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positioned at output locattom different ﬁom the source locations, where each of N and M is a

number greater than one. N can be equal to or different than M. A virtualizer generates (or

25  attempts to generate) the output audio signals so that when reproduced, the listener perceives
the reproduced signals as being emitted from the source locations rather than the output
locations of the physical speakers (the source locations and output locations are relative to the
listener). For example, in the case that M =2 and N > 3, a virtualizer downmixes the N input
signals for stereo playback. In another example in which N = M = 2, the input signals are

30  indicative of sound from two rear source locations (behind the listener’s head), and a
virtualizer generates two output audio signals for reproduction by stereo loudspeakers
positioned in front of the listener such that the listener perceives the reproduced signals as
emitting from the source locations (behind the listener’s head) rather than from the
loudspeaker locations (in front of the listener’s head).

35 Throughout this disclosure including in the claims, the expression “rear” location

(e.g., “rear source location”) denotes a location behind a listener’s head, and the expression
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equally between the left and right speakers. The output of the virtualizer that is indicative of
the input from the center source is commonly referred to as a “phantom” center channel. A
listener perceives the reproduced output audio as if it includes a center channel emitting from
25  acenter speaker between the left and right speakers, as well as left and right channels
emitting from the left and 1'fight speakers.
Another conventional surround sound virtualizer (shown in Fig. 1) is known as a
“LoRo” or left-only, right-only downmix virtualizer. This virtualizer is coupled to receive
five input audio signals: left (“L”), center (“C”) and right ("R”) front channels, and left-
30  surround (“LS™) and right-surround (“RS") rear channels. The Fig. 1 virtualizer combines the
input signals as indicated, for reproduction on left and right physical loudspeakers (to be

positioned in front of the listener): the input center signal C is amplified in amplifier G, and

the amplified output of amplifier G is summed with the input L and LS signals to generate the
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Brief Description of the Invention

In some embodiments, the invention is a surround sound virtualization method and
system for generating output signals for reproduction by a pair of physical speakers (e.g.,
30  headphones or loudspeakers positioned at output locations) in response to a set of N input
audio signals (where N is a number not less than two), where the input audio signals are
indicative of sound from multiple source locations including at least two rear locations.

Typically, N = 5 and the input signals are indicative of sound from three front locations (left,
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To ensure that the virtual channels (e.g., left-surround and right-suiround virtual rear
channels) are well heard in the presence of other channels by one listening to the reproduced
virtualizer output, the virtualizer performs dynamic range compression on the rear source

30  inputs (during generation in response to rear source inputs of surround signals useful for
driving front loudspeakers to emit sound that a listener perceives as emitting from rear source
locations) to help normalize the perceived loudness of the virtual rear channels.

Herein, performing dynamic range compression “on” inputs (during generation of

surround signals) is used in a broad sense to denote performing dynamic range
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of virtualized sources to provide improved localization while avoiding problems due to

30  physical speaker symmetry when presenting virtual speakers. Without such decorrelation, if
the physical speakers (e.g., loudspeakers in front of the listener) are symimetrical with respect
to the listener (e.g., when the listener is in a sweet spot), the perceived virtual speakers’
locations are also symmetrical with respect to the listener. In this case, if both virtual rear

channels (indicative of left-surround and right-surround rear source inputs) are identical then
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to the listener (e.g., when the listener is in a sweet spot), the
percei ved virtual speakers' locations are also symetrical with
respect to the listener. In this case, if both virtual rear channels
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30  performing the method on the input audio signals.
In some embodiments, the invention is a sound virtualization method for generating
output signals for reproduction by a pair of physical speakers at physical locations relative to
a listener, where none of the physical locations is a focation in a set of at least two rear source

locations, said method including the steps of:




WO 2010/ 074893PCT/ US2009/ 066230 (a) in response to input audio
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and a ceftean fippiplithedisiene dery@hincludes testier A Bgrerdtigneft #IKGIRNAS COHES

front souwnggs f1acatd RS Qe BRING hShER 1ddalpehingd QaSt Bukt @R (R listener
25generating a phantom center channel in response to the center_ i nput

audi 80si grafives as emittiny lagre jeflory, ang Hehtdgaanirecsbahige hedinspasyidsivP R ps
to nor rra#l{cﬁgg% @g Sttglﬁétc%h&ﬁ@ng tﬂt‘:’gﬂgﬁ%igﬂms th@spehid Hahe E&%n&ﬂ%ﬁ%h%ﬂ

