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-I- IMPROVED HEAD RELATED TRANSFER FUNCTIONS FOR
PANNED STEREO AUDIO CONTENT BACKGROUND [0001] The
present invention is related to the field of audio signal processing, and
more specifically 5 to processing chanrlets of audio through filters to
provide a perception of spatial dimension, including correctly locating a

panned sign @,!?5 Ui

system. [oog]%y !g ows a co%nqr‘ngég;lmglﬁ g‘&%@%}g%ﬁﬁﬁmm
includes processing mAdINBRATFRE AR GOMIHNEIity of Head
Related Transfer Function (HRTF) filters, e.g., FIR filters, so as to provide

BACkstRwwRD with the impression that each of the input audio channels is
being presented 10 from a particular direction, FIG 1 shows the

[omgcqﬁ@'&%s%mxmm@& nﬁe?agé%g e 8&3%% 3; sa e&g@gﬁlg% %rﬁgxlgsstpemf’cally

io channel 11 (Chan 1), a secon 0 ch

to %fﬁaeaﬂnwm@ﬁ%fua @str%worgh(&lmﬁmrmw WEW?%HRﬁPf‘FH@& difpgagion, including
co@aypmﬂaﬁy@mmd@tgaammxmng aspaik 6fiheadphenesuld PIBBEY system.

listener 20 Each channel is proc, ed b pair of HRTF filters, o
O R T k55 LA LR B3 DRl chanicls
of pidipdey thrdirglityl St fHeadiBhtatesr Transfetfauision SARDF Sdtersirs g HEK Hilvaiy, so as to

profd¥ierRedsbr 26 Wil 1A NRiBRI AT SR DFafliRFR R A0 Sl fhBIE SN bresented
f each HRTF filter meant for the left ear 22 of the listener 20

The out
from & HBE 08l C1L8 SAMUHG BRGSO G P A SRR TRORNES Rreddtfip sources
corplatinnokaifrstugidithdanigiht €4C23uef theadistendnifiackaaded €aymh2ddsmnd an

N’tl]r Ziua_lt] eireat m@ﬁdﬂﬁ%pﬁ? &€ 1950%&@09 ka?ﬁn‘ Eglt \(I)%qacpli)%p nglglﬁﬁg’% l%yb ack

0 is determined by the choice of HRTF filter pair t

“S‘Eﬁ amakIFydshorsI oMby theAisune s dhenng is pressesdey a pair of HRTF
fltémm@rfaepaamea ﬂbﬁqﬁylﬁclimo@ thaldf eahstﬁﬂﬁfh'émf@&@ RS hRlyeithrough

th |p nes 19 tha \?ull ells r pre SIO at the
¢ Aﬁ%ﬂg% 5?1err1e 1(013 lfgt?r%%eﬁfutro RF Stener fr a arlfl “OfHRTF

ﬁlt@ﬁﬂfaﬁnééiﬁﬂ%@’@e"f@é Rutedssr e HRIH féhmamm ot ﬂs.bmamyzztwé th listener

20 HRAdaditey Radaber tbeaﬁ@qm sl shannetissiesigead A ohiBattiGough the
1§oun 4 ﬁ?ﬁ% Cha eI 2 dent the listener from a 25 (?artlcular
MR A R BB 53 on S5 v P FCHRE P g gk coch chamael

peragitiéd bin &m*l&ltevselc%)sngdmdmumd tyahthb douot R uier@hiathee iNyffRXiso that
chaRSAeRL I HRGIUSISRRS, ffoﬂh&&éhtéﬁiié@ﬁ @ﬁr Y@{)m&éﬁmgﬁ QE%’E%EQS 13, 14,

{Wgog ] For simplicity, FIG. 1 shows only the azimuth angles of arrival, e.g.,
s0 fQﬁé’l%e&FfdﬁRfa?%Fe@H@tBéﬂf’é‘i\}éa%ésmmaé@h‘é%ﬁdﬁdmgW&‘@W&ﬁh@ll&tw&r the
impfressicm MWMA&CQ&CHMQ@DE@L) bRl ltesthd isreayr Bensashigoular arrival

.pr V|de liste r20 th stl qus rres | rival d|
amglp?ehcafngcf en%e(? 4 %12|mmtﬁ 3Ry (emocﬁngl‘é] rj% O?—g%? ¥§{alil%%r '1{?96 ggoond
audisoiiennsd lqﬁm]eBy@lHRTﬁélmnpaﬂﬁsldm@mnhei Bat mf:tﬂmtiteﬁwrhds@ner from a
pwtﬁzﬁﬂwgﬁmu{ﬁeﬁ R BEAGERYE. SingleRaRAS & f%t&%%? RAUS:#fBo hannel is

of the listener, one HRTF filter pér ear. Therefore, for t
designed such that the sound of Audio Channel N (12)is incident to the listener from a particular

arrival azimuth angle denoted 6.

[0003] For simplicity, FIG. 1 shows only the azimuth angles of arrival, e.g., the angle of arrival of
the perceived sound corresponding to Channel 1 from a perceived source 21. In general, HRTF filters
may be used to provide the listener 20 with stimulus corresponding to any arrival direction, specified
by both an azimuth angle of incidence and an elevation angle of incidence.

[0004] By a HRTF filter pair is meant the set of two separate HRTF filters required to process a
single channel for the two ears 22, 23 of the listener, one HRTF filter per ear. Therefore, for two
channel sound, two HRTF filters pairs are used.
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channel sound, two HRTF filters pairs are used. -2- [00051 The
description herein is provided in detail primarily for a two-input-channel,
i.e., stereo input pair system. Extending the aspects described herein to
three or more input channels is straigt#forward, and therefore such
extending is regarded as being within the scope of the invention. [0006]

[0065G Thesteswiptiontearein sinzayidfid ér dgistkprivasibirienides ey bl s Stereo
inp@ ﬁﬁﬁ* %@&ﬂ@ﬂﬂﬂ%@ Bl Apea H%Fl%@%?&h'f?ﬂﬁ%}%ﬁ%ﬁff@ lﬁﬁlri]h&xMle is

nne S are rocessed, wi eft channe,
WG T R T
[00D&] rlgq&mehswed threubinammdlferepdt¢4RME maiudks @6 alnlia typitak left channel input
31 A &Q%A@&?&??ﬁ‘%d&?b’hﬁ&u%‘guﬁig Jﬁ%‘i& LIORAL Bee B Brocessed, with

mean or symmetric playback, such that the aim o maurallzmqé using

the jpfé dhpgnaRnmethsing &r%e@ﬁ%tm@lgépe@a%maafﬁéﬁé%emfbf ?ﬁ#@%@é input
bexdgfﬁlea&whmrwgﬁhamﬁaﬁfmwemmlaftaauyﬁw@ loita@tigu)alid defatiomsel input 31

andII 1?er n% %a rlf)%?g% O%glé%g ﬁj IVG[' tg pl ‘!l?c'hﬁl%@%@&m%f binauralizing

efring o F 34 35, 36 are for
rwhﬁﬁ@ﬂﬁ&mmﬁmgtqﬁy@hwmépmtg&%@mwﬁpwé@ eftapd pieht

chaf¥¥d® %hﬁ@qlecﬁ@néﬁth}ﬁl ﬂghhﬁ@ﬂﬁﬂl@kﬁl&ﬁrﬁﬁt\/ﬁé stjzhbﬁbfmmﬂﬁ;ﬁ@iﬂime&&lative to
mut n s.th ti th f,the ri

e L 20 R TSR it dhD B TS POBO T i b or

synoostdlitid hst@ﬁm;ctlmshyfﬁmmmﬁ qunmeeswd;immraguass&mgo rasuanéhmmi@ @ and the

rlghpéﬁagﬁg i?pé%ﬁ&%&'%eﬁ]&&sd &R QUL RRAGH (%Tmé{51§¥{@m fiGe of the
hat means that: [0008] HRTF(9, L) = HRTF(-9, R) é [0009] Further, the

mﬂm&lenfth@méht BROPEESTOWMRY bR - NS ER BEAHRTE from

[006'*@ @thztr%Qhﬁﬁﬁ)x%&)fglmﬁsffﬂ%%rs%ﬁm@ﬁﬁ}ﬂfﬁrﬂé%s@ﬁlﬁﬁﬂ_fm%inade The first is
TF"ea,. Slml|al’|é/ under such 2Q symmetyi ﬁgassum ﬂﬁ s, the HRTF

thath‘E)"rﬂlfFf’é‘%?%?)‘b?B N REFEERG AR B4 ’?:‘?%rgq T from the

ight source 3 8 to the Ieft§ar 22. Denote such a HRTF as HRTFfa,. N
[00 15%?%%6@@@51@ (A I!w%TF filters are typically found by measuring (

[00 i} @;ﬁm dﬁ%ﬁzg‘?%ﬁ%@gﬁ féff@slémeawtta%?aqeﬂr%ar bgrmadm%nﬁé BIRERGom the
elative IStiIcate Inaural processing sysiem

“g‘EiPé‘ﬁ%Wg t%ré@bw%@rpﬁﬁ@aéa?%m&ﬁﬁ & rfcn% zfaﬁﬁ(nﬂis‘ilsr such

synlisterietisasaimaridie) thetHiRIE Sounitidhefidentcazinottharighetevasionegrlesthe HRTF

frof s %%Htﬁht SR vle: 'tﬁgfe?t hinayry) Syalenn Heeriedayrigsimply use the

F pairs in a binaural processing system such as

(003 Mt Iyftimeiralizey %th@%ﬁ&dt%&mmp@ﬁ@a&mﬁ digneaning b sghed HRTF
respfst o8 PRl BMMoNekicah hlrhErsHERE P Slativel) Qdetlirnied) binkRidt jgrocessing
syst_enljsl:\;r-lrallzcc(aoussz)f extensive libraries of HRTF measurements, corresponding to multiple listeners
and/or multiple sound incident azimuth and elevation angles.

[0011] It is common, for a binaural system in use today, to simply use the measured & and -6 HRTF
pairs in a binaural processing system such as that of FIG. 2. In other words, making the assumption

that measured HRTFs pairs are symmetrical,

HRIF = HRTF(0,L)

hear 2
[0012] HRTF,, = HRTF(6,R) @

[0013] Even if it is found by measurement that the listener head responses on which the HRTF pair
is measured are not symmetric, such that Eq. 1 does not hold, a binauralizer such as that of FIG. 2
can be forced to be symmetrical by using HRTF filter pairs formed by averaging measured HRTFs.

That is, for symmetrically listening to left and right that appear to be from sound sources, called
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30 [0013] Even if it is found by measurement that the listener head
responses on which the HRTF pair is measured are not symmetric, such
that Eq. 1 does not hold, a binauralizer such as that of FIG. 2 can be
forced to be symmetrical by using HRT¥-filter pairs formed by averaging
measured HRTFs. That is, for symmetrically listening to left and right that
nyviAp e soerfee natoumntiedduites spedleds Sadhvirtatlagouritl seleceSaafbd , the
called virtual speakers” that are at azimuth angles of Band -B, the filters
filt or Bfné%arlgf‘? {)0%5%%%9% rgr%g{sae% as: HRT HRTF(O, L) +HRTF(-9, R) ~~ear

3 [001x]2) H T )( rm)]-t BJI%)-(r),L) "f'r 2 [0015] where
HRTHRIA,),2A ; sured HRTF's for to the left and
[(mrqult 5 angle, respectively, erceivegd source at angle 0. Therefore, (3)

ra
by thgppar andfeFA{R D4 #BTHiedhidne actual measured or assumed
HRTFs forthe symmetric case, or the average HRTF's for the

[0 '\%Xé?é“ﬁﬁ fﬁ%ﬁ@ [%%19}1559@1 ')Qf]%&da{é’ H%Qbﬁ)regggeﬁ'@gfow& Bt and right

mMauralizersi s the way a normal stereo sp r system works, by
ang¥eepitigelheriet pachiédpuisignahfiodgiitencFRTbY tlaimearaed fortdRig's are
10 to a virtual left speaker, e.g-.3fand ihe right audio inguhsignal IReRgRs 1
{ , oril Ty s for the
megit HeA ?oé?re %%lrrreesoﬁgrsls %‘8 toa vi?tﬁ)al%gi’?t spga er,se.g., é8. Thlé is
norksiowmettaedik well for providing the listener with the sensation that

AnAsighiphannel dnpits, sraaMReRlinaHeE e i andnighil st
mﬁﬁuﬁgsaggg&er Io{g%aﬂti}c?nsa ,reséec 'vel¥. [OOl?i].In ani steteo

: ﬁo ndlregrlgﬁjllﬁtionsd ondin
SPeé‘Fﬁ?,%ﬁf%‘BdW%t@Xl@?é?@%“%ﬁ SIRERGIOIRR HeRAJGEEN Y TS prdvige 1B POne
to dhardistésfespadttertens Srisatiohe mghoniyiofipit sigdaligvnadiciRBh st eeressponding
o0 a?’vlicrj%ﬁ? ﬁét}?sﬁ?ﬁi%ﬁ{&qg% Rerffomins SRE ASES 5o Riasethiqithadefith the

andrig e listerier, but also from one or more, sound sources thatrgllrc? K
senpsioreilat sorriserethrd fight sRakdrRYEafis R a8aHps SohaH dnehaght yrtual speaker
locBGHCrespeBPRNENt that is elsewhere, e.g., elsewhere in front of the

listener. As an example, suppose there is  a sound soutce-that is .
O R G LG KT AR S e toprovide
thedisamretsithitthe sowatiomdovmix afiglenibrighdadictepsoseursrdihgad ragpearing to be
froﬁl{géosﬁég@L IRP&IG DML 8 %‘eﬁlg}ﬁﬁr%?%m%éﬁé@ Budastorthe & or more

and right channels, so that when such left and ﬂi ht chanpnel inﬁiuts are

sorpphgrRos lelcedens L et e BPRi (RN miPRtB I g o

eris given
cortipenémpressioRethiadrthe. soelnovhaurineiimenfdnalistgo tsasouoplecsifagse there is
a sgunah g@rtge S&g%{( ﬁlr@' %ﬁt%%%gt\%%ﬂtﬁ?é s QENERR 6 ESF @ﬁdaﬁ!ﬂl?éht input audio
Speakers. The term "phantom" Is used for such a speaker because ,
channels. It is common, for example, in modern stereo recordings, for an audio signal to be fed with

equal albeit attenuated amplitude to the left and right channels, so that when such left and right
channel inputs are played back on stereo speakers in front of the listener, the listener is given the
impression that the sound source is emanating from a source, called a "phantom speaker" located
centrally between the left and right speakers. The term "phantom" is used for such a speaker because
there is no actual speaker there. This is often refetred to as a “phantom center,” and the process of
producing the sensation of a sound coming from the center is called "creating the center image."
[0018] Similarly, by proportionally feeding different amounts of a signal to the left and right
channel inputs, the sensation of a sound emanating from elsewhere between the left and right speaker
locations is provided to the listener.

[0019] To so create a stereo pair by diving an input between the left and right channel is called

“panning;" equally dividing the signal is called "center panning."



25 there is no actual speaker there. This is often referred to as a "phantom
center," and the process of producing the sensation of a sound coming
from the center is called "creating the center image." [0018] Similarly, by
proportionally feeding different amountg of a signal to the left and right
channel inputs, the sensation of a sound emanating from elsewhere

[oohejwesadhedall padidiont speakartoentienssireaivigasd tertbeiliatenizra Bihauralizer
0019] To so create a ster ir by diving an input between the left and
Sys{?ﬁhﬁogﬁ%ﬁﬁaéﬁxﬁﬁ é)gghea Sﬁﬁ%%%ﬁgn%?aoésually dividing the signal is called )
[0023d rtengidemnforekap|QOREPiddrpubiatetcPlestidentiaryaereesdaneaibfg- split
bettah B SHRAURG NS FRRIGLIBARG 1IN R HRR AN 2R 8y Siem 196 RiRYRREK udio are
though a set of headphones. (0021] Consider, for example, an audio input
[ called Monolnput center panned, e.g., split between the two
channel inputs. For example, suppose two signals :LeftAudio and
RightAudie are SAEAIEAMS: | eftAudio = Monolnput [0022] 2 Monolnput
[0 RightAudio = 2 [0B23] The results of a so center panned signal for )
stereQ. speaker repfachiopion is meant to be perceived as a signal
ema éﬁﬁé'f fnthe front center. [00241 If the inputs LefiAudio and
Ri(_?htAudio of EqQ. 4 are input to the binauralizer of FIG. 2, the, 10 left ear b
[0033]3Fee resiteaf 259 SrateEBARRS SIS AR SREKPLRAF RiNHRdp meant to be
pertespe b velgnalithiadBitE aom HRTdnieanBrl eftAudio + HRTFfar 0
i dio 5, [00 RightEar,= HRTE,ear 0 Righ i+ J
A e S R S
lefitbrat2RRIErigrerr kprefuktgasin dennipdilat Forpon Sigiher L espselinehagih:
time domain input, HRTF"ear (r) LeftAudlo denotes convolution. So, by
combihaftFEtre-etiB&fonsQBatdudaiE HRTHR 1@ Righidyfion J nput + )
(ORI oy ) Momppt. HR R hyatoHFFTiFEY O Manglapu 15 (00271 2
(6) RightEar = HRTFI?,, (r)l\/ﬁ)rtoz nput + HR¥Ffa, (r) Mora 2 nput
[003R g ars-dekRick #a filtering operation, e.g., in the case that HRTFyepp is expressed as an

cre

impulse response, and Leftdudio as a time domain input, HRTF,,, ® Lefidudio denotes

convolution. So, by combining the equations above,

Monolnput Monolnput

LeftEar = HRTF,,,, ®

near

+ HRTF,, ®

HRTF,,. + HRTF,,
= ® Monolnput

near

+ HRTF,

near

HRTF,
= " ® Monolnput

[0028] It is desired that such a splitting of an input would present the sensation of listening at a
virtual speaker position of 0°, that s, the left and right ears are presented with a stimulus that
corresponds to a 0° HRTF pair. In practice, this does not happen, so that a listener does not perceive
the signal MonoInput to be from a virtual speaker centrally located between the virtual left and right
speakers 37 and 38. Similarly, unequally splitting a signal between the left and right channel inputs
and then binauralizing through a binauralizer such as shown in FIG. 2 fails to correctly create the
illusion of the desired virtual location of the source between the virtual left and right speakers.
[0029] There thus is a need in the art for a binauralizer and binauralizing system that creates the

illusion to a listener of a sound emanating from a location between the left and right virtual speaker



(r) Monolnput 2 [00281 It is desired that such a splitting of an input would
present the sensation of listening at a virtual speaker position of O, that is,
the left and right ears are presented with a stimulus that corresponds to a
0 I3RTF pair. In practice, this does pot happen, so that a listener does not
perceive the signal Monolnput to b§ from a virtual speaker centrally

. _located between the virtual left and rght. 20 speakers 37 and 38. Similarl
oo L A Bt A S PR e e

locationhesswinedifatizilegt thrauh iamihandaliderdhaohcsnsiidown in FIG. 2 fails to

[0030] £QUSRAIMATSAEING Hirsipnofcthe dssitad cdrtualdacation PfiheiSOHkE8no signal
) hetween the virtual leff and right speakers. [0 291 There thus is a need.in
into thejell 5Pk GG BirhdFalis %ﬁ%&%ﬁ%@&%&?ﬁ thaPerested theomssisnn the

center réar svhistgnardbackauidadpteneting dromnadboatiba betsemmtieclefirdd TT filters

' S £ loca : \ o th
aimed a{ﬁltﬁgl g‘dgé e %ékés ﬁ%%%&ﬁﬁ%gmk‘ﬁ?ﬂ%fﬂeﬁﬂét%‘aa%ge y the

nad right virtua i&eaker locations are meant the locations assumed

[0031] Thers tbrscharvetiBplie AHplsg HOCR DRI AEeR 2nd bomualisipg sy seap iat creates
the illustpeant ixepReI i eAMSHRNnh & Ga ke rERtEe R g lobxishlBiNgaa dpamer signals,
suf gl inio the et rear and rightrear channel inputs, DRICANWILAGLDS, o)
&8 perceivél(gl1 o &ome frdm the ' center rear when playe§ ackon. P £ asigh
betweertbadplhonésight witiinhtralizerpiamdisesagmimetric rear HRTF filters

aimed at placing the rear speakers at symmetric rear virtual speaker
SUMMIgdtions. [0031] There thus is a need in the art also for a binauralizer and

[0032] DiR@sB&li g SYsiamR et ARaieRni el usiendara Jisiensd ff @R lidio signals,
emanatgp%érom Qfghe reati center.locatlém forrear s <§aker sgnal

e.g..

en appagie AL AL AR o1 AR o O o R S s BBy o g

implemgrnihin gnatbigntll Peerrserndire sidoalndanghn virtiel reedipsureouriay filter data to

implemSREARRSSo SMNMARYs. WASZ1HO agaIibRdIhes aipamheifered! emberina fovide a

listener %‘ g % nes%%lso aﬁaﬁtﬁ%?h%gdt%gﬁ %%Srﬁggggﬂp ﬁrsﬂt nz%!ass’ﬁ(?gl %Q%t@tgos d source at a
accepting audio signals, a carrier medium that carried instructions for a

center Igedti@8sor to implement the method to process audio signals, and a

[0032afairieconédivandary hgtfitpedatatie prperientaiiitetetaidiosighals. method
-\Whe ; : i i I
conpr 1P I R B B AN LSRN D o

signals |HefSPioRAESoLAE A ATCURRS IbBEIR RIS ST SEBdt Sty gnals and
a secorfirstamsp €tti e threqrigsali) imveortiongl tiete idfineviched! taenisposignals; filtering the
sum sigh@MBOSIAG: RRGERING G RAKAlauslio iNRHS 'HR@? for @h@éﬁe&qﬁﬁ@ﬁﬂgt@ Bivirtual
VR LD O R K ——
the differeiffe hativeesigmeit) gopBriioaed w thediffErdHcoiohthbsiapmitlsighiaig 1o a pair of
virtual JHtekig the SR SigRahtiRten uiltesiRiaindnREaXiBIeleBAWISR AR create a
first ou‘tlﬁllﬁ-g{:gr]; r&é}%ﬁ%%%l' i‘%[ %}Qeins%r;loo? %ﬂ(reuﬁ?tlered sum and filtered difference signals and a
second output signal proportional to the difference of the filtered sums and filtered difference
signals, such that in the case that the pair of audio input signals includes a panned signal component,
the listener listening to the first and second output signals through headphones is provided with the
sensation that the panned signal component emanates from the virtual sound source at the center
location.

