outputs, one for the left ear and one for the right ear. In one version, cach of the
signals 15~19 is coupled to the input of a corresponding HRTF filter 20, 21, 22, 23, and 24,
respectively, via the corresponding surmmer unit 35-39, respectively. Each of the HRTF
filters provides a left and right filter output, e.g., outputs 30 and 31 for filter 20. The
apparatus assumes a fixed number of sound arrival directions 15-19, in this case 5. The
HRTF filters 20~24 are used to provide all the directional processing. Each HRTF pair
defines the HRTF of the listener from the respective location's direction, e.g., location

directions assumed of virtual loudspeakers, e.g., in an anechoic chamber. ‘



Alternate embodiments to the embodiment shown in FIG. 5 are possible.
Such alternate embodiments include the following variations, amongst
wiheoss/0Fw3number of inputs may vary, e.g., for a four input Bg3tameoemdg147¢
four inputs are applied. The set of ifputs 60 may have gain applied prior

In HdBBAYSEYAghul BigR) hetiReHABT 1B 8 HXetP N e R AW that are also

where the level of the signals inside the feedback signal path 85 needs to

PrOsEssEh S e HE pFeUAs obae AW S HEG: Ul treerhsrador 14 accepts the set

of hgriostaaneaf gla@eﬁ%@ r@@ﬁeﬁf %ukliﬂwﬁgrﬁqg,a@ﬁg?ﬁ?em% gﬁalyagwﬁﬁ&tntﬁm, each
nown taq thase.in art of signal processing. e output gain elements,

o S B RS AR TR AR e v kP o

lisgabr slékdnts heer pieMidiegibendroachgain. A reverberator such as that

shown in FIG. 5 may be modified to use fewer inputs by simply omitting
~ Heone, esdhdieafsthadundreess 6dpRttSocionebalhiodimanhahibs Semk BRTE

HRTF.filt -24 of FIG. 3.is sh in more, detail i IG. 6. For
e T S e N
subddttfoand/ g0 8/d1 86 ﬁslﬁﬁﬁétﬂeméﬂrlﬂﬁﬂégiﬁ—ehedh@ﬂﬁﬂ'@&tively. Each left
m&lg&ﬁﬁﬁﬁoﬁri%#qs\ﬂgﬁ&n%%ﬁ%ggﬂg gfutahe input channels LF, C, RF,

LS, or RS t, center, right, let surrouné’, and r_ight surrounql,

Ol SRS 3R bR Ok 100 o oA 1Ml RERAEINS M Wt accepts
embodiment assumes left-to-right symmetry. en suchi an assumption is

e inaels anbermrsRien Rliple S Wbl sirulaRTIR (RIS HRTE RF,R)
HRTF(LF,R) = HRTF(RF,L) HRTF(C,L) = HRTF(CR) HRTF, (LS L) =

Tha feftrrigight PRt S Rk o PHIRS Stuprines 2)rdfrstryopetatslpsummed by left

andififigehamBotinentcanedsediianing flighbents By Qrﬁ’i‘f&t outputs 47 and
embodiment is shown in FIG. 7. In this casé, the L and R front and rear

48, ?&ﬁ%cfgtmec}yi %3@3 arate oulputs 47 and 48 are the left and right headphone output

signals for playback using headphones.

Various alternate embodiments of the arrangement of FIG. 3 are also within the scope of the
invention. For example, in one embodiment, the center channel 17 can be eliminated by being
“blended in” to the left and right channels 15, 16 prior to further processing. This can be
achieved by adding half of the center chanmel to each of the left and right channels. Such an
alternate embodiment is illustrated in FIG. 4, wherein the center channel 52, via a divider (a
0.5 attenuvator) 59, is added to the Jeft and right channels 50 and 51, respectively, by summing
circuits (adders) 56 and 57, respectively. This simplification reduces the overall
computational demands. The remainder of the apparatus is a 4-channel (L', R', left surround
53, and right surround 54) to 2-channel binauralizer.

One embodiment of the multi channel reverberator 14 is shown in FIG. 5. The reverberator
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



the filter-bank are each processed by a "shuffler" unit, e.g., 90 for the front
and 100 for the surround (rear) signals. Each shuffler computes a sum
wocmdffersnce signal. For example shuffler 90 computes seaTamds64/001479
difference signals 92 and 93, respectively, where the sum signal is half

sunfRe LRt he Ipfend.riohy signals ewhlledthe fifeseace sigaaldshall 4 for

eft signal less the right signal. The use of such shufflers allowsthe bank

eachfonglhpek s snahratnim Sraasabsratat Thedine nHssmheianalsasnipoytiney got of five

delfitera ﬁﬂ'e?%lﬂ%,%% ia F&. SRS EHME UORIR H%&f‘ HRken ob7filtepRctively,
and thus comgutatlonal_requwement,_ comes at a relatively moderate

anddiyq ftltsmiolfar bastrscHEA A daETRer RRAiRERSTRROGIBSRS tmbingsi ersh

del@paiefingy o taoarcBiaste barfblifc agdyRadnputs, respectively.
Furthermore, summing junctions 102 and 103 are used. For, example,

EadilepmiNede 8619 iABBds UFeRIigcampstiectie g ey pairrent kbt ("delay
includes _subtracting the outputs, of glt r?%%gg?d 98. Referring again to

lengthy'} Lach ECSREFISIFRMPH h e vy el oA AeSRARiEe SR fi e set
of ansdiirncechds dhgilier\ald eSeriaeseghintiheayghalsacit fictddlyaek 5 5ts

matrix G, according to the matrix e tion: 1" WQ 2005/048653
e R s S N Yy
areQ@lso RSHHRS hrhe aet@'l gaimfﬂkﬁmm_rbo ﬁmmﬁfanﬁ Gxgboetings ofi teatelti-chamme]
revlﬁ‘ﬁl?}a%}? 'ﬁH:t H&C&@PH&H{? %%P ﬁlgﬁéﬁfeﬁ% @i{%é@e@%ﬁ%@%¥hﬁ are applied to

embodiment, the elements of G are selected so that G is a” unitary matrix.
engyEc gt Ep FevDATARAR deHRbIFrRTRRG Hy-imcibatied incriarast Mueping aparonment.
Eaﬁ?@@pe@ﬁ%ﬂ'ﬁr@dﬁ@éﬁ GaRPatery PHE IR thR 1B RIRR (iR equency for echoss

post-multiplying the mixing matrix by a diagonal matrix is the same as
progueahRy EE%E?SBF%YH %&4%?%@%@%%%# TREPeRtiYp oSty Herelfried to
proiidiasdnabdets @berikiah isatibiiafyr i evithinschedagi Qfs Rbiie: i Peing simulated.
and/or outputs of the mixing.