Al so prefera ynam <€ range conpression is perforne _
anpl i fyi igut dvdid signat indigative of sgmd Fromi anle fienirohive icatigey 2 Fghtanruyendic
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anpl i fyi ngli@tchofebutdfen nputerdudi wusk dwalie. Reddrsidy, atep év)dhclides g step gh
aver gge | evel. ove ti wW.nd bel ow, [ . 1.ned.. eshold in
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bel ow t he t hr psheadbtly, tHerdgheaniabinge cahppssioa)heips ol riohesliz et jeepeedfed loudness
generat i nﬁ t he

gener ) Rgyb 15, SHELSHD, R 902 2405, 481 B8R, LSPSHRLILIN, bBhER
2010/ 074823RGTokRSAPRAA661234s in a nonlinear way relative to each said other input audio
signal. Preferably, step (a) includes a step of performing the dynamic range compression
30 including by amplifying each of the input audio signals having a level (e.g., an average level
over a time window) below a predetermined threshold in a nonlinear manner depending on
the amount by which the level is below the threshold.
Preferably, step (a) includes a step of generating the surround signals including by

transforming the input audio signals in accordance with a head-related transfer function
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(HRTF), and/or perform ng decorrelation on the input audio signals,
and/ or perform ng crosstal k cancellation on the input audio signals.
Herein, the expression "perform ng" an operation (e.g.,

t ransf or matwoneibmrsagcor dance with an HRTF, or dynam c ramgs2009/666230
conpressi on, or decorrelation) "on" input audio signals is used in a
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(e.g., a disc) which stores code for i Ienentln %enbodlmet of

the i AverfPEREOHE e &pul neiq signapses en P‘ﬁf‘f%ﬁﬁi Vc?f’f’“tlﬁé hiyelio yigngls G-2; g

a bl ock diagrams of ma ifpADMRN i QAR s Hiveaubd o sRURNIIHbH B bBaTTiISHEHEM
FIG 2 is a block diagram of another conventional surround sound

virtual i zer syspest ofrednventipyingluge 6&R’tuali?ég¥yéﬁ“d¥°nggf“%cﬁd|Ph%gh%m18?d)tt‘he
i nventiv eﬁ’dfrﬁ %%@Hﬁgt i tht Hbdize 'ine?rﬁbﬁta%ma cééﬁ!lt@ rediabls nRIiBMAEK.,
dlagran1 an 1 iplenentati on of stage 41 of virtualizer subsysten140
of Fig. 3lisc) which Rpigs c@leifey implomentios dinagmtedinght efrihd inpevaenethed on of

st age {2 of virtuali zer su ygit]g&hé}g?mofhgma’ivmlgs FIG 6 is a
block di agram of an inp uit of stage 43 of
20vi nual i zer ﬁ(ﬁsylswmck@aoﬁn@f aropgngonl sutound agmémltyflh@nsystem

! mpl ement fat' Orﬁt[ﬁ];c]it %101%]: (yfl BMSJ 0171\%1& ??L}ﬁsotug %gd vn“tuahz:?gé)&e Fhe

|_sadeta|Ied |araf=ho an'1np enen |ono |mter
virtuali zer syﬂi@e?.m@foicﬁkglan&m cﬁ&ﬁleﬁbo@mestcéﬂbh@wum agroard wbndn audi o

di gi tal s‘!,l uaqizel})bgscggn%ssor (DSP) that is an
15 FIG. 4 is a block diagram of an implementation of stage 41 of virtualizer subsystem
40 of Tiig. 3.
FIG. 5 is a block diagram of an implementation of stage 42 of virtualizer subsystem
40 of Fig. 3.

FIG. 6 is a block diagram of an implementation of one HRTF circuit of stage 43 of
20 virtualizer subsystem 40.
FIG. 7 is a block diagram of an implementation of stage 44 of virtualizer subsystem
40.
FIG. 8 is a detailed block diagram of an implementation of limiter 32 of the virtualizer
system of Fig. 3.
25 FIG. 9 is a block diagram of an audio digital signal processor (DSP) that is an
embodiment of the inventive surround sound virtualizer syster.

Detailed Description of the Preferred Embodiments

Many embodiments of the present invention are technologically possible. It will be
apparent to those of ordinary skill in the art from the present disclosure how to implement
30  them. Embodiments of the inventive system, method, and mediuvm will be described with
reference to Figs. 3-9.
In some embodiments, the invention is a sound virtualization method for generating

output signals (e.g., signals L” and R’ of Fig. 3) for reproduction by a pair of physical



enbodi ment of the inventive surround sound vinualizer system

Detai |l ed Description of the Preferred Enbodi nents Many
enbodi nents of the present invention are technologically possible. It
wi || be appaoeswitseost hose of ordinary skill in the art PCrmszaies6230

present disclosure how to inplenment 30 them Enbodi nents of the
inventive syste net.hod,. and iumwi |l be descr.i.bed w r.ef erence
Lo Figs. gt SMnREy 0GR EalE e Ak viGe PTG iRSt Dol fhfh
vi rt ual i zatdtioninedehertht fcast tge rar alurddoatdpuiaidsinghal sclgeing the sgipgn@al s L'
and R of Fig. 3) for reproductian a palr of physical.
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the stdepseas suound signaly L' rind & ghkie- 1 assiiigat draing e shegiat ¥ thephysic
left and 1hd@Bhs th @it sbiRithat SheQRInSs pokedivdNek dishtin®frofd @id 13dr sbiled BAdtoWS
of sound fromthe rear source |ocations, generating surround signals