[0032b] In accordance with a second aspect of the present invention, there is provided an apparatus
comprising: means for shuffling a pair of audio input signals, the means for shuffling creating a
first signal ("sum signal") proportional to the sum of the input signals and a second signal
("difference signal") proportional to the difference of the input signals; means for filtering the
sum signal through a filter that approximates twice a center HRTF for a listener listening to a

virtual sound source at a center location, the means for filtering the sum signal coupled to the



sound source at a center location.; filtering the difference signal through a
filter that approximates the difference between a near ear IIRTF and a far
ear HRTF for the listener listening to a pair of virtual speakers; and
unshuffling the filtered sum signal and the filtered difference signal to
create a first output signal proportidhal to the sum of the filtered sum and
filtered difference signals and a second output signal proportional to the

means @W%ﬁﬁﬁﬁgfﬁﬁ%glﬁf%@ﬂ H@g&ﬂé@é@&: differenseugiana %rs{ﬁﬁha bifimates
the dlffetg%)re}ﬂ%%s??té\tiﬁal{[ thgee%alr o putt Lo ﬁ%ﬂf‘ly Crk-;t-ﬁeahg)%g% 15 e ﬁ tP a pair of

secon
virtual stieebaesh ﬂiéa@ﬂ@h@ﬁersﬁb%mgﬁhédiﬁﬁwmﬁ@ sigapkadiariath i the @ﬁﬁﬁe‘@r shuffling;
and mesSig R GRMIRENHE mwﬁ@d%@ﬁs@ﬁgﬂmeawwam@wwcﬁﬂwm@@@@lceﬁtﬁreans for
unshufﬂll%catlonl 93%11] rllglee?r?sCP R Wlth[hae %?Ca%n(} S&%ﬁﬁﬂfl I%c{% xin n& st output
hve ntlg here'is provi ed an ap%ara tus comprlsm % ?f]i P

signal pappanwaéaa.ﬁlw S hadiise s s S Bﬁ?@l&n% f»s%@g@na?cond
output s{gaulpsigRab)ap Lo pioy ibifakiedhe terfileidbeumparidsijrald diftt@mectadls, such

that in ﬂ’?é%ggé tﬁgtlﬁfé r?aﬂ? gf%&ﬂ@ll pﬁf&?ﬁ{éﬁg “I?th‘aébg &Hﬁ‘é@ eﬁ)fcgﬂ?p'&[%% the listener

signals; means for filtering the Stun signal through a filter t

isening s 88 BB LU ToR FIRL 6P e SRR Retd m@%@%@ Vi fpe sensation
that the pound seuatcoatmoenenioert drontbarmatns ssonfitering théhsteamisignetion.

[0032c] qRURIeHR b S B MeRAsH Rl shyfflingsmeansinnt I'ﬂ@&@gstﬁ%ﬁﬁéﬁr%mﬁﬁparams

nal hr gg a filter th?t ap OX|mates éh ijjlffere eltv¥een |

compns T APy 85D R TR A ISR RO A B Vi 20

("sum sgesdiersophginnehis oy filteriag thre i ragpd sigithPcergpiet f@nple (" difference

mgna}")Wﬁmél%@mﬁwf@ét;immlmuﬁghwlm ih%fffi@ﬁf@ﬁﬁgl%ﬁfgﬁiﬁr@[ldutput ,

tere | Slg mea nsnutrii (0]

and a dl}%%mnc?or %ﬁ%fﬁ) %’Lﬁhe means érc ﬁun%ﬁﬁ’ ecsrlérgtusﬂlé% égl f#sg %%EEQ Hll%r the sum

signal QAP YRFBRETIIDIE Ao tRSSHIR Of fRe Filteiragr ditiRand fieeréda ffé%‘ﬁé@“rce ata

center 16i@nals aniifesgeofitteottppledignahe differionaladheudiffetefiderofthéifference

signal, méle&&ge%ﬂgaoﬁﬂgr%ﬂsmﬁtﬁ{g nee fianalse suRbedhat inthecaperthahing far car

Input'signals incifudes a panned signal component, the

HRTF %zéh%ﬂla?g{@h.haqmﬁécf.?spawé&wa SRR G FB G e Coupled to the
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pair: aph 3SR AR tii #éﬁ%ﬁéémew@fﬁ&r@aﬁﬁ%@ﬁa BPfhALyeUch that a

listener listening to the pair of output signals through headphones experiences sounds from a

pair of desired virtual speaker locations, wherein the filtering is such that, in the case that the
pair of audio input signals includes a panned signal component, the listener listening to the
pair of output signals through headphones is provided with the sensation that the panned
signal component emanates from a virtual sound source at a center location between the
virtual speaker locations, and wherein the HRTF filter pair consists of a near ear HRTF and a
far ear HRTF for the listener listening to a pair of virtual speakers at the desired virtual

speaker locations, and wherein the filtering of the pair of audio input signals includes:



IIRTF for the listener listening to a pair of virtual speakers; and an
unshuffler coupled to the outputs of the sum filter and the difference filter
to create a first output signal proportional to the sum of the filtered sum
and filtered difference signals and a second output signal proportional to
the difference of the filtered sum aPRrfiltered difference signals, such that
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center. HRTF for a li tener |IS ng}tpﬁ]thual s$unds urce a

51gnal ?omgonen manateﬁ rarﬁ SOUrce a ? 101’1 ntween the
ocadtion; filtering t erences nal tnrou ilter a approximates

virtual méaaﬁ%e\féa%@rﬁeﬁnééﬂlﬁ@ﬁ dhg wﬁﬁﬁr RAY GRshicar pIRerpakipRgl near ear
HRTF anshufinglithe fittecad ISRTTS ealqat ihediieted Hietemae tisigin@htized far ear

HRTF B'B'%Qﬂ‘?e& Bf‘r%%%ﬁr%@”@ﬁ&e[ﬂﬂ%@%?é&o ihe I%R?EOEH&G d '@%@Pﬂﬁﬂf‘%r the

filtered difference signals and a Second output S% roportlonal to the

listenerglHrBiE B A 2h BN LE T R e PBIfIET GBS SP Ok Bgfons. the
equalizagrostanee withlaziith Espectighepresbnhitviwtiorrtigerefithproyidbded near

ear HRm‘IeH;ﬁdqufamsmgea&Imﬁqr ashAlkatardigdaRyRsio @éﬁl@l%@ﬁ%@%@%ﬂ‘ﬁ‘é to a
t ut signals corresponding to the results of. filtering

roatuces a pair of qu

virtual g %f#gf) %ﬁ%eu?‘.tp%f %%?‘Fg a HRTF filter pair; and adding the HRTF
[0032f}fﬂfeﬁlé@p§¢@ﬁa¢§NWhér%lﬁhlﬁépﬁF¢ﬂf tilecrrpipintary eniepntihers Kpeneded a method
compri¥sieningia thefaaindhoutpuhsigralsdRrepahRRRIPAAESRXREEIRRESOT output
signals Sc%l%rréggofrrﬁmgato the results of: filtering each of the input signals with a HRTF filter
pair; and adding the HRTF filtered signals, wherein the HRTF filter pair are such that a
listener listening to the pair of output signals through headphones experiences sounds from a
pair of desired virtual speaker locations, wherein the filtering is such that, in the case that the
pair of audio input signals includes a panned signal component, the listener listening to the
pair of output signals through headphones is provided with the sensation that the panned
signal component emanates from a virtual sound source at a center location between the
virtual speaker locations, and wherein the filtering the pair of audio input signals is such that
that the sum of the pair of audio input signals is filtered by a filter response substantially
equal to a desired center HRTF.



pair of desired virtual speaker locations, wherein the filtering is such that,

in the case that the pair of audio input signals includes a panned signal

component, the listener listening to the pair of output signals through

headphones is provided with the sensation that the panned signal

component emanates from a virtuab&ound source at a center location

between the virtual speaker locations, and wherein the HRTF filter pair

nsists of an equalized near car HRTE and an e uallzed ear HRT
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om a virtudl sound soufce at a center location between the Vit
ear HREEanddhrrighinetush ansistem [aecatdihgtthe pair of audio input signals
[0032h]sIsu@w®Mn¢hawtﬁe asumgbtithepair of shdiardnguit sigaaisis filteced byoaided a

method%@ﬁﬁ%%ﬁ@‘%ﬁt@fiﬁﬁ@ﬁgﬁ’lbff KU gﬁ%?%ﬁ%é&'gﬂﬁ Q32 air of

accordance wijth a Seventh of t invention, reis

Output R R &%ﬁ?ﬁﬁ%ﬂ%ﬁ ﬁfeﬁﬁa% BB ﬁ@@ﬁa@ﬁ@ HHRTE
filter p%?o@@é@dﬁé@ﬁhﬁdﬁ@&feﬁ@améﬁlmmmmtb@IﬁﬁéﬁBtﬁdiﬁQ}l@Hh@ such that a

hstenerrﬁ&ééﬁﬁl@ftd( |{¥%rm&%h@fdthﬁgﬂﬂ@&%ﬁ@‘ﬁh‘é’éﬁbﬁdﬂ%T&p@lﬁ%ﬁ&%'"so%ﬂgs from a

pair of es reg ﬁquRTF thefed ﬂq]‘nals Wherﬁ% ]Ih teerll_InR Tf”t Pha‘r;ﬁr ar@sugse that the
|IS eneristening tO e palr or ou S|gn roug ones

pair of @%Qué’d’é@@%ﬁﬁd@(ﬂ%@%& @amléﬂde@wé@ww%eﬁl@ehmwﬁdw@nmg to the
pair ofwhereinsibefitérnogds suatiptiatzdridhe sdgedihvaitkhehepain aftaundiBainiiet panned

| | t
signal %&H}?Aﬁéﬁ? aﬁsﬁa?epwodﬂg% i) dggﬂm%%c&hgu e fﬁgfc'am Bdfeen the

air of qutput S|gnals ones IS _provi e sensation
virtual fpspkeIBEHIN- aRshaie &ﬁb%ﬁewdpé?ﬂaﬁa‘téggﬁ%lacmsa it Hpaotd e right
input, whagenier tfecatidybetepnahes virtusl speakertiedatienkeadtibereina a right

virtual {PERUAIGIRE SIB0ARIRGIVER AdaltinaLt ANd e nal to the average of the left
virtual speaker to left ear HRTF and the right virtual speaker to right ear HRTF5 and wherein
the far HRTF is proportional to the average of the left virtual speaker to right ear HRTF and
the right virtual speaker to left ear HRTF.

[0032i] In accordance with a ninth aspect of the present invention, there is provided a method
comprising: filtering a pair of audio input signals by a process that produces a pair of output
signals corresponding to the results of: filtering each of the input signals with a HRTF filter
pair; and adding the HRTF filtered signals, wherein the HRTF filter pair are such that a
listener listening to the pair of output signals through headphones experiences sounds from a
pair of desired virtual speaker locations, wherein the filtering is such that, in the case that the

pair of audio input signals includes a panned signal component, the listener listening to the



input, wherein the pair of virtual speakers are at a left virtual speaker
location and a right virtual speaker location symmetric about the listener,
and wherein the listener and listening are symmetric such that near HRTF
is the left virtual speaker to left ear HRTF and the right virtual speaker to
right ear HRTF, and such that far 1IRTF is the left virtual speaker to right
ear FIRTF and the right virtual speaker to left ear HRTF. [0032h] In

pair of % f%é%%lgv g'%h H@%%% gf tpovf%{ee thaugmgl@ay?)er?h% tlkﬂ)e ganned
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virtual speaker to left ear HRT i] In accordance with a nint
elhg e

virtual e lacalinin i He%ﬁar@fsaafﬂe.awtasfﬁ%%@%%ﬁdﬁﬁ%gﬂﬁ
input, vaireof hediolingnisigr aischlyess proce ssithiatproducgsspegiair lofautpund a right

rear VIrﬁﬂfﬁi@aR@fr%%EQBQmH@J@@ seshlts gEnfiltering each of the input signals
th a HRTF filter palr dding the HRTEF filtered signals, wherein the
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methodsepts g d‘grﬁﬁe&@m@@r@fsaésiﬁeﬁ@néé%@ia Y safEsReess Hadk pragiasived pair of

output MiEHad! SpRAKRMIGRANINS. WhAIRID thEIfiBIINGtH @ﬂ@hethqiuti RitiRIcasEhtAGIR TF
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pair of fiewned virtual sptihdrSouvsicerat svbariarttachtionneieeh the, inrthakase that the
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virtual BFESRR INVRIYIAN aetd S PROHEGH BIMBHODignals are a subset of a set of more
than two input signals for surround sound playback, and wherein the method includes
processing the set of more than two input signals for listening through headphones, including
creating virtual speaker locations for each of the input signals.

[0032]] In accordance with a twelfth aspect of the present invention, there is provided a
method comprising: filtering a pair of audio input signals for audio reproduction, the filtering
by a process that produces a pair of output signals corresponding to the results of: filtering
each of the input signals with a HRTF filter pair; adding the HRTF filtered signals; and cross-
talk cancelling the added HRTF filtered signals, wherein the cross-talk cancelling is for a
listener listening to the pair of output signals through speakers located at a first set of speaker

locations, wherein the HRTF filter pair are such that a listener listening to the pair of output



comprising: filtering a pair of audio input signals by a process that
produces a pair of output signals corresponding to the results of: filtering
each of the input signals with a HRTF filter pair; and adding the HRTF
filtered signals, wherein the HRTF filter pair are such that a listener
listening to the pair of output signa@hrough headphones experiences
sounds from a pair of desired virtual speaker locations. wherein the
. filtering is such that, i .the c that k ai iQ,INRUL: sign
sienals s i Mt A BTG Pl peaker
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experientes sounds from a pair of desired virtual speaker locations,
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differerﬁig_@iagﬁdminﬂgh a ﬁhamﬁdt&igpmmmmmﬁeeehstebmmmmn ontertbre HRTE
and thPAF P HIRUSIGRAISADIAHGA NeRIRHRASS B RroMARd Wit b esRASA IR erence

. that the panned signal component emanates from a yirtual sound sour ]
sl (g &b b G bSRIRA S VA BRI GLENor A QBT cred
differetthe sigdidsinpdtasigeals! aretpus shoet gfrapsetiofahdreththdifioveniepaf the filtered
sum angigﬂ@{ggqﬁﬁggggég]g?md playback, and wherein the method includes

rocessing the set of more than two input signals for listening.through. .
003 S e e D PR L For s o phavided o
method mensighlsti[coBR Paineéordanderiti sntlvdinadisecrardtetiviedbailtering
by a pibv&Rtian: fiedadesnrided supethntheioroprisipgniilteringthepaisudfsasttifiltering
each of" &%t Fﬂg{f{i lSSI fr?a(lg%lt% re @Eﬁ%(:tfﬁ{%’rtgguf!lt%mgg tﬁﬁﬁ‘}@f@ﬁﬁ%ﬁ%&%ﬁ signals; and

produces a [%alr of output signals correspondingto the results of. filtering .
cross-talksreiiasrpair il with i pirsitemres BT BdRfctRes ik paffehae is for
a listergighaishandtordssptatkcdanagliingi ghel adiled ghRSPeafiterddcsigdads,a first set of
speakeRELBITLING RLOST IRk ERIEEHING ik JIRienRH ISIRUING 1188 RA0 he pair of

output signals through speakers Iocqteﬁ at a?ErSt%?t ofe%pgaker locations, )
output GiebiliFURETISREER REHbehrBrchith Shard HUERERT RN 15 T BA opeeker
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the pai? % ESEI;[Qa geg'rsl%tp e gffs{%gg{%ﬂggetﬂgég?c%gﬁons is provided with the sensation that the
panned signal component emanates from a virtual sound source at a center location between
the desired virtual speaker locations, and wherein the HRTF filter pair consists of an
equalized near ear HRTF and an equalized far ear HRTF, the equalized near ear HRTF and
the equalized far ear HRTF obtained by respectively equalizing a near ear HRTF and a far
ear HRTF for the listener listening to a pair of virtual speakers at the desired virtual speaker
locations, the equalizing using an equalizing filter configured such that the average of the
equalized near ear HRTF and equalized far ear HRTF is a desired center HRTF for the

listener listening to a virtual sound source at a center location.



includes a panned signal component, a listener listening to the pair of
output signals through the pair of speakers at the first set of speaker
locations is provided with the sensation that the panned signal
component emanates from a virtual sound source at a center location
between the desired virtual speakéf locations, and wherein the HRYF
filter pair consists of a near ear HRTF and a far car HRTF for the listener
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and a right input, Wherem the pair of virtual speakers are at a left virtual speaker location and
a right virtual speaker location symmetric about the listener, and wherein the listener and
listening are symmetric such that near HRTF is the left virtual speaker to left ear HRTF and
the right virtual speaker to right ear HRTF, and such that far HRTF is the left virtual speaker
to right ear HRTF and the right virtual speaker to left ear HRTF.

[0032p] In accordance with a sixteenth aspect of the present invention, there is provided a
method comprising: filtering a pair of audio input signals for audio reproduction, the filtering
by a process that produces a pair of output signals corresponding to the results of: filtering

each of the input signals with a HRTF filter pair; adding the HRTF filtered signals; and



-5f- [0032n] In accordance with a fourteenth aspect of the present
invention, there is provided a method comprising: filtering a pair of audio
input signals for audio reproduction, the filtering by a process that
produces a pair of output signals corresponding to the results of. filtering
each of the input signals with a HROE filter pair; adding the HRTF filtered
signals; and cross-talk cancelling the added HRTF filtered signals
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[0032r] In accordance with an eighteenth aspect of the present invention, there is provided a
method comprising: filtering a pair of audio input signals for audio reproduction, the filtering
by a process that produces a pair of output signals corresponding to the results of: filtering
each of the input signals with a HRTF filter pair; adding the HRTF filtered signals; and
cross-talk cancelling the added HRTF filtered signals, wherein the cross-talk cancelling is for
a listener listening to the pair of output signals through speakers located at a first set of
speaker locations, wherein the HRTF filter pair are such that a listener listening to the pair of

output signals experiences sounds from a pair of virtual speakers at desired virtual speaker



10032pj In accordance with a sixteenth aspect of the present invention,
there is provided a method comprising: filtering a pair of audio input
signals for audio reproduction, the filtering by a process that produces a
pair of output signals correspondi gto the results of: filtering each of the
input signals with a HRTF filter pai l”ta\ddlng the IIRTF filtered signals; and
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signals;
version of a near ear HRTF and an equalized version of a far ear HRTF, the near ear and far
ear HRTFs being for a listener listening to a pair of virtual speakers at corresponding virtual
speaker locations, the equalized versions obtained using an equalization filter designed such
that the average of the equalized near ear HRTF and equalized far ear HRTF approximates a
center HRTF for a listener listening to a virtual sound source at a center location between the
virtual speaker locations; filtering the difference signal through a filter that approximated the
difference between the equalized version of the near ear HRTF and the equalized version of
the far ear HRTF for the listener listening to the pair of virtual speakers; and unshuftling the
filtered sum signal and the filtered difference signal to create a first output signal



10032r] In accordance with an eighteenth aspect of the present invention,
there is provided a method comprising: filtering a pair of audio input
signals for audio reproduction, the filtering by a process that produces a
pair of output signals correspondi[g_to the results of: filtering d each of
the input signals with a HRTF filter pair; adding the HRTF filtered signals;
an cross-talk cancelling the added HRTF filtered signals, wherein the
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of the present invention, there is provided a



method comprising: accepting a pair of audio input signals for audio
reproduction; shuffling the input signals to create a first signal ("sum
signal") proportional to the stun of the input signals and a second signal
("difference signal) proportional to the difference of the input signals;
filtering the sum signal through a filter that approximates the sum of an
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version of the far ear HRTF for the listener listening to the pair of virtual speakers. The method
further includes unshuffling the filtered sum signal and the filtered difference signal to create a first
output signal proportional to the sum of the filtered sum and filtered difference signals and a second
output signal proportional to the difference of the filtered sum and filtered difference signals. The
method is such that in the case that the pair of audio input signals includes a panned signal
component, the listener listening to the first and second output signals through headphones is
provided with the sensation that the panned signal component emanates from the virtual sound

source at the center location.



equalizing and binauralizing is equivalent to binauralizing using equalized

HRTF pairs, each equalized HRTF of the equalized I-MIT pairs being the

corresponding HRTF for the binauralizing of the equalized signals

equalized by the equalizing filter. The average of the equalized. HRTFs

substantially equals a desired HRTF for the listener listening to a sound
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listener listening to a pair of virtual speakers. at corresponding virtu .
headphiges A BroMeiHE. e rytignHeal %maﬁ%da@%w%ﬁ@%ﬂm the virtual
sound equadizetiercéiter tesigned such that the average of the equalized near
[6040] narngl IeQT‘t')Zo &%ﬁ%@'kﬁ%‘% ‘Ehafl{t %%ér%(%ggte%wg@qf{é%grﬁe? Pﬁgﬁelr%l(_)ﬁe&:eﬁoiﬁ%e sum of

Istener listening’to a virtual sound source at a center location between the

equalizegryarsionpeliie reaceaidHe T nadristis safUMR Y irsprEE dimeiigngskby filtering the near
ear HRAifferenge: signaltMeuyh aditeritbnt RpRimosimaieadhediffarencadeatveentiiter that

o B L SR LRI OIS Sl 0 o s
responsd kebstimthdlgl equal to the difference between the equalized versions of the near ear HRTF and
the far ear HRTF.

[0041] In one embodiment, the equalizing filter is an inverse filter for a filter proportional to the sum of
the near ear HRTF and the far ear HRTF. In a particular embodiment, the equalizing filter response is
determined by inverting in the frequency domain a filter response proportional to the sum of the near

ear HRTF and the far ear HRTF.



further includes unshuffling the filtered sum signal and the filtered
difference signal to create a first output signal proportional to the suit of
the filtered sum and filtered difference signals and a. second output signal
proportional to the difference of the filtered sure and filtered difference
signals. The method is such that in the’ case that the pair of audio input

o S 2 et S o e SR L0 i« 1
method ts@nsatiofilthatgherpannpa @igadb donporndithemarmddRidnni éwifanedr HRTF.
[0043] [SRHELLRRUERAL 1R FRASIOLAIBRmded A0R8 tneilier ARPEUMeNi@fhat has a

the invention is a method that includes filtering a pair of audio input
responsesiyRsiRNEH N FgiAHp ISteR sl ffShGIBY & process that produces a
[0044] Ipaireafodtpuhsigpalslicofrespiendingdodbe rebulisiokfiterolt eaeh dfetpsir of virtual
input signals. with a HRTF filter pair i RTE fil i n
sreakers S T e SR RO YRR A ot e
listener, anshibe irignrs foe disierdnaStanimgiio Wd PutrsebHpLY dighalsftnisugspeaker to left
ear HRTSPARKEIS IRsatashal aplisstsel attspeakariecationscd Rt TRRANSIPE left virtual

are such listener. listening to the pajr of o ignals experiences
Speakertg H%afr%’ff S&#ﬁ%ﬂ)ﬁ%&%ﬁ%%gggg (ysei%s)f’raer VIrIl]s'al speaker locations.
[0045] InTine=fitterilagy ismbudhmidrab fiththectase tivatudie ippir sizasigivdhgdearndigriasit and a right
input, thd B AESARAGRERLRIRLCOBRINERRT BURE NS tiGICRINg HRHPERRAI QEaker location,

output signals through the pair of speakers at the first set of speaker )
and the g RAS 13 PETBURRAMMAI G SRR oV HRAEE GUSTeres HRIT and the right

virtual sieakyponenhecaa i@, fromh wheitinahs danHROH reepatpariventian |[deatiemge of the left

virtual s;%a%%ggéﬁ@e%%ﬁ% %ﬁgﬁ%&%@%& [QR33] irepther aspect of

e invention is a methoc es accepting a pair of audio input.
[0046] Inyipshsr fseRalRy ephedieatribsufmigHesias Sishdrsadetrme angragight nput,
and the RigaL{reUNIsigRal P @RsHanAL tarthespeuReoidbaitnpuiisigipalsiancvatual speaker
locationsfg%%ggrgi n?l % ig%rer}ce signal") proportional to the difference of the

inputsignals, |?er|ngnﬁ1'e sum signal through a filter that approximates
[0047] Qihicespaseraed AR oeRs helbbreelistditimghe desdrpiinsdumungurae daismns.
center location, filtering the difference signal through a filter that
BRIEF DdsjsrexdrhiidsQhd Hiff el AdEIbétveen a near ear HRTF and a far ear

TF for the listener  listening to a pair of virtual akers, and )
10045] i NG S PRETE SO LI A R Ec Bcr e B channes o
audio bygqﬂtheﬂziat;_ﬁ [ffﬂﬂ@lmﬁm propdrtidinehto tith sﬂmﬁm@tﬂssidﬂtél@ atasthimf dlinput audio
channels{j%ﬁ%&gﬁg&@éﬁ{éaeﬁa&g Q;Jm%ﬁdﬂ%e@&g W@E%&Q&'@H@Pﬂﬂﬁﬁ@%&%ﬁ%tm of FIG.