Alternate embodiments to the embodiment shown in FIG. 5 are possible. Such aliernate

embodiments include the following variations, amongst others:

] The number of inputs may vary, e.g., for a four input system, only four inputs are
applied.
. The set of inputs 60 may have gain applied prior to the summing. This may be

important in a fixed-point DSP device, where the level of the signals inside the feedback
signal path 85 needs to be controlled to prevent overflow and/or to optimize the noise

performance of the reverberator. How to so achieve the scaling would be known to those in

the art of signal processing.

. The output gain elements, e.g., 81 may be omitted. This may be appropriate, for

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



One aspect of the invention is the selection of the reverberation

characteristics, which in turn includes the selection of the delays of the
wielzpdnesB3-67 and the properties of the filters 70-74 of Flgg19adanyoo1479

methods are known for creating a urfitary matrix. One method uses the

e (RS MBRR o5 s (IR NS A3 SO0 P MUV Ts, o

where * Is the matrix maltiplication an ¢ the tra spose operator
RS fasiadinpentenal gl eicumenridea)d Tiskt sodoundrtssbycbnsdtirgdasrisions of L or
R forRanaliKte yg'gpegg@aﬁlement having a random Gaussian distribution,

for examplé. The method then carries out a singular value decomposition

Oné%@ad?ﬁ;@ﬁ Méﬁe@-ﬁg@g{%%%&mgﬁ §u(:l1{ ’a§ a@%}l\%ﬁ_{t% H}egde, then

property that both matrices U and V are unitary, and X = U
the follgwieg srgsyilidhalderefore a unitary matrix that is derived from the
random matrix X. The 5x5 matrix G can be used as the coefficients of the
HR e i) trdiRe@Erdkor. As discussed before, any matrix that is derived
from agﬁgﬁympjgﬁg/m@tpmlgre- multiplying by a diagonal matrix,
and/or post-multiplying by a diagonal matrix is regarded as "unitary"”
becaus%%%fpé ﬁfﬁg%’gwﬁg made unitary by gains at the inputs and/or

outputsHIN®(Z003/848REB(RSA)AU2004/001479 12 In an alternate

andont DAL T HEEARENTATUAD code above, and e bestis
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The use of such shufflers allows the bank of 10 filters of the embodiment of FIG. 6 to be
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, sunmming junctions 102 and 103 are used.
For example, summing junction 103 is used fo 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 valnes, These gains may be specified by a 5x5 matrix G, according to
the matrix equation:



tapped signals are summed by an adder 126 to form the delayed filtered
output. Five such structures can be used to implement the delays and
WierssioRe@&35. The coefficients a] and a2 are chosen so as tequavicie4ier 479
desired attenuation of the audio in the feedback signal path. FIG. 10
. C?H?ow a typical desired frequ_ency response of the 2-tap filter imp_lemented
. 9. In-orgef for the gain matrix G to be unitary, the total gain of
iiter héujp pe less than unity at all frequencies. Each of the filters
O 14} of 15 uges different sets of values for its respective coefficients
@Jt az. an.a efnate embodiment uses the same values of al and a2
oréach filter. &he method of computing al and a2 is now described. The
\QH(MI on is r{E’)R]g"ry ited to this method, and the inventors found that this
method provides pleasing results. According to this method, each filter is
wiRAAGIR% e Hhia%e B ﬁ%&@ﬁi@%@ﬁgﬁ IRHANINS AR WnJIGANRNIRDRBE L
desired reverberation time at hé%gf[equencies. Typical values for

phylisyiod ianbis- drasserplearBRofbRmbihe slenstvi (6 Be stesisdstllg Gisa
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user selects reverberation times suitable for the type of environment . )
o= SR B A GO 0 TR, bR AT B AT LG A P i
bychdisemaAdeisizad tieverhe patipptingeaaeh gipiiadueocys e deyRixtiags highthe

' hasen, diment, the filter is then .select uch.that.
L e R T
anfher gutpeie o bgmaiad signal to decay by 60dB in the reverberator and

the desired high WO 2005/048653 PCT/AU2004/001479 13 frequency
Oneepprirefibe mymtiwrre fimeleation for thigie reberatioiedh wedietiaiidsyvgdelBin tum
indTuldR o VBIRAIH OF o R SIS QUL il GRS PSR GUBBIAIOOP the filters

seconds, and even longer 'times are possible, while typical values of RT
7%%"&%%éfrom 50ms to looms. The two RT values are then converted

into corresponding decay rates, denoted DecayRate_low and )
Mpnscagthads aRidaonsa Sictivalineombnihapmeisin Pae mstoucuses the following
nvikegydlate_low=60/RT low, and DecayRate high=60/RT high. For each

Delay and Filter pair in the reverberator, the values of al and a2 can be

>CRBIIRREY;

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

where ¥ is the matrix multiplication and T is the franspose 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 8 VT. The matrix G=U VTis

therefore a unitary matrix that is derived from the random matrix X. The 5x5 matrix G canbe

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.



follows: al=(LowFreqGain+ HighFregGain)12 and a2--(LowFregGain-
HighFregGain)12 where LowFreqGain=l0(DecayRate low x

WeRWTIHFP0 and HighFregGain=10(DecayRate_high x D& Ak Rey2e 1479
where DelayTime is the length of thé'€orresponding delay, in seconds.