5(e.g., dofRGumby RIrfpAIng dymimia FrsREMpIPSsion gn the)npre @ydip sipenls: @id vi ng

the speakers gafy JhG.RpNB S@utlsREAL iQBSHOhR 18 Helsu QA dighfiate. & @iround
| i stener percerves as em tti ng fromsaid rear source c’I ocat1 ons,

i ncl udi ngigmplspSr fust RS g Fity Ahandat feayi gae ederind spdin sigpal (e, npyuiznals s o
sign ; - (:b) i . l to
e TR o i RSl i UL e BB o RN
and at | eagkclondroot feerceilevption, austlitiot gicgmpiut {ignags. are il&@blbeI‘ﬁiigiﬂ_aﬁl§ C,
.]'OL.’ an.d sRea Oits at hd h38)ldal %sﬁfoﬁs & ts%ﬁhtfthgtttpgﬁstérfépgetr e%égla?erﬁllttgﬂq{ mh S

i ndi cati ve or Sound ¥r1oma respective front Sourc focat on, Euch

t hat t he thaicptdonsk dratiosandfrosehad safddronglsawvgerigeatibe speakers at the

physi cal | ocati on Sl}yteg)re%g%{ﬁai go%ﬁqgeé%qggﬂétqg%%b?sa &9%he e'éi%z?lilc\)/ SRo e in

em tting from PHE o eacn sai Fon

sour ¢ | ofedit bOife lidtyqel,cal kigp (d) helydbykt cap oSpraakenslchnnd fighy srround signals

| oudspeakers,. the physical .locations are in 15front of the |istener,
and step €&y Sigﬁgf’ hge%‘atﬁ'?eog{:‘gp%d? eRMET E’tli:fﬂﬁn T TP Y SIS £ ound
signal s (oldls,LSHngRE oF FigS?3), dheiel® le@bndight s@)ound sie88 OB SeLildol @fvingand
right rear input signals (e.g., signals LS and RS of Fi qr 3{ wher
the I eft BnboRgdbpalkars il Srfhkpihe [dengsRareniver g it g toHd=a Abhe

| oudspeakgdhs rdaPscRifed bHAMINGe ifidher. tTRE physkhBPeikeRANEBLVRSy @S1d¥ tTi ng
fromleft Tear and right rear sources behind the listener. The

physiZhl lepdueasssordpudsparisers pesionedaiher then J Graadppypeiocations €.g.
| oudspeakgr &,0e8k LhfGHa & REterda R AlortiQiskRa). RAHLES, heFRistc@NPeakers
(e-9.. are front loudspeakers, the physical locations are in front of the listener, step (a) includes the
step of generating left and right surround signals (e.g., signals LS’ and RS’ of Fig. 3) uscful
for driving the front loudspeakers to emit sound that the listener perceives as emitting from
25 left rear and right rear sources behind the listener, and step (b) includes the step of generating
the output signals in response to: the surround signals, a left input audio signal indicative of
sound from a left front source location, a right input audio signal indicative of sound from a
right front source location, and a center input audio signal indicative of sound from a center
front source location. Preferably, step (b) includes a step of generating a phantom center
30  channel in response to the center input audio signal.
In some embodiments, the invention is a surround sound virtnalization method and
system for generating output signals for reproduction by a pair of physical speakers (¢.g2.,
headphones or loudspeakers positioned at output locations) in response to a set of N input

audio signals (where N is a number not fess than two), where the input audio signals are
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| oudspeakers positioned to the left and right of the listener).
Preferably, the physical speakers are front |oudspeakers, the
physical |ocations are in front of the listener, step (a) includes
the step olwmengsadosng | eft and right surround signal se¢EUSp09/BEQINAl S
LS and RS of Fig. 3) useful for driving the front |oudspeakers to
emt sound. that the sten ercejives as tti from 5 left rear
and ri ghindicagye %f(’)gﬁlr“@edso“bg‘ﬂﬁr?&p s[owgehcgtfogﬁg}c?u%]%&t Qetq‘gﬂ)w? By °H Cat ci°Utes the
step of gepesnst Nngs illahobPUignsis gRahdicdtive bEspanEemttuee flhlﬁ]ﬁdﬂﬁdilﬁlﬂ'ﬁ:ﬁ

signals, a left ut audio SI nal i ndi cativ froma |eft
front soff¥d: a@e&bf e Sepre Y A ostieing (& Q‘Hé‘?“f‘gﬁﬁ‘? dEt P "und
froma rightesf.ront source location, and a center input audio signal

i ndi cative of sound froma center front source |ocation, Pref erably

step Pb) i ncl B¥es iva Yediiagragehsr apbadynent B%%ﬁt”dﬁ‘?‘&’éﬁtléﬁﬂh%éﬁéﬁ%g#‘el n