Ifference of the filtered sum and filtered difference signals. The method
1 may bespsiqesihabinavalizas evitiaiipe pis6H AGeRETIABIR SRinelPKEIGaES Anventive aspects

describeR@BRAISiGNteeAMPONENt. the listener listening to the first and second

tput signals thrqugh headphones is .provjded with the sensatign that the
0] S BHENE L DR OHAP SURA oDLE AT Rt and 3
right chapesiterlscatiopi@edi it eghe: embiddithErilictre Widle thainawplhioxinharase the structure

of FIG. Wit teaenier YR IisobiainadinsdRacun Qhrareligeryer sigrsgfithenventive
near ear |l RTF and the far ear HRTF, respectively, obtained by filtering
aspects geschibgd herein is not prior art.

[0050] FIG. 3 shows diagrammatically an example of HRTFs for three source angles for, a left virtual
speaker, a right virtual speaker, and a center location. :

[0051] FIGS. 4A, 4B, 4C, and 4D illustrate some typical HRTF filters for use in a binauralizer to place
virtual speakers at 6 = £45°, FIG. 4A shows a 0° HRTF, FIG. 4B shows near ear HRTF, FIG. 4C a far
ear HRTF, and F1G. 4D shows the average of the near and far ear HRTFs.



10

15

20

25

30

35

ear 11RTF and the far ear HRTF, respectively, by an equalizing filter, and
wherein the filter that approximates the difference between the near ear
HRTF and the far ear HRTF is a filter that has a response substantially
equal to the difference between the eguaitized versions of the near ear
HRTF and the far ear IIRTF. [0041] In one embodiment, the equalizing
[006ZY KRGS InveRelikeidoreguiiliestipropartionsiit thedsfyrthohethenddar BRAF filters
sudl F%Tf t}?”s‘%'u%h%cf%r?‘j i@l‘i‘mme égtﬁ‘e%%’é &H'@J DGR, Jﬁ‘&ﬁ%&%ﬂﬁe response

ter response Is |nvert|n n the re uency domain a filter

of t@emnbéaﬁmrfémcm b arpiiedda ﬁhw%élﬁb%f PB&TE%FH@Saﬁ% AP Faresgpotively show
nedi Bak Fnd&ad%ﬁi’?@dﬂ@ﬁ@ﬁﬂ&ﬂ!wﬁl ain @ Micngimaiatyd e egpualizingdities of the

eq?ggggnse |s termlﬁi{ .an ada tlve fl|t?s Ofrﬁlethod t‘iolnvertaf”ter

propor iona H&Stm" 0tﬁepnear ear H And the far ear .
[00SRITEIG[GCASYirileieambydinmidheditesthbrnpprdidstiarclioidesigned according

to glegstggcﬁgaf fz?e@eﬁjctﬁ%ﬁ%ﬁ‘as a response substantially equal to twice a
desired center HRTF. [00441 In an embodiment, the audio input Pgnas

[0954LBECS e fbpiput Hrséieabrtitrip of %ﬁgl%ﬁhéqr\}magpqgﬁg Ltilfers determined
acdeiimitiealspaeakemignaiianiangiotight virtual speaker location symmetric

listener, and the listener listening are s mm etr at
O R R 0 oS AR e T S e TR Al
detspeimke rtoortihg teasptRT Bf tha @rss.nm lttvanﬁan RHRIER Ehufiteratetwiptlidp "shuffler”).
[0 @ﬂﬁalkﬁf t@sﬂ&m %ﬂ@iﬁfﬂ%%ﬁhﬂ@ﬁt‘ﬂﬁyﬁhﬁgﬁﬁgﬁr dﬁdgﬁ Sh E'IﬁxllFﬁlter that is

[00451 In an exe eg{lary embodiment of the method, the audio input

thegdgriend sretRidERI Tefltripracanding ghespPrstette ’ﬂé(ﬁ“B?’i‘/l rtual speakers
[068%] 6 gl sHisted s&@@k&rd@mnwbamﬂ@mg@tmwms@ﬁmf joddadi@p a cascade of a

and then r HRTF is proportio aI to.th the left virtual
b B Bt S e AP T Cpei 5 RO et ahe
bxranammmnmmawszaspe@smﬁmmm tovenicaverage of the left virtual
a4y, 1o gl eal MBI F- At dag i Ak YichatSReakRN IGHcRRiAR fiter that

00461 In another exemplary embodiment. the audio input signals include
f’é’fﬁfﬁ‘ﬁﬁ %Y a right input, and the pair of virtual speakers are at a left
[odsy}tmum shRakebingalioman exﬁw@ﬂm&wﬁwmaw&aieenemaamnﬂng filter that
i fron,rtl he IJEW er 100471 era pch raegd grbodkgents will be
inc asr rom esen Sun,l Wlngser’zfrr11 claims. g&RIPTION
[O(IBF]IHGDRMWN@@$B@¢&E%@$@%H@W@@COMMMHHIMNpEW‘E@@(fOT

pro%\é’?gﬁ"lg; FIRJ,&‘ }g@ﬁi?%ﬁ&%ﬁ@&ﬂ&ﬂ@&?&%‘}ﬂ%&% audio by a plurality

Iters to provide a listener with the impression that each of the

[008BLEXSEAhanRelRrReeimgSyresmbaser P sp izt raber MRt R actepfa five
chﬁrn@l@@ﬂﬁ@dlmmm%ﬁhﬁﬁwﬂé@ i@f)Ed@of kB pyehpthieenéitin & create the impression

lizer with filters selected Fi i
o 4 L LA B B SR GO 1D A

OWS & stereo
[0062] BESli 18 Bsystesn thatdntigdrstiendaadivinpatzenctdfodimenhblirmscepts four

ché’i‘{ﬁglé?‘of audio information, and includes aspects of the present invention to create the impression
to a listener that a front center panned signal emanates from the center front of the listener and that a

rear center panned signal emanated from the center rear of the listener.

DETAILED DESCRIPTION

[0063] One aspect of the present invention is a binauralizer and binauralizing method that, for the
case of a stereo pair of inputs, uses measured or assumed HRTF pairs for two sources at a first source
angle and a second source angle to binuaralize the stereo pair of inputs for more than two source
angles, e.g . to create the illusion that a signal that is panned between the stereo pair of inputs is

emanating from a source at a third source angle between the first and second source angles.
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right channel input each processed through a air of IIRTF filters. While a
binauralizers having the structure of FIG. 1 may be prior an, a
binauralizer with filters selected according to one or more of the inventive
aspects described herein is not prior-alfl 140050] FIG. 3 shows
diagrammatically an example of HI2TFs for three source angles for, a left
[00§#T UG SpaRkerametighp MRS T dkethremsha centgledoctitid azit0o54ngle, denoted
FIGS, 4A, 4B, 4C, and 4D illustrate, s [ i use |
o et Al ShcaRen A e S SR UBICEH R MR Mk v ineRine
assUHHRITGR FIGMARtShewkarenicwir AR TEalEIEt aangta Pl Sleatrerd cadg gy botween

the bR thgaverRae Qf topmeahendilalabgehla he HRIF[PEIDA] deloSd as the pair
5A-5D show how equalizagion ¢ e.used 1o modi near a :
HRTES) ﬁ%@%@ﬁg{gﬁ&ﬁc it ?T}(n i#%?%ﬂc% ik ys%g € f%igﬁ P é éslre?g%t)t% as the pair
HRERAE). sl @R)wss phetiirviyyisd tiespein st speabep ARZH ienir fistdenged as the
pair%ﬁwﬂggggngﬁm far FIRJEs. FIGs. 5B and 5C respectively show

neareara FSafter ualization, and FIG. 5D shows the
[00653 Utingeairedagbinruializs esjarsizianuhexihal ficfaoundrapRaTE o goms: firy Yotual
spegéeq’g &Eiz%&%?a'@f@ﬂ'@ %JQ&@@JSEA% tﬁéﬁﬁ@ﬁ@w SO RikkisA@Or has found

response of an equalization filter designed accor.dlngato an a?% (2:1'% lc(n; }tlgt%m such as

thatsy eesetpt PAvesStROBRAOT A RS d Pock KR Fied KioRd iRurY 8
that W PRIGANZEF HAINGY sperrliz ech it dilpgssdeistalipgebadaor tinento with an imperfect

aspects of the present inyention. 10.[0055]. FIG.
conf L Y A P e OB e M ST ) el
[0066¢ Refiergiitp tafiGcsa0d . dres oviteinee mjuhdasivier ddsnolet iemiisieteeen the left
andﬁhﬁgﬂﬁ{;}el& ﬁ@aﬁé%r&e%@%%%@omlﬁﬁ %IRQ&IQJFP@GI 9f e stimulus at the

] auralizer using a sum signalfilter that is the desired center HRTF filter,
listepesriafigudrighteape Leban ant (uetiba - fSeRs7iEaks 2 ASHETNRSS YRIag ik
cancelled binauralizing fﬂée&ggpgbodi&nﬁeﬁ%zcluding a cascade ofa 15
ﬂ}%u{*f ralizer to.nl virtt akar ' %*@g&tions, and a cross 7
[0 ta c%a%cecﬁe?.é% %g%fﬁé'uralizer part incorpo%a?{%é aspects of the present (
invention. [0058] FIG. 11 shows an alternate embodiment of a crosstalk
10008} dt frdetiirdifiliizing filter that includes four filters. [0059] FIG. 12
shows another al t diment of a crosstalk cancelled
[Od@gpﬁﬁﬁfng#{%&emw&ﬁ@@gghyﬁler network, a sum signal filter, 8)
and RigHFened MET QeRy&RL(o0dMFIG. 13 shows an DSP-device
ed embodiment of an audio processing system for SSINGArer location.
10048} s8 ﬁ%%ﬁ‘i-‘epéﬂe %"c%arscﬁ%eg‘ 8%%%@8@8%@%’?@3%‘6’%?%(@% G, 1aA 00
Asshontba thedEREEimgasystoenth exkibitprefertiirenembbimn apaiiat cepts
M0 ShaRRRE B RAULiPdou Ral QR O Ehieles. asRaRisRi Weprabeat for the signal

invention to create the impression 25 to a listener that a rear center

splidnadbe dett AnddighiaRNS from the center rear of the listener.
[0071] LefiEar = RightEar = HRTF ,, ® Monolnput . )

[0072] Comparing Eqs. 7 and 9, to provide the listener with the correct perception of the direction of

MonolInput, termed a good "phantom center image," it is desired that:

HRTF, +HRTF,,
[0073] >

= HRTF,,. (10)

[0074] According to a first embodiment of the invention, an equalizing filter is applied to the inputs.
By restricting the equalizing filter to be a linear time invariant filter, the filtering of such an
equalizing filter may be applied (a) to the left and right channel input signals prior to binauralizing,

or (b) to the measured or assumed HRTFs for the listener for the left and right virtual speaker
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[0062] FIG. 14B shows a processing-system-based binauralizer
embodiment that accepts four channels of audio information, and
includes aspects of the present invention to create the impression to a
listener that a front center panned sigihdl-emanates from the center front of
the listener and that a rear center panned signal emanated from the
Jocatientenchdiaofithey istensitsfeD iy NEDDHES CR(FFF ONJooBtsdiselesired

phan??r%%%ﬁ% iherRreggniinvention is a binauralizer and binauralizing method
that, for the case of a stereo pair of inputs, uses measured or assumed

HRT, R[ﬁirs fordywessources at a first source angle and a second source
[oom]gé@bfﬂem;;eﬁﬁew @¥'pair of inputs for more than two source an
angles, e.g. t create the illusion that a signal that is panned betweenthe
[00FSRRRRA QTN IS T BT Man i G RI, s BIREFRL Al theiourbelapgelization.
tween the first and second source angles; -10- [0064] FIG. 3 SHOWS.8R fiter to
100 QP AR 6 TSP CORTeE B e R et o g e
the IBft foxlaibttouimtuel ispeakeior 4m kinglelioing i gheivelenite pimareliaing St IR near
and @&@%18& RAEh RS AP YRR P MRS s ABHREHMER, Vi ia| HRTR,, and the

speaker at an angle of O degrees, i.e., half way between the left and right
equaligingfHjss ak B T ATHEEEEPHFTA speaker, the HRTF pair is denoted

as the pair 5 HRTF(0,L) and HRTF(0,R) respectively. The left virtual
mo,;gfa{%?ﬂawlfé&? BN 5@ as the pair HR'T'F(B,L) and HRTF(B,R) (12)

respawrtvely aHg e righE@jrtual speaker 1-IRI'F pair is denoted as the

pair HRTF(-8,L) and HRTF(-OR) respectively. [0065] It is desired to
[00PH Lombining stthda ibpleads thiftqdesustrPapbRs to come from virtual

speakers at azimuth angles 8. As discussed in the BACKGROUND

tiR T, &i@ar- h AR IGnd®1B%nat er panned signal when

[Oogﬁ‘fyed back througha traditional binaural playback system such as that of

FIG. 2 for virtual speakers at.azimyth an%ﬁes 8 usual%ﬁrowd%%%tlﬁ%ﬁpﬁlre

(00§ A i Anpfh9dtRc At PHHALGEETHISE 18, e

(13)

glﬁ%gﬁr@glf’z fdoe -
conprinale HISFR(AR T RfileHRT RORvediltefOBAG Ruter T 1 isratistied by an
o ugfi]zdnEﬁ 8117§Vevr\l/t3§_n an input denoted Monolnput is split between the left

-0 ﬁgh% clrannel inputs and processed by the stereo-binaural system of

FIG. 2, the stimulus at the 1 l—lﬁt’f’ er's I%d right ears, LeftEar and
[Oog'&h@r,;rqﬂpppgiv@ygﬁws WﬁHRTF. + HRTFf,, [0067]  (14)

LeftEar = RightEar = 2 (r) Monolnput (#) [0068] It is desired that: [0069]

LeftEar = HRTF(O, L) (r). Monolnput (8).. Right Ear = HRTF(0 ¥ are filt
(008 ehsput 6 ébf%‘&? %‘é"ﬁﬁ%ﬂbﬁ*%&ﬁ%ﬁ%@ i alté?\%l'gﬁgiinpﬁﬁe e
speCifieiated fhostaneantes losdtignis@ b shessum & timtetiie K Riifties T'® Xis a delta

measu emﬁggs exhi it.gerfect symmetry. Thus, assume that

funpheb A o2 MRTERY3Rd denote this quantity as HRTFar. Itis therefore
[008d3inahthabtdardteedigman in the art for constructing an inverse filter. Inverse filtering is also

known in the art as deconvolution. In a first implementation, where X and ¥ are for FIR filters
specified by a finite length vector representing the impulse response, one forms a Toeplitz matrix
based on ¥, denoted Toeplitz(¥). The vector X is a finite length vector chosen so that

Toeplitz(¥) ® Toeplitz(X) is close to a delta function. That is, Toeplitz(¥) Toeplitz(X) is close to an
identity matrix, with error being minimized in a least squares sense. In one implementation, one uses
iterative method to determine such inverse. ‘

[0085] The present invention is not restricted to any particular method of determining the inverse
filter. One alternate method structures the inverse filtering problem as an adaptive filter design

problem. A FIR filter of impulse response X, length n1] is followed by a FIR filter of impulse

response Y of leﬁgth my. A reference output of delaying an input is subtracted from the output of the
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split into the left and right inputs, [0071] LeftEar = RightEar = HRTF~" (r)
Monolnput . (9) [0072] Comparing Egs. 7 and 9, to provide the listener
with the correct perception of the direction of 25 Monolnput, termed a
good "phantom center image," it is des¥ed that: [0073] HRTFQO,?2
HRTFf,, =HRTF,,,. (10) [0074] According to a first embodiment of the
caschave mirn; Amequalizitydilterdsapipiet Thelecffivitsts Erestrdtiydiehanged to
minigive e iR ”tser{uggeg% ol BeRL NG RvaiRL R e iRt pe ol slcoaa by
equalizing filter ma lge applied (a) to the left and right channel mHg}ﬂ ormalized
stanéagﬁmgtfm%%h@m&gaﬁswiwgﬁ%ﬁlw@)(%e“}?f&aéu%ﬂVc?f‘até%‘b"n%ee e n
LM SRS fgedie: istenes, DrHbgdel andmiyh FiiruThepeydkod Bdl- Boghtiond, CLiffs, NJ:
uch.t rage of the resulti T imates
AT i e e W U
[0086R Yetangie) ooRbhatefahe Rvese Sdienis darrinas iaftherfaquneroanpin. The
inveftfd 1&35%_1‘&55% fithers Srairmelude e ?Ba atimn@d&ﬂ%zﬂs msﬁr?rb?eié@ﬂﬁéﬂ{RTF
equalizing filter response, e.g., impulse response. ing thi
it 8 TN EFUA PG RHEF DS B0 IR sy e el iAonses
are lhinaunalizing witbld-RFiBdueas fifed WRFHTaquthersrehpnninty fruprsaad Gat of the
- and -9HRTF pairs denoted HRTFnear and HRTRfaH]@ﬁaL the. gRyalizing

HRTiltgnes folonss ASSLTNG SyiTiavetsy &R THY mmm%gge&% for such
[0078] HRTFfa, = HRTFfar 0 EQc 10 [0079] Combining with*Eq. 11, leads

HR 1 he-AesipdralatienshipbdRId & () EQc + HRTFaa, 0 EQc _ HRTFar
(13) [0080] 2 [0081] In one embodin & th(_e1L L }}zing filter is obtained
[00@?’]8[9 ?8%&8&1‘&%&%‘3&&9&&1%@1&t C ciile e He sirpaldr Rl ik @equency
and an inverse filter. In particular, Eqg. 13 is atisfied by an equalizing filter
dondiven by; 16ar 15 [0082] EQc = HRTFfar 0 inverse (HRTF + HRTFfar (14)
BR[O w'ere'inverseQ denoted the operation aof inverse filtering, such
[0088d Trpesteaytheranprisesresprasriedhn f58UGATE YIRIHN, e.g., as impulse
[00593PRR56 S Yo hREsR (X inplieddipsisa deltam fupgiianmivifruéniy domain scale,

[ution. [0084] M th in the art.f tructi
e.g.fm%%gﬁ [rmgwlgglﬁﬁger glgo%?gﬁ%gsrteo l%Qr%\év hénsmoeot?l{ed 858%&%%8&%@% be well

behaved, and thus to be invertible.

[0090] Invert the smoothed amplitude response.
[0091] Add phase response to the inverted smoothed amplitude filter such that the resulting filter is
a minimum phase filter. The original phase of the filter prior to inversion is not used.

[0092] Thus, a first embodiment includes using an equalization filter denoted EQg, that in one

embodiment is computed as:

[0093] EQ. = HRTF,, ® inverse

ctr

HRTEI@G" + HRTF‘"@G}‘ )
2

[0094] to modify the HRTF,.s and HRTFy, to create equalized HRTF filters HRTF'yeqr and HRTF pur

are now no longer equal to HRTF(G L) and HRTF(OR), i.e., HRT Fyear and HRTFy, as would be ideal.

Tnstead, the left and right channel audio input signals now have an overall equalization applied to
them.

[0095] In general, this equalization has been found to not cause undue deterioration of the overall
process, in that listeners do not perceive the left and right virtual speaker sounds to be bad.

[0096] The resulting equalized HRTF pair, HRTF'e0r and HRTF oy satisfy the following criteria:
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20 known in the art as deconvolution. In a first implementation, where X
and Y are for FIR filters specified by a finite length vector representing the
impulse response, one forms a Toeplitz matrix based on Y, denoted
Toeplitz(Y), The vector X is a finite lerdth-vector chosen so that
Toeplitz(Y) 0 Toeplitz(X) is close to a delta function. That is, Toeplitz(Y)

1. Toeplle (¥pimstadehtospsterid atntimatrixt sisthaldsrprmbedrfylintaitkideld onraght is

e R AL WA SPOPAR QRS MR IR MENLBHOR 1 ABEHISBS: R TliRIa M Renoted Gand -6,

method to determine such Inverse. [0085] The present invention is not
butwithie pstpiiychnhepigrievrsl preitization Kfflthe inverse filter. One
2. altermakadipitod Stitisikes Wirinkerssufifgtindg pratte puasdis adgptive to the

filter design rogjem. A FIR filter of impulse response X, length nil is
ey

oW fitter of impulse response Yof length m2. A reference

delayj n inpyt i§ subtracted from tof the .12, . .
o e Rl S e R P e G ppgpratier o
plaaeeviaialipeekysha A geet §0. Fithiizkothetheesra saed /8 dBIBvdidphdk tipdesired center

S gsinfartAdaptiveigh Gl SIARORIAReINPATPICH. BSd in th
ﬁltﬁ%egﬁgzgg(fr%gﬁcgﬁﬁﬁﬁrﬁe@(ﬁ%ﬂ%&%?}nse%o%?%?%%g?iation called the ™ e
binReHNIZ BUG 1 AISHnethionSeerdo v exampleHR THayRIM ,,AdapliMbdliiteuralizer, and

Theory,"” 3rd Ed., Englewood Cliffs, NJ: 5 E’rentice Hall, 1996. Other
FIGid&Y seontechingvaeses Afifmeethatd dbieands T Be: U botsepbpatm of the near and

far@NOPeEERRGNRRAYSY dbgdavenge filter is determined in the frequency
omain. The inventor produces a library of HRTF filters for use w,

d . i
[OQRRL GG, s Fh SR RHERANAHR RAR PR U PSRN DR ACED %léﬁhg&}é‘m’ filters
sudaee thysinthRfsemiencytinelals, dssietd toallER. ffEgendyvespoiispdse response

re known to he inyertible to proquc ilter wh ue ONSE,IS ;<o
of AR DY WIS BOHE CRPERLE e AR G ROV T 45° nea
ca PR AL CERATRGIAN iNMaESEtitter IS tornuesfan skethe A sHRTda RN Aor

known to be well behaved. [IRTF,~a, + ITRTFf,, [0087] In yet another
eqeatitatidimbat ishBRilEs sl Bite A0rshinw Fribe nesvdijngoerass ektiefgupdized near
88, Transform the.i eres the fr CYdoMmaAit. 1 3nat th £
m{ggél&}i R%‘ﬁngzgé?%‘c?gﬁﬁ%ﬁg’ € a piltu e rvé%%fr%g}é’.gt., ina Iogaritﬁmig avelage ©
thefrgqelénedyneroraral fos FRE Feclysebrmptghes thoaneaseiediBnHRKE. smoothing is

[0899P 1R RS RMO AR A ALY HHs TP 36 IR B?tm@hﬁﬁ%mqn@p@gys
to be invertible. [0090] Invert the smoothed am%htude res(?onse., [0091

Onggipnsstsamines il srefficiratider SHb B Bliard i Evrest {7 and 8
shéherkesittingtéiliapien aQ-tisnipifinaupliass fidieg. shbie detginatdbaatieHtHRTF filters.