In R SREILIAAANRE, \Rngi.aleach delaxding isphasen Hengs: the

filter coefficients al and a2 are a function of DelayTime (the Tength of the
Tanéamager iy devsihed) i Madl A8 wrdcabenmpeh tinb ot ineclesiediersdon

listélipliqaignals are attenuated by the same attenuation factor per second.
Thus the attenuation of the filter is according to the length of the
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Denote these L0, L1; ..., L5 for the 5-channel reverberator. One

embdispaihad e delomenb e emiindne. o fHbmin SHsseendimen ise frt-order
(2-fab) FIRTiHAIRINISE: the daxe aRIBica Mk Al g lep gl ARSI YnQine
reverberant impulse responses. In one empodiment, in general, each %I?
engiensiy s iR ERG S (7 HgPORTRAR e PRI SRy Bl 121
delfiystiechaliny tyaltidataebyooprehiRiisghBied migthelbOnarplefesieds. The last two taps
mbqdiment, the delays,are between 2.5 19.4.5 milliseco long..The
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s are
muiiidomeldteahibl 2t tRiTD i thetion. tihn dnspeotlush deipdtievalyoTbe weighted
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an be used to providespatialization for the reverberations. The'inventors
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surround” effect for the reverberation occurs with only a relatively small

Th H&Eﬁ&é}{té R3URlAHOR. A6CHORS,J IIREVEERRRIHBS USROS of the andio in

number of such HRTF directions corresponded to the virtual directions of
thafredhack szt pasht signals. This is not necessary. For example, fewer or
more directions may be used than the number of input directions. One

- FiGxiorabemstrdvmicm oveiredi fnansaeyrreranee Chadnerddnnismderaented in FIG. 9.
In bR A RS IaRSmWBied Sy RH: Y SGHORE: AEQi P PUIRB G SHYSR be less than

possible to use more directions than the input signals.
unity at all frequencies.

Each of the filters 7074 of FIG. 5 uses different sets of values for its respective coefficients

al and a2. An alternate embodiment uses the same values of a/ and a2 for each filter.

One method of computing a/ and a2 is now described. The invention is not limited to this

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

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 environmenis 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"_low 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 o decay by 60dB in the reverberator and the desired high-



Thus, while the embodiments described above are for binauralizing a
surround sound signal such as one that has 4 or 5 inputs, the method is
wisesapplicable for use in other configurations. As an exampleg KB 2dek/001479
shows an apparatus embodiment suli#ble for processing two (stereo)
inputs 131.and 132 corresponding. to tywo inpui. directions to, produce a set
Freq U 3 SHTGHIER S 8 AR, B SO FHENER e o GOdt i e
reveheesher dtgyidd4 gescsdiRt dsctafisifrauidosound sigoats fandivesn longer
._directions, including the two.input.djrections. ir of summers 135, 136
i R A R S R R DG

sjignals. The left and right signals, and the center, left surroynd, and right
TSR Telis s B R PRy Al R
DefiyRupaitsy eadDgematatnfighatspedivetig and itpdB/Ehend es felttive: |eft

and a right HRTF filter outputs are added to form the left and right outputs
DedvipRara] 68 ~@3B&cive)pndhe bank of HRTF filters 137 and 138 may be

implemented, for example, using the structure of FIG. 7. The reverberator
Detgyfimbabigh it RTekighsly described with reference to FIG. 5, with five

feedback signal paths, one for each direction of the multi-input,
FonrwastoDigiay kifd Tttt eriexcbptehaberdiotytbdvplits aferdeodpi dailte teftiputed as
folﬁ%: right (front) channels. The HRTF pairs of the HRTF filter are selected

according to the desired environment. Thus has been disclosed a method

a Iﬁzg‘gﬁ?ﬁggﬁu%%ggg\%ﬁ%%@ag Set of signals playable on headphones

at provide a liste sensation of a set of virtual loudspeakers at
a set offsthavhiseatwmpliighlineGadn)A multi-channel reverberator in
conjunction with a bank of HRTF filter pairs. The multi-channel
wheggerberator includes internal feedback signal paths for each location of a
virtual speaker. Each feedback signal path is coupled to a corresponding

LowiRegGiter fecerfieralrebBemsimeititomst a mixer describable by a

mixing matrix. The .inventors havepundithalusipg a unitary mixing matrix

in the rgg/afgr[b%regt%?ﬁ”fo\égther with™ fﬁtters in;t)he #?edback signal paths to

rovide the desired.de te at low angd right WO 2005/048653 15
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lengthynfleesh delapidinevisthbgsereverberations that are typical of a listening

room, but using only a relatively small number of HRTF directions. Note
Hemest thetiféetawefifitiontabowed mbary alduailt drnyblbdeyT ek (the lesgiioefdhbalelay,

in SEAAAO) (HRRCRTRE REE MUEIAMRE SV PLBCRIRJRAGIRNS SERRGre attenuated

shown. Thus, for example, when it is
by the same atienuation 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, ..., LS. Otherwise, the reverberator may fail to get a high density of reverberant impulse
responses. In one embodiment, in general, each of the delay iengths 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 nsed to provide spatialization for the reverberations. The inventors have



stated that a unitary matrix is preferred for the mixing matrix G, those in
the art will understand that this means unitary to within pre-multiplying

wodraspestsmultiplying by a diagonal matrix. Furthermore, seoe Autiivenoi479
scaling may be required in implemenritétion, e.g., when fixed-point :
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set of environment dependent parameters such as filter coefficients,
mugbenfiseetiehigation disstipmdtrix elements, and so forth are needed for
each Earticular listening environments, e.g., each listening room, in

In ppg emRodisenishoemihe arrabrs shiuskd Bigddimstonsprrsspandetcisthe virtual
direspiaick Be1HS BehiRnE LIRSS HhAMY _m&t§§%ﬁ¥£§s@.%?e§%5%, fewer or more

. prqocessor mplementmg{éhe inventive method would include in “the

dTRIEATS Pt B Is by e Aybes A e diFrclions JPpsERRRS Shown above

elindiapedtive cifierRnkniNes RueRY IRRPRILS, @iBctidR SH Al 48 5PARE ons are
hag et 1:3r asm I|V|r‘11cﬁ; room With soft furnishings, and so forth. A user
pmv‘\’/lo&fg g‘elfecf'?kpeo RSB e RRTG B e EBR sty pe. One

embodiment of each of the methods descriped herein is in the form ofa |
Th‘é%rh"@g{%r eﬁ&}?ﬁﬁﬂﬁ%ﬁ SR A6 & i Siggoung seug signal
sucheseBSkatiesdes thatpate flermeahaddSHssysiphtablovstagerpgsam a DSP

cmg gmg{%%e.nt each of the structures described above would be clear to
those In the art. Alternately, each of the elements may be coded in a