response L.t Re £ 8Nl §is doﬂﬂéﬁlecﬁﬂé%ﬁh}ﬁb H3nd right output ReSME’ eRDRYiFsENE S,
the invention is a surround sound virtualization nethod and system

for genertvinag paitpffient dugsnghleers OF othepperkast indespaRsede Pig lﬁlp‘éffau‘ﬂiﬁﬁg%lél
speaker s (& 1) AEAIPRAREN <O b AU ARRAAERTSnROSILTARRM: AL AR

| ocat i ons) response to a set i nput audi o si g S (where Nis
a nunber mdmatﬂffecs“ssourlrddmm aodnteniivet wutchen ligh (R’ hemm@elsrldgqﬂavﬁsofap@ﬂd fygm
2010/ 74893 6 |t Ce
Focat Dond G ATAG ot Mroanpuidloh dehiffelhai o te L RTH Pl SQED
the in puissarglnai@t—arlmunm diRcSéil éhaened fndgativechf foumchfonr eBglft rﬁ@nt SOD@G &SL ) ns

(left, ter ont _sources
(left- suﬁ?%u]hlaaléﬁ%’dgeﬂw%%tg 2 E?nrt%'ﬂﬁ d'¥éar <o ardc‘g)\é\%ll{eg% hqgﬁgﬁcpug%b Pomk
di agr am ehanaéls Ervho®i ane Rictvaf left hed virtve nighmveanchirtnal) by anplsyisg émceiihe

t ual f Fi 3 f t . t d t put
S gnais. (o Grieeier 6, Suige i s raar oGPl he i SR SRt

ot her 5 pe@ak&ims bulpht i @SPIOSII® HeQlebdribed bekpuitin amdm@mﬁ]l Qs 30 @ desdrite i L")
channel indicative of sound froma left front_ source, a. cent ((_i Cii%)
B gt

channel ANt Y auiget SWHEHRGEE émE S tBUF @ gith juput

channel 'sﬁ\%lﬁabh%ﬁt @gnaﬁl@srrt% ljer &E@ié@@-bé’lb\ﬁﬂh shih@BtiorSOEE@ 31 B generate an

| ef t - surround channel indicative of sound froma |left rear
source Lsﬁhlaﬁﬁi%hf P‘@}Pﬁ‘%t surround ("RS") channel indicative of sound
froma right Fﬁ@tﬂﬁmﬁ@& ﬁ&&nﬁl%ghm@puw sﬁ& H%Eésgﬁ%rbygi%ﬂ%ﬁ 3} fSavaidRBRMIeR In
center channe and conbines’it with |eft and rlght front channels L
and ROandesppmst Elaﬂhe pdfrpitegireft wtptztdamtqu%rg@neneéfazrth%h r‘?H@P‘s()L Bhatansseredi ng
the cent ! P&y APhihikd a8 Qﬁéhﬁéét pof
anplifi e(r%%e\?\n&%m}gné)%gl%é%shbﬁgf(ﬁhﬁégt%%gﬁ ou putl 5|1 ng LS t( be
descri bedigbeluw) R’ mtmuwutmOéiee@nﬁors@pttabmg‘éﬁhem thed.’ amd Bindutprits e

| eft out put I 0 j
mput R At PB e B PR ety e BIRhE OGCtbE
in surrrratfm&nRSah:eﬂ&ﬁtem&butces @emélrzatﬁ@lmh Clllrahcﬂ antoedsormcght out put. The

unl i | ef t ou uts are cesse

ot uedt i on. 1 RedsbupEdSrEEO P GuPY AR 2R st L PheabRg,
gener at esind hghﬂsﬁﬁéunﬁutl@ui sigoals)LS Biad R§"susesbfor thedng ﬁoﬂithgealka‘[‘; 'to efmmsrtund
speaker . I nr onse to the unlimted right out

gener at edhat H“é?ﬁs{)ﬁﬂtpe’ﬁﬁlt"ﬁﬁs cppstipe i Pﬂ‘ﬁtthfi ’s?’e?oflb"'}(gj Lﬁts’ a“fitlﬁrﬂ ¥ f”ggﬂPic? Hnt

speaker . pWad ke MiSteher. e alRer QUERUHSABIRE IS Iy RGIE ethgBYorhiression ange 41,
| oudspeakers, the |listener percejves the resulti n% soun ttin

from RS &ﬁ@ﬂ@@t%aﬁoes@uwe@galagockﬁ)ev«'rgeéERFFéﬁ-g@ A3@ntgroys ?ﬂ&ﬁ%ﬂm

SOUr ges. sAaReaLonhBRONE!sh&SH M QUNNd: s%s&ﬁté&ﬁ'ﬂ)%&fﬂf&é&hﬁ&ﬁﬂ; el RS’ ehephthe
systemof Fig. 3 generates left and right surround output S|gnals LS