Flgl.t‘? rsl%%% g%xiﬂgkvi?r{p -grgek a%%% 'Piaeugih'hich four filters: two near filters 41 and 44 of impulse
responses HRTF",..- and two far filters 42 and 43 of impulse responses HRTF'y,, are used to create
signals to be added by adders 45 and 46 to produce the left ear signal and right ear signal.

[0100] FIG. 8 shows a second implementation 50 that uses the shuffler structure first proposed by
Cooper and Bauck. See for example, U.S. Patent 4,893,342 to Cooper and Bauck titled HEAD
DIFFRACTION COMPENSATED STEREO SYSTEM. A shuffler that includes an adder 51 and a
subtractor 52 produces a first signal which is a sum of the left and right audio input signals, and a
second signal which is the difference of the left and right audio signals. In the shuffler
implementation 50, only two filters are required, a sum filter 53 having an impulse response
HRTF'yo0r+ HRTF 'y, for the first shuffled signal: the sum signal, and a difference filter 54 having an
impulse response HRTFeqr— HRTF', for the second shuffled signal: the difference signal. The
resulting signals are now unshuffled in an unshuffler network (an "unshuffler") that reverses the

operation of a shufﬂér, and includes an adder 55 to produce the left ear signal, and a subtractor 56 to
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[0092] Thus, a first embodiment includes using an equalization filter

denoted EQc, that in one embodiment is computed as: 1 (0093] E, QC =

HRTFa" (r)inverse C HRTF,,,,, + IRTF"a", 2 ) [0094] to modify the

HRTF,,.. and HRTFfa, to create equalizéd HRTF filters HRTF "e", and

HRTF fe, 25 are now no longer equal to HRTF(B,L) and HRTF(B,R), i.e.,
prétiRERIE eighird HigTdt facdin ol ddimitielat, dnsteadithie byftvanalteighators 57 and 58 in

eateﬁéemeéﬁy&k%m%%m 3 E@Wa@ﬁﬁ%x%ﬂt%‘éﬁ@%ﬂ%%‘%ﬂ?ion applied to

m. [0095] In general, this equalization has been found to not cause

[0 AL B ete i Rirafohe aaierens hhataa dnpsdeResichstdy pptalizing the near and

faPErCEN gt letinneyighhyitur GReakessaUuIRT rGiRe hagorse, 200R6E ., /. This
The resulting equalized HRTF pair, HRTF'neor and HRTFfa, satisfy the

maki,geTiee e e sum filtgr follawed By Hsarprillies aamrprk afictp A pifsppators 57, 58 is
basSigNBl 468 PRMPeRitupritddhecaficopaighd isgegquivalent to the desired HRTF

nse for the selected sound source lacations denoted -B". b )
A ULTE BT SSU A E SE ALl Qi e ot
sindleptmBEioB ihassgsbenwithierstnefitipueslaral by devitlsriadasted peneryIRTF filter.

[oEEResiR NG iﬁxﬁ&@ﬁt&ﬁ&?%@ﬁ@v&ﬁﬁﬁﬁé@ﬁ&c@%@ﬂdxﬁ&@@- 4A, 413, 4C,

and 4D illustrate some typical HRTF filters for use In a binauralizer tqQ

" place Virtsingaakersisne 1am PR Gty hEl g RIGRI RO the sum of
thevlefchnis ibkt desinetigamntersififarfiientigddiRT & teateed teiEerABtsiiopsitbeimage for

Jneas ?n%(fl's:’ SRl héﬁiTF HRTFrrear. used in the binauralizer. FIG.
2 4C sﬁ%\llvs th(legquneaos?{%rgd 45 far ear HRTF, HRTFfal, used in the

* binadtedreating iep seemdsiam! dnshibesbuilierdge e ¢iEdence sisgaaepgriienal to the
sulilRths 1¢hGad AehseRAiNapuE 6F the meastend fighd MRk srél@gs B@hately processed

WJJEIED e desied DHRTE, 00881 FGS, S0 chow bow eqlzation

can be used to modi e near and fa FS suc at'the sum

losely matche esired 0 |-1RTF..FIG. hows the impul
S Sl A RSP L8 1 R A DAL U i o adder
511HRT Febirafti® SB B shines the «tbtersad Hifleranperipmalst Y halgubdi sebodinpeitof FIG. 9

uskd L%RIE&Q@%&- gl REraRemsHle dnfarench RlSualtem aayalizatian of the

that is, HRTF'ytear, and FIG. 5D shows the resulting average of t%% nath
eopelizei et Hoahapehedmenb el B etrraleens e s e SHiAVILAEIE: Btstarihat bas

twidé3hd Aesirebeetter IRTFthapthe cardrags fof thvel Hiiuealiedil tcélr aredpfarse equal to the

unf'é'{&ﬁ?z%&h?ﬁ%%n@aﬁjtgﬁ THS0RES %ﬁ‘é&l&ﬁﬁ%ﬂésiﬂ%@ %?Qh'-:é&ﬁ@y SDRYSHREF image, at

quency magnitude response of the equalization filter EQc.”20 Once one
thejexepnsmessares ineligeion ererta 1be Erft AdRighremrels, and HRTFfa"

[0TOSPTHeARSS ppheiiR R IR SN AN SHGHIDRS S PUBSUIRIRS &S B3iBEs:

LSUC gt%ﬁ%ﬁ?wi%gtggggr%gg il;lrl:\if-irrtlflﬁlts%regker HRTE’s, apply equalization filtering to these
near and far virtual speaker HRTF’s, so as to force the sum of the near and far HRTF's to
approximate twice the desired center HRTF. This provides a listener with the desired high-quality
center HRTF image, at the expense of some equalization variation in the perceived left and right
signals.‘ Such equalization error has been found to not be unpleasing.

2. Starting with the near and far virtual speaker HRTF’s, and the desired center HRTF,
determine the difference filter as the difference of the near and far HRTF filters. Construct a sum »
signal and difference signal, e.g., using a shuffler network. Apply the desired center HRTF filter to
the sum signal, and apply a filter with a response proportional to the difference of the near and far
speaker HRTF filters to the difference signal. Unshuffle the resulting two filtered signals and apply to
the left and right ears, e.g., via headphones. This provides a listener with the desired high-quality

center image, at the expense of some localization error in the left and right virtual speaker signals.
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FIG. 7 shows a first implementation 40 in which four filters: two near filters
41 and 44 of impulse responses HRTF,,,, and two far filters 42 and 43 of
impulse responses HRTFra, are used to create signals to be added by
adders 45 and 46 to produce the left eag signal and right car signal. 25
[0100] FIG. 8 shows a second implementation 50 that uses the shuffler

A {BiFYstHEE diRsbMpnRsediBih-C Rt andiBaUCknS2aidbample, U.S.

Patent 4,893,342 to Cooper and Bauck. titled HEAD.. DIFER lized
5. CONPENSIFER STERE] QPR il eliacaan Ao
neaa AUl sHBFEstdv o0 tbdsea bt saunind fltacresacnssanitticelrehied septer HRTE

to FHEMRULINIISIONIS AT, ﬁ@&%@éﬁﬁ&ﬂﬁﬂ@ﬁ&@%ﬁh@&]@iﬁ%@gg&@ésponses with
(0]

the left and. right audig signals, Ip the shuffler 30 implem tion 50, onl
oA LB P ICHIEE A0 RIS URHngs e e
CotdRIEnean-siRT ifalifforehe fimtas i edisigrebiufier sefmosighapiz iy desired

avegégg WRCRifllies /4 Jﬁﬁ%f%ﬁfhﬂ%ﬁ@%@é@%@ KR Eneo i kAR Fitten tdand gt erence
second shuffled sgnal: e difference signal. The resg?l%r%%(g% nals are

siepriw astertifribe s U ingtuR dHierd SghehetdiPrIndn A ESag e
headprsasionids providéfaniantindth desdasiratibigh-5halitpretecBRAF ofegsant the expense

of ssoi Q%Q.aya(r:]‘lie%grlxj Qrtxgis%tigg ?o%a;[ z f' &é&%ﬁ}%@ﬁ&&iﬁﬁ%ﬁégr@h@w”ng
maybe’included, e .g., as divide by two attenuators 57 and 58 in each )
[0196thOfen abisriate shbadimeate psessitsiiepiend pa A BT oEsE Petes s Arality of
theuél{%ij_ m&g@'ﬁ&thﬁtqﬁm@mﬁut@gr@%&%ammm% mpwla,ﬁelmamye_m, the
equalizing the near an r s is . agproximat qual to the desire,
cgE R o LS CRGS S P RGPS & St DO SR bo onty
partiwigeffedtites fetidtvgdnysthef HRFES et hetwoskigBlyoesanlsaanericritopge than the
AR 2B iRasicalsan MR TR RALTOF SrsemiaeRanned Hanahdfikegh Mat the left
an alternate method, rather than pre-equalize the near and f E?S%I 5, 2 bed
ancLigMeIERHBTERo ol PICh 3 ToHLERreB MR RS AT eE K goscribe
in oy fisukbeihacdaisddaentarbd®mentiiter. [0103] Such an implementation
j wn in FIG. 9 and corresponds.to: 10 Processi i [
O R B B P O R oL e (o) TaPaL e
equitittisTaeumes (UG, Qussitieria Aileeehtifieanonays the 68y et hilier iktlypd, and likewise,
theRRAHEHTNITRTOPhAERRIBhRANBEA SIGN A FARRONEIE nBHRERSSINGethel-behaved
second signal from the shuffler, i.e., tl;]];%[{lerejﬂ esi ﬂal ?tgortion I,dt]lota air of
Ph3FRTCSPRASE e TRALHY M T EH IR A, o ﬁ%{te f%el?g?ﬁanrd Srfélﬁg aap
sudhpyislizsiapfiteni matedyhposedstd sibeospen wohlieter duesiretsfe. This
eq%?ga%oqéeﬂ{grqsr@m L 1&‘3%@&&9&9@%%&9&9@& HRE LRI @sired speaker

( leves this by using a shuffler network that includes the adde n
locgtiognPdhntar reruiingsigratnce Rised ek i A diimmerahe R¥Rgiy WA hat the
resiilergmbe dim enteqbiiitssd SIRIgE S edtandiRighitBoinalipeet METF sntlgerbut suffer only

lesg%n‘\l/ﬁrtgt}g%?rinto Hpelgﬁm?l @Hqtﬂ{ggrgglce of the equalized HRTFs, the
STBdTmEntor IS8 repﬁaceg & Stimi filter with a sum filter 59 that has

20 twice the desired center HRTF response, and uses for the difference

Lapgesisperker &486ise equal to the
[0108] While the description above shows the technique used for placing virtual L and R speakers in

front of the listener, e.g., £30 degrees, or £45 degrees, the method and apparatus described herein
works also for larger virtual speaker angles, even up to =90 degrees. With reproduction using actual
loudspeakers, placing the loudspeakers close to 90 degrees to the listener, e.g., directly to the left
and right of the listener does not correctly localize a center signal created by panning, e.g., center
panning created by equally dividing a mono signal between the left and right speakers in such a case
does not properly create a phantom center image for stereo speaker playback. In the case of playback

through actual speakers, such center panning is known to correctly create the location of the center
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unequalized difference filter. This method provides the desired
high-quality center HRTF image, at the expense of some localization
error in the Left and Right signals. [0105] Therefore, presented have been
a first and a second set of embodimenig as follows: 1. Starting with the
near and far virtual speaker HRTF's, apply equalization filtering to these

for 4 ARGRY, RR0 IR VAtA) SRRSHK QAR hage £ ft6rd0 pEaReRaSbABLObIREWIRAthe stereo

and far HRTF's to approximate twice the desired center HRTF, Thi i
PO A T ORI A L HrohE U S bR o lgtoes o the

list¢her. edgperts efahsprerent quaditiationovikidtioplaybinls herebitreadpbfmaneifipfpnt-center
imaggmeﬁo%mg&uﬁi&@ﬂgm SiERk RS DGER 1010ditpBal B mRisRsINg. 2.

arting with the near and far virtual speaker HRTF's, and the desired

Pld Eyct/?fh%@éf 30.determine the difference filter as the difference of the
ear and réﬁRTF filters, Construct a sum signal and difference signal,

[0169]. Tusimgtaoshaifleppativsek désppibedhbote siieg BRTR (kRS ondy gpplicable for
bin%\#?f ﬁégé’]p%lé?%[%qa%&llx @uff lltx%[yvﬁg gﬁlﬁ@&&%@é@ e 9ﬁ§bggﬁ.hfeohniques for creating

erence of thenear and fai speaker HRTF filters to the difference
the gfpa PopHEId ree iratiRasyiRiFRF e ffer G TSgRER SR FEP Al P B 98 SRIP A Agree
imdgghiieapsaleutplayicablead phareswhhistps axides adistensonijtiefiresd esieliross-talk
high-quality 35 center image, at the.g of izati roh
LS AL e ponslpse b are oo
Atagendtficlsetre tifles VERBISREN T5QUNR S QB AE TR ANSMEGRe Fgstalk refers to the
crogﬁtmlt}%ﬁc?e% fbove gﬁflimgﬁléﬁﬁo?%ms@ﬂgr diﬁﬂ‘[@ﬁlﬁ@nﬁfﬂi%ré é),&fr@lgkt@dlk f‘bletween the
equalized near and far HRTFs, Average the sum of t ualized filter
oupalght el i PR EP SRRV ST B JUeRSGEe Sifhor e
plasigmaffilicof Aliskags ¢hstifiordacdosheefiegubdamiekfiend dspo tsaishfimmesker, and
alsd fotﬂiJ fesenceiRbing WisaHalzed BRLE e iRia R8I 3BuANURIEH disturbed by

difference signal filter. Construct a sum signal and difference %jga{mal, ely%., h
crogitatly rassiathd FOmbIR SIRPSIARHE bluslpstiizatens GEostmimrBr tortes KYFses the
effsigedraaasliapply the averaged difference signal filter to the difference

i |. Unshuffle the resulting two.filtered.si Is a {Qg&g{ 5‘93
alke 1 th
[Oﬁggﬁtﬁgé?sr?g?a .1,n %?’ é’é’éﬁﬁ%g%)ééf fgnﬁreol\?fgfé\geg ’l?sctnldgcr%egrp‘v%/?ttﬁthe desgr?ed s e

mohiginpytisiinplderttey sHRIEsmswdly alatnd bxferiod the bvteenbke oregHatdtico pair,
with 2k SRINEs1AGAIZRLAR SRR IS bialli@ns i Sig AR $isteHed Lakdther corresponds to

alternate embodiments are possjble, to a%rovide, a cgmgr%rpis% between the
2 byl P EERuRRleAgE SA4RE AR Sr R R ROERY PGP hages. In
[01a fr Asuichranpigdisnsiae the @ubiizalion fiieireloatiiat 685 @gefon et ofa
1ist\e/1|1ret}J al IR aplgesgsl z;}g 2145 1$10) Or(cj){;{ 9 th%?i&%&%@ﬁl{’t’ﬂb’ il Q{&}?‘HY aeggﬁﬁg\ésurce at +60°.

resulting'i ase{ of eisa’ s that have a slightly less clear center image

Cropmialineancsllaibimyentizetioreerinetise tisby befb e vdsing dhesail flegrec HRTF's that are

imﬁn&%l’&m%rﬁ@sm xg&w@@fwaﬂm@awftﬁhg dgfﬁglmél'?s@r lE:I%IiEHIﬁI&ﬁe.
oL colored as mucn as woulid occur Wlt the equalize Hners .
(0TI STt ho TSt SRS g LS ST SR RS T P ny virtul

sourermsipétificnesfthplistaerdgirmit enis pradticedbolindibimistaerangBery difficult to
aﬁzﬁ%ﬁl@et& ﬁegree front image is still typically created by the more common method of splitting an
input between the two speakers, called center panning, rather than by using HRTFs, so that the mono
input to be centrally located by a listener is fed to the left and right speakers with around 3 to 6dB of
attenuation.

[0113] Suppose it is desired to process a stereo input signal pair for playback over speakers that are
located at some angles, e.g., at £30° in front of a listener, and suppose it is desired to provide the
listener with the illusion of listening to a pair of speakers located elsewhere, e.g., at £60° angles in

front of the listener. One prior art method of achieving this is to create a crosstalk cancelled
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equalization curve of FIG. 6 so that, at each frequency, the effect of the

filter is halved, and likewise, 20 the equalization filter's phase response

(not shown) is halved, while maintaining the well-behaved phase

response, e.g., maintaining a minimumjghase filter. The resulting filter is

such that a pair of such equalization filters cascaded provide the same
binkRSNRBSE RS 0 HHeY s‘iiaﬂwBrbgsﬁlﬁc@céimbﬁa@,uaiiﬁ'ﬁi'g)ﬂlfwaﬁjﬁemtédms a cascade

uallz sired, e sy RTF |Iter$ for the d

o B A TR e Arthen T 1 AEE R Shaive
incindesritothfoumantie taseter p”ewmﬁgnﬁe&#mef@rwfaﬁ%eé)ﬁmwomfé@mw filters

61.239VAILR RAstNd %%Egﬂé%qs‘:@ﬁtﬂéd Mage, hytaytier RAR EssIebsedizatiehose impulse
error in the left right images. Larger speaker a é;les [01081 While the
resgRseriptienstad BRI Sirowkhe R en Al Gaed aeed AR U ddid Py adders 65, 66 to

forﬁpﬁg %AH éﬂ 19&&&%1@@ LS e WAL HRGIEER ﬂﬁeggg@%smﬁk canceller to

metho and apparatus described herein 30 works also for Iariﬂer vjrtual K
cangsbthrsroshigikSreatedal iecetet) SRegrerdecaipts e 8rdtidcfongsh d et t
cad@élli'ﬁﬁ&ﬁhﬁrﬁxemgﬂm@ﬁhﬁ intitispeakessalobe el @ttbgrsemtefhease or forced

syl Tiane %a‘ée%ed'fect%ss HRe et ayrg digt9T SRQHRtengr Qfgg%egb%g@{g%‘eﬂ&ed X pear
T B e s P

ocalize a cen rS|gna create anning, e.g., centet panning created
anbiheivalbsdiiding dlimpfihesigital betweeimtiustekspobeighiespted Regs, ifellowed by

such a case_does no roperly eate ntqQ e for stereo
S e AR S TSk U8 AT 0P 1 S o 7
spesilteh7Bentex fginnprgksr KAOWN to correctly create the location of the center
oﬁ% ALkt L CERAS: BRNRON L RS BT OR (UNHE HRrs s a linear ime-

er p ay When the stereo srgﬁ)a ers are placed

Wmm@wweaﬁedfftwé hiseavdizan meyhorePiRsstad 8t TS HRYrdue futPut

sydRs. lﬁ@ﬁ@rs%&@@ﬁtﬁx@ﬂéﬂenwﬂﬁeéﬁdﬁblﬁ&l&aﬁkﬁnﬁwﬁefmdlb&)dam&éhﬁn@hr filters 75,
|th front- ce I loca the virtual left/ri

763?56% Hva 55%% ﬂﬁgﬁ) ic ﬁg{ Heﬁ Sym e{rg Porgl&?{?mmemo)

Stener. o' y ac lIJg spe kers
caf@19% wmdrffmdmaﬂ@ aq@peatmi eez@fae@@nbe deaprnse desiplgd-fies frdiers 75 and

caren onl Ilcablef raI h ep, b t ﬁ% e G d
76, A C%I t@r%o Baker pPay %gnlc?t?es fyor éreatlr?g{t I

Gépﬁ@%lﬁﬁﬁhi@ﬂ&[b Y—lR”EBﬁ&K&I‘HRT&T ndEChIdiBIRAF for azr@&tmgqsktalmmceumg filters
sound source images via speaker playback are well known in the art, and
Xtape"’é’ér?ﬁﬁaonly referred to as "cross-talk 10 cancelled binaural” techniques

Aﬁ@%ﬂrﬂowﬁefﬁe R6Em th%% %1%&%%@@&3@%?%@ S6%AQn A8l 11 can also
Schroeder titled APPAR SOUND SOURCE TRANSLATOR

e%?ﬁ%f’e‘%@‘f&%’é@ ONRIERIKTGe A EIT e FhRv TRt Bpefled bnauralizer

mdlﬁaa{ge& dhuringgdistenini 9e Wat e sstalkebetweprothee autputighd apbakdtractor 82 to
r furthest from the s r le, fo

e T

haweaﬁn gmmdqum%w@npaﬁh%ra%@f@ﬂ%%}w &4t @kt fhe difference
1%1( retQ(zeca Iselftn% iﬁg eha\ﬁr? i%ﬁ)ﬂl%?@é&%%qg ld?t%oﬁﬁ?tg sy rbe(t}l&}f, followed
rossta crossta ni lur Ioca

nown tO SIg cant ation. Crogg%é
by%ﬁﬁ&ilﬁtfﬂmgemmﬂs Ghehat also includes a summer 85 to produce the left speaker signal for a

left speaker 73 and a subtractor to produce a right speaker signal for a right speaker 74.

[0116] Thus, a crosstalk cancelled binauralizing filter is implemented by a structure shown in

FIG. 12, which is similar to the structures shown in FIG. 8 and FIG.9.