I as,Verilog, and an.integrated circuit, ign that
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apparatus such as a data processing system, or a car edium, €.g., a

s0 § frogrsAirprbonre ioeiding thertwreinpeh disgisno densirabpammers 135,
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implement a method. Accordingly, aspects of the present invention may
e R EH R

WA &ents: 5 SHimouRdn A wight srseins enutanldhsirerprberator

134 itwiaparernb belifn e NHRTF ARk exdhcambining Sei\akea0eht output. The

hardware.aspects. rmore, the present invention may take the form
o e LR By 83 B0 APt and g s 47
anddifpespeatbadinliibstonkyd HRTLAljeranyinmd a8 hutsryeassietaented, for

REQFEING (% %4 %@gg%gfﬂi% in the,medium. A suiﬁ%e computer
exrea_ldablef rge jium Iii &/ 10485 ?ﬁ"%&ﬁ Oﬁif)lﬁﬁ%otf previo éiy
described with reference to FIG. 5, with five feedback signal paths, one for each direction of
the multi-input, two-output HRTF filter, except that only two inputs are accepted, the left and

right (front) channels. The HRTF pairs of the HRTF filter are selected according to the
desired environment.

Thus has been disclosed a method and an apparatus for generating a set of sigxials 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



16 may be used including a magnetic storage device such as a diskette or
a hard disk, or an optical storage device such as a CD-ROM. The
waftwese4svdy further be transmitted or received over a netwonviaith@4/001479
network interface device. While the darrier medium is shown in an

a bodiment ta be a single medium, the term."carrier medium"
e A oA e o P e SR G Bl
aredppigaliobe lstaisgi moed bvtatieg enbnateltisshoiatdinvadie o AHR TF directions.
. servers) that store the one or more sets of instructions. The term " carrier
Notpderitin tehddbaiptidreataentienindttaids Anychectief thiatds waplide dtar to those
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staterbtheldotodies oetha resderedventioniing et dditeseriayhake midny
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. transmission media. Non-volatile media includeés, for example, optical,
diagpaghemirthskarthsiarpiadionte Hplier serdve, Wordnecqvsdniaplgagntation, e.g.,
whe TaRiCBIBMANmRHERsA R TAR BN thedfiemuiagion media includes
coaxial cables, copper wire and fiber optics, including the wires that

| NotOmRASRIR husrsehtysiemnntansminsiepenRaid AlsA-maR%HEQdake.the
Il form of acoustjc ar light waves, such as those generated during radio
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| paniedintiliaiiali acdasdinglyshegakemttisralugeohy] noihailaiewkite

lid-state .memories, optical and magnetic media, and carrier wave
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pagsisribrtyng iflone sipipd g sobinmi cappriongitte iprattssorloed would include in

thBREESSPEPHRY BV OFRSING et cHRLPANIEL SR IRVt M ent
(code segments) stored in storage. It will also be understood that the ]

| tyneveheBrRMRGR NG @ RIFLRY parsursnneibkaticntatifon vrmprBdisinging with

sofeRRISMEANhENRY fhen Y eRtOR MK ISR SIMEMERHHING 8Vronment

~__appropriate techniques for implementing the functionality described
ACHERAE W@ fHvention is not limited to any particular programming
Iangua%e or operatin% system. Reference throughout this specification to

Ong FRbermeaihed sech ot b dnshodimrisaerihrdhrsciids 1 15 e & fesppester
profrutivheexehacactesipliccassosibatein copnedirwvith-teserabadinent dfs part

in ed in at Jeast one embodipent af the present inyention. Thus }
o R S B R B Lo 1o ST B EREL PR isribed dbove
- wonlddriausaplachesthirotighou tAthesnately, cach of the elements may be coded in a

| langnage such as Verilog, and an integrated circuit design that implements the structures

| shown. Thus, as will be appreciated by those skilled in the art, embodiments of the present

invention may be embodied as a method, an apparatus such as a special purpose apparatus, an

B apparatus such as a data processing system, or a carrier medium, e.g., a computer program

| product. The carrier medium carries one or more computer readable code segments for
controlling a processing system to implement a method. Accordingly, 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 aspecis.
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




specification are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures or characteristics may be
wondisiegdssany suitable manner, as would be apparent to HEXHU2004/001479
ordinary skill in the art from this disclsure, in one or more WO

0 653.PCT/AU2004/ f i imil it
e e e ST e R
optited shvegridavivasatisacafPeB@Mhe invention are sometimes grouped

together in a single embodiment, figure, or description thereof for the ‘
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however, is not to be interpreted as reflecting an intention that the claimed.
medivanthsiveaires maretioatuealf b leetpiagiijere singleimedism eammyltiple

meRAReY, 23dheaiolewingseisima mHanld ety 8s8nRRtE iR 1888 $hakks) that
all features of a single foregoing disclosed embodiment. Thus, the claims

stor fktRG hEPIE SeiR ATERsEUHRRY The frsrebyramisrmedimmcRibalie ga Rgen to

incthit RelalethieselpienavlshRacingadn stang gy liss Qe a8 istructions for
sgﬁggr tetgl%nbo iment %f this inveption. Furthermore, while some

exg s maching gad, that causc the maghine tp netiofm sy que pf more of the

meihotsdegldn aftfterpeesbodiventis;. chndnitatinadiohfeatytds: afdifféoens, including
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medieaimpiuicin foreefotuplingpbiethim2angtisidisbsciiihedzeritopinr disksakdatile
medRER HLAEY SRR AL WIBE RIS SRS A, B AMRAMGRES.a R udes

described herein as a mefhod or combination of elements of a method
cogrifd cahlssecPRprE R BPY prYcacisiudinedbriiies i aempEsgy bus
SUSNeER) TR A CRIAMNGHA A I8 B ByNGHE Rk ERHS fGHROERSRREWHNHER waves, such

necessary instructions for carrying out such a method.or element of a

as Hith EPRATE LRSI EL SR ETA M AR PRI B IEAYI Nt BF grample, the

terfiCthaticr bR PR @IRINeh! Bletdithad helalr,dhanapediaiug to, solid-state
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Sl out the invention. All
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by an appropriate processor (or processors) of a processing (i.e., computer) system executing
instructions (code segments) stored in storage. It will also be understood that the invention is
not limited to any particular implementation or programming technique and that the invention
may be implemented using any appropriate techniques for implementing the functionality

described herein. The invention is not imited to any particular programming language or

operating system.