and RS uiaflsin eeongrtp van ghappdd prpusgbared BS by ReFPIMEs A NEPES he
li stener BI%E}%% %le(ﬁl tﬂ‘,sin?{??sig'aH@RfSrn%&Jehﬁ ﬁécglhélat'fr%‘%e Shpieesdpe And | eft

rear source ehi nd ['istener. Virtualizer sub system i ncl udes
stage 42, transforming the output of stage 42 in accordance with a head—zelated transfer
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30st age 44 connected as shown. Virtualizer subsystem 40 generates the
LS and RS output signals in response to rear channel inputs (LS and
RS) by petform ng dynam c range conpression on the inputs LS and RS
in stage 43yo dreeawizati ng the output of stage 41 in st ageuddps/o66230
transform ng the output of stage 42 in accordance with a head-rel ated

transfer 74893 / 09/ 066230, funct.i on

43, and 18?%11 )dp gage ‘{%T P‘E']I%?&%B}é‘f‘% SOFBR6AN aﬂ%ﬁ?ﬁ%@ OIS S
in stage 1x4éltagw40\hu&umpm$m&b@nat prrahg RSS and RS . | n enbodi rrents of
the invention in which the physical speakers are |%¥I enen

headphones, ci‘b@%‘lqd%%“sc"iﬁ]&eép}’%{‘flf”bﬁ which e phosioelsph ”raé‘?q’d?ﬂ? ‘“eglﬁ‘ﬁh
enbodi Me R fiphéiies Q@oéﬁﬂ?kzﬁﬁﬁ%t@ﬁhshﬁﬂ%ﬁi'n@i1|e@61§3d0$hch'6ﬁ1b§ddﬁ§e@t§’b@f beFi g. 3
in which stage44|s omtted F stage 43 applies an HRTF
conpr Ssi rAgplewente Ansfistionsmchs vrsmgRTE: 347 whirh sage MRTRRitedy 5 () to
the output of Lekaa 443 35fkOhl QRSF cbiipd %sﬁangfa fdﬁ‘&i%iﬁkﬁh g bf t
rear input L(t fror%stage 42 (|dent|}? "LS2" st age
43 gener efﬁé'?caudt)(bo @pgn@ll%oﬂstﬂg%@ %S)f()]éfmfﬁ Jn leﬂ(ome fBW‘é’&ﬁlﬂiﬁ’gﬁﬁft ’teﬁ’e‘np‘dt
transfer o

B R e L
response % ﬂt)lhypapplyingtﬂ)e trempidr RTINS avfolewy( tHRTH:)s BLL) REtt). wiserrer(iif t )
ist s [ t

r espgﬁ)s eq e solun etalq_:(%t(l)n&déﬁ ag%[k 1@5&: stlgﬁ e!u 1ﬁ ECQES{SG t jh dx féoﬂ(t%fﬁg{i gg&}:foﬁﬁ
rear i an{t)Lﬁ{(:t:):IRf(tD ovhest 9 g@) Aﬂle(spuielmemﬁmednca@n? ®Rphe listandFisgightdr inst age

43 generates audi o signals xRat) and
funot ongeaenat auS-GrRmRSE gy § o RPN ebnbii b iRRF G
SO 3 nﬂ R11'|5: rnaa({dema%etdtage[{w’sﬁ Eaglexd)', Qageelﬁtoe&ﬂdit?a madrmgrﬁrssx@; (t)and mp(m bR(t),
an contra = , er t St und t t
|i st ener '3gPgihe téaélg ?’ﬂ‘“?‘%—?&’ﬁ%@ﬁ@‘f‘% ipti (%&40) XI‘FﬁEJ?% F%FF(I% ﬁ%e?%“dl s
an i psi | afegtat b ikt SNt edi h}elewlsme@fpask(ty hed HREBKRS (tMIzO&ﬂR(t)anélage
43 is a virtual speaker), and HRTF, ont, 6%) iS a.co { ltr te I
filter fomr@HethegpunddiepHasine fistghars HghGIpmeePOpsRi? Hﬁ“néﬁ)s Elﬁe Erlsmps's(t)
al so a Vviig Erpﬁakﬂa@é?ﬁ"ﬂ‘fﬁf Yor th%teﬁigx?eaflzgt (BPR11@S (WikdiFinRese 8Disla(Vigual Q)eakel)
generate sound to be emtted 20 fromthe left front speaker al}h]é fage

thid St t

per cei vednd §IRdiidie () (%3 Coﬂﬁﬁﬁ*ﬁé" {iterderdhe gagfarthey 5.‘10“5‘}3%%?@1?6‘ Gyhi
ear, and agp %1%@? vhﬁgﬁ &Jilfu'j BAR 45 (abﬂheg YRIGNEEAL® 6 Qbchid Qub@to¥ehli@sd

fromtherlg ront pea er and perceived as aU|oLt) fromthe
virt 4 |fef thedelt fropepdeler aad perbeivadiaghedie &) [rgnagatupblelpeir secs kR bE psi
to R(t) t t 0 ker
and per cary e TR Mg SF FEh P KT R o LR R
ear, and spppkt ed pleRﬂ-?ed)mst augiotlgt) from the vutual left rear speaker at the right ear. Stage 43

applies HRTFj,s to R(t) to generate sound to be emitted from the right front speaker and

perceived as R(t) from a virtual right rear speaker at the right ear, and applies HRTF s t0
25  R(t) to generate sound to be emitted from the left front speaker and perceived as R(t) from the
virtual right rear speaker at the left ear.