[0117] In one embodiment, the sum filter is designed to accurately reproduce a source located at the
center, e.g., at 0°, Rather than calculate what such a filter is, one embodiment uses a delta function
for such a filter, using the knowledge that a listener listening to an equal amount of a mono signal on

a left and a right speaker accurately localizes such a signal as coming from the center. In an alternate
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effect of crosstalk. [01101 For a mono input, a typical cross-talk-cancelled

filter includes two filters that process the mono input signal to two

speakers, usually placed in front of the listener like a regular stereo pair,

20 with the signals at the speakers intepgled to provide a stimulus at the

listener's ears that corresponds to a binaural response attributable to a
enﬁ@&lm:&tl’ iRl i aen B %Hﬁu&k&!ﬂmﬂs@%&t@lhi&ifb]ﬂo&s fhie @xarmipeio be approximately
the]l | Lg/eﬁltt\évroeacw 1%) qkers thaés? rrgslpo%%elg ﬁ ]T3Qungtgoesﬁm fr él’ﬂg.t@

Stener, and Stppose it ia desived to provide the listener with the illusion of

emiasdmpis, :f,b@m@ ﬁ!tm@ reﬂ@e@%bnaﬁkf'@aﬁ@élnéanmmumwaﬂtﬁﬁp&@méﬂ&rth is

[oPmpchel@&dmmnmﬂaﬁgué%&eoH%ﬂﬁ%Hﬁ@h AS it PRI RERY Th&lization'
physical speaker setup, and blnaurallzln_ 60 de ree HRE{Z filters.

PelfsHoR GRS IR TSR L ARRT R R RLoT BErS 570 for o
comreatty ahme&banytmhﬁaabmmehat@elmrfﬁhmbﬁﬁeh edigkener (virtual

source locations behind the listener are very difficult to attain), the 0
Redegraeafspedikenage is still typically created by the more common method

of splitting an input between the two speakers, called center panning,

[OF29h e epiier BPERSAGRerHRRl b R RaTr A RESRHIHBE A SER B HiE CRHRALIRpree, by
binagalzthpio ailisikrapiaied todipgelefbaddstighbsprakers. Widhingoundear tartual

it 01131 t
speaﬂera?ca"f"l s]‘sgr gr% 'lcg ]tm% a Sl!ija?lpoﬁ %elrg’cgr 99 gé?%&ﬁz@ﬁo Wee 136 E%E%Qe '&9& center)

signal pair e spea ers that ar ocated at some angles,
pogitin, a@}?,@wﬁ@hw bonesrb therrdragpisosesitittdesired to provide the

[01i54¢N8 a%@almeei iR QhUieiBG I AIPAIR] SRABKAISERIAWS a traditional five
elsewhere, e.g., at angles in 35 fr g%of theli If ggr Qne prig r art

SPORRA RS Ega e iRg ! ﬂ%&‘} &@ iR dosatipny Al gAY IaT five-speaker
arrbmgameah zar bE Kendleishweittstbuaiied adbsstagk daneelled mmganm%ﬁ [teereated. This

lemented s a cascade of a maur |ze t ce. v
al eg t%%‘?%cflfﬁt NS d §onky & maura ﬁ%ctfl (gleI s’ in &%a{éy Edbbratoris,
In(&ﬁaniéﬂmmas@é@ﬂ@ws’@s!ﬁn@etric case, e.g., per Eq. 3) the two near
[Oﬂ.li]TA Bps@[i% tgen?aj éﬂﬂ%ﬁﬁn&ﬁﬁﬂk’i@dé@%ﬁ%&%@tﬂ@f&%‘%{éé} RAdR5E 8 AEF filters

the far HRTF fi 63, 64 whose impulse 5 response is denoted HRTFfar
suchy{bap i of Bacubiarciser asainst tse A BKerbiPRgERatpEt 6 tyrad Frar conter

aiire faftapehsighh poausatizatrhibrtels sitheddnautal Refiminiane thpytavia a

-talk canceller to cance th Cros created at t ctual.s
L e T
pefeeivinge rbmagm@mz@n@ndcswma theapheahBosy therremier seaiebyf fop dwe surround images

(reay m@&mﬁmlﬁ%aﬁxﬁf QsialeaneRliRe dilaisbdn @&Wﬁ@%ﬁﬁ%'%@ using a
response is denoted Xnear 10 and the fa B_é}fcrofsﬁitalk cancellﬂ%ﬂlter
ezsired center rear

binggralizgsbakisen asuliss RS fewBsiRd Gt 1RPTS

HRTtlcr&ts phpoalkhigmie smtatkan eptoduatditie 3 lahefdphonheaputputs @mectly come
frofrgrﬂ?e l@é Je%pﬁﬁwliﬁi%eai@ﬂ a4 ﬁ@hﬁ%ﬁ?&ﬁﬁﬁﬁs Pﬁ%ﬁ@@gﬁﬁéﬁﬁﬁqgﬂqnﬁ‘ﬁght rear

near and far binauralizer and crosstalk cancel ers iIs a linear time-

virfygbipspitesy SatarerplichBy efidbestenitebieratitafizer may be represented as a
[01DY ARG MMBsUREN includes combining front and rear processing to process both rear

signals and front signals. Note that surround sound, e.g., four channel sound, is able to process the
front left and right signals, and also the rear left and right signals to correctly reproduce a virtual
center front sound and a virtual center rear sound.

[0123] Note that it will be understood by those skilled in the art that the above filter
implementations do not include audio amplifiers, and other similar components. Further, the above
implementations are for digital filtering. Therefore, for analog inputs, analog to digital converters

will be understood by those in the art to be included. Further, digital-to-analog converters will be
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15 system. FIG. 11 shows an implementation of such a crosstalk
cancelled binauralizer as four filters 75, 76, 77, and 78, and two summers
79 and 80. The four filters in the symmetric (or forced symmetric) case,
have two different impulse.responses:_a gear impulse response denoted
Gnear for filters 75 and 76, and a far impulse response, denoted Gfar for

unfil&fSod (oAethsC8 1Rtk tﬁ@atg@ilthgn@ma{u&ns afaiBg s iNEioNs Kich@rough
%TF fllters RTFnear (tj HRTFfar SEF Cross alk cancelling filters
SHEA SR FAPTOEL B B S AR RIS purt, cwo-output
[0 34 rRetitierstotc thiveesh dwramrwﬁlﬁnﬁéxsan@ﬂmtl’@edlgmplé“mwdwhcamplemented by
ma%g;qgéﬂ]rg@hown in FIG. 12. FIG. 12 shows a crosstalk cancelled
binauralizer including a shuffling network 90 that has an adder 81 to

[058hiike- 4 Sehovsigharnnabinremanietion sdapaystisdue wibr Ry 5 RjRagssing 2
ste?e@lﬂf@tﬁ'%ﬁiﬁ‘ﬂ&&[ﬁ@t&iﬂ&&t&ﬁwm&ﬁfiﬁ'J&B@ﬂ@oﬁﬂﬁﬂeﬁ@l@ﬁyfﬂﬁ@ﬁ 2kludes: a
e respon roportional to Gnew + Gfar, a d Len

L e e
andnapmfel tegpalegéroportisriat 8 @meavwﬂf&mmwwéalgbylm analo il signals.
In Q@%ﬁxﬁk&&%%ﬁ%ﬁtﬁ@%ﬁ @’ﬁHﬁ]ﬁg?i §1:§P§91p 'ﬂ%@etbx%wl@ﬁéﬂﬁiﬂigﬁai input

. Signal jor a lelt speaker a a suptrac earl

SESARAIST QRN OB T T8 B L BT ROTA I ARECHBR e ] Processing the
infhit@alaiteiiitetst syificieit et b jnaostrertorinsimvire RSBA4VI. ingiudes interface
cuMﬁghlﬁstl'?‘émr(}Ps%l ?‘&EHE%?& %Qﬁ’l‘(ﬁﬂﬂﬁa@% viRAE IS -Shd A ol Ghes 97,98

embodiment, the sum filter is designed to accurately reproduce a source
witBeuaEperstAee b WY infing, R A I RACS2H R engine
tha m&mﬁg&ﬁm&a@uﬁesfﬁcﬂiqitméumymaﬁmn&hqh acfiltey, assirithdakinterfering with the

that ner listening, to
oper n O 1€ 1] BHt Sp)élﬁ rocclassm Ing %ge?gr:'gm %H{?Itlg h% gg;?é&?s %ligtlﬂ@ lll’RQ)ntlon

arl er accu%ate y locall nal as coming

dembpﬁi@r@mw ba irthaleshehin n’@(@médwd@aﬁe%@tb%%w{m@m fsdequired.
THE 1O aeel@aiuahhaesiatpra‘)@m@ ih&rﬁi%%ﬁ'tﬁéltﬂlbg R[APAXIGIALe |M1etbﬂ>¢6§$ﬂfl‘% of the

ter, eg er whos e respanse Is del afu ctlon .
D RO e L PO s B A B gl fctudedfo
thqrmsalﬂetr@gpmlseymuerm[ma]aWhereas the blnaural applications of the
[0¥26RMIAG, %’ﬂ@”ﬁﬁjsh%&g’QB&Ia&Qﬁ?JiEQ%n?tR&%%&E@ B! BRI of audio

cross-talk-cancelied a gfalcatlon of this invéntion generally corrects for a

infosmtiemty Hefearetr duftisraisiondrais lsoresr #t By baskdbiraiedgont speakers,

anR@@d’WQﬂﬂ&hﬁﬂﬁﬁK@éﬁ: B&ﬁbﬁhd\ﬂgﬁﬁﬁra&ﬁ&E@ﬁplﬁb&mé i@ Rcakor eTilybinauralizer
. center, soun souyce b urali to SI

ﬁlﬁﬂ:‘ t d
lmgpea ersa an%¥6?§58 %r ?aecesm r r%%?r%lue a{}/lnlg3 onr%uanr wrﬁ%ﬁ& purroun

sighabmkeneiteofitn @vmﬁmtumgwmdmgm@bémgnb@mw%ms a signal

th2t 80 AREFeEak qﬁaﬁ&ﬁetﬁ&mﬁgIﬁenaﬁéfc@rwe@elfeffmm&%;e@mtbﬂa@umm is
Tnter position. [0120].In a specific ex% § con ider ?glnaurallzer th tmemo i
B RERIES YNBEARICP BT R8N Hn SiE e §§ SKE tHER PP et v

indnded gt Isudingithe Intakionsspinshicling ﬁwpmﬁlbt@ssbeakese the processor to execute
filtering as described hereinabove.

[0127] Similarly, FIG. 14B shows a binauralizing system that accepts four channels of audio
information in the form of a left and right from signals aimed at playback through front speakers, and
a left rear and right rear signals aimed at playback via rear speakers. The binauralizer implements
HRTTF filter pairs for each input, including for left and right signals, and for the left rear and right
rear signals, aspects of the invention so that a listener listening through headphones experiences a
signal that is center front panned to be coming from the center front of the listener, and a signal that
is center rear panned to be coming from the center rear of the listener. The binauralizer is ’

implemented using a processing system, e.g., a DSP device that includes a processor. A memory in
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arrangement can be simulated with the added advantage that a clear

rear-center image is created. This 15 allows systems that have a rear

center speaker, such as Dolby Digital EXtm (Dolby Laboratories, Inc.,

San Francisco, CA) to be simulated. [03g1] A first rear signal embodiment.

includes equalizing the rear near and rear far IIRTF filters such that the
ﬁ&ﬁ@d%ﬂﬂ%l@ﬂg lizRdiRabRC McaRshEeal fAAilerS - ARR X e HribtRssor to execute

desired rear, center, IHRTF filter. Processing left rear and right rear signals
filigring ﬁﬁé{ §&‘iﬁb88:18f%‘86‘h°d Shputs via a 20 binauralizer, using the first rear
[0K28h alterafoed ittrant thb grilegeudizittgd badm toea ineae phbanBmpatgerfrrgueble by a
maC%%{GCtﬁ&tﬁ{CRI%Qp&g 3P }ﬁ & IBPO@&Q&@MQQ 5@0@?}? c%%@t&%ﬁ?eﬁfs poﬁtmﬁn%‘ﬂstruotmns For

surround images (rear left and rear right) will sound with some tolerable
ang aﬁ‘éﬁz‘aﬁéﬁdé reserineckbrzsialy sy thadrp U ionn P tisd by dhs maghiafidhe machine
pefitimathemnesiealyl RlI&fﬂéM@ih&tméowmga ckisiadibant@edqeattial or
ot léle;l;F X a?t &ng [%ao%is(t%l n H%L_e L CRIG og GRS ql}&(ﬁ%%ﬂs on 1caI machine

one appear to corre an fom the center. but with th

maarhy ﬂ@ﬁﬂ%@@gﬂ&@’ﬁﬁp’é@ﬁ?ﬁ@%%&%@ ﬂ?@ffﬁ?@f@%‘?@ﬁf‘?%ﬂ‘?ﬁ?ﬁﬁa‘l’s Each
préReRK sy ke Ghﬂﬁél@ﬁ)ﬂé@@@sK%@aﬂhﬁﬁtﬂ?ﬁ&s@ﬂ@ﬂlwﬁﬁogrammable DSP
o e O A o, RS A5 Rl o
statin ML sulionR@ValAte privyesmtiney broiclafiedrior ngthtr@lgnoﬂggé?nﬁva@dhe

confofeRs. | BTRMLEGE S GRAM IR AAEE W pER! QULE AsyIEBhyIb GRINREd, e.g., 2

front sound and a virtual center rear sound. [0123] Note thati)t will be

liopdseysl imgtAdsR g ncatindn ek AR d5BY- dhar b iERERta g ARIvired:
tharretdinglsdenulio iachpkfersinpndietherssinida ocoon poneofsn Elptthanke input

unfll@ éﬁ?aé'&‘l?el%ﬂ%’&t% %W?tlﬂgeoéﬁ{rgl'%t@{cg'éﬁél{‘% 2 AGHEI0LRA [BFARIPBe term memory

inputs, analog to digital converters will be understood bﬁgthose in the art
untbabésm‘a@éualmﬁm@mpaﬁgﬁw nRaaRyteB et dink Bdvergit. The processing

sydted eﬁm@ac&ﬁ@nﬁedstm@omwwa@dﬁ@tah@@ rizk R pLdS: ie@alogterface device.

out uts for k through head hon |n the.transaural f|| erng,
d t:
G b PP DT F IR RS ML S vodo segments

(e-am aeftsmnmblaﬂm&lmgmkmsefm mefyrbengnwlmm erraties\pyrifgryasns sy stem, one
of miPd PhE HretrbasRRYH & i ing @@%@ﬁﬁ%&t&%ﬂ@%ﬁr@@gw Rghy also

stem for processing a stereo jnput pair. acc me% ects of th
re%&%e?«maﬂetfﬁeoaﬁa?s PELEL Ry BRI AEm I EH Y RS A ?‘wﬁ)emtm
thereofisyrthe Sdjonacyvtentiriches) die gninpers ol dor nespondiayaigitstitsig nakrier
me%ﬂﬂnacgﬂ%?é Io.anglog. f).caaverter 98 to convert the processed signals

to analog output signals. In an alternate embodiment, the block 97
[01R0 drealtarmytips Emihpsireqnisptls eRslins QRIS RS ADIBRSAleVistinE mpahe
coﬂﬁ@o&@e%) %ﬂ&ﬂ(&ﬁh@&ﬁ&@ﬁbfﬁﬁ&iﬁﬁ% ﬁe@@ﬁ(@@ﬂ%?ﬁ@ﬁb{ﬁ&ﬁmhme may operate

oces sin e in tto éneratg}the.out ut sugnc nt faI;sg none

BB AP TSP A ATRIARTLE e G et i e Toh RRTGr 2 2 peer
mabiisl iperts@aofpearomdistmiotadng twithk ttnyisgingntd Th@n@ohmemaslwq @grsonal

computer (PC), a tablet PC, a set-top box (STB), a Personal Digital Assistant (PDA), a cellular
telephone, a web appliance, a network router, switch or bridge, or any machine capable of executing
a set of instructions (sequential or otherwise) that specify actions to be taken by that machine.
[0130] Note that while some diagram(s) only show(s) a single processor and a single memory that
carries the code, those in the art will understand that many of the components described above are
included, but not explicitly shown or described in order not to obscure the inventive aspect. For
example, while only a single machine is illustrated, the term "machine" shall also be taken to include
any collection of machines that individually or jointly execute a set (or multiple sets) of instructions

to perform any one or more of the methodologies discussed herein.
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without processor overhead, and, in one embodiment, an off-device
memory 92 and a DMA engine that can copy data from the off-chip
memory to an on-chip memory 95 without interfering with the 15 operation
of the input/output processing. The codg for implementing the aspects of
the invention described herein may be in the off-chip memory and be

[01@?%%&%&%@65&%%%1&/ AEALIREE: ddRETISRAVISaithel gslasofia computer
program memory 94 including code that cause th processor %3 of the

prop A5 AR P ARG e PR i REFJon A i g

erna
binamaliipte)systisnnalidedder dnbckhisenth ahemamébm@mdf?qs ﬁéq(llréé aQRT eciated by

trlo@&aﬁlﬁmﬂ@ax SRddashews @@&M@é@@g SYStER Al RAGRRIM NS, an

channels of audio information in the form of a left, center and rrght Si nals

ap PR PISh 3R BRSCIRRERRSH FPBRTS}e &k APRAAYS §US!IER & %ﬁfr?a HegRgRE™ o 8
canwrﬁmd@@gaﬁmeﬁrqarmb@Mum Rbercspeaherdinhiverbissaumadivayore computer

rea(inl])? emRs FIRTES IJ:E)enthiﬁ {} fo&g@é@.}glﬁ%%%téﬁq&' qﬂf@enﬁ@ﬁt@%%ﬁ“ﬂ@é%ngly,

g t'srround signals, aspects of the invention so that a listener

o thg mperag TRt FHEake Hclenads Bekpth oS OudnpP pazhodiment, an

ennpap@&@m@@no@mmﬁwahm@b@emﬁmaﬁmmsmmmﬁhmﬁmampzas
ented sin Jproce tem e.q.

For| oS B R e e o ah ar et L Ubouter program

profluchminganyyisarardeisrsioriae cmﬁsmh@m@t&%@@?‘t@@@ééﬁh@ HREFHLeade

segReRE AR HesenabAEA127] Similarly, FIG. 14B shows a brnauralrzrng
[Oll%)ﬁtem that accepts four channels of audio 30 i formatlon |%the orm .o

aha ??ﬁwafﬁfﬁﬂé@ﬂg?g %ﬁﬁ{@}fgﬁﬁ%%&%\fﬁ ﬁhafpgmr vig the netw g(mterface

ers, an
devicte iR teng ighinkaiums ig Rhdsvaiimen exkpldytyeakbediveat topsakenglchedium, the

e RAMBIEEBRSRANS. HRE T TGk RS {0t SaaR AR milIECnGRISR! o
“and righ

t signals, an fort eft rear and right rear signals, aspects of

Ceni??é*?ﬂ@éhﬁt?ﬁ@#% detabrste met Ast6TAPIGHEA FSERAS h@aﬁf&‘féﬁé@%ﬁ%ﬁr@ﬁ &g or more
setsaoﬁlgiﬁ%lzﬂoﬁﬁ Im&r'rwﬂtd@m@ﬂ%ﬁrmm&emdmwwmm that is

ener, and naI that 35| ¢ nter rear nnedt nd tha
capﬁ? Zt {%Y[II}% ae YLgatyIn ms%rulc?lonsp e Otﬁ%}? %Q&ggcﬁgg]a d that

inavraiizer s imp emented using a
Ca“pmb@wm@ysmfomgnsaoo@w mem@éttwanmmdqbglaspfdb@ﬁ%ﬁnﬁsenvemwn A

carfREMOBLIR 12 RCIHAR AL S @idingitR %\lf‘ﬁ&fqﬁfﬂﬁ&ﬁtd NEHdBIgtBEhedia, volatile

parameters that cause the processor to execut Elterl%% @S descr bed

el BB E I BEFACERbR T RS R Gre L EETRIE PROFAR P aRacl disks

& ReFem
andonegesaboptioad tiskeefalrniia e diy iaclnias Hjnenthainchries dns maimoremory.

L ires tha
Tr %%ﬁses“? rieg:? ;&%&?E&ﬁﬁ SRR SIS, GAVARIHOS 5&&8@9%1&%&1@@ that

e met erein, when the instructions are executed b

cormpism BBHITEDBEom LT SEBATS e ehsca g IR A ELapaBId B veves,
sucﬁ@Qh@ﬁ&&l&%ﬁe@fdﬁlﬂ@hﬁﬂﬂﬂﬁiﬁeﬂﬂﬁﬁﬁﬁf@rdﬁﬂl&fm&ﬁdﬁl&impEmfyxamp1e, the term

C?éﬂc‘:iléoﬁr%% mrlﬁg}aﬁ Qcc?(}/ cﬁléyr%eb enne tg 'igc n Iu ut no-[gg ﬁmq{%‘?l {X pégﬂ-state memories,

exemp atypica pr’ocessrng system that includes
optiabaod megeeticovedisomd Eaatibr ‘pme@ohmay include one or more of a

[OQBPO&&@HDCLEMH?? EESIDhHRIAR AR IR BFARIS K PRedium carrying computer
readable data for filters to process a pair of stereo inputs. The data may be in the form of the impulse
responses of the filters, or of the frequency domain transfer functions of the filters. The filters include
two HRTF filters designed as described above. In the case that the processing is for headphone
listening, the HRTF filters are used to filter the input data in a binauralizer, and in the case of speaker

listening, the HRTF filters are incorporated in a crosstalk cancelled binauralizer.