Reference 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



In the claims below and the description herein, the term "comprising” or
"comprised of' or "which comprises” is an "open" term that means

Wiz idigastleast the elements/features that follow, but not eREUAIFRG04/001479
others. The term "including" or "which’includes" or "that includes" as used

emPSIGIR g 2/s0 an "open” term that also means including at least the
elements/features that follow the term, but not excluding others. Thus,
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. thereto without departing from the spirit of the invention, a s intended
aidigginihe %@&%ﬂ%ﬁ% 8198 BB HE Hsorraiausriny ontim amsdeoltisgpethod of
distSQBEORL WS8R & BOMtERIRIRR-GURR BROYE RIS THRI &) the claimed

representative of procedures that maybe used, Functionality may be

VSRR TEHEHIS RO R SrrYHS BIBRRIG IS Aiatish dransh S Aty Riher, as the
foliﬁm'@ah ¢ a@@rd amen_b ,gn_‘fmwh_ 'hﬁ@lebd@ﬁlg?nsﬁmmam e psgleoeRing
, met S, descCri Ithin t SCO of .the present | ntian,,
i SR e DS CrTaT ) Al e Teeherplion e bereby
exphtiy indimpdrated finclideDshitdsOeeiptiudinghatidashinsatelingubs ior own as
ri j additional elements or steps. WO
as%%%g%%/eo%%%% P%‘tl%%\qu ggﬁgﬁéﬁ?_@) 19 CLAIMS We claim: 1. An
F ARSI O5GE % AR AU Ol R AY E%ii'@il%%&&’&ﬂi%%%{%&mer features
plurality of input terminals to accept a plurality of input signals; a
ingindrilimetherrmberditpente cendunations ef dpakuepsiad diffeatiny avelaginpents are meant
to BORAIRARL 855AR Yo IRNGIASAISSLA R HRUESINRISIREIN ARG ould be

delayed_ reverberation components simulating the reverberations a
undersiRar favifoens i eaAtifiar rimply m?cfﬁﬁ@mgaﬂ%mmﬁ Pt claimed
enthidiaii chitf e Wik iRPMS eabbiRdiéa the outputs of the reverberator, the

inputs farther coupled to the plurality of input terminals, the

Furthermore, some of the embodiments are described herein as a method or combination of
elements of a method that can be implemented by a processor of a computer system or by
other means of carrying out the fimction. Thus, a processor with the necessary instructions for
carrying out such a method or element of a method forms a means for carrying out the
method or element of a method. Furthermore, an element described herein of an apparatus

embodiment is an example of a means for carrying out the function performed by the element

for the purpose of carrying out the invention.

All publications, patents, and patent applications cited herein are hereby incorporated by
reference.

In the claims below and the deseription 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.



filter having two outputs, one for the left ear and one for the right ear, the
filter arranged to implement a set of head related transfer functions
VrHBPOMERI0 to a listening environment and a set of directigrsrafiR004/001479
listener in the listening environment, e two outputs playable through

hea h that a I| Iisten to the left and r| toutp
T e AR SN G k R OH G LR T B e bodiments of
thesvention, Ofdsteldifgl ia theqnluvﬂﬁtymfgmpathamiicmsmﬂaislﬁsnfﬁhﬁﬁ&ﬁons may
I dspeakers atlall ocated in
R e b e S
aﬂm@n@mzemrépm!mfag @cﬁ@éd’wﬁniaﬁn copheféhe ihecreiver fioratganple, any
- for?x’i ‘Je'ﬂ atti‘&/éc QIR Cikr ?ég;%@@ﬁt%:i@ O(I %E@Xﬁ%%%%{' 8@\? %? eﬁiﬁctlonahty
0 combine a plurality of t ccepted input signals, and ereint

maaébéﬁﬂé@tar F&‘Eﬁﬂ‘h &ourthpflagslispensand chesttigns Mpubsigtrathanged among
furtHEAS EScRs ARBPRAPIN S AR 4K RI PR A ARSI IUHE Sope of

comprlsmg a first set of combiners coupled to the inputs of the
the: presE iRsutny Brthempe: s wardcompritigavl comprite #riprariipthe

seffel apuz@cmamgwwmtmayegwﬁmqmma@ denasair.aRal Rt P Yisps
q for gg mul|ti- mﬁé \{%:ﬁ output ilter. 4. An apparatus as recited in any of
e TOo PRI 'R FEPTEISOFSRRSA to generate two sets of
outputs, one set for the left ear, and one set for the right WO 2005/048653
PCT/AU2004/001479 20 ear, and wherein the filter includes a second set
of combiners arranged to combine the left ear set of outputs and the right
ear set of outputs to form the left-ear output signal and the right-ear
output signal, respectively. 5. An apparatus as recited in any of the above
claims, wherein the reverberator is arranged such that that the
reverberation components include a series of mixed, delayed and filtered
versions of the accepted input signals. 6. An apparatus as recited in any
of the above claims, wherein the reverberator includes a multi-input,
multi-output mixer with inputs coupled to the input terminals, the mixer

arranged to mix the plurality of input signals, the mixing describable by a
non-



diagonal matrix, such that at least one mixer output is generated by
combining a plurality of mixer inputs. 7. An apparatus as recited in claim
@oviasaimdiye matrix is a unitary matrix to within pre-multiplyirgriay2004/601479
diagonal matrix and/or post-multiplying by a diagonal matrix. 8. An
apparatus as recited in claim 4-6, wherein the coupling of the mixer inputs
t@tﬁgimt terminals is via a third set of combiners arranged to combine

the Inputs with delayed filtered versions of the mixer outputs, such that
thggemarberator includes a plurality of feedback signal paths, with at least
one feedback signal path including a delay and filter. 9. An apparatus as