Preferably, HRTF stage 43 implements an HRTF model that is simple to implement
and customizable to any source location (and optionally also any physical speaker location)
relative to each ear of the listener. For example, stage 43 may implement an HRTF model of

30  the type described in Brown, P. and Duda, R., “A Structural Model for Binaural Sound
Synthesis,” IEEE Transactions on Speech and Audio Processing, September 1998, Vol. 6,
No. 5, pp. 476-488. Although this model lacks some subtle features of an actually measured
HRTF, it has several important advantages including that it is simple to implement, and

customizable to any location and thus more universal than a measured HRTF. In typical
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25R(t) to generate sound to be emtted fromthe left front speaker
and perceived as R(t) fromthe virtual right rear speaker at the left
ear. Preferably, HRTF stage 43 inplenents an |1 RTF nodel that
is sinple tiogwbasent and custom zabl e to any source Povasicamstand
optionally al so any physical speaker l|location) relative to each ear

of the listener. For_ exa nt an

S0 the t JBCHeNITRdN TRl S oBd Cafpy s PR T en A i el

for Bi nayhtionaQuepE, )l MESIFS . alpElEEi b'&rs-aigs asid openphySpeaakuardhdudi o
Pr ocessi ng, Scefpterrber 1998, 476- 438 AIthOLHh this

V
model | adRasfadrpetignpEREr mfefé*ﬁﬁfRé'éFF@Fr(t%'i’F %QILPQEWOW%% PEWY RFF2 9t has

several ioRpoLi &6 tﬁﬁ\éﬁ&%@eﬁ%ﬁ oh fifel dbehuBGr 6 43 for h Sivel SR bEpHyGical speaker
i npl enent, and custom zable to any | ocation_and thus nore universal

than & meesstiensdTharHiETF ppplied By dage Snsyuiss opasfeaogiprat/the 988t 89466230
i mpl enent}a.ﬁl'qékﬁﬁms Hﬁ[ﬁiﬁ@ﬁ@ap‘ﬁ%ﬂﬁ%%&h4%&ﬁh@¥ﬁé&ﬂc@n§l@é Siuh@pesichgront

generali ze ansfer functions i psi and ffira applied by
st age 43 lywlsprakays wipiveipettie tiereal cul ate the transfer functions HRTFur

and HRTFEQF (& %) &ﬁénl&qu cqmce%%lgle%%nbtx e§stu?e§lﬁat4ﬁe $iRud&drf-or m
5Iat| he out put’'s

cross-tal k canc on on t stage 43 for a given set of
physi cal ssqnemklend Shlvcatoonsear ThanplRTE vepidicinddn By ptserge ofie adsiehesnels

SpeCIl Igg b%% senOf ”%ﬁe 1\6/‘, 1%&15"0%11 {thgtrogk}%ﬁé%gﬁlf@aﬁém gt?‘(%ont F t@plm (ﬁ&l

by st asst specific an si cal oudspeakers
rel ative 16w ldvhleviltias b}emeesls thst m@ﬂd Admiaﬁpbemasi@é bylheathiec chrangs so that the
conpression to egsur ur

ft
ri ght - surFB auEPynd § un(§ ﬁgtgtﬁré‘[lls heénrd emmellflleqlﬁenﬁ nd lﬁmterﬁéﬂg tﬁe{}ndwnhou% dynﬁnﬁc

esence
ot her chafelcsmp@hyonoBagd 4 Sl ta gmmmzmmemd delidossd of)uhb puttuahﬁart he

Fi g. BV|rtuaI|zer St age 41 he S rin vir

channel s {e! S\Réﬁmﬁllﬁﬁ}grfﬁ?‘ IFQUIBR(S ﬁ‘é% Hlnﬁvsgﬁ %Fh ‘& lﬁﬁaélwélyl%i%“iehat
the rgar t§HBﬁtQHElﬂ]cﬁ@b‘ﬂdlg@x@l@Leﬂtal1ﬁ$ haaiedpaeirically, e chgmtd t dereminbigehat
reliably than without l]Jénamc raeae conpressi opn, Stage 4% hel;ﬁ’? é

nor mal i zEnREFEEUDE Hepa einbRedovs f PreeienpRipgd fhreshole, pupehs k]S igyretific

anpl i fyi "(Qoﬂﬁ@eﬁly?%a&\% tb HFRLUAhnd] ML Sgrdaf (ﬁﬁﬂa é%fn ik ap;alea&ndigﬂaeas way
relative 15to front channel input signals L,

speci fi cahino thefrangeljsap apubsigralserapl i HEpopitde di’i*ﬁlﬁaﬁmé that ‘tslawd‘%i‘*&ﬁlaw
LS is belgp @de%l Bﬂ{l E@hgﬁd1 gﬁﬁ@?l@ Q}nghfléd'(ﬁbﬂhnﬁélﬂﬂ latlve 1é e RITR! dnbirRd