[0134] It will be understood that the steps of methods discussed are performed in one embodiment

by an appropriate processor (or processors) of a processing (i.e., computer) system executing
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10 unit. The processing system further may include a memory subsystem

including main RAM and/or a static RAM, and/or ROM. A bus subsystem

may be included for communicating between the components. If the

processing system requires a display,. sguch a display may be included,

e.g., a liquid crystal display (LCD) or a cathode ray tube (CRT) display. If
insfRRNLRY @BlR SRRy aeHies stdh@106EB 316 ey BhasRISOHACHERF d@tion is not
T
impléreetgehusiegaoyyappmiprgasckhieee foriwplementing das Binctienalifiydescribed herein.
Théyl%«telmomgm&tmf@&m%y%m&@é}ﬁo@%ﬁﬁﬁmngwﬁem BHSMNE system.

configurations may include a sound output device, and a network interface

ié%.fefﬁﬁeemwwgﬁbgmmﬁﬂwmaasgﬂa%m& oA A Rdent” means
thacariegenachinedeadable aadersegistntesdttgd sofonrajomelifidthgembodiment is

. instructions erfarmi t ; C «
o AL GRS R S
onqsebeiingnkonTinneambestinesiddn xeiaprateRrorae et SisraRgiliRAtinR are not
nedbt8aR KM 1aB@fEn pMiEhiR AR PEResEMnH UrinGexRekthe pihtyearl feytihs, structures or
computer system. Thus, .the memory and the processor also constitut .
R B B ol Rk R e B SRR PRI S Brinay
ski imisbel mridrors, thiediscohiree io perarasaas andedidiaithe device or may be 25
connected, e.g., networked to other machines, in a networked .
(016} Symilanty, ihehmvdd hérronresiptop draitin tire gho veagrietiptishpEemplarypmbodiments

of HISALNAGHIRG it AERIYE FHRMNEING %8 BYHORMA b &Pt 6. ABEY in a single
machine in a peer-to-peer O{;di%tﬁrg)uted network environmen

C . The .
emBOdURtG HEFLY d5uRBeminesph e sy edsis ,lggsté%.fg%‘ﬁ%“x“e and aiding
in (S TBJeatReisgoibigitaloissistent(dA)yentiet ulpecteld| bi_txoml,lalw@ﬂisclosure,
ho PRGBS RS LRUIR! rWER, Ah Bﬂ%ﬁfn%ﬁﬂﬂe@_ﬁﬁﬁéﬁ%%_%ﬂﬁires more

execlting 30 a set of instructions (Sequential or otherwise) that speci

Stru ( | fy . .
feaﬁﬁﬁ‘éﬁ?@d‘@é’%@l@éﬂwm ieachi l-m[é%eﬂr’l\?ét@?ﬁgltl%ﬂ% cég)lm%reﬂect, inventive

aspHag R BsoMmshopdm)@ sMgiagsdergshipaid BsihgisodaneatyTthas the claims
arries, th ose in the art will understand that

folgowm the ?)&g(?eeegcr%sg%plggn are%erg%%fa(gapes%}'y mcorgora@déll i %g}:ﬁetailed Description,

omponents ove are t?Ut not exp iCIt?y S own or .
withesschilobadnirstarding votitoopssuy ecaein ombadisngspelthir inveaiignn Busthermore, while

sodh g aihansiRgle haching, m il KRia6 bt 8 JesMerNAGRIIEC HiAHABISE BEfeatures of

. taken to include 35 any collection of machines that individually or joi
BT IR LERTEH T SR R R SRS DM e s
embbitheamethodelngitedisdedsed herein. [01311 Thus, one embodiment of

[0 b hF%frtw ?mrgr%t,hsggnse QF t%%rétr)n%% 11%%%@ JiseiEeEQﬁJQ&% BQ@iﬁ%ME%d or combination

rogram that executes on a processing system, e.g., a one or more

of pleseenis 6f theheddhatermbermilemenian § 59 sreresyt il asetijter system. Thus, a

pr&{(@%llg&ddd:\rﬁﬁh% %@&gug@drwsﬂ?eﬂdau@a@sew ke a_ﬂwﬁ@aaiea@elﬂ%sememod
skilled In t art, embodiments. of.the present.inventio a. e empodie .
o5 & RO, S AT DAL L SHLoT] BETLLS ARAA g descrbed
herppaf atappurety egrbaitineprdcesbiidsystdnnomanply Bp mradiUfer, cargying out the
R AP PO REOF L P ERS b %%&@5&%&%@%&&}1&@%%@%%@9@

S 10 0

computer readable code segmen r controlling a processing system to
[OW%%%SWGMH in, by equality and by substantially equality are included

the case of equality to within a constant of proportionality.

[0139] All publications, patents, and patent applications cited herein are hereby incorporated by
reference.

[0140] Thus, while there has been described what is believed to be the preferred embodiments of the

invention, those skilled in the art will recognize that other and further modifications may be made



aspects of the present invention may take the form of a method, an
entirely hardware embodiment, an entirely software embodiment or an
embodiment combining software and hardware aspects. 10 Furthermore,
the present invention may take the formyf carrier medium (e.g., a
computer program product on a computer-readable storage medium)

thefe®d %ﬂ%&ﬂﬁg&%ﬁ@-@ﬂﬁa@%ﬂ{m aisesdRicReMeNtiS embatieddmihe such changes
medium. [01321 The software ma Lurther e tr}?nsmitte orre eiveld QYL above

andmodifteationtetalatiiBionTeeRa eb G B mild e e Frar madium
are siavei iepscesativipiépycerdbos e ntatobise se iRy hetipreaditmate aigag prdeleted
froﬁ?&g_ 'ﬁ%@%ﬁ@ﬂé%&%&@n@g% B INGHASARIDHEoMET TR BIBHEP!Steps may be

media (e.g., a centralized or distributed database, and/or assqciated

added grdelefid tednthegsicscdhsrertinhe %Ppﬁ&% & RISSB MY sns. The
term " carrier medium" shall also be taken to include any medium that is
capable of storing, encoding or carrying a set of instructions for execution
by the machine and that cause the machine to perform any one or more
of the methodologies of the present invention. A 20 carrier medium may
take many forms, including but not limited to, non-volatile media, volatile
media, and transmission media. Non-volatile media includes, for example,
optical, magnetic disks, and magneto-optical disks. Volatile media
includes dynamic memory, such as main memory. Transmission media
includes coaxial cables, copper wire and fiber optics, including the wires
that comprise a bus subsystem. Transmission media may also take the
form of acoustic or light waves, 25 such as those generated during radio
wave and infrared data communications. For example, the term " carrier
medium” shall accordingly be taken to include, but not be limited to,
solid-state memories, optical and magnetic media, and carrier wave
signals. [0133] Other embodiments of the invention are in the form of a
carrier medium carrying computer readable data for filters to process a
pair of stereo inputs. The data may be in the form of the impulse 30
responses of the filters, or of the frequency domain transfer functions of
the filters. The filters include two HRTF filters designed as described
above. In the case that the processing is for headphone listening, the
HRTF filters are used to filter the input data in a binauralizer, and in the
case of speaker listening, the HRTF filters are incorporated in a crosstalk
cancelled binauralizer. [0134] It will be understood that the steps of
methods discussed are performed in one embodiment 35 by an
appropriate processor (or processors) of a processing (i.e., computer)
system executing 22 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 limited to any
particular programming language or operating system. 5 [0135] Reference
throughout this specification to "one embodiment” or "an embodiment”
means
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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” inpsrious places throughout this

specification are not necessarily all referring to the same embodiment.
THREUhenmorsEthennaricHarfestmeEsy siRICwsarai thacharacteristics may

be combined in any suitable manner, as would be apparent to one of
1. ordinary skilliatted estuffastghis disclosure, in one or more embodiments.

[0136] Similarly, it should be appreciated that in the above description of

exemplary esofyoiimqnis odidtie inpeniipn]sfarioudideeiurdstifthe

invention are sometimes grouped together in a single embodiment, figure,

or descriptismfAmgtffopthsgnatposeesfestdansiging hendisordSunerendonal to the
suftiG¥ RS :i'tﬁ)l!ﬁ] &Eﬁa%ﬂ@@%@ gi@ia?f‘%i%m'ées%ﬁlgm HRPOMRAAVRIHY Qifference of the
_aspects. This'method of disclosure, however, Is not to be interpreted as
‘“H‘Eﬁé%ﬁn‘?@ an intention that the claimed invention requires more features

than are expressly recited jn each claim RatEer, as the following claim

reflect, invelHRIEiLn S0 Sl tl%gg A5 RS APROGPE gfnt&ge?gr%eé%elrﬁfgﬁ{ﬁ fora
listeliec lisedremboditeehtoud usptteat ledenserfibativing the Detailed

Description are hereby expressly incorporated into this Detailed

DescriptionfiRéringtthedifferelminsistahtireyabrs fdtonihrbaparedpatethe difference
beHOAOAEE BLTRAIE JMEHOS:: FH ISP AEHMAALR 13RS SRS BIBA#RIal speakers;

described herein include some but not other features, combinations of
andaatures of different embodiments are meant to be within the scope of the

invention, and foym different embodiments, as ¢laimed.herein belo

(0137] FUAREHHOTE S G GO E B BB e A SOl as R gy s
outpunghetborpodinimhatibn sEb of thichittereibsofncanddfittort ddéffesame b signals and a second
ouﬂ%?t%]eﬁﬁﬁ%go%foﬂa? 8 %é&f?fefgngem WRLSY SIEM A PiS e RERESRS Xl gnals,

ecessary instructions for carrying out such a method or element

of & methipd forH%e &ARs RE FAMYINARYLRR ﬁ%%ﬁ)@ﬂl&ﬁ&lﬁmﬂh&f dgnal
an

method. Similarly, an element described herein of an ap aratt$s .
coppopeRfieristrosthiernedrdhe s Hepmd BHRURSISIA FRaPbTAgPBoRes =
prétidedunictice peFatoneb:bihdharmlesignt fostiperputposaaésdarnyihg Giitghsound source

'Qvent{'orl. 3(%.%01381 In the description and claims herein, by equality and
attece er location. . . . S

y substantially equality are included the case of equality to within a

2. Consftan_t of Rrﬁgﬁg&)&%ute[p&%ﬂi{%lh,Wpéi%ﬂi@@sﬁl@?tﬁ&tﬁpﬁﬁﬁiiﬁ%ice the center
aagllcatlons cited herein are hereby incorporated by reference. [0140]

is abiiredins e st epvalizd mationtak e pere R e tdd s BreetR T
respERRoElimemed tyilRpinp\hatian chomerskilladha theamWIF ecpgtizey, by an

that.other and further. modifications may be magde :23- thereto withaut, “HRTF
eqléaé%glr% nlgt From mzéeg%f?&ggﬁﬁ%r %ﬁ@earli)ﬁ 6%1%1%‘58%% |dr%te‘3 r%lec% ?ogglalirrn}gall et et

ang ishfohan §B Bisd Mitsiflebbisrmsrespeatewmantiallycapel i5f thedifpemgp Retween the

eqFALEX AR BN SQIRUASERE L APANT AR MRBlY representative of
procedures that may be used. Functionality may be added or deleted

3. A method as recited in claim 2, wherein the equalizing filter is an inverse filter for a

filter proportional to the sum of the near ear HRTF and the far ear HRTF.

4. A method as recited in claim 3, wherein the equalizing filter response is determined
by inverting in the frequency domain a filter response proportional to the sum of the near ear HRTF
and the far ear HRTF.
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from the block diagrams and operations may be interchanged among
functional blocks. Steps may be 5 added or deleted to methods described
within the scope of the present invention. -24- THE CLAIMS DEFINING

THE INVENTION ARE AS FOLLOWS:- 1. A method comprising:

accepting a pair of audio input signals_for audio reproduction; shuffling the
input signals to create a first signal ("stim signal") proportional to the 5 _

um of the input signals and. nd,sianal ("difference,signal’) . .

5ﬁs)roportionalr/?fén ﬁ% %?ﬁé?%%ﬁgé%?ﬁg ! i%lﬁelﬁ usligég&:u;%ﬁgﬁ ?é%%é%ﬂ)}%‘* éﬁg ‘riltg?nmed
by apRtiyerilisr mathalip inverhaflisriripenss BoRmsHonm 1ole pun nEHs e ear HRTF
digi@e fageioERYFIUal sound source at a center location; filtering the

difference signal through a filter that approximates the difference 10
6between a nescihbad MRFRednctkifal, edcteiRTE fidetfatiswoamiiticimiog the center

HRPAY Qhuiitual ﬁﬁ%%ﬁise%ﬂgsﬁﬁiﬁlﬂ#féq&g e fiterassumesignatand the

filtered difference signal to create a first output signal proportional to the

7sum of the fi:l%’(&ﬁb&‘ﬂ_me@il?éh iﬂrt]aaﬁgﬁﬂ m@ﬁﬁfﬁcﬁ%_iﬁkﬁxﬁﬂﬁ@&@fﬁ@éan a left input
output signal proportional tq the difference of the filtered su iltered ., .
PSR KA A A L DA B A Gt it
visiyHanedhel ndetivaspamett shgnidhedisieisorehwheisindie Heensemtg e
sﬁﬁﬁﬁ@ﬁ@sﬁﬁﬁﬁﬁ%@ﬂ%ﬂ@lﬁmw lipbaaciphenes: m?mmﬁd wvikeal
sensation,that anne \ ngnt emanates from the,virk
R D R B ARl R e and
thomight irab stiraket taleB 5Bl Fates twice the center 20 HRTF is obtained
as the sum of equalized versions of the near ear HRTF and the far ear _ .
BHRTF, respatfing sbisedrn By itekhrindneutiemp siems matdaslgh input
afidli ﬁb‘ii_frxﬁpmeﬁmaﬁ\_t&é)pabwﬁtmm aatikingafiten lnficriviind sptaldndofisten tiveta right
FRRIRAIE BRI 1058 BEESRRALRALRT o 2CLHAS Bl R0 vichal
IS a filter that has a response substantially equal to the difference

sprakice fefar BRTERRE dhodebioie sk irakrda el il idegmdlyy far BRTF
it prdphrtiefido fgneifagelof thedeitenhial shaikei2o vight rairbREFeo diizipgt fiarels

an iQr"t‘%ﬁ?ﬁ ggp%tﬂg a filter proportional to the sum of the near ear HRTF

s%nﬁ the far ear HRTF. 4. A method as recited in claim 3, wherein the

gequalizing fifer SRSPANRES: SEIRIMIN Qe WY REHRG PR ERAHEREYa 1ef input
domain a filter.response proportignal g) the sunl cigftrrgetn rear R%Ea iop and a

anchgrigh jopub xhprpie ae pa 0 ,‘W%frfé’ﬁ% Rie e FL &1 FOny KTyt ST 0508

rizghuiditingrfilt epenkepovesion sodkd droninbtie listener. : '

10, - Amethod as recited in claim 9, wherein the lgft front and right front virtual speaker

locations are at azimuth angles of magnitude between 45 and 90 degrees to the listener.

1. - A method as recited in claim 1, wherein the audio input signals include a left input -
and a right input, wherein the pair of virtual speakers are at a left rear virtual speaker location and a
right rear virtual speaker looation to the rear of the listener.

12. A method as recited in claim 1, wherein the audio input signals are a subset of a set
of more than two input signals for sutround sound playback, and wherein the method includes
pracessing the set of more than two input signals for listening through headphones, including

creating virtual speaker locations for each of the input signals.

13. An apparatus compﬁeing:
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by an adaptive filter method to invert a filter response proportional to the
sum of the near ear FHRTF and the far ear 1{RTF. 6. A method as
recited in claim 1, wherein the filter that approximates twice the center 5
HRTF is a filter that has a response substantially equal to twice a desired
center 11RTF. 7. A method as recited in claim 1, wherein the audio input
signals include a left input and a right input, wherein the pair of virtual
speakers are at a left virtual speaker location and a right virtual speaker

location syrymetriG AAHE U ENELIARLY I£%i,mf$‘ﬁé£ﬁﬁ%@§h§ﬂﬁ’ﬂ%creatmga

listening are symmetric such thgt near HRTF is the left virtual speaker to

firgkpigat Fivem @il ensgieR (AT 167 SHES S A S RYHE I such

(‘Wiferfaucd FRTEM) iprohertiofelfottha MiffreakerfibeighittslndR TF and the right
virtual speaker to left ear,HRTF. 8. A method as recited in claim 1, .
wherein thetsas o teriarHes e dspugha SUat that aparorimeisdice a center

piiresin thrneail@hMitvahaRenkar aiecabi efitvitaaliendirkeaedodatifiterng the
c;ﬁlign, and wherein the near HRTF is
t

.and a right virfugl speaker | ]
s‘ﬁ?&ffg?{ig%g}efg?hﬁécé%g?gg%%? efeft virtual 15 speaker to left ear HRTF

and the righf yiriual RERKSAiHEE AT GuANEh AIB RO IARIHTER

is proportional to the average of the left virtyal le%%erﬁot%tte%r QrF% [
differpR R PR REN A R S TR Y "é&?ﬁé#ﬁfé&){‘ GHoaas retiedin
sialiers, khavineneifortfikeciugitosidiffercsio siate! irnsilerbte thefmipap e forghulBing rd
input, wherein the pair of virtual speakers are at a left front virtual speaker
“location andnaal’@@bﬁWﬂ@ﬁ%ﬁhﬁﬁ&@ﬁé‘&k%&@ﬁbﬁ%@fﬁﬁp&fﬁ’wﬂ’ the
lisie RerunkRutfinp cblapiddas tReiiasksifrairiffit, wiherein teviediiting ardinighfist
front virtual s r ' it Azl i &ekbnd
oS LR en foud 1o AU L8 P o
owipis sigpehmeonauingsip thesiiffommes o e Blsrrdmamand tibed Jigrensn tignels
wherein the pair of virtual speakers are at a left rear virtyal speaker. 1
location &8 Hat3% Ry sealA” R @ﬁ&‘gﬁg}"%égﬁﬁ% %cifh e arngﬁﬁg‘a‘
clisgener, 2 lidenvethbdingstodlitat mdiaimdowpkbsisieisbrelghiberdpinnes is
p%glﬁ@ti%ﬁ%@ sHRseh Ala el M MYFRIRRDINE: BRI OIS ferviiisael source
sound I?é/back, and wherein the method includes processing the set of
ah’%r e‘i‘fgé ?’\1/98“|"nput signals for listening through headphones, including

jgreating virtyal, &a&s?wg%%ﬁ PRS0 $RAMAEIDE T $IS0BHR0RRaleR 118k the

apparatus compfising: _26_ means for shufflirgé;apair of a%£1og1 u

centpn IR THHe abiemrerdhsmimhraelizading o et R pAT PSR GER fgf ar ear

HNPRGEHRON 9, BBt bpfithannnuheignalsRiicadseetn chs N EF, tespectively, by
"difference signal’), propartignal, i sl-WITaIPV R Te]o 1Ly ~
s et

e differcnce

BREB apd the far ear HRTF is a filter that has a response substantially equal to
between the equalized versions of the near eat HRTF and the far ear HRTF.

15. An apparatus as recited in claim 14, wherein the equalizing filter is an inverse filter

for a filter proportional to the sum of the neat ear HRTF and the far ear HRTF.

16. An apparatus as recited in claim 15, wherein the equalizing filter response is
determitied by inverting in the frequency domain a filter response proportional to the sum of the near
car HRTF and the far ear HRTF.

17. An apparatus as recited in claim 15, wherein the equalizing filter response is
determined by an adaptive filter method to invett a filter response praportional to the sum of the near
ear HRTF and the far ear HRTF,
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5 HRTF for a listener listening to a virtual sound source at.a center

location, the means for filtering the sum signal coupled to the means for
shuffling; means for filtering the difference signal through a filter that
approximates the difference between a near ear HRTF and a flit car

HRTF for the listener listening to a pair of virtual speakers, the means for
filtering the difference signal coupled td the means for shuffling; and 10
T e T O e T Ao coner

e'eanefor shu ing, the
HRERBS fiterthsthaf ingspmeatingptantinly cuebiertaign adprispotsnalBdfhe sum
of the filtered sum and filtered difference signals and a second output
18ignal propditiepriratisiaeraiifel Erfiein Inwherdndbe sudie iy gpuolude a lef
i@&ﬁ%g%%ﬂ g{g@d,sévﬁa@ia {i&?;am Jhﬁrﬁﬂﬁ@:&bﬁtdby& paileaf dttispeghat sighiatemd e
includes a panned signa .CO ent. the lis :
T e it e
spanstiioncthatthrenaNHel bigkBivism serberielnd AuEB Fomdte URitgroal
sSONRGSRHGE: BRITS SAREH RATKIGRTS iAeagpeirainl spaskee cits ghirva | EIRTF and
t13, the&gfiarpsthgklf:irltterkt,’ltgla'g1 Wimates twice the center HRTF is obtained
lﬁss%e‘%um cﬁsequa ized versions of the near ear 14RTF and the for ear 20

HIRTF. respagtively, abiaipad oy flisting Wae-or afcaanib Bk saadihakat a lef

ear HRTF, respectively, by an equalizing filter, and wherein the filter t at
ingybRad A SR A HeatkehaH e R ﬁﬁ?ﬁﬂ%%‘&%ﬁ% aqr‘"é%? anda
AR Virhig epéiiter thatidand rdsportesaiRIRiapyopotiahtbtenbe aleegs rbdhe left
Reirsendhs raalzaerion® ol BiRraker SIRIEAAIRN, i otrin tho for

i N apparatus as recited in claim 14, whergin t alizing. .. .

KR e APPSR S A T GRS DT T L P gt virul
spakl R T amdiErfar ear HRTF. 16. An apparatus as recited in claim 15,
wherein the equalizing filter response is "determined by inverting in the
Frequency demaipasfittes retpbinclaindporient s méainmponmasiacpdea et
z%fﬂﬁd%%ﬁhﬁpﬁﬂ! CahKiRldpal 6 ARANRPRIRI S8 ST e RERLIN dlaiah sheaker lacation

herein the equalizin filfer r,es%o s%is Sngeltermined by an adaptive

e front of the listen

iR fERIt AN R P BB B3 RiBN Al to the sum of the near

car HRTF and the fay ear HRTF. Lr S D-ARPALELAS AR LRQILSAl RéHlBHRual
%, Wherein%ea?ﬁgé?%spfbsrrgﬁﬁl%r%dg{leg‘s %\1/vice’t e center HRTF is afiltgqr‘3

aat
dpeaker lesafiomate ot asinaishionsiee qlmpei Rl TR S S fep TR P A %F“R"rﬁ'
apparatus as recited in claim 13, wherein the augdio input signals incl
34t input ané"a‘i?%qﬁﬁﬁf?%%’fb%’méapg eé%f?[ﬁ%%g%ggkgesrl a'{lrlgr%‘#ga?e et

Mt dsPeRk afplacrtiaraiathe mirsiightalspedkspeatta boawoirsiphsmsakedlocation

B A et car HRTE and the
ﬂg htvirtual apparatus as recited in claim 13, wherein the audio input signals are 2 subset of a
set of more than two input signals for surround sound playback, and wherein the method includes
processing the set of more than two inpﬁt gignals for listening'through hcadphonés, including

creating virtual speaker locations for each of the input signals.
25. An apparatus cormprising:

a shuffler having inputs to accept a pair of aiudio input signals to create a first signal
("sum signal®) proportional to the sum of the input signals and 2 second signal ("difference signal”)
proportional to the difference of tﬁe input signals, the shuffler having a sum signal output and a
difference signal output; ‘
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15

speaker to right ear HRTF, and such that far HRTF is the left virtual

speaker to right ear HRTF and the right virtual speaker to left ear HRTF,

20. An apparatus as recited in claim 13, wherein the audio input signals
include a left 10 input and a right input, wherein the pair of virtual

speakers are at a left virtual speaker location and a right virtual speaker
location, and wherein the near HRTF.iggroportional to the average of the

left virtual speaker to left ear HRTF and the right virtual speaker to tight

oar HRTF, aacumilfdieetotpledfianhbifimki gad oomot tio bkttt benesigre geapprididmates
{5Lyirial SRERKOL e SREHR T ARG A RbYIIUAL SREAERIM et

ear HRTF. 15 21. An apparatus as recited in claim 13, wherein the audio
INput Signalsqaiufoaiie gl a0 GliBHAAIfa RIS e Bbernce
virtual.s ers ata left front virtual speaker location
TR SR e S B
FaUR b the lishemep listovingrsim rtiedetirvelpeakersighd front virtual speaker
locations are at azimuth angles of magnitude between 45 anﬁ‘i ?g degéFes

to the Iistene??%@@%ﬁ%ﬂgiﬁa%ﬁfsﬂ%@q’éeﬁ@ﬁ shoefilirhapd thy Afgp dtter to
auglio inptdSignatsdnetycieiaded thopuhanthefitight nputdifiierel diffiecpedsignals
QL i3l FBERKRIR A fr b AR [S . WiURhSREAWERICAURR AN B R OB Ference
rear virtual speaker location to the rear of the listener. 24. An apparatus as
$88R%d in claim 13, wherein the audio input signals are a subset of a set

of more tha Input signals for suground sound pla k ' in

the methga%ﬁ%égg&sg Bﬁg}%%e&s? ﬁ’é‘% %uélgtm an éﬁ %%ﬁ%oa%%%?‘ﬂs%%ﬁg}s
fomlistentirity listeneyhisteningpsttbn Best pnd isranid owlra manzikeroyel headplipnes is
IReatiansifiome askaabi et phsighalsPonbsmeanpacaius tampeisingalaound source
shuffler hgving inputs to accept a pair of audio input signals to create a -
?’rﬁesﬁed’nearll °f”s°d1h signal") proportional to the sum of the input signals and

g?second sig ggﬁg@%&%i&@m%sg,mamm@ ihediffaremeph

e input signa uffler having a sum signal output and a defference
STgFPATBHIEH firics e AvtROSUp RidRiBet s be ARl A SR R Of PGt
HERTE ki the prioirHARS rdspicdvaly evitdack BTk donstistess e R modt thafar ear

. BRPRLSQUAR S0 W Bl AR ERIDCAE ONeR EIHE seReE  Rke QURE 4NAs a

20

"25

30

difference signal output to filter the difference signal, the. difference filter..
SRR TR P L TR LAY S S o o B & TR
R e fiorshBRIBFener listening to a pair of virtual speakers; and an
unshuffter coupled to the outputs of the sum filter and the difference filter

83. create a fitotapprpossigreied ioshitolfamisiei e eavaliane fifsis gusigrgrse filter
and fillergdmitierancacionashanshsaonndad peisignHRAROPOrtional to '

the difference of the filtered sum and filtered difference signals,
28, An appatatus as tecited in claim 27, wherein. the equalizing filter response is

determined by itverting in the frequency domain a filter response propdrtional to the sum of the near
ear HRTF and the far ear HRTE.

