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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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



spatialization system and emitted by standard headphones, should be

given the impression that there is a loudspeaker-called a "virtual”

loudspeaker-located at an appropr'bate position relative to the listener's

head. The listener should further be given the impression that he or 2 she -
she iis listeming i aekiseddisiBringenvikarsnent Mhsudhatspagiatizitignon process
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be simulated at once with the system accepting a plurality of audio input )
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input SHMMARY ocEmMbedingss ofitheRresent invertian 1edatpi0 spatialization
of audio around a listener when using headphone devices or the like, the

sERplpligation including the simulation of the echoes likely to be produced

in a listening environment. In a first aspect of the invention, there is
Embqaienétachéthapparatuimieniocessta plumlityl hitpubraudio sign@lsa listener when
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signals; ‘a multi-input, multioutput reverberator accepting the plurality 0
likelyitpbe sigpdatsdin alikened ctvyigemarate a set of output signals, including

delayed reverberation components simulating the reverberations a
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inputs further coupled to thé plurality of ir;gut terminals, the filter havi g
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functlﬂggmgegﬁé/ﬁrcﬁﬂm E?s{&{mgabnvironment 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.



corresponding plurality of directions for the listener. 2a In one
embodiment of the reverberator, the reverberator is arranged to form the
reverberation components, and the ferming 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. 3 In a second aspect of the
In ongrevebribmakiertthe pryvibethipmribthsy e praioe ss amphgedity dhimplie wmydiberation
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of reverberator outpuf'signals from the plurality of input signals,
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is arra9ibed @ ib@ sevarhortiensRisieng! dstikelifo 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
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
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is likely to hear in a listening environment; and means for filtering
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form a corresponding plurality of directions for the listener. 3b BRIEF

DESCRIPTION OF THE DRAWINGS Preferred embodiments of the

present invention will now be described with reference to the

accompanying drawings. FIG. 1 is a schematic 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 &f FIG. 3 in more detail. WO
005/048653 PCT/AU2004/001479 4 FIG, 7 illustrates gn embodiment of
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. processor embodiment of the invention with analog inputs and outputs.
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. While embodiments, of the invention are designedfor, playback
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form &%@@&Qoﬂg{@%iﬁlﬁmp%g@tﬁ&{gﬁ@%ﬁ}gg]@g@ﬂ@ﬁ and right ears via the

two pathways, 2-L and 2-R, respectively. Note that "-R" and "-L" in
In a frefehemqeaiufdialsweaharadiers refentadhe dafapparamd tthemghtseaplurality of

. § f i r. After irect-sound, components arrive, .other :
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. echoes 5-L and 5-R. FIG. | represerits a listening environment )
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 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.



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 listen#g in the room to a set of

loudspeakers spatially located at different locations around the listener.

FRRIPERBHRAMTENNOBIEHE IpMEeitdsponses from the source to the left

and right ears of the listener in the listening environment of FIG. 1. That
Prefergeg pmbpdinsnts 4hiliai97setRE BXFETRBI M Bfsdeseiiber stithctsgrence to the
- accorpamidngrvalénak 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

FIG. 2-R &Ssthanati8-Rudiheiin pulseisesionsasizhnidd, nld ¢eieasponaenio Hrahe head

rresponding. direct and reflected propagation paths shown in FIG. 1.
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FIG. %Wugt%tanm? SR Uaeul et flleesroorsré. Thce Sgntsh g .eaes%h% %rtl aaélss’teanser' ear for the
Shown in FIG: 2, are indicatve of the fﬁlsr%t ree | discrete soufid arivalss
arranggmiesat 9t thi s é riekeoftbo sprehdsivuts: coatinuesloveotinde, with the
time-density of the echo arrivals increasing rapidly as time passes, and
FIG. thesintemsjtlifofdhbocdichiogaivals euceadsidipwithaintes Frescshapesibothe
waveforms shown in FIG. 2 are drawn as examples, but are intended to
F1G. Bds repirepbfiestbleds dingmsiapés sheewlouiepliprshéimloationdnta real
listening experience. For example, the direct sound arrival at the left ear
F1G. 2-1s shinvsidiedblticr diagrahtirmecgnotaohighthe pehkdialad tfdiithe direct
sound arrival at the right ear 2-R. This is in keeping with the situation
FIG. shiblstiseds| (e hihatrehecgonnt ko Uier Bis GSEF (i theifigteneessieft par.
Likewise, FIG. 2 shows the left and right ear responses, and includes
embeimpang i hithereshadghidwn in FIG. 1 as echo 5, reaching the user's
right ear-as shown by impulse response part 5-R- earlier and with greater
amplitude than the arrival at the left ear (impulse response part 5-L). The
shape of an impulse response corresponding to one sound arrival, e.g.,
2-L in FIG. 2, is often referred to as a Head Related Impulse Response
(HRIR) of the listener's ear for the sound location. A H IR is often
specified in the frequency domain, in which case it is called a Head
Related Transfer 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

Wi @A 81868 of the listener so that the left and right ears he @GR B2i#n01479
sounds. For these medial-plane sounfi arrivals, the left and right HRTF

FIGH 9IS AR YRIGRI, IRBHCAHROHOR! RAREHRT FisfRegiligthgunless

the system is intended to simulate asymmetrical anatomical features of a
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simulating an acoustic environment that includes reverberation, i.e., the
FIIRN@lIalen BB@EE&%?&&%?%&EBQ@QH&%QMR%G%%%@&%H}%@E'h&%&ucture
simulating the environment. Another embodiment of the invention is a
of F&tfod of generating signals for playback, e.g., via headphones. The
method incorporates the simulating of the acoustic environment such that
FIGy A8 shewsianeramesd e filirengarsaplisked by theckedsx s Bletypss o2
of the listener is given the impression that he or she is in the WO
2005/048653 PCT/A172004/001479 6 listening environment. This
FIdnghides dhalistensiobryiagr e dmpeessinmthaha it palolond speakerzimis,
located in space in the appropriate position relative to the listener's head.
Frédnethaiambosdingentisananpaalus far seneRalesiRewianals d@inputs and
playback. Embodiments of the invention also accept a plurality of input
0 signals, each corresponding to a different location in space, and
processes the signals for playback over headphones such that a listener
i%lmwgwiﬁgﬂ or she is listening to the plurality of audio
sigpals_from a plurality of virtual loudspeakers, each at the different
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heddphtiassoisovee ddedspEaohedindahia thiztheonudneq) todhrepes ideutsr
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direction relative to the listener. The inventors have found that providing
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_room acoustics, . . )
- signal is propagated to the listener's left and right ears via the two pathways, 2-L and 2-R,

respectively. Note that "-R" and "-L" in reference numerals or characters refer to the left ear
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,