rcited in any ghhas RO petARS pheRyLINa MU dE B -QEERItLTer

is arranged to implement a plurality of HRTF filter pairs for a

corresponding plusgi Bty 67 Tpstiiestianss /ngag dynaanh, ormest si%anals;

direction for the listener, and wherein the reverberator includes a plurality

of feedback signah pailieagne, deneaehiareeduliracton ipualisngtity of input
such that the coupling of the reverberator gutputs to the multi-input,
two-outﬁtﬁﬂﬁiéefr%ﬁﬂmageé&e R fscthsd QB Rl ipduging delayed

correspegdingatienaidhgdd i sHiehpal thd vAibaniaia i Ssaa e g to hear
claim 9,.Wh§]‘ in.the reverberator further includes a multi-input,

multi-ou%ﬁ 1%8{%?%\/?&%%"&&%“&) ed to the input terminals and to the
tputs of the feedback.signal paths, the mi d to mix th
Dlaraiy of inputs, HEHEFD AL B0 1 e RN A s of
the mixitig desahibabie the spaik -faitgo nabphat fix fistphutiiay af inpst Gneainals, the
. Ut i " it of mixeri .
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claim 9 erragesdie iginlement efstiefbeabrirtefynansisafindhensderresrividing to a
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varies with the frequency for echoes produced by the respective feedback
signal p&IviEeRmeskh e Sep outrptsainy e fyovei Beadnbrpesvide a

desired reverberation pattern for the_listening environment. 12. An.
apparatRAshacrdatsace irniag tvﬁbﬁéﬁﬁ@ag%m’eé%m%@&@éﬁﬂ@ Berlistpaing

a environment through headphones has the sensation of listening to the plurality of input
audio signals as if they are emanating from a plurality of loudspeakers spatially located in

the listening environment to form a corresponding plurality of directions for the listener.

2. An apparatus as recited in claim 1, wherein the reverberator is arranged in the
forming of at least one of the reverberation components to combine a plurality of the
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 oufpuis 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



desired reverberation time at low frequencies and a desired reverberation

time at high frequencies. 13. An apparatus as recited in claim 11 or 12,
wiherein4esdelays of the different feedback signal paths areesatattsdatasi479
be different with no common factor. 24. An apparatus as recited in claim
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paths is selected to be approximately-equal to the delay timé of the first

GBS e T Rk e T PR R A P or e irefirsanvinutetgnsl and the
¢igiehd odigui SipRhrl fesphigieiy. each of the delays of the different

feedback signal paths is selected such that the patterns of echoes are

wncorrelatad, farsaghfeedbach SIgRg AAR H8vAN ARRNALISIATESHEHh Pator is
claim9, 10, 11,12, 13, 14, or 15, wherein the number of HRTF directions

ararectsheihat habbe spTRMFTLigh SRR dnalngecy serirsiofinptrd, delayed
sigdlterdd vARisRPSf WSasjeditasuinsiaim 9, 10, 11, 12, 13, 14, or 15,
wherein the number of HRTF directions is greater than the number of
iBpUt SigNaksifpiReahd @ EYcREdaH dis/ B PiHeAB M1 ik R IRPRARIR Rfberator
;%%tei% in ar% of the aboye claims,,wheretglégle apparatus further includes

B0 ARG R YA e R RS BE B S SRt ther e YL s, the
lisieaingapadaonénthe pbirdny sdifipent gadirtitaie ddisterififable by a non-
epvironment.. 19. An ¢ ratus as recited in claim 18, wherein the . .
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simielidgapniag environments. 20. An apparatus as recited in of the above
claims, wherein the filter and reverberator are implemented by a DSP
sistem havingippareiriory rasie 00018650 @ T A IRO0N (04 dTigar? MAtix to
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accepting a plurality of input Signals; generating a set of rev 0

ogitput signgjsfram.the Ruality mciaﬁuh&&%é&%@gém{[ﬂieﬁpo%wﬂ&%r inputs

forming delayed reverberation components  that simulate

& EibBRdrRnMidh g tighpsebocambincnstarapged to combine the inputs with

delayed filtered versions of the mixer outputs, such that the reverberator includes a

plurality of feedback signal paths, with at least one feedback signal path including a delay
and filter.

9. An apparatus as recited in any of the above claims, wherein the multi-input
two-output filter is arranged to implement a plurality of HRTF filter pairs for a
corresponding plurality of HRTF directions, 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 anon-

diagonal matrix, such that at least one mixer output is generated by combining a plurality

of mixer inputs.



environment; and filtering combinations of the input signals and
reverberator output signals to produce two outputs, one for the left ear

winckoigesthe right ear, the filter implementing a set of heag¢elaiedosa01479
transfer functions corresponding to a2listening environment and a set of

jrections of a_listener in the.listening._epnvirgnment, the two qutputs .
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listeh ivgpeshitionrtarhanicatcied derprpadelmdepheratityediaiétipassforfonéhe
Iiﬁg@é}gﬁg Svifdimethod as recited in claim 21, wherein the forming of at
least one of the reverberation components includes combining a plurality

of she accep&ggpw%ﬁ%ﬁte@ﬂgdmrﬂn MeAENeating. ot a ﬁ%%: h 4o achieve a
reverberator output signals processes différent input signals di ereerﬁly.

odesited EHaQ QLB A lomifieaueneizs and indsstednevetheraontiimirag high
theqpleality 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,
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delayed and filtered versions of the accepted input signals. 25.” A metho
55 et prssclpgieg o o diffust m@ggmmwéwm set of

reverberator output signals includes mixing the plurality of input ;)ignals,
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2005/048653 PCT/AU2004/001479 23 26. A method as recited in claim
Zg&\?lvﬁéé?r? Sh%arlﬁﬂzﬂ?gﬁs% é}ﬁ%%grﬁ’&f’r’i’i?‘?g‘?ﬁﬁhin pre-multiplying by a
diagonal matrix and/or post-multiplying by a diagonal matrix. .27. A

m%?hod as ?’&:ﬁ%ﬁ%ﬁ%ﬁfﬂ%ﬁg&%ﬁ}i&gﬁ%&%ﬁe Freffeeach of the delays
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thﬁ@o@?&?@fj{m%ﬂ@ \Pé'éﬁback signal path,

16. An apparatus as recited in claim 9, 10, 11, 12, 13, 14, or 15, wherein the
number of HRTF directions is less than the number of input signals in the plurality of
andio input signals.