29, An apparatus a¢ tecited in olaim 27, wherein the equalizing filter response is

detem;ihed by an adaptive filter method to invert a filter response proportional to the sum of the near

ear HRTF and the far ear HRTF.

30. An apparatus as recited in claim 25, wherein the sum filer has a response

substantially equal to twice  desired centter HRTF.

3L An apparatus as recited in claim 25, whereln the audio input signals include a left
input and & right input, whetein the pair of virtual speakers are at a left virtual speaker locationanda -
right virtual speaker location symmetric about the listener, and wherein the Hatener and listening arc
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10 such that in the case that the pair of audio input signals includes a

panned signal component, the listener listening to the first and second

output signals through headphones 89 provided with the sensation that the

panned signal component emanates from the virtual sound source at the
symms@mt@rcloﬁ@tif@l&ar2%11%215@49@@&%@@@ gssdk@fdts;]lmaém ﬁﬁﬁ“‘;‘?fé% F?g%@@ﬁﬁ%} speaker

r ilter tha a mates twice t er is .

fo rlghpe?ﬁgl gﬁﬂ ol}ézsuﬁ}élﬁf%t vlglgsi}?)fr%s o %ae nggFugar \63—%1~keiﬁlfoarr1%1 tth%rfar earand the right
VlftualHP?FF‘?rﬁééﬁ)féé@F’\/]‘e{%Tﬁbtalned by filtering the near our HRTF and the far,

ear HRTF, respectively, by an equalizing filter, and wherein the difference

32. f'l'EE}I %&)}?alfgﬁ?sr tp?e k}@g? clg%)ags hse%lﬁt%rét'a%Yoe%Hﬁ' glgn%g F?llg 488 input and a

between the equalized versions of the near car Fl ar ear
right lrmfrrﬂhﬂ?whwwﬁaemé REASERAE fH RIS TBIAMISASH PR iiuanfingeht virtual
speakdiliecdsaanant/eteecfilthe fedrdIET pnoppstiamnal to thestmpobitie hdavigail speaker to
left eat ﬁﬁaﬁ@%éb&ﬁ%ﬁ%l Iikr @rléﬁ' QP P}Nﬁuﬁﬂw ReIRGHD fﬁﬁmﬁa ’s proportional

wherein the e uallzmg filter response is determined by inverting
to thegayaIgh & Hﬁrﬂ gtﬁﬁle?p%gﬁro SEENOBS oA ?8‘itﬁgesﬂ%to‘f‘ﬂ‘l‘élrfé’8?kgatf) left ear
HRTHHRTF and the far ear HRTF. ' 25 29. An apparatus as recited in claim 27,

wherein the equalizing filter response is determined by an adaptive filter

AR (R HFOTE 0. AlBbATAGLS B TEBh el o inputand o

right igheraThettie Sarnafiitel by ?@@éséﬁs@egaeéﬁétnﬁanwaaal feeakdcdogetion and a right
front asiegarateckidi fo.(BOEht Aniappasaitls as recited in claim 25, wherein

the audio input signals include a left input and a right input, wherein the

pair of virtual speakers are at a left virtual speaker location and a right
34 vidtlafRpeske Alotsstieh By fitHBtAS abitithEfidedhdion i dvrighbifiapievirtual speaker
locatidist@rest anchlisienghy af 29 iwydmimetea ddchdhatdeearHRLE lisithe left

virtual speaker to left ear HRTF and the right virtual speaker to right ear

HRTF. and such that far HRTFE is the left virtual speaker to right ear HRTF

ah%”tﬁ@’?féﬁ? SrterI B SKEP G eV AP TR TR 3P AN 3 Faliidogt Ieft input and a
right irguitesbimrediain 12, ofNetedh svelatdic ifput Bignalsinel ydeaketdficaipntaand right rear
virtuaBsgégid-inRLtorvidereiR therpainigkyitual speakers are at a left virtual

speaker location and a right virtual speaker location, and wherein the

near HRTF is proportional to the average of the left virtual speaker to left
36, eaMHRIAREN @RS THGHE glrinad spuzdcein theldtcclp M RERISHE wvivepeinithect of more
than tfas H}Rlﬂ'ﬁg'ﬁaﬁrf&p@ﬁtﬁ@ﬁﬁél g@lthq;&yeaaxg@m dherteft f%iﬂ’ﬁﬁ&k}&@eﬁl{@dd@pf@%sing the set

of mo?grtluﬁl-\ﬁoaiggu d9\| s [lI tﬂs%ﬁs R%\%ere%n ] f&(%%(ojno mm udmg %réafi élétua speaker

1
apparatus as recite aim 25 put signals inc a
locatigus fWFﬁ&Pléﬁf]ﬂgf mnput signals.
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right input, wherein the pair of virtual speakers are at a left front virtual
speaker location and a right front virtual speaker location to the front of
the listener. 15 34. An apparatus as ¥8cited in claim 33. wherein the left
front and right front virtual speaker locations are at azimuth angles of
37. MAaghitkseheprean: 45 and 90 degrees to the listener. 35. An apparatus
as.recited in claim 25, wherein the audio input signals include a left input .
S AR R R R Pal Slphag pienals
correspopfiaespEmrertbcation and a right rear virtual speaker location to the rear
offiieiligtebebf 3G iNpLEHIPRISWBRSHRTIFSM U gdainandS, wherein the audio

inpt é%qgeaﬁa}régﬁtg}é%% ans? set of more than two input signals for

surround sour}m}ﬁlag ayback, and wherein the method includes processing
thehgeginggedk! réfﬁéﬁ%efmb dighalbstenenidieimpetirdhfgppir of output signals
throughdadfihonesximeledings credtifrgnvir e «ﬂh&akei d@ﬁatimﬁﬂﬂmb@f the
ir?Q/Htt,l%ig Qﬁésﬁlﬁaoingzs &EHE{HAQ%C&E“&{A@'&Q% 'IH@%%%@_Q@%QL&H %gnmp'iﬁc]udes a
ignals by a process that produces a. pair of output signals correspondin

g .
panneq Siena  STREERE AR AT A N BT RS UP LI T W SR FECHRR P frgiphones is

providafivith ddiengaties IR TR filtared SipabdsmmbrertienheteRikmfiterpaisans source
at a ceitgithabadisiengristaningteathe pairGfomiput signals through

h%ﬂ?&?&%}&%ﬁggceﬁ sounds from a &'ﬁ%%ea%{(ﬁ%d VIRl SREAKE  istener
locations, wherein e?ﬁferlng is'such that in the ¢asé thatthe pair of

listenipgdfodripint Sigrishsiririies &t pendedraigrigreonmsarerecasenistaifeivherein the
filterilistenbagdio sheupinphosigpdissignals through headphones is 10 provided

W%ﬁhiﬁig@%@% 9&%’?‘}15'}8 8@«5{@%dm%igﬂ%L@&@E&ns?ﬁg?mj%%%ﬂ% e sum of

__virtual séund source at a center locatio oetween | speaker _
the InpyEEEBHS 28he WHESKEHEIE (R THter Palr B RBRIL B 418 A BEF e P the input
signalgnd a far ear HRTF for the listener listening to a pair of virtual speakers at

thﬁlgﬁ_ﬁg% ¥H&§E§B§ﬂkﬁ"gko§;§ﬂ%a?%}grw%& m?oc;fgt@ég@ ARMEMAistener
of audig mp%}?}l}gnals includes: 15 shuffling the input signals to create a

listenig o SRYKHY BFSPITHOHAIYS the sum of the input signals and
a SseordtbighEkCuifererd ehsigahl?) (Propbatierrabtonhesdiffedeienct tireveen the
near cHIRUETSIGRRIS: fllterpothe s signal through a filter that approximates
twice acenter HRTF for a listeper  listening to,a virtual sound source at a
M e

signalgpppeptiphaltéstiss it dd tredvearmed dilisedr EHeIRT Henals the faewar output
signallpRpériiamnd to the difference of the filtered sum and filtered difference signals.

38. A method as recited in claim 37, wherein the filter that approximates twice the center HRTF

is a filter that has a response substantially equal to twice a desired center HRTF.

39. A method comprising:

filtering a pair of audio input signals by a process that produces a pair of output signals
corresponding to the results of:

filtering each of the input signals with a HRTF filter pair; and

adding the HRTF filtered signals,

wherein the HRTF filter pair are such that a listener listening to the pair of output signals
through headphones experiences sounds from a pair of desired virtual speaker locations,

wherein the filtering is such that, in the case that the pair of audio input signals includes a

panned signal component, the listener listening to the pair of output signals through headphones 1s
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unshuffling the filtered sum signal and the filtered difference signal to
create a first output signal proportg) al to the sum of the filtered sum and
filtered difference signals and a. seécond output signal proportional to the
difference of the filtered sum and filtered difference signals. 25 38. A

n}@ﬂ%@-ﬁfﬁﬁ@I@%ﬂﬂa@@i%ﬁﬁé’ﬂﬁ%@d%@ﬁﬂ&ﬁfﬁ&%@@ﬁ&ﬁ%@ﬁ% 4WiR8al sound

source' Qte %gf;t%erkgal H%a f||t thra1[:n t}eas a rgﬁg&r&se substantially equal to twice

esired center 6 comprlsmg 0 filtering a pair of
ad‘di%f‘iﬁ’p@? éﬂ&%é‘lbva)wcseéggtwétamﬂlahé@almﬁacsf%mﬁ@@ﬁ&@ahmd far
ear HROR@hpeqaingdontae sasHRS ohinkltaesguansh other IHMItESdﬁﬂaaﬂ;Sdl\H&hraspectwe

equah%&ﬁlgeﬂeerapﬁﬁﬁ%%d%qgll%grtﬂﬁﬁagrt fé“i?s"rcgrgexs i%?&%g"%m %p Otpsljt_l!la 5Eeakers

filter pair are such that a listener listening to the pair of output signals

at the ﬂfff&ﬁ@ﬁlﬁ%&ﬁ%ﬁ%@@%ﬁ%&&%@@&ﬂw%mwﬁ% FATaf sueh that
the avepealké thocatidirsd wirerein HIRG Filbad rguidigec futhat, iR fieicaskedhat thaer HRTF

for theRHeRLrAKEIRIPRYE SI0RISINGIUdES.A RRBAEA&IGRA component, the
listener listening to the pair of output signals through headphones is 30a

provided with the sensation that the panned signal component emanates
40 fremnathidaalredigd dnsdesreedat wheesitethéouptbritsefilveran ahenvimgdlter for a filter

propoRaake hecatians -and whessinther HR T filtlespairgonsists of an
equalized near ear HRTF and an equalized far ear HRTF, the equalized

near ear HRTF and the equalized far ear HRTF obtained by respectively
41, 5 Aquahiothgeapddr®ar HRTF and a far ear HRTF for the listener listening

tofiu@aip af pdttudl speakens aigthe desirechsdtumbspeakesdocpiions it signals

corr esﬁ%éqaghlﬁggglt@r&equahzmg filter configured such that the average of
he equalized near ear HRTF and equalized far ear HRTF is a desired

céﬂf%rﬂqgﬁ‘ﬂerb—’ofcﬂ“?ﬁ@ﬁgf&?é]s%@ﬁl td' &b s¥idnd source at a center
loeddiog HECIRO FAiretthodmas recited in claim 39, wherein the equalizing

ﬂlt@ﬁé&m{@\m@@ e fR%aUiS L PARPArHQDR! 19 0s AV R A9 HEABAN signals
eh TF and the far ear HRTF. 41. A method comprising: filtering a pair
thlou%f P‘E&

BT BRI ARS 1y 5 SRS AL pIE e B ah B BUstH Ygnals
1Mb@ﬁ@s§herﬁ"dﬁwgimimedeémtsmﬂﬁenmn@aeéi@m@fx thicairjuimignagoakitincdudes a
pannehl Rdifal fHE%[ﬂéﬂHntaﬂQ lﬁ%mgi&&lﬁﬁa—ﬁ]g@@[ﬁgf %Qﬂ@{%@ﬂﬂﬁrﬁmdﬁﬁ {éﬁﬂfones is
provu{fﬁ% %hjtf & gg Salon m%ttﬁehsz;nq% s!lésl;[a nlr:@ tonteg ae{ﬂa g xjajo%m 3 naat[ Pnd source
ones experiencessoun rom a pair O eS|re virtua

ata C%éék@tlmb%ﬁﬁtyﬁ@ P9 Vifereipeakier freatipgpiasuch that, in the case that the
paihekaudiofinpti SigaalsriochidesiAput signals is such that that the sum of the pair of

audio input signals is filtered by a filter response substantially equal to a desired center HRTF.

42. A method comprising:

filtering a pair of audio input signals by a process that produces a pair of output signals
corresponding to the results of:

filtering each of the input signals with a HRTF filter pair; and

adding the HRTF filtered signals,

wherein the HRTF filter pair are such that a listener listening to the pair of output signals
through headphones experiences sounds from a pair of desired virtual speaker locations,

wherein the filtering is such that, in the case that the pair of audio input signals includes a
panned signal component, the listener listening to the pair of output signals through headphones is
provided with the sensation that the panned signal component emanates from a virtual sound source

at a center location between the virtual speaker locations, and



panned signal component, the listener listening to the pair of output
signals through headphones is provided with the sensation that the
panned signal component emanatetXffom a virtual sound source at a
center location between the virtual speaker locations, and wherein the
filtering the pair of audio input signals is such that that the sum of the pair
5 audio input SI als is filtere filter respons ubstan all ual

towae eSired ceBn er ﬁl gl 96 t%l%t II6‘1"rl1lpr|smg eRerl g PY: tLauré/mf ¢ pair of

virtualipgab artpie Sighlsls W%@ piﬁf@é@"sl@ﬁﬁmré@%é%t patoef oot grgﬁamsymmemc

about gRIiespandiigveiiie resuisafaa0ilttaineach of the input signals with a
HRTF filter pair; and adding the HRTF filtered signals, wherein the HRTF
filter pair are such that a listener listening to the pair of output signals
through headphones experiences sounds from a pair of desired virtual
speaker locations, wherein the filtering is such that, in the case that the
pair of audio input signals includes a 35 panned signal component, the
listener listening to the pair of output signals through headphones is
provided with the sensation that the panned signal component emanates
from a virtual sound source at a center location between the virtual
speaker locations, and 30b wherein the audio input signals include a left
input and a right input, wherein the pair of virtual speakers are at a left
virtual speaker location and a right virtual speaker location symmetric
about the listener, and wherein the listener and listening are 31
symmetric such that near HRTF is the left virtual speaker to left ear HRTF
and the right virtual speaker to right ear HRTF, and such that far HRTF is
the left virtual speaker to right ear HRTF and the right virtual speaker to
left earl-] RTF. 5 43. A method comprising: filtering a pair of audio input
signals by a process that produces a pair of output signals corresponding
to the results of: filtering each of the input signals with a HRTF filter pair;
and adding the HRTF filtered signals, 10 wherein the HRTF filter pair are
such that a listener listening to the pair of output signals through
headphones experiences sounds from a pair of desired virtual speaker
locations, wherein the filtering is such that, in the case that the pair of
audio input signals includes a panned signal component, the listener
listening to the pair of output signals through headphones is provided with
the sensation that the panned signal component emanates from a virtual
sound source
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15 at a center location between the virtual speaker locations, and wherein

the audio input signals include a left input and a right input, wherein the

pair of virtual speakers are at a left virtual speaker location and a right

virtual speaker location, and wherein the near HRTF is proportional to the
symmanerage afasthedefirirual spaakeritadetpescHR Téfand HeTFight idugdht virtual
speakce?‘r?g?iléﬁ{ é%r "}'Hi]jhz‘?oﬁglﬁcﬁ%ﬁﬁa??aqlWﬂ%ﬁ?@tﬁ@%ﬁ?‘%ﬁﬂEpé%@r%‘?{ inal E%RTF and

. the average o e left virtual speaker to right ear HRTF and the right
the righf, yiptal spcaker Qe diHRTE. 44. A method comprising: filtering a pair

of audio input signals by a process that produces a pair of output signals
43. corasmendingQsihe results of. 25 filtering each of the input signals with a

HRTF filter pair; and. adding the HRTF filtered signals, wherein the HRTF,
it paR ARFEOERYAS: AR SRR i R ARG LSt aﬁFogf‘%‘ﬁt&Haé‘“igoﬁa‘igtpm signals
corresphndugidhdadphline’s experiences sounds from a pair of desired virtual

speakar ealons Whetainthe filterningrs %@ggam tlhe case that tfrlle
pair of audiQ.j ignals includes a 30 panned signal component, the
lis (édr?ré ?%tgr%rr}]g%%%%g %%?rﬁ of output signals through headphones is

probseriel Wethithd daies aabrith atehépan HelensigissEepohe ntie wiariipas signals
througliGadphvitts ak seencksouic® fadm Lptiterlasatonineinpeikshesirtoil

speaker pcations andyherginihg audiodnpyt signals INGluAe, AJfL DR des 2
h ileft ront

and a right input, wherein the pair of virtual speakers are at

panned;isieng] SompeaFtotstitramdisingit bt viitRl Qpeuikesmes dhomneh ruiphones is
providksd mtif tilkesdistene thaGitmabnaietizod asnipcited dmataitsn #Adn whéreah dhed source

ata céx%@rfi%_%%@]ﬂﬁe{mhftﬁ%%\dﬂp e§l@§%§£ti$9§3a§l9”_5 are at azimuth angles of
ma nltud% between 45 and g}ﬂj%%rees o.the listener. 3la 46. A method

cOMBRYING® ARESHGPE pasP 8t Sl LIRS 4 BPO SURE i RErein the pair of
virtualesdlies g Paildt vutplssidwalocyomesgandinigvic e redaitboftifilteridgvherein
the ne?fmgf’tlﬁepi?wﬂﬁm@&Iwimﬁ@fﬁlwtﬁﬁmﬁﬁ%ﬁéﬁmiMtgﬁ HRTF and the
. lHier signails, . ere Ilter pair ar. that a Jste er
e A R IR PRl S g of
the lef§ gy sperralpEENO s SEEY ariftthsl repB aketelceation & lWhepsHRAE-

filtering is such that, in the case that the pair of audio input signals

44 INGlydes a ed signal component, the listener listening to the .pair of
outPut siogna %rou%rg1 headphones is 10 provided with the sensation that

thB!{55RREOPEIG RAPEDI FEHE EBAa PR R 81T Hoiriiaf 58 APaB e BRIt signals
correspemdarzlacatiossldetafeen the virtual speaker locations, and

filtering each of the input signals with a HRTF filter pair; and

adding the HRTF filtered signals,

wherein the HRTF filter pair are such that a listener listening to the pair of output signals
through headphones experiences sounds from a pair of desired virtual speaker locations,

wherein the filtering is such that, in the case that the pair of audio input signals includes a
panned signal component, the listener listening to the pair of output signals through headphones is
provided with the sensation that the panned signal component emanates from a virtual sound source
at a center location between the virtual speaker locations, andwherein the audio input signals include
a left input and a right input, wherein the pair of virtual speakers are at a left front virtual speaker

location and a right front virtual speaker location to the front of the listener.