The virtual loudspeaker locations are created from knowledge or
assumptions about the HRTF pairs for each location. The directional
WEoHwssiHigsases HRTF filter pairs. One aspect of the inventidtCiBAK@004/001479
modest computational power and memory requirement of an apparatus to
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choices have been made tg achieve this. One aspect is restricting the _
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echis dhveralsdénrtheimgppaiatmseof a multiple-input/multiple-output reverberator
to create the echo arrivals. The reverberator uses a recursive filter
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DSP device 153 and a memory 155 that contains programmin
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ight ear. The inventors have found a particularly suitable DSP system j
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operation and programming of such boards. Thus, an embodiment of the

Thistentef is imiidstorspohs carrtgpdnéiligto 6rg sammeriofy, epStmaHerIG. 2, is
device, that carries g set of computer.readabl segments that
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caPRYPEALTRY i ess 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 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



the case that the inputs and outputs are analog. A sample

analog-to-digital converter 157 and a sample digital-to-analog converter
WBgmra#tessvn in FIG. 12. In one embodiment, the input is aheraAy migiial|479
in the form of 5.1-channel Dolby Digifal(r) signals, such that no analog-to-
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shown schematically in FIG. 3. The apparatus includes a set of input
loudsppaieralis dgcatebin wamstisthspppruisie pertiorralati orthelistengnakead.
Andicdrde b anthannsl digialinrut ineluding laft sights senterydafisurround

(also called left rear) and right surround (also called right rear) channels
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filters provides a left and right filter output, e.g., outputs 30 and 31 for filter
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One aspect of the invention 1s the modest computational power and memory requirement of

an apparatus to process the input to génerate 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.



One embodiment of the multi-channel reverberator is a recursive

(feedback) filter that accepts multiple inputs and generates multiple
watpots/dgasmulate echo arrivals. The left and right outputs ofpeachuabddheniaro
filter structures 20-24 are separately Summed by left and right summers,
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60 are_ summed, e.g., by adders 61, 86, 87, 88, and 89, respectively, with
2 SHP SO R ROk AR IO AT PR BaEICh Ah I AR\ odiment, the input

is A0ATOABEAB in ChE/ Az 004/ 0QEAA: TRl MeghsignaG A foSuiilog-to-
di StET%(eI{v% é[ros fot[:rlp au%%é%fnfi e mix%d signals, one for each feedback
%llgna path’in Herraverberator. ‘TRe five mixed signals are input to a set of
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npdltermoats tnabogtitasat cHimpih esdéachgod albanek fifdrpsostpad] thediitds a 5-
chiifal &E@Eﬁ BEHE%QEJ&M 1, right, center, left swrround (also called lefi rear) and right
surround (also 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. ‘



Each of the five delay lines 63-67 delays its respective input by a different
amount ("delay length"). Each respective output of the five delays 63-67
wdeditareseespective one of the set of five filters 70-74 that fiter/amdoo4/00147%
attenuate each of the signals as it is fed back to its respective one of the
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are ald':,rﬁ amplified by a set of gain elements to form the set 80 of outputs
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controlled to prevent overflow and/or to optimize the noise performance o
myliplepures and gerpalaoetinhievie i s sinnlyieoid seivalown to those

in the art of signal processing. The output gain elements, e.g., 81 may be
Thernfiead Thix ppwe efmenidhe flterarmeipkes Ak ispoucgainiaiomentsd by left
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sighdig dooblalfback i6saON¢adphGIRES detail in FIG. 6. For example, filter 20 is
shown in FIG. 6 as two filters 30, 31. The notation used for WO
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“bierideal 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 swrround
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



R for left and right, respectively. One embodiment assumes left-to-right
symmetry. When such an assumption is made, then the following Il rules
Widlznedusds- HRTF(LFL) = HRTF RF,R) HRTF(LF,R) = HRPE[RE R04/001479
HRTF(C,L) = HRTF(CR) HRTF, (LS%) = HRTF(RSR) HRTF(LSR) =
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surround (rear) signals. Each shuifler computes a sum and a difference
andgfhysAiltesr Oxafhprepeaiinieier 89 sitbaclarh Premhatiney sppbineggach
delapeh@3iltaspetivabs piberasébe safbSiBnatisyalbthe sum of the left and

right signals, while the difference signal is half the left signal less the right
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embodiment of FIG. 6 to be_ replaced by only 5 filters, filters 94-98 as
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subtracting the outputs of filters’95 and 98. Referring again to the
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matrix G, according to_the matrix equation: i* WO 2005/048653

prospepaty S EoRsFaYe feeflback signal path, and each respective delay is selected to

provide a desired reverberation pattern for the a target listening environment being simulated.

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
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5x5 matrix that is non-diagonal, such that at least one output combines a
whuzaditypoabiputs. In an exemplary embodiment, the elementscaf; Grane /001479

selected so that G is a unitary matri¥¥ Because pre-multiplying the mixing

X lagonal maitcix is. t as lyi et of.gai
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Rif&??efpéﬁﬂﬂ)t%%ﬁ hegsini@ygnitary matrix is one that is unitary to within scale

factors at the input and/or outputs of the mixing. One aspect of the
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includes the selection of the delays of the delay lines 63-67 an

the Slpwingsdetndliiheld 70-74 of FIG. 5. Many methods are known for
creating a unitary matrix. One method uses the following Matlab code: >>