(nonl i near tive front channel input signals (nore gain
is a@d i edpttt@)lgsalghmiw E@n tShlaﬁliqddo pigeal RRSghan t@iﬁﬁﬁp Frax chappd énpst gepglss) | and
in respo 1R I r

thr canol o ra: TG {Ho B g RS sRdhy Bty OE e B B R R e
channel Zﬁpmdutg oamlgfm:hcsm( Grﬁ)ime) gawhich sach pladhe dhreshgldalheRgtruh ahstaes

t he front ann lé(’gonse a%ngl S e4ﬁef erably, input signals LS and RS
bel ow t he' t el 1I‘g%‘zsare SHSPTPI S8R a nonlinear manner depending on
t he anount (i fW}wn;e)thd:rymmbﬁ mﬂmte@niﬂsw aleRB s dbhe thh thesshod dif isThearplifpdt

of StZ%ge b%rlm('glg %an lzjnrque %putsﬁon?sﬁga{a ekatk aglgenéklsz}ma%%esél e%xi:h of signals LS and RS

that is above the threshold by an amount depending on a predetermined compression ratio
which is typically the same compression ratio in accordance with which the input front
signals arc amplified (by amplifier G and other amplification means not shown). Where the
compression ratio is N:1, the amplified signal level in dB is N - I, where I is the input signal

30  levelin dB. A wideband implementation of stage 41 (for amplifying all, or a wide range, of
the frequency components of inputs LS and RS) is typical, but multi-band implementations
(for amplifying only frequency components of the inputs in specific frequency bands, or
amplifying frequency components of the inputs in different frequency bands differently)

could alternatively be employed. The compression ratio and threshold are set in a manner that
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When either one of input signals LS and RS is above the threshold, it
is not anplified 25by nore than are the input front signals. Rather,
stage 41 anplifies each of signals LS and RS that is above the

t hreshol d Wy mn@mount dependi ng on a predeterm ned corpressioon2s@t i o
which is typically the same conpression ratio in accordance with

a1 11 ca| Biereafas ot Siduiny S GHET e e SR B g A0

t he anpl iehéigdir&ingRaknd c@@ht didarig Budisle Nn the midiete@nined By thh&ig. BputuaBz‘egnal
30l evel in dB. A w deband inplenentation of stage 41 (for anplifying
all, or &"{§tye range, of the frequency conponents of inputs LS and

RS) is typicatg. buta sditdiaPandr i ABlcRMBRleteh@ficn 4ffs@ize ANRbDHIAGRIIY Yy
frequency conponents of the inputs in specific fre uency bands

anpl i yi pgpe rderauv@ﬁwn@&wah&f@own%%ett‘rlwwﬁgﬂ plemef f7# e&aah%&lqlﬂl&a%ency

bands di LEREGAL] Wl (ERHECh B ERMBAL 7Y QAM@%IﬁGMé&%%HewJ he dgopr essi on
rati o and threshold are set in a manner that

2010/ 074893PEMaySRobor e FuycliRiMS ﬁéveawa%géﬁpww tipfgaer gt 16y ONSHAr y

skill in 1teH<§el ifed t%%nl‘l*\@)tofﬁl&gﬁplﬁi TRK RS 1@ Hd@élﬁaﬂled ik Q%érﬁ‘?@land the
surround sound content clearly audib e (rn the mx determ ned

Fi gI 3 vimoalesyafrstage Ut paspdnse Fha@uicknpss Vafhbé/hjdkgitm %E&ruémo@ﬁleﬁlet‘ty%ll cal
| mp ?Gengtg&ge&he Lok 385t o ARk P ﬂ\ﬁnttéggefﬁﬁpu@%% (0L LR

el enent Snoo Ion e ain cul ati on
el enent  #2jcagenald deqéasé incath Dputs waept Bvd Bisdedmyidgd Iamimlt gtingsspohsswn.