45. A method as recited in claim 44, wherein the left front and right front virtual speaker

locations are at azimuth angles of magnitude between 45 and 90 degrees to the listener.
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wherein the audio input signals include a left input and a right input,
wherein the pair of virtual speakers are at a left rear virtual speaker
location and a right rear virtual speakr location to the rear of the listener.
15 47. A method comprising: filtering a pair of audio input signals by a

46. PrOGRESIN3sRFaMees a pair of output signals corresponding to the

results of: filtering each of the input signals wi HRITF filter pair, and 20

B R e R P AR Bl Rl
correspRadingiStEsdpIidEetiing to the pair of output signals through headphones

experieneas sotwadsironamaipaiitioh cesiretivt paal, speaker locations,

Wﬂ%’iﬁﬁﬁ@%@f%@ﬂ&r@%&%ﬁbm' in the case that the pair of audio input

signals includes a Fanned signal component, the listener listening to the
pdiPSrBdhsUTRIgnAlSHRBLEH ReddBRohEEsaerdisisrRadadRiBAitRE output signals
througbdrsdilondhapthepanseddsidoal componiesitedmanateseiioml ecatidiusl

S%ﬁ%ﬁ%écﬁté%% WM?M@%Q% H@ﬁéf%@%?r@i%%ﬁﬁt'%ﬁgfgﬁﬁeiudes a
nd wherein the Eé]lilfd'l%t%f)lrj signals are a subset of a set of more_than two
rrou

pannef e A Y- GUTREBIISy BRI AP WAL S e ugbeacdphones i
providinchitieth prosedsirigatibesemotdrigeatisamnanenippunsigniipefeviigtehingnd source
at a ceHiepLghibRasgiRkangs inalkidingIcieating4rtkal speaker locations for each

30 of the in altjl}d%iginal .32 48. eth cor&}pris&'ng:.f'lt(eringta“%air.of

wherein t nput signals mclude’a Jeft m a°ri n erein the pair of
audio input signals for atidio reproduiction: the filtefing by & process that ©

virtualsipsgleiearg Hairdt atpirteigpraskevireaissrmdhg tthecresiiieopmkerilegation to
the re@@ackhefitr@dnput signals with a. HRTF filter pair; 5 adding the HRTF
filtered signals; and cross-talk cancelling the added HRTF filtered signals,
wherein the cross-talk cancelling is for a listener listening to the pair of
4T odtPRARSGNLPHYBEgh speakers located at a first set of speaker locations,
whigeeine theditRT Eufilieinpair ageasuth thabeedistemeprlistening tairthé pajuobignals
corresPHIBMESARRISs AR Sxperiences sounds from a pair of virtual speakers at
eaker locations, w he filtering is such that, in the

desired virtyal s rein
ORI S P AT ARSI~ Harmod <ignal
cadipemént B Tistdmeedistmaing to the pair of output signals through the

PaihekispRakersratiibe fiishaetRhspeakakipeationsils REaMided- Witk thet signals

througzlehrg%gt %ﬁ%é@é‘%é{}%l anned signal component.emanaies | ot iyl

ouna source a center location between the gésweap\?lar 8%[
wherein the filtering is such that, in the case that the pair of audio input signals includes a
panned signal component, the listener listening to the pair of output signals through headphones is
provided with the sensation that the panned signal component emanates from a virtual sound source
at a center location between the virtual speaker locations, and

wherein the audio input signals are a subset of a set of more than two input signals for
surround sound playback, and wherein the method includes processing the set of more than two
input signals for listening through headphones, including creating virtual speaker locations for each

of the input signals.
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15 speaker locations, and wherein the HRTF filter pair consists of a near

ear HRTF and a far car HRTF for the listener listening to a pair of virtual

speakers at the desired virtual speaﬁ@r locations, and wherein the filtering

of the pair of audio input signals includes: shuffling the input signals to
48. Cﬁeatedﬁ)airs&ﬁig@aig("sum signal") proportional to the sum of 20 the input

als and a second si aI "difference si nal ropar aI o tf

d| (teer%?igce ot the ?H%latmgléna%na I?erlngcﬁ ggumgg?borﬁg%ﬁroﬁeéﬁ% FicePthat® that
producgp 3 R3I PfREBHvHgB camtePmmnHIsher sl listening to a virtual

stidrpcutbe&ha iapnteigtacaiion » filleTingithepdifference signal through a

f|Iggglgé%ggwpg(wg&gggagﬁg%ence between the 25 near ear HRTF and
the far ear HRTF: and unshuffllpg the filtered sum signal and the filtered

d‘ff@?‘%??&lé?f&ﬁ&%%?é‘ﬂf]@%}fﬁg Jiltpst LgAk proportional to the sum of
thelfiteredisomsatdkfittered idgferénce Bigmatsianoliagsecordpaitplitogignalignals

througR'QRANGtOdhe: difletenge philieifiligigd sum and filtered difference

signals. 3 thod.as recited in cI im 48, wherein the filter

S e DT R & B e T o sanls
experigfss sahtigd|j e aabiociviced teshedatdercedVIRTR] o2& Ivstbions,

cam@éﬁm@ filtewingiapair @hauoiniopdtisig ﬂ@l@éwcﬁladiﬁde;QfIQQ.ig;ﬂmi1cludes a
panneé § fllt?”n%%)ng ttp ro?lesfcé%gﬁl %tstfnﬁ r?od%)ces a?%?lr 0 uy tg 1 ?sg{]}ro V\/%%FI the pair of

correspon o'the results o rng eac I nals

speakquirat theiifspt pairo! aBerky IRerimT S ARtdersTgiatse éﬁ&f%l@?s@ﬁéﬂbe panned signal

compaancetingtheracdediHRT fofilie e drsignalsediza lovhare v thecaragsdialied virtual

speaké?%‘&%%‘x&ga@dmr a listener listening to the pair of output signals through
peakers located at a first set of speaker locations, Whereln the HRT

f.|f&}eb%ﬁtaw&@hf%tpam%?éﬁéﬁs REeRiAI s e pand Bo fﬁﬁﬁ%ﬁn%a%the listener
listeniexperiepgesSounds frericaspditief vidual speakersatedesintidngirtuel wherein the

fil ter,@ngg@!;,gmrég% lgp\g[mggmmglmggnng is such that, in the case that the
% dio In l%t s%a aIs mclude E eqd s%gnal C onent a listener ;
Ilsstenlr%n STHERAFSPoUt T gﬁa 5% %ﬁ e s é’gﬁé bty sum o
the 1nﬁ%ilg@¢1@ﬂ@p@@ﬁ@9ﬁ4b%am@rﬁ§h§f@mmw iwwgmgétmﬁhqﬁaffmce of the input
signalpanned signal component emanates from a virtual sound source at a

et location between t %wrtual speaker Iocatlo (%%
il G S e e
listening taquAiva oAl s fRTCeHe &?ﬁ%ﬂ’i‘%ed near ear HRTF and the
edikatine dHad i€ardnk Fhzebtdinesh byfiespestivalyoximates the difference between the

near ear HRTF and the far ear HRTF; and
unshuffling the filtered sum signal and the filtered difference signal to create a first output
signal proportional to the sum of the filtered sum and filtered difference signals and a second output

signal proportional to the difference of the filtered sum and filtered difference signals.

49. A method as recited in claim 48, wherein the filter that approximates twice the center

HRTF is a filter that has a response substantially equal to twice a desired center HRTF.

50. A method comprising:

filtering a pair of audio input signals for audio reproduction, the filtering by a process that
produces a pair of output signals corresponding to the results of:

filtering each of the input signals with a HRTF filter pair;

adding the HRTF filtered signals; and

cross-talk cancelling the added HRTF filtered signals,
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equalizing a near ear HRTF and a far ear HRTF for the listener listening to

a pair of virtual speakers at the desired virtual speaker locations, the

equalizing using an equalizing filter #¥hfigured such that the average of

the equalized near ear HRTF and equalized far ear HRTF is a desired

CoM@Eikl FhtFerds-ton thgbistanersligeningdRea virtial Seund SAUree &ldut signals
throuch &AL J%ﬁgﬁ%‘d 5t1. Eneéth?d a relcitetd in claim 50, wherein the

ugelcslﬁ% |Z|1ng fifter {5 &n'inverse’fifter fora filter proportional to the average of

thehaear BarHRRT Hilgioptireatased iR T Hsteoes Pstaningtieoblecenin i sivfgut signals
experifilt@tinguadpaisnhaudiofinpubisipnalssSear aude vepradyetienidheifiltering by

a 2SS th rod ir of output, sighals corresponding to the .

R A O e Pl BRI (AR inuaes o
panneqonpk $pMRRAFAY didisisner divFpBecipdisaikiicahiimg tissdyduergiRthe pair of
speakdilt@rebesignals, aihpeainrtheatrossstalicdaantellingls fensatlistenelisienirg signal
compcﬁ%ﬁlf' %d?aﬁfﬁt@g %H’? Yyt ﬁﬁ%@om %U%é&e%%éx'%é‘iﬁ&x%eﬂ%%%t él%t c%fsired virtual

speaker locations, wherein the HRTF filter pair are such that a listener
speakgidacAiNg T8 e pair of output signals experiences sounds from a pair of

vinbaksphakdérs Btfdesireid sintist speakendbzatioes, swhBREIR tnd @BGqualized far
ear Hﬁiﬂﬁ,riﬂng &@nﬁ@dth@érwhﬁaw%&hﬁ& %ﬂ@gd%ﬁgg@{lﬂﬂuk%?ﬂéésoy ?espectively
e S A L ST ERe N AL e S N R s
at the lsplgibnstis!srseldepopithnthée engabians tratahe panhddsitnaradiapenerth that
the avemanAtes djomavitiat&0uRUSaIT cguatiEentenonation hefwpen difer HRTF
for theq?s%g%gi}/sltgl%%!:%g ?%@Jallos%% Ig) QOS rzcienq chlzqe:%{grlrll tchg&lil.te'er of the palr of

audio Input signals is such that that the sum of the pair of 35 audio input

signals is filtered by a filter response substantially equal to twice a desired
51, cemtesthtiR kéredite B3, eimetipdicospiisiagafitekmijta pain ofaudialiapist a filter
proportiGAS IR AU SRIRANGHON.HRE FIRIIRG RY &,PrRGESS that produces a

pair of output signals corresponding to the results of: filtering each of the

input signals with a HRTF filter pair; 5 adding the HRTF filtered signals;
52.  addmeythed-tatkreagelling the added HRTF filtered signals, wherein the

crepsiialk cancalingdsfona;listenes isten h%ErEQJB@oH,aﬂﬁ Of RiHRY bs ig rf}&?{léess that

J through SP(??k%rSIJS ated at angrst s of sg)ﬁakgr locations, wherein the

Produygiy Ifil‘felrtf_l) ir are SUChthar & igener 1§ 3n‘?r?g'to the pair of output
sifjHels e race g dhfciipeissispak agth e B pditefrditual speakers at desired
Vikdinh s pRIKRT fogadtensiondierein the filtering is such that, in the case that

thcerc%"él-l{aﬁj C%Hgéﬁlll%qHé %@Q@ Eﬁ%l %ﬂgrseoa signals,

wherein the cross-talk cancelling is for a listener listening to the pair of output signals
through speakers located at a first set of speaker locations,

wherein the HRTF filter pair are such that a listener listening to the pair of output signals
experiences sounds from a pair of virtual speakers at desired virtual speaker locations, wherein the
filtering is such that, in the case that the pair of audio input signals includes a panned signal
component, a listener listening to the pair of output signals through the pair of speakers at the first
set of speaker locations is provided with the sensation that the panned signal component emanates
from a virtual sound source at a center location between the desired virtual speaker locations, and

wherein the filtering of the pair of audio input signals is such that that the sum of the pair of

audio input signals is filtered by a filter response substantially equal to twice a desired center HRTF.



10

15

20

30

35

panned signal component, a listener listening to the pair of output signals
through the pair of speakers at the first set of speaker locations is
provided with the sensation that the%aqanned signal component emanates
from a virtual sound source at a center location between the desired

53. Viktuakhdd shgakatdocations, and wherein the audio input signals include a
54,004 2nd & Fi R, wheteln e Ralr L Ia! SREAKETS.ATE AAJEN
virtual Speaker location'and a right virtual speaker location synimetri

producghp pRifrd RetER SR orePendifisetiste sk il listening are symmetric

stithrihatnaar HRihbusihaldefttviitHalSpRiskenta left ear | | MT and the

right:viriHakseeakeL La tighhear ARTF, and such that 20 far HRTF is the
left virtual speaker to rl‘%gaé ear 1-1RTF and the right virtual speaker to left

esrriraecanselingiherdded SIR AR ditigreitab-a pair of audio input signals
forianelio tteprodarctibreatiel filleimépby digeogebsdhay probkices afpaitof signals
throqu_@&&%é@B?@@%%%?ﬁ%gmgﬂ&ﬁ@ﬁ[&@ﬁlﬂﬁ%ﬁ‘; TZE ][_illterindg e_achlof thf(e]I input
sighals wit - liter, palir; adding the litere ignais; an .
oS e e RIS S IACE Dbl oot signls
experigressaaidcapoel g i forual israkers isenirng 1ot paker loeperssignals
thraugih speakermdacaledl Maa.ifitat selohapmakailocalionsnsi WarIecludes a
panned Sani} ConuelDAIL afe eﬁgrcﬂsge‘l%%g k'&t%réere!h?t&””{%%? the paig ol 0 1?1‘% pair of
sighals experiences sounds rrom-a pair o wrtuaf)s eakgrs at desire ‘
speakeyrftidh e peiicst RScREwieS, I0pRBPRINTRENIsANY s Scrmtionitdhcaruipgsignal
compdifetpaiaedaudiannpuiisinalsinaludesaa pansethsigaabesmpotientedred virtual

speakéi%%@%lﬂsﬁ%@i”g to the pair of output signals through the pair of speakers
at the first set of speaker locations is provided with the sensation that the

pAHRE ST ATYS WBH, st Brs et iBRT PO th AIRb Y s SEE Bty pair of
virtualcgrtgeloeation hetweenl theadesikedtvintaal speakertotaponis; Aation symmetric

about WQ@F@H&D@@%@@]‘W%&@Q% ingludentleftdny Hind GcA kg b A ALYy HRTF is the
left i}/tvhsrelr;l 1thet (??el};tof \i"ﬁﬁl s%e%kersh?renat le V|rttual t%arkﬁi l%catl%nsuch that
eI VIRt ' %D?lgﬁf vir ualeélpea er lg)ca fon®&nd" Whel eﬁar) %"33 TR fear HRTE s
far HRGrb proftionfl Mo thlesrarseatyerishtie ldR VirtndItepe akerrodbipedeHRITHE eandiR TF.
the right virtual speaker to right ear HRTF, and wherein the far HRTF is
54 Proportio alto the average of the left virtual speaker to right ear HRTF
and1¥ﬁe1?lgﬁ%vffalgﬁspeaker.to left ear HRTF. 5 55. A method comprising:
il 24 pait of AINJPIBHEIYAAR FFRUaRCARISHIBUEROH I HREftetiRE BFs that
produ&Pigaass thaiuprigthlcesagpaidofiauthuisignals corresponding to the
reghlis ot JUerng each SfHe IRl signaiswiing HRTF filter pair;
adding the HRTF filtered signals; and
cross-talk cancelling the added HRTF filtered signals,
wherein the cross-talk cancelling is for a listener listening to the pair of output signals
through speakers located at a first set of speaker locations,
wherein the HRTF filter pair are such that a listener listening to the pair of output signals
experiences sounds from a pair of virtual speakers at desired virtual speaker locations,
wherein the filtering is such that, in the case that the pair of audio input signals includes a
panned signal component, a listener listening to the pair of output signals through the pair of
speakers at the first set of speaker locations is provided with the sensation that the panned signal
component emanates from a virtual sound source at a center location between the desired virtual
speaker locations, and
wherein the audio input signals include a left input and a right input, wherein the pair of

virtual speakers are at a left virtual speaker location and a right virtual speaker location, and wherein
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adding the IIRTF filtered signals; and 10 cross-talk cancelling the added
HRTF filtered signals, wherein the cross-talk cancelling is for a listener
listening to the pair of output signals3frough speakers located at a. first
set of speaker locations, wherein the HRTT filter pair are such that a

listRnRElistening e HoriBair @fRUIRLLSIINAE BXREHRNCESSGUPUSTERNHATE and
) ir. of virtugl speakers a ired virtual.speake tions, 15.wherein the
the rigp B e R e AP B Berage

of the Jak|viiaa] aPSakeiiied iy pa EBATBHChE Hielistame Fatakanty teftser BERABf

output signals through the pair of speakers at the first set of speaker

55 Ioga}ggtggﬁ&@x{g%q with the s_ensation that the panned signal _
component emanates from a virtual sound source at a center location

bdtiEBR g inabredio/ipRLIs Spria ke Wt HedusiPp AN HBIRIAGRE aneeess that
produénpapsigrialstpochighe!adefteippudiapc ahkightiinpiit, wherein the pair of
vigakhsperkersirr sk el frant vifuat sReaker, location and a right front
virtual speaker location to the front of the listener. 56. A method as
reac%g |ﬁ“%?3ﬁ:nr dSél,tWeg?éﬂ% th&'feft front and right front virtual speaker 25
logatipHskaanc lingithatddadgiesT bfilterghingdeddetween 45 and 90 degrees
t%h&éi?t@&eéé@&a%m?{mm@m@d?_ls'bﬂg'srﬂﬁfrm&iﬂgifooﬂ;};@%@ 'tgpwmut signals
ignals for a eproduction, the filtering by a process that produces a
o T SR reoe of. 30 fitering each of
thehpisin Sig RS RvitieanaRTE iy halire [Etimd it RRIP DGt @lspyfmfssignals
experiang@ciossHalkcanarlingitine asaeerd-ARERffteredasigaals; wdagieait) the

croge:Lal Kh%aﬁ?e?lﬂggsi§uf&rtﬂa'€§§ B JRtening, Ogt?xl? H3L8b 9%%59#& SR 1udes 2

through speakers Tocated at a first set of speaker locations, 35 wherein ,
pannegh sigiE e HRep i dRICSECATITAIS I8tdifePHEEhiPRY tHenpkirlypbetplie pair of
speakgigmalse éxperenCasdeuhdsatiromiappaiidt withalhspealtrs abdebéirednned signal

compc\ﬂgﬂaélﬁﬁﬁ%eﬂ’régf@tmi wherein,the flteringds %&%ﬁ&h@&%éﬁq}ﬁa&%ﬁg@t\/mual

1 thf %alr of audio input signals includes a panned signal component, a
speakgiiRlPTHEEKing to the pair of output. signals through the pair of 33b
spekeirs tht thdifirspsesighgpaadiedd ocktiomsus ambvidebt withithehsenms shiopair of

virtuatRpédbgspanned SigRat coMmpAPeLIPARBIEM I Mo HHHA)i HOMREARM GRation to
%ﬁﬁme{ In%?ation between the desired virtual speaker locations, and

at
the fr e : . . . .
" 1Whereln the audio input signals include a left input and a right input,
wherein the pair of 5 virtual speakers are at a left rear virtual speaker
56. locatiemhandaretghtreativiriual spesdeinlaeationfidnt and right front virtual speaker

locations are at azimuth angles of magnitude between 45 and 90 degrees to the listener.

57. A method comprising:

filtering a pair of audio input signals for audio reproduction, the filtering by a process that
produces a pair of output signals corresponding to the results of:

filtering each of the input signals with a HRTF filter pair;

adding the HRTF filtered signals; and

cross-talk cancelling the added HRTF filtered signals,

wherein the cross-talk cancelling is for a listener listening to the pair of output signals
through speakers located at a first set of speaker locations,

wherein the HRTF filter pair are such that a listener listening to the pair of output signals
experiences sounds from a pair of virtual speakers at desired virtual speaker locations,

wherein the filtering is such that, in the case that the pair of audio input signals includes a

panned signal component, a listener listening to the pair of output signals through the pair of
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the rear of the listener. 58. A method comprising: filtering a pair of audio
input signals for audio reproduction, the filtering by a process that 10
produces a pair of output signals cotfsponding to the results of: filtering
each of the input signals with a HRTF filter pair; adding the HRTF filtered
signalerandierass-{alk canarlinagcthsrdde R d FfilleredsiginelSthat the panned
si naIVc\:I(I;] ereLréI} gcgr? 5t r%ncg‘r\]/?%lllg?%oign%)goaﬁ Ié%t% aerc"%%ernigrga‘;[%r;[ %t %gnot ¢ destred
g ou%% &gnéﬁs Bt rough speakers ocatedat'a first st of Speaker
virtual| speslieniecoiieareiidthe HRTF filter pair are such that a listener listening to
thetpaimaheutiait sipnalgnexpatikicasgoupls fan addaimplityinb@tin the pair of
.S t i irtual 1] herein the filtering i h..
i e A e in o
the reagighie disiFsnent, a listener listening to the pair of output signals through
the pair of 20 speakers at the first set of speaker locations is provided
58, With{he sensatiem,hat the panned signal component emanates from a
virtual sound. squrce at a center lgcation between the gge ired virtual
‘ sﬂé%?k‘&? bEAGGHE AR WHEY SN thid atiis PG Bgiad r%“e‘?%‘%ﬁn@%ﬁ&? gpess that
produgstagfain of eutrarsigvelimouesigndileforthsuesolindsound playback, and
whetsi thenoethosjocludes Rracessing the:setef more than two 25

input. signa listening through headphones, including creating virtual
sp%{g%?c ]ch%%a_éﬁfgrregg%ﬁw%f % input signals. 34 59. A method
comptisitigeactieptithy addri B Hublsibugrginals for audio reproduction;
shufthisg the spuitsigratsdoigreatea filsksignabEiEumsigrabdir of output signals

throuéz’{g : QrinaLiR Ae,SH® of o‘f‘s?ﬁé%lﬁt’e‘%ﬁ 53%‘6’#?; and a second signal

erence signal”) proportio o the difference of the input 5 signals;
fnf@hlﬁﬁalm}éeéﬂ%? Eiéﬁal a%rbarﬁw%ﬁ%%afta%rhwge@tﬁé BRFPHPYiRut signals
experiesjualizectvérsionpafr af nearbarHkRT b dadrahvequalizgedardssiviomnf a far

ea i3RI Fnd QGRS AN 2k Lk FRI FrsRfingi o aJislenph SIEMOh&ides a

pair of virtual speakers at correspondjng virtual speaker locations, the

a . he
panned Nighfy SRR hs OB HEMEEal dbfuBREation HiRkEYy %’Elﬁn@&"gé%ﬁ%é?f‘“ of
speak¢hreaier dge oft thiesiGley UatitetnsareddddRITE drdseraadizdd:fahcamned signal

compdiBhl rARRIGXIPAtesSawententd RIfroh @ lisiaBelolisteningdeea Mittuadired virtual
source at a center location between the virtual speaker locations;

sound.
Speak?lrl(?é)ﬁ‘ga)?ﬁfea difference signal through a filter that approximated the

diffdeatiedisetvse ing segailzied VEPSIOIPOR thé ABACERFFIRIND aftittsenals for
surroudqUaline hiebatnn alithendasie sl Tfodardhdes processing the set of more than two
input signals for listening through headphones, including creating virtual speaker locations for each

of the input signals.
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listener listening to the pair of virtual speakers; and 15 unshu'ffiing the
filtered sum signal and the filtered difference signal to create a first output
signal proportional to the sum of the¥fttered sum and filtered difference
signals and a second output signal proportional to the difference of the
59. filkereghsunvapdstiiered difference signals, such that in the case that the

pair of audio input signals {nclqu%%ﬁ(ﬁnned s&g&% component, the

Iistcecﬁl(%tﬁlgs%égr?llﬁg {o the first and second output mgné‘l’s through

heHPeTas PBrolars ‘Ritirtke? StisdsahfichthaietE paAPRt Sy g the sum of
the infgoRipoenidenanates dhan("thfevirtadi saunrpurdenat iheedifferelacatitn input

signals;

filtering the sum signal through a filter that approximates the sum of an equalized version of
a near ear HRTF and an equalized version of a far ear HRTF, the near ear and far ear HRTFs being
for a listener listening to a pair of virtual speakers at corresponding virtual speaker locations, the
equalized versions obtained using an equalization filter designed such that the average of the
equalized near ear HRTF and equalized far ear HRTF approximates a center HRTF for a listener
listening to a virtual sound source at a center location between the virtual speaker locations;

filtering the difference signal through a filter that approximated the difference between the
equalized version of the near ear HRTF and the equalized version of the far ear HRTF for the
listener listening to the pair of virtual speakers; and

unshuffling the filtered sum signal and the filtered difference signal to create a first output
signal proportional to the sum of the filtered sum and filtered difference signals and a second output
signal proportional to the difference of the filtered sum and filtered difference signals,

such that in the case that the pair of andio input signals includes a panned signal component,
the listener listening to the first and second output signals through headphones is provided with the
sensation that the panned signal component emanates from the virtual sound source at the center

location.