HRQF%A%WWQ@QV] = svd(X); >> MU*VT; where * is the matrix
muItipIigqgmmﬁ)Ump(mqgose operator (assuming real valued
matrices). This code starts by creating a random 5x5 matrix, X, with each
elemenftfR&{i T (é%?ussian distribution, for example. The method
then cagigyrals, B)stgriBFFawe decomposition (SVD) of the matrix X to

genera tﬂm( d V) with the property that both matrices
U and ?‘é?f(ﬁ%?“ @Lﬁ VT. The matrix G = U VT is therefore a
unitary matrix that is derjved from the random matrjx.X. The 5x5 matrix G
W R L R o B DRRAN 1 Do s PR, O smch
embistusst ¢ biedone jraFliriathxthitaddsed drivie ehiddinfimst et yeanifans Indinixnput to
theﬁ%t@f—%aﬁ&%@%%?gcgsgég é)(naa‘j‘srﬂ‘l%ﬂéf”%rﬂq{? é.E.?éb‘ %y 1&'1@%@1% ?f(dq 00 for the
lagonal matrix is regarded as™
surround (rear) signals. Each shuffler computes a sum and a difference signal. For example

shuffler 90 computes sum and difference si gnals 92 and 93, respectively, where the sum

signal is half the sum of the left and right signals, while the difference signal is haif the left
signal less the right signal.

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 9498 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:



"unitary" because such a matrix can be made unitary by gains at the
inputs and/or outputs. WO 2005/048653 PCT/AU2004/001479 12 In an
witepngigdmbodiment, a set of candidate matrices is generated;TeAg2064/001479
using the randomizer as described idthe MATLAB code above, and the

. hestis selected based on listening tests. FIG. 8 shows a single delay 110

d filter blocR .11 combination. FIG. 9 shows one embodiment of the

@@Iﬁy nd f Itéfrﬁo mbination. The filter in this embodiment is a first-order

(()af?p FRfilter th at uses the delay line by tapping into the delay line.

O-Q? 5,linon E Bodiment, the filtering and delay is accomplished by a

sing¥e|devi¢e. ASdelay buffer 121 delays the audio input data by a

\Oé‘f@asl term n@qlmy mber of sample periods. The last two taps 122 and
123, respectively, of the delay line are multiplied (weighted) by coefficient

whatdlipliers 12t and ddbiihahrauipiithe dve R Re %A R4t combines a

respectively. The weighted tapped signals are summed by an adder 126
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uses the same values of al and a2 for each filter. One method of
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results. According to this method, each filter is selected to achieve a
T0yddidd¥eveérberation time at low frequencies and a desired reverberation

time at high frequencies. Typical values for reverberation times for typical
pEedrRORAORNCES 368 B BB EICTA K o SR s TRt pdrnsasdhe folfewing
MuBshighalementations of the present invention, a user selects reverberation
times suitable for the type of environment being simulated.
=> X = randn(5);

>> [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.



A desired reverberation time at low frequency, RT low is chosen. A

desired reverberation time at high frequency, DecayRate_high is also

EHQE8F46BNe embodiment, the filter is then selected such #faE/A1246Hp01479

frequency desired reverberation timé7s the time taken for low frequencies
e fe T A S e S

high WO 2005/048653 PCT/AU2004/001479 13 frequency reverberation
randprasd #eclereabedimther MR SR, cedr rbe Y8, aed Ahelipv dteslerigrkbased on
listégverherator. Typical values of RT low can be from 200ms to 5 seconds,

and even longer times are possible, while typical values of RT high can
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corresponding decay rates, denoted DecayRate low and

embsdigr acthridelaveaseBlivesyratiortiralbeddin whizgmodiment is 2 first-order
2-Rpoariaie 1A RiE lvyantd becayRatenbighROARbIahuEGh 8ash

Delay and Filter pair in the reverberator, the values of al and a2 ¢
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the delay, In Seconds). This ensures that all components of the
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per second. Thus the attenuation of the filter i5 according to the length of

Th?k%&%ﬁaﬁ&%‘ﬂi% g8 FBEAEIA% B RAA NG RERLA BIANIEA of the audio in

engths. Denote these LO, L1, ..., L5 for the 5-channel reverberator. One
thecdiepdbaneignalratthese such that there is no common factor in the set LO,

LI,..., L5. Otherwise, the reverberator may fail to get a high density of
Flge Jormwuse frpon alesired frequency response of the 2-tap filter implemented in F1G. 9.

In order for the gain matrix G to be unitary, the total gain of each filter should be less than
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-



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
wWe@smutsing simulated. In one preferred embodiment, thepdalays@ago1479
between 2.5 to 4.5 milliseconds long!3The delay lengths are selected so

that the resulting echo patterns are ungorrelated for each HRTF direction.
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reverberation occurs with only,a relatively small number of spatjalization
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signals. This is not necessary. For example, fewer or more directions may
DetygRrged/that®ir7himbendf input directions. One example shown above

eliminated the center channel so it used four HRTF directions, while five
DeenpRueirbighe08/R%8 higbvided. It is also possible to use more directions

than the input signals. Thus, while the embodiments described above are
Forfeadhi Mmienlizia dfidteursoundsoovoiteigna, thochlasserfe thaidhescdndsesomputed as

folibpits, the method is also applicable for use in other configurations. As
an example, FIG. 11 shows an apparatus embodiment suitable for

a Jagﬁ*f&ﬁﬁﬁgg&‘}y}gq_ %ﬁ?ﬁ%?‘%ﬁﬁ]ﬁ& and 132 corresponding to two input

rections to pro ) t or'stereo outputs 47and 48. A two-input,
5-outputdTitfitudanaerieyéfiséianaGrdd)@enerates a set of surround

sound signals for five directions, including the two input directions. A pair
whgfesummers 135, 136 add the left and right channel outputs of the

reverberator to the inputs signals. The left and right signals, and the
Lowdnegf;aetes0@simBoadr idtitlimg{fioeandtputs of the reverberator 134

are inpyttg a bapk of HRIE fler pairs each.gepgrating a left and a right
#F%i%reg%x JHGE PV %@r&?

output. espective left and aright HRTF filter’outputs are added to

form.the left and,right out 47 and 48, respectively. The hank of HRT
G P N B o ke o T Mt STRE ot o e
lengtiroGeazh Histaydina freghosttis similar to that previously described with

reference to FIG. 5, with five feedback signal paths, one for each direction
Haegpe, the filter coefficients a and a2 are a function of DelayTime (the length of the delay,

in seconds). This ensures that all components of the reverberation audio signals are attenuated
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