17. An apparatus as recited 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 & memory.



delayed filtered versions of the mixer outputs, such that the generating of
the set of reverberator output signals includes providing a plurality of
vaeeaokssignal paths, with at least one feedback signal patirdnehicing/eo147e
delaying and filtering. 28. A method a8 recited in claim 21,22, 23, 24, 25 or

, wherein the filtering implements. a Juralit of HRTE filter pairs for a
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direction for the listener, w erei'_{,llé’th;o%eneratini;s of reverberator outputs

includes providif§ STEAR/ B Yo RRR SRR Phaths, one for each

e

formed direction for the listener, and wherein the metho rth igéluqeeﬁgf
1pth RSB iRGo

coupling each oSS TENEAE & SRS SUPEb BB A

HRTF filfrit pigitsis 2Be Aciathiog axhetiigdoanciaddelyal 28crbbratzin daponents
generating of a set of reverberator output signals further includes mixing
the 2 SR SRS BN DA ORI A AAREne
producaninpuisdatthedfeedback signal paths, the mixing describable by a
non-diagonal matrix, such that at least one mixing output is generated by

combining a pluriligriof mixbin atputsoB8he Anpe higeh Bsmd citect eretarouBiit
28, 0r 2 rein the feed lgnalpaths i layi _
and TR gLl SR Lo R Bl G 15 A e
that vafidisnimnlementng resit\pidiced nolate ¢ ioaséa dippiinpsreapripppding to a
feedbaglysignalnalbmans: Wheseln srahdasRUhedRiIRgEleRasdes

applying a_ respective delay selected to provide a desired reverberation

patternOfEAEIRGL thagVe R RIAY 28 thrateihberdrbrsied in claim 30,

wherein the fiIterin%ﬁllirll each feedback %i%nal path is selected to achieve a

desirecFreb Bk dismanetening ortbe ek erdrig o put fsgelcnalisdisanime
taratigh Hesidneias K 20 Te 43 hEdi B ol /st sA0AOMEAT Bralidy 32 input
A method as recited in claim 30 or 31, wherein the.delays qf the different .
R A LG8 S e b TN A DCL R PR A dyested n
3Be Bstasiiypeheisoantetctorfaiaia c80e3fiomti B2 plutwtityiofelcktafith fodidklisiener.
of the
22, A method as recited in claim 21, wherein the forming of at least one of the
reverberation components includes combining a plurality of the accepted input signals,
and wherein the generating of a set of reverberator output signals processes different

input signals differently.
23. A method as recited in claim 21 or 22, further comprising:

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.



different feedback signal paths is selected to be approximately equal to

the delay time of the first echo arrival in the listening environment. 34. A
Wiethaibasssecited in claim 30, 31, 32, or 33, wherein each ofpthe sedesoats79
the different feedback signal paths i$&elected such that the patterns of

hoes ar reel for. igRal 1, 3D, 0d as
e n SR ERCES TSR Pt 1 (I R0
MITR pircpubind yinkeky ahestineliosiie pol mneskighliisliinthbyphdialinnaifmatix.
audio input signals. 36. A method as recited in claim 28, 29, 30, 31, 32,
33; or 34, Whnetindhe meited dp AT R URACHDI4.iS Jresad6y wharethéhe generating

YRRSEAl RRRIERAIS DS RIR I Re kY S UARKE §ig @@é%g?éﬁ- b G WRth

medium carrying at least one code segment to instruct at least one

stderadfltoed yrmiausi dheyaizen estrabicvebat the troeraieznbtho sete!

REQEARR Aor VRN Y ShANIMERMEID RIONBIS: HAuMaT)RM £RANRESGN] paths, with at
acceptin lurality of input sg&als; enerating a set of reverberator

AB%MI&%?%%%%B%MW clagng andHdtg@P&rating including

forming delayed reverberation components simulating the reverberations
#fistener ¢ Rethod ssdssitadinslaiing ivitdnted?: oA filtering

combinations of the input signals and reverberator output signals to

produc& R Bdhsfilicnne ropirades & ahurlitneEHBh 8t metadonte
fidterdspphame plinginyset IReateetalas tahshar funelinne-6RH AaReAGINSTr the

t%a listening environment and a set of directions of a listener in the
Ii f&‘?ﬁ?{g environment, the two outputs playable through headphones,

such that a listeper listening to the left and right output signals_in the )
Fetening BRSSO DR Gh RESIBHTCL S S LErR A R SR of
tdethibaplusiditgl phihpuind/for 206008663 RATMIIZ0RAIRA4TI 25 audio

signals as if they are emanating from a plurality of loudspeakers spatially
located and thkeliste Hingoetividdnrtienitolfdum egring sach dif hefesdbipkodignal

' dﬁra%'?&g J&%E;?oﬂﬁﬁﬁg Glie of the HRTF fitter pairs.

29. A method as recited in claim 27 or 28, 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
describable by a non-diagonal matrix, such that at least one mixing output is generated by

combining 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 pat‘terﬁ 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.



38. A carrier medium as recited in claim 37, wherein the forming of at least
one of the reverberation components includes combining a plurality of the
wocmpsadssraut signals, and wherein the generating of a set @k 1/AU2604/001479
reverberator output signals processe¥ different input signals differently.