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
Viceroaseseiacted according to the desired environment. Thusdastheemo47o
disclosed a method and an apparatubtfor generating a set of signals

foul@yaR e em beacphenes hal %@%ﬁé&%&?&?&éﬁ{ﬁ@ %ﬁl %t}gﬁt%te?yss%all

of virtual loudspeakers at a set of locations. The apparatus tses a
mummhatiof faRdIZzatinerBERSHOM conjunction with a bank of HRTF filter pairs.
The multi-channel reverberator includes internal feedback signal paths for

In eng-ribediterrbsliovmsihe spadre ol saeh HERCHD dErotionsdiqsepimdolis debtoirtual
dirdcEeHLSPAB Wmﬁﬁ? EiRAMs THe dQVREP ﬁé@&%&?ﬁm&lﬁié,efew er or more

dirdescribable y a mixing matrix. The. inventors have found that Using a

swsber ok inm dgelinas- Wi pERl s Flaen above

elifitiaied chesignat prififclaPIoviee the dasire didesayd alaiRt 1% Apd:igRbtions are
WS) 5395/9148653 i’i PCT/AllZOf%g/OQM?Q frequencies, creates a very
IO ESinG SR BREES IR PR AEECHARS thar bvdmBat st that are

typical.of a listening room, but using only a relatively small number of .
T I % R RGRE GRAFTIP G o BBl iy BT sy sgnal
sudbemieftton hasiwob hihescihanietibdse alsctapplidalfforoexasigletepmmon

comfal, (htgrs are not shown. Thus, for example, when it is stated that a
unitary matrix is preferred for the mixing matrix G, those in the art will

t thi it to withi -multiplyi d/or,
L el T
syl bl m@hmwmwmém hrdvioripey Jinadtemdiseptqibint asithofstizds outputs
475Se A OARERIGAT gtlﬁthM& y@%ﬁﬂ%ﬂﬁoﬁ%ﬁf%@%@ﬁ% Plest of surround

environment dépendent parameters such as filter coefficients, delay line

soypdsirealfRefinssirzcirmmdntiuding the torringu deesdioasich paistef summers 135,

13p ATt LB IRRIRgHR OXHUN S Sod HRIEDIERRNT A T BPLAGIRE The lef
ljstenin e{mronments fall into types. The same parameters would be
a“é @?&%ﬂﬂ ot hSesRisTIeRRIPRh and Fightsurgnar sropatsse the reverberator

13ipdanjenting saek mlvemmp mmeﬁm@s;,vea&ﬁ 'gwiﬁdﬁ;igl athe mrw%mf?tuﬂw. The
DSP s m several di sets, of parameters fqr respective different
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andvi_ﬁgrcqmtim. @hﬂﬁwh Wﬁ&@l&wm}dﬁl B&arawbe ishptipeinted, for

exﬁfﬂfﬁ’éz lﬁsl@%MB%OM%P 72758 rldég l;grztz)fg&s similar to that previously

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



One embodiment of each of the methods described herein is in the form of

a computer program that executes on a processing system, e.g., a one or

womBSRdervices that are part of a DSP system. How to pregramiaéd&i479

to implement each of the structures described above would be clear to

i rt, Alternately, each of the elements may b dedina_ ..

e e S T B PR R, e ShBraions
| areifyipieshedigaisguotmebushingoilirs;ckdindly serappradiated B Thodesctions.
. skilled in the art, embodiments of the present invention may be embodied
Notgsthahinthodcsoripippashays. sushyabsaidpheial pande8 ewippeamatuis, nclear to those
in HBRATFHSS ﬁ?c%ﬂﬂf&%rc%ﬁfﬁﬂﬁﬂssé{%tﬁo SRS eI Fndh it is
computer program product. The carrier medium carries one or more
stated Hpb eeridaiapiirizod ersiymeé des for mbinoitiatyin Grivssshpeyetanti to

undREH AR SR qu%ﬁ%%ﬂﬁﬁﬂ&g rﬁl@&?p@(—%ﬁﬁ%@[@ bya

. take the form of a method, an entirely hardware embodiment, an e y
diaggnil aratem BuHhIs: some b seH w48l drdaplsmentation, e.g.,

whA lhvarfoRfNe Rl I RER e eiiheREEaIY dRygMion may take the form
of carrier medium (e.g., a computer program product on a

- NotomauianassizRle s itde Maditht aHENgeAORRIteFeadAI8 filter
1l program gglge $eg{nents embodied in the medium. Any suitable computer
| ot
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| pattivethinuding avhegneiic: staragact ¢iseaiagebons tgiskeatie stanhard

11, disk, or an. aptical storage device such as a CD-ROM. The software ma
1 :
en%rrcm‘.ré-lreg g {a?l s JHR ¢ arameters wou H( e u%d tgr ?flzé.rgfe

_ ransmi or recgf\r}gg over a network via the ne%wg?ﬁ%stg
‘pandiswioe tivhiltise siemié procsivmiispd owitiig dhe éxemipram @hodoinderinclude in

;ﬂ]é%’l@ﬁla‘?wﬁ% ﬂ?ﬁd%ﬂb&h&&gf@dﬁ%&% 5@ %jﬁ' &H&Qllg Fr E?&&pe different

includea single medium or multiple media ., a centralized

| RS OfAHEEP BEEIh Sef o tTbfos adatraeeneait el art JervevpiHaying gpem with

sof R PRLEANE &eis:Al ASINCRn Shedaly suftsfiaifessivervabathalzo

be taken to include any medium that is capable of storing, encoding or

- aceoriine LANG: of instructions for execution by the machine and that cause

the machine to perform any one or more of the methodologies of the

Ons; smborimahabreck ebbrmsibeds dercayed berriminmdhn L mmad airopeer
progfinitieckiecienomdaiie sgtitsysaiai]le. snetiae anchiR MM FekIB @tliare part
of 'é' ?{gi‘()s%ttlle?n. How to program a DSP to implement each of the structures described above

- would be clear to those in the art. Alternately, each 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
| 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




media includes, for example, optical, magnetic disks, and magneto-optical

disks. Volatile media includes dynamic memory, such as main memory.

Weansansgion media includes coaxial cables, copper wire anei(ilisE29pti061479

including the wires that comprise a bf\fs subsystem. Transmission media

S take the for oustic or li

A Rl A or
optisrbsipheetievitermcheami@Prdddm" shall accordingly be taken to include,

but not be limited to, solid-state memories, optical and magnetic media,
Thesdtwars cray dystspratensmiiicl eedeirstd oo ahanghecsteps Blemettherlignterface

devilECHARRIRL S RAHOHPELONR ST RPAHTENE M- AEARARRARIE B QGaRIeT
meég)r processors) of a processwslgéél}.e., computer) system executin

wi RrdRE Coual sgadns) Sordd mitaksragenrlydm w ] bagltiple
melifldRe NMERUGRAS Jhatdnpied aRYLaRHaN L IRBINEHAIQNEAT servers) that

programming technique and that the invention may be implemented using

stote e N5 Op FRERS fetHfdRRLGHP T JRAERtnFamacr ety et alsehsdgien to
inchigkeiny hetinveRbon iapubldisfitediiepmepaiiicolanniagsanssn tfnstructions for
language or operatin stem. Reference throughout this specification
xR A B RSP Bl AR RS ATATAIRHE B O A, G e e
meslindotopges 0 Her arismis ticveatdon be damieonredtiomaithakrarembfidincmtligiing
included in.at least e i f the. present invention. Thus .
ol & B R R TSR SR RO e Non yotatie
meihia/mibulss ez ampagiiselnpamsbici ik andrmapichecpbealrilislay Volatile
meBISHILR HEANEEHPLUBE AL FRHIIRMOES, 10 RRELCH A2 It RRtes

structures or characteristiCsS may be combined in any suitable manner, as

cogrinh erblssa spRpEHVHS 3R s entaty iR e @ atiFRs HhehrOMIERS AU in
sul¥YBLh NMPABUVE AR BAGHRIRG TTAMHAROHORIAV S bueia e tisAeRtSes, such

Similarly, it should be appreciated that in the above description of
as Hhosferartsd oans S setR@tiveRnty JaiaOTTRRIGHEPRY iy example, the
terif VegaliEier atedsanTaiinle scasetingly teorthariinckidg) @uendbbeitnenid figuedid-state
or description thereof for, the purpose of streamlining the disclosure and
TG R RULPREREHS TS P G B WaBUs imventive

aspects. This method of disclpsure, however, is not t [ .
It %i?eg& ﬁ]s{éigﬁtﬂ% é;mg %ﬁ?@ﬁ 8P éi%‘ﬁ}ﬁ%%s gscuss’ecf arg peo oremlgcienrapcggéee%lggdlmem
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



invention requires more features than are expressly recited in each claim.
Rather, as the following claims reflect, inventive aspects lie in less than

WP vasiee33f a single foregoing disclosed embodiment. ThuRCTHeICi@Ne1479
following the Detailed Description aréd’hereby expressly incorporated into

emtlisiRgtailed Description, with each claim standing on its own as a
separate embodiment of this invention. Furthermore, while some

. . : i .
S Bl eiyboiments of
thedpysodamerudcardenanet ofldisdWrRio R sstopetiviahg et tegetkandnfe single

emBiiERRE 81800 KR ARLEr AR A oy ESHRIRR R thesfinhaRs hiEo%gm and

. example, in the following claims, any of the claimed embodiments can be
2idipgel thevgdertaniiag on ons pHEMSSHE thsorAd ays i eakirsotmaelstd kifanethod of

disERBEFDBNSIQINASRTBIRNRLRreQMRINAIR R 28!8MEA ol athaded

. that can be implemented by a processor of a computer system or by

v SHHOR FRIEHESIR s oRiEr BRRERSsTgElted ppsesh slaipmiRaiher as the
folRAGAGSAMP SELRIORS Jolive aERsa sS4l R n elhRE e MRS Bregoing

. method f f ryi t th oth I t of
R B & ARSI AR ) DB ATaig bereby
expessydimenpbistad ietathis © ahdethBaswifdiocg nwih gaohtctherfstaatong on its own as -
a Sgﬁﬁgﬂﬁﬂ’g&&%@&?% J&{ﬂt&% purpose of carrying out the invention. All
Y

Ications, patents, and patent applications cited herein are hereby

Fu&%?é}fﬁ’&ré"}%giféyso'iﬁgeé%%ﬂi%ﬁﬂ%%@g@%@%%ﬁ%@g&Eg JERRIRR %ég %%ﬁtures

the term "comprising™ or "comprise comprises” Is an "o

inqldedtHnethre et inkimenty eambirativies aitferdnrssfe hdifsteth amboldmertitiere meant
to BOLRMGHAIOELOHRRISHE RIS REIRING aRr i Chincdbdass, Ok Waald be

includes" as used herein_is also an "open" term that also means including

undereiged inetperiarig ehdive s trmitolio e delievrinaniiims: excRidhislaimed

enf¥b@Henth usn RCldeing Eﬁlﬁﬁﬁﬁi&%ﬁﬁéﬁ.mth and means comprising. WO
2005/048653 PCT/AU2004/001479 18 Thus, while there has been

Fuiipsekibes) whrtaradealivvatiomheibaaieicsmtembediment ok db@bination of
invention, those skilled inbthe ait will recognize that othier and further

e“?ﬁ‘&&?ﬁ 8£ﬁdﬂ§tﬁlﬂ§ at 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.



be made thereto without departing from the spirit of the invention, and it is
intended to claim all such changes and modifications as fall within the
saypehisinvention. For example, any formulas given abopeasg2004/061479
merely representative of procedures fiat maybe used. Functionality may