. A carrier medium as recited.in claj or 38, wherejn the .
B erberao o E B L UHE 2 UL ot e e g o A
Verdbaris fthbpaticepteationded teiomdl§eatit Avthmiecomentiufacistrecited in
claim 37, 38, or 39, wherein the generating of the set of reverberator
30tput sigraindtickd deseniixdrig thempRialily of ¥Mpuhsigiatachhe theikilgys of the

ribable non-diagonal I, h.th | ne.mixin
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iheditrhedsorasited iin thkalist @ Ber3®moreAd, wherein the generating of
the set of reverberator output signals includes combining the accepted

iButs withAdettlyetifiterethiociims36t tHe MberSurhreiseetithbtithdelays of
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plurality of feedback signal paths, with at least one feedback signal path
inerovigterbfay prgtafrgdhasksigrnabralearrier medium as recited in claim

37, 38, 39, or 39, wherein the filtering implements a plurality of HRTF filter

Firs for a ‘cBietsorrderipiiratigiB AR F M dtidhs Jort Jaivhsrain e number
formRdEiigetennios e ARe IR miheEelT Ihe 9 siRe AN SRYERBEFRIRN o input
outputs uses a plurality of feedback signal paths, one for each formed
dii&alen for the listener, and wherein the method further includes coupling

each of the feedback signal_ paths to a correspondin%one of the HRTF

fil@r pairs. 23APARFREH IR K12 &Eiteer FOchint % £ o8 3 AwiRrERIR the umber
o IERANgiekacseisgheate thetalemuibet STONAS figikie bl piRsatiixtudio
the atcc§$t d inputs with the outputs of the feedback signal paths to

p%?(‘]"u ¢ SUts to the feedback signal paths, the mixing WO 2005/048653
zﬁTlAUZO‘g\MOOlMQ 26 descnbat%lef by a non-diagonal rpatrl oS! %{]lteggttone

sast on rﬁ%eé Ig&%ﬂfli gaggﬁq& 2 one code ségment to ins
processor of a processing system to implement a method, the method to process a

plurality of inpit andio signals, the method comprising:
accepting a plurality of input signals;

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 fo hear in a listening environment;

and

fiitering combinations of the input signals and reverberator output
signals to produce two ouniputs, one for the left ear and one for the right ear, the
filier 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 lstener listening to the left and right output signals in the listening

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



combining a plurality of mixing inputs. 44. A carrier medium as recited in
claim 41, 42, or 43 wherein each of the feedback signal paths includes
welayisganss filtering, wherein each filter step is to produce apdesiedos/oo1479
decay rate that varies with the frequetfcy for echoes produced by the

res ectlve feed ck signal path, a dwhe edela. _
JEB eI ap%hl naé%a re%béc °d8|a§; ST E 1tooupr‘?aeaﬂfieér éﬁﬁolocamd m

risedisfenaipenpattenciotdtiernisteoingmmdiog plentitt 5 Aicatiias foediaiistener.,
as recited in claim 44, wherein the filtering in each feedback signal path is
SHected tofaciméuarsdiesiretreeitediaretion ineiartnlicciynengies airidaat one of
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recited in claim whereln eren
g@elqaaﬂdsn&m@eI@etg@nmabagmf@rmmﬁmnzb@@mnmpniawammesses

Qﬂﬁlﬁgﬁp %&j@g&q alm 44, 45, or 46, wherein each of the
e di

delays o ent feedback signal paths is selected to be
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listening environment. 48. A carrier medium as recited in claim 44, 4
SOmpaRFRiEdnFBde R sTinrotmixpd. sielrzcdimeddioed aBticsiofthiesaaenteg input
sgiested such that the patterns of echoes are uncorrelated for each

feedback signal path. 49. A carrier medium as recited in claim 42, wherein

the.numbencéHRA mediracioRTiREREIARA H738UBDO! RLINAHIBIONRIS Ming of
t e plﬂgil% of audio input s:gna!s 50. A carrier medium,as recited in

ERER SiRe s PRt B PRl oAt enals, the
rmmbg" dbinibabEignalain-tiegphalahigrot audiotnpulleignals ritingdutput is

parafus,to process a of.input audio S|gnals comprising: means
%%“é‘eﬁ% 8P % ﬁy 8r|np%3|%n£s ?negns for generatlng a set of

i (I
P THA 612 001 00 b A 2Tiipirh sigaislg ildudascriebating she Histepied impikislyith
t%&ﬁ%& %&U@&%@%&J‘XH ARG outputs, such that the generating of the set of
reverberator output signals includes providing a plurality of feedback signal paths, with at
least one feedback signal path including delaying and filtering.

42, A carrier medium as recited in claim 37, 38, 39, or 39,

wherein the filtering implements a plurality of HR'TF filter pairs for a
corresponding plurality of HRTF directions, 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



and means for filtering combinations of the input signals and reverberator
output signals to produce two outputs, one for the left ear and one for the
wolterogsstse filter implementing a set of head related transferduadationgoo1479
corresponding to a listening environitent and a set of directions of a

l!@s%?ﬁ%@etgﬁ AI%E%{J%E%S 'ERM? rl‘halﬁ Qe 31% % %%ﬁg.l‘lgug%{% li'%generated by

headphones, suc| a _|ste_ner’|isten|ng to the left and right u
sigmbisine thelimbhing ménmedRRMht through headphones has the
sensation of listening to the plurality of input audio signals as if they are
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listener. 5Z2. An apparatus as recited in claim 51, wherein the forming of at
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output signals processes different input, signals differently. Abstract A
RERGRE AReaprsia delay saleeledrin are Prs RSt f revaes atoR Patigrafor the
inpsehaigciavisignaat(15-19). The apparatus accepts a plurality of input
signals (15-19) and includes a multi-input, multi-output reverberator (14)

arsanged tQ\ generaieduaehofecitdPii siginals4(Ihadnnedliegaiayed feedback

ti i ting th berai li is likel
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ndesired pertethenati ot élse higlOf@4hacdepting the outputs of the

reverberator and the plurality of input terminals, providing outputs for the
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directions eri istening environment. The apparatus is such
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48. A carrier medium as recited in claim 44, 45, 46, or 47, wherein each of the
delays of the different feedback signal paths is selected such that the patterns of echoes
are uncorrelated for each feedback signal path.

49, A carrier medium as recited in claim 42, wherein the number 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 mumber 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
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simulating the reverberations a listener is likely to hear in a listening environment;

and

means for filtering 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
enviromment through headphones has the sensation of listening to the plurality of input
audio signals as if they are emanating from a plurality of loudspeakers spatially located in

the listening environment to form a corresponding plurality of directions for the listener.

52. An apparatus as recited in claim 51, wherein the forming of at least one of the
reverberation components includes combining a plurality of the accepted input, and

wherein the generating of a set of reverberator output signals processes different input

signals differently.