T AR e Ay FOMEAHLY B & CSIEHe RO e gt o

themetbdusdtostibeidadithiththet scdpexfgiire fresshtinue fitioher modifications may

| d isl d ' in.th .
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all sugbschmgesibedinadifipetividensde bhadfionticsierne nfstoristepsoyEor example, any
- fm%ﬂﬁ?é%@é?&?&@&&fé@%’%%ﬂ&t&% ch‘giéblwéﬁé/?eﬂﬂ - }fﬁ)ﬁe’%‘lged. Functionality

apparatus to process a plurality of input audio signals compfrising: a

may| bagg sk o5 geteied fiom theblnsdediearpmg and weraponsmrahs mterchanged among
fulkBHHD B QUL EE YRR R LaL RRRERINGHIA Rl Pl he scope of

signals and arranged to generate a set of output signals, including ]
theyiesrol restive RHdherampdhe ierdmsomprs e e Geristiatgueant in the
setisgferishifly" thieallinie istaainaRMIRAME At 18Rd A BIMHRRWY steps

twQ-output filter, with inputs coupled to the outputs of the reverberator, the

defﬁéh?g’fgf’é}@fo%#p gﬁa%%ﬁ’]%uﬁﬁ%m WPEPErminals, the 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
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 theplurality 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
fuaheysaumsged to process each of the input signals differentiyrd iAm4/601479
apparatus as recited in any of the aba%¥e claims, further comprising: a first

set of combiners coupled to the inputs of the reverberator and to the input
t@@mﬁ\lﬁsarranged to combine the plurality of inputs with the set of
reverberator outputs to generate a set of inputs for the multi-input,
muBicouaput 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 anghpRateetdPrdbessia Pl OO RIPAGRED signals comprising:
PCT/AU2004/001479 20 ear, and wherein the filter includes a second set

of combiners arrapgagd Rt amhjie (enlailseansesPL P Anchiwe sighls;

ear set of outputs to form the left-ear output signal and the right-ear

output signal, feS@%ﬂ%ﬁt,ﬁﬁ@@@ﬁ%%@&ﬁ%ﬁ%&%ﬁ&@ﬁlﬁ%ﬁﬁ%f input
e

claims, wherein the reverberator is arranged such that that t
reverbeFLERAFCBMPOARSTE hErmges asntbef srimplciendialislrdipgi et

versiongeleiberatae piathitetisSipnalant: he RPREESRSBaLes I8 WLy to hear
of the abov? (,;:Iaims, wherein the reverberator includes a multi-input,
multi-ou%ﬁ 1%8{%?%\/?&%%"&&%% ed to the input terminals, the mixer

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

non- diagonal mat?ixrgu;fu' qﬁ%@&ﬁ%%?&ﬁﬁ%%&%‘b%ﬁ%“@ é?a‘%d}%@m of
combinitigs acptubatitiornfimixputnfutber7cohplap pathtydastitgcifadput Giairmals, the
6, wherein X ftar rix 1o Avithin. pre-multiplyi
Chagonal EE L GRADIE R IRE eSS KA BBPER, e e
apparat@srasrddedmmentaithass ofkradisitieddousierfofctimatizerippuding to a
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the inputs with delayed filtered versions of the mixer outputs, such that
the reveFBEHMRFI Hofcave ovarinBlaaide dhmmelinidrhenss, with at least

one feedback signal path including a delay ] . ) o
such that a listener listening to the leff 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.

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



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
WARDPsfiltespairs for a corresponding plurality of HRTF direciemsy med/061479
pair for each formed direction for theXlistener, and wherein the

IeYerelerAGkIRR A RAILY aOJeE%%ﬁ%PBPéQHl%EMM%Sd 8 rc%%%ﬂle the left

formed direction for the listener, such-that the coupling of thé reverberator

e ek e toumsthend-thp tgithrstaghnbonmete sufnes Sudsfbrenetmetisaen and the
signalaaile e SxrariespaRding one of the HRTF filter pairs. 10. An

apparatus as recited in claim 9, wherein the reverberator further includes

&, multi-input, AEERIAUIHEE tVER BIRHLSS8vP I8 4R thRRRHIE I0VaBS ator is

and to the outputs of the feedback signal paths, the mixer arranged to mix
tHEApEsRNs M bR heaevrRerboRRuparmisdnelyfe seedpspiatkmdaclayed
pathsthel hdishseseripakiei mparkigiagonal matrix, such that at least
one mixer output is generated by combining a plurality of mixer inputs.

WW.O- 2005/0d855H%Rfad 66 HeAGHRAAH 69 tielabdv N ARRAKALISIRBEEEH 8B dhator
3%?%9 or 10, wherein %aph of the feedback signal paths includes a dela

PP B PR EERIE-RHEP ST SEEE Lrpitts oy e Ig P ropibierminals, the
vaties aniih gb thr esjudhe plinnkishdéspuadipeds] b thehespectitairadhock-
signal path,.and_e respective delay being selected to, provide a. ;
B o e B AR S R F ok fine o phoratiy
appairaLispTecited in claim 11, wherein each filter is selected to achieve
a desired reverberation time at low frequencies and a desired

réyerberatién tipperatiighretiteliamim 4.3vikmeaptisrataisias reiieaimatrix to
c@a&mlﬂar@fn%aﬁ%rg%%eﬂy w&&%@whfﬂ%ﬁaﬁﬁfﬁa&iﬁﬁﬁﬁﬁggggﬁ%@ matrix.

are selected to ferent with no common factor. 1

rgcited in clgimoll e é@ité’&*iﬁﬁgﬁ&ég&%ﬁ&%ﬂ%ﬂ@&ﬁﬁ}xﬂéﬁ%@'@&ﬁ&& inputs
feedback signal paths is selected to be approximately equal to the delay ~ ~
tinEredra raviglidsaridailind e pé fR/stEehio 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.



15. An apparatus as recited in claim 11, 12, 13, or 14, wherein each of the
delays of the different feedback signal paths is selected such that the

wattsiaafcechoes are uncorrelated for each feedback signappathy#644d1479
apparatus as recited in claim 9, 10, 121, 12, 13, 14, or 15, wherein the

mber of HRTFE directions is less than the number of inpyt signals in the . ‘
oy of S ApBSHalR S orle R AR e e bt i Gsosiens!
- IpathoineBided A dielby, anth ilien ¢heh resprotvo iR Thpdikbetondzisrgdentay rate that
t : ' [ Is i lyrality of audio inpuf signals. 18.
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fpaverchperitiesielandeiogsedeaiedyecbrodtbre desieedtayntheetion patiern for the

PREAMRIESSIosAhdaast one listening environment, each set sufficient to
simulate a listening environment. 19. An apparatus as recited in claim 18,

wherein the Memonis é??é’c‘?féd’\iﬁ*&ﬁﬁﬁ"i‘iag %xﬁeégcﬁffﬁt%ﬁ@ ) gc[.fe(fl b 3chieve a
plurality of sets’of listening environments. 20. Zn apparatus as recited In

ofirieea bexaharmins, imrrklomtfiemercisrrnd edastrdiorvarbemniilorimataichigh
biddmilesystem having a memory. WO 2005/048653

PCT/AU2004/001479 22 21. A method to process a plurality of input

aylio signaks, GRpARAIENGL rasea Rt &P 4ralits of inpul S ale g Para NG rent

a set of reverberator output signals from the plurality of input signals, the
geebatin g melrithy ?&ﬁ?ﬁ%&?ﬁeﬁ%&é@%@%‘éﬂi&&héﬁ EOTHPORED that

simulate the reverberations a listener is likely to hear in a listening

enironmer I ARBHNLA 3G TeotsHiutiain %tlﬁlé PRl S peas gaeh of the delays of
revedifeador uiputksignal pamprosueadive Ot onedos tetel 8ardelay time
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of the different feedback signal paths is selected such that the patterns of echoes are
uncorrelated for each feedback 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.



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

listening environment through headphones has the sensation of listening
wootbmeqpiusadity of input audio signals as if they are emanatingéromuaon4/001479
plurality of loudspeakers spatially loc&ted in the listening environment to

rm a coryesponding plurality of directians for the listener. 22. A.method
L Fecitod TR DA ateh BB JGh AERSH AHLHSETRS Sy IRE e
reverberation components incluges combining a plurality of the accepted
input signals, aﬁagﬁmg}%m%‘ggg’ % 'I%ai%t of reverberator output
signals processes different input signals differently..23.. A .method as ..
recited in claim ZEUFSPEAARETSHPPEHGT CHREIHIRY thE AR Bty of
inputs ikfht dignai{ OferguesincigldicdudingiSoameniziajedr seirbérmputsdmponents
the reverberating. ¢ A melhad ssreclied In.dlalm £1,22 or 23 fcrein
the reverberation” components include a series ormixed, delayed a
filteredeneisiomsrof $hd 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 inllieldsgrooxihdntimm whilty whinpigreigaadsahwbenatingutput
describable, by a nan-diagonal matri toNne: %@g ety
s aen e e e ot A e
PCT/AGReUmpoIsREng3 s ofivrstnolatad vesika fineliins oBrenedingtea

matrix ﬁ%ﬂﬂg@%ﬁﬁl&‘nﬁn‘diﬁm& B%Hydﬁmiﬁlﬁa%t@&ﬁﬁ%@hﬁﬂﬁiﬂfg
and/or post-multiplying by a diagonal matrix. 27. A method as recited in
claim 29yiponmment thsgwa o APIR R R AfRRP PP fRe set of
reverberator output signals includes combining the accepted inputs with

delayeduftchata Aisrmdisemrenthe dfsnd rehtAuingt sge gy e
theraehakriavesbeidtaphitnsd Bignalssackitnsamiovding o e rslilis of mput
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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.



corresponding plurality of HRTF directions, one pair for each formed

direction for the listener, wherein the generating of reverberator outputs

Wizhed#s4petsasiding a plurality of feedback signal paths, one feCeaao64/001479

formed direction for the listener, and®¥herein the method further includes
upling e j %EF 0 anding, of.th
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geterarmgrottipting byeviisgenal shastitpundigmas-foniiehing btesdingong matrix.

the accepted inputs with the outputs of the feedback signal paths to

Broduce inpurstivdws fecittshitkebiina p2in231Aé, Riixing Gladsitatite pynarating
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comblnln? a plurality of mixing inputs. 30. A method as recited in claim 27,

Helayied Gligmed vsrriont pichareines aptuKssarlaiishihe saereing editping of
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that varies with the frequency for. echpes produced by the respective
fsashpnadesdbank damabpathinelnding delygmdiflia®gying step includes
applying a respective delay selected to provide a desired reverberation
;&ern forArRqrbashis gedicdiiBiaon 2 812,42 3ndfhad esfcited in claim 30,

wherein the f_iIterint%in each feedback signal path is selected to achieve a

desiredVassiBdha dBisinsdmpiemenie srinaby #h 6B TR Slisarrissdmberation
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iir{wethod as recited in claim 30 or 31, wherein the delays of the different
fe&§heek signal paths are selected to be different with no common factor.

efyediackbigmibmtimmofotedirirehblarsitabi ot thdikbamniog
environment. 34. A method as recited in claim 30, 31, 32, or 33, wherein
each ofdhéveleys ik theldifférehtfencbdekemialgpaitisdsike feetbdckiinal

' tB%ﬁH‘ﬁ B%gﬁ‘regﬁo%dﬁ?ghgfes ?'ffie HRTF fitter pairs.

33.A hod as recited in claim 3Q, 31, or 32, wherein each of the delays
of e STHEEH PSRV o GRS R BT ety of

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.



uncorrelated for each feedback signal path. 35. A method as recited in

claim 28, 29, 30, 31, 32, 33, or 34, wherein the number of HRTF
wioentisnsisiess than the number of input signals in the plurakity afitasmioe 479
input signals. 36. A method as recitéd in claim 28, 29, 30, 31, 32, 33, or

, Wherein the. number .of ITF directions.js greater than the nymbey. of
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feadyinly sigied phtineecdieged odrt difiestruvthitie astonen faccessor of a
processing system to implement a method, the method to process a

Blirality ofAnpethaddiorsifindls, ¢crémBihtld oodipridiagimcedpifithealelays of the
lyrality of input signals; generati t of rever r output.signals ..
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rheditsé rationrcon o tenkist esimg tainprhsnbyerberations a listener is likely

to hear in a listening environment; and filtering combinations of the input

signals and mvthdsbrarsritetputlsigsXb godude, weminmatd of thefdelays of
e lnfeanandions Bribe.Habteaicthe: fiar iaplrmening aagholdad

related transfer functions corresponding to a listening environment and a
gucetglptadibr sebdaribad signpkbRStening environment, the two outputs
playable through headphones, such that a listener listening to the left and

right outputSiataed s teelipdtEnimetRifsh PR Rt duigh ¢ete BrisFan the sumber

therprmpafiRRURlISICRIRGHML 1R H&hﬁﬁ&%?ﬁi?%i&(@sgﬁ) QARIQABERS of audio input
PCT/AU2004/001479 25 audio signals as it they are emanating from a
piealey of loudspeakers spatially located in the listening environment to

form a corresponding plurality of directions for the listener. 38. A carrier

médium as’r@RABASATIEGHPS R AMEL SR e FOrmhind%oPat B a4 BheTein thenumber
reyEIREradierciom pogents: includesaarbdivinNgpiyeliyiotibplacdipiethudio
input._ signals, and wherein the generating of a set of reverberator output
sﬁg%lglgl%%%esses

37. A carrier mediwm 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 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



different input signals differently. 39. A carrier medium as recited in claim

37 or 38, wherein the reverberation components include a series of
wixansdesased and filtered versions of the accepted input sigoala46i4Aoi47e
carrier medium as recited in claim 37288, or 39, wherein the generating of
the.set.of reverherator ou s incl m|x En urall
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inputs. 41. A carrier medium as recited in claim 37, 38, 39, or 40, wherein
tB&. generafingrivdrithredietodsencntibmatdaiou G wdigpaal shio fbnd@ss of at least one of
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outputs, suc e genera Ing of the set or outp
isisudesapdovidiretndhelgeatitytivifoa lsatkfsgmwa@@umm agddawmmws
fgﬁﬁg%@g@ |gH athyg M@p delaying and filtering. 42. A carrier medium

as recited in claim 37, 38, 39; or 39, wherein the filtering implements a

Pigrality of BRI EHURais Q80 Rgnding Bl r&?ﬂ&‘eﬁ{ Mg%lxzrerber tion

directions, one pair for each formed direction for thé listener, wherein the
FORARFRSIRFie b aREES S hAd dstayed sdAkpred f@@umfg@mcepted input

Raghsisone for each formed direction for the listener, and wherein the

method further includes coupling each of the feedback signal paths to a

C%reSpond)D&ﬁﬂﬁ‘ pbiheiB T AilerPaiiindT, A.Car el MRAHMR S enerating of
%‘Fped [ Ia| 1 or 42, wherein the %’] nerating é%ea set , of reverberator
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A hOR- cPagona m , SUC tﬁafnaf(fn%%?%ne mixing output is

generated Qy _cambini apl luraljt Xin 44. A cajrier; dlum

a‘g{:ecﬂed I%glam aim ﬂ %%m { erelnri‘;'le1 gﬂ ?%ég or fb crein e generating
of the set of reverberator output 31gnals includes combining the accepted inputs with
delayed filtered versions of the mixer 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



feedback signal paths includes delaying and filtering, wherein each filter
step is to produce a desired decay rate that varies with the frequency for
wolmes@easticed by the respective feedback signal path, anecwharsm/ 01479
each respective delaying step include& applying a respective delay
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environmen carrier medium as recited in claim 44,

fesrinaing e abvralisodaokcisgivabpath is selected to achieve a desired
reverberation time at low frequencies and a desired reverberation time at
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be differen o0 common factor. 47. A carrier medium as recited in
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first echo arrival |n the listening environment. 48. A carrier medium as
FrediapReiYe felaygelseied 1 Mae A IBId Y cRaROBPatem for the

ditierend teedbagksgignal paths is selected such that the patterns of

echoes are uncorrelated for each feedback signal path. 49. A carrier

medium asAesiied ifcdlaimad Zeombe iainiing AumbRiD: HRFRetliestians Bedback
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diesod msvisopmditer tiheratihégh dmbpemoeidnput signals in the plurality of

audio input signals. 51. An apparatus to process a plurality of input audio
signals comwﬁg:mﬁmmamminidgimdﬁmmﬁ? oftienpint Gigdalsys of the
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of Input signals, Inc orming delayed reverberation components W
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listener is | ear in a listening environmént?
of the different feedback signal paths is selected to be approximately equal to the delay

time of the first echo arrival in the listening environment.

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



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
nahimsenaddre filter implementing a set of head related transfepdanctiangooi47e
corresponding to a listening environarent and a set of directions of a
Iistenersiirﬁlt‘ﬁgtgriist%)ir}% environment, the two ftlnhi'{]tPUtSIPIa able. t rom:#h : _
headphones. Stth that a letener |s%gr?ﬁl1§ 13 TS YR AR FghtSchpi crvironment;
signals #ndhe listening environment through headphones has the

sensation of listening to the plurality of input audio signals as if they are
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output signals processes different input signals differently. Abstract A
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input audio signals (15-19). The apparatus accepts a plurality of input
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reverberation com‘i%onents simulating the reverberations a listener is likely
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reverberator and the plurality of input terminals, providing outputs for the
lefeand righhepis-aind SoRbI &6l daim pierydBtansat ghirdag sehateskt one of the

transfer functions_corresponding to a.listening environment and a set of
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trb?gﬁ%?ﬁﬂ%ﬁi listening to the plurality of input audio signals as if they

are’emanating from a plurality of loudspeakers spatially located in the
listening environment at a corresponding plurality of directions.
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Abstract

A method, an apparatus, and a software product to process a plurality of input audio
signals (15-19). The apparatus accepts a plurality of input signals (15-19) and
includes a multi-input, multi-output reverberator (14) arranged to, generate a set of
output signals (35-39) including delayed reverberation components simulating the
reverberations a listener is likely to hear in a listening environment. The apparatus
further includes a multi-input, two-output filter (20-24) accepting the outputs of the
reverberator and the plurality of input terminals, providing outputs for the left and
right ears, and configured 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 environment. The apparatus is such that a listener listening to the outputs
through headphones (47-48) has the sensation of listening to the plurality of input
audio signals as if they are emanating from a plurality of loudspeakers spatiaily

located in the listening environment at a corresponding plurality of directions.

FIG. 3