In this inplenent t he aver l.ev r
e | e rDeoee e R b U R ELANGa oGl BRI A BRAO AT B
LS and R&itick tidet(erimt nadtannfoelesmnd toAd 1np&sﬂt¢v¢lhm:1w¢)0$ hnms&d(afty}s@zhge

41' s response the ui ckness with which al cul.at 72
10 changgeg caphil ‘Qgi‘ltﬁn %?“Hé“tZ%‘ﬁF?pSHSGB?/a%WBgﬁ ég%mef%e)é%%?%ﬂg 6““each

i npugsi nrﬂ@ﬁ?%ﬂ%ﬁn‘fgﬁt ket 1&131@5[3 ﬂhaalﬁ;oalﬁdaf gt foeRsPplidd tgaatplifiaplet to $nput
average | eve is determ.ne e 71 1inr to th

el 2 of St e hesmgAERCo e LGB0 i) OBt D o AT npar

A typic ahve@gg%q&lél $A118Ls GRovelofBel1 6@ ﬂﬁ:tﬂ@{%hofcp(rand 65 PORGE atkRk amnd iefé@%ﬂtmhe@)/d
i ncrease) 1 nms, and a typical release time (a time constant

response alﬁcb‘ha AMPYIE af 2 ipdie apicddy cEplifier Mg NPHERS (3 eeiseRp aup fq
el ement ¢ Pﬁiﬁ&ﬁ § J8pRRAnd HEmE R bPIvhERiR: dfch@vaRR TeRd ob)S &BbId d dler

8t 8(}' ngfl:Jlow the threshold (and the current attack and release times). A typical threshold is 50% of
full scale, and a typical compression ratio is 2:1 for amplification of each input when its level
is above the threshold.
In typical implementations, dynamic range compression in stage 41 amplifies the rear
input channels by a few decibels relative to the front input channels to help emphasize the
25  virtual rear channels in the mix when their levels are sufficiently low to make such emphasis
desirable (i.e., when the rear input signals are below the predetermined threshold) while
avoiding excessive amplification of the virtual rear channels when the input rear channel
signals are above the threshold (to avoid the virtual rear speakers being perceived as oveily
foud).
30 Stage 42 decorrelates the left and right outputs of stage 41 to provide improved
localization and avoid problems that could otherwise occur due to symmetry (with respect to
the listener) of the physical speakers that present the virtual channels determined by the Fig. 3
virtualizer’s output, Without such decorrelation, if physical loudspeakers (in front of the

listener) are positioned symmetrically with respect to the listener, the perceived virtual
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LS (to generate the anplified output LS!') depending on the anount by
which the current average |level of LS is above or below the threshold
(and the current attack and rel ease tines) and the anobunt of gain to
be appli ed vay2@amplagdsi er 74 to input RS (to generate thecawptondicezso
output RS 1) depending on the amount by which the current average

| evel of RS is ahove Or. 20 bel.ow the threshol. and..th urren

att ack aﬁaea}“é‘lslg%?élgnst PHYSS ?Yl%’%%%%\fvé’gp SREL g%tg? i(ig?rée"@g% Sou?h g %Pﬁ“g“ cHie,
and a typiigaht o5l f®8] i0Both afrival ie& cBarhefs@indanmiilel of raatnpown 1 Sfané BREhare

i nput when its level is above the threshold. | In typical

i mpl ement'dantigisthe wpTedsed steaplgat RoShEF e irl]lé?\ldfaﬁtm@l[ ‘H‘&éﬁeﬂxéﬂﬂf?sﬁl%go t he
rear i npubnseh@nnglzed e Bidnemidde Gbpetcsive lcatiry@ick®@sduh@af driifiing iffopuIt
channel s to hel p enphasi ze the 25virtual rear channels in the m X

when Pheibehipgihs|listensre At Viterush pyymptipndgvifgredes e tongReisfiued output

desi rabl ¢ kirRalizeMERsfol& th $ainell RRHLouSlcARK Bin@l ehdRali @\ flsBehd panned
predeterm ned threshol'd) while avoi di ng excessive anplification of

the virt dem ¢ Edrsughendmedrsowres kBt Frpued FapiouERaniEreR i gtamsiep e
above th h%&f;%@ﬁ @er(»}eéh S'I\gﬂf?%icrahi?on\f'sgetak@'g) dufl th%ﬁ’ﬁ@&ﬁ@f)ﬁth@?éﬂf‘gta ¢ 42

per cei ved as “ove | oud Stage 42 decorrelates the left and right
out put s ofvoids tigee prdblenss (spowiotly refapedipad “invearelizate biry deaerrdkaripigdhe left

pr obl G ; ] ‘ i Lo DY BR Vo Eln I3RS PECt T O
t he Ilﬁgf@hgﬁ%htoog %ﬂuﬁe&sﬁﬂ%&cgﬁengfg%%gg&% hat pr eserll’t Ot he viert ual
channel s «detenatitn&etwbyn thire afkd grereBy wvaid wedze z@diapse. out put . Wt hout such
decarrelation, if physical |Louds rs (in. 0 i

are positi oneén %%ﬁ@%ﬁ%‘i“égﬁgf" égﬁo¥nﬁ%§1§§tﬁg¢4€0@f)§1{tﬁl§taiei eféqpréﬁ’g? %d c%%lgl(gl{]&gt):
per cei vedhyiwotdauglutsspeaket {oac atcoarstoafor ealhsd sigyatmbsrind RS Wothstaged pect

to the listener. Wth such, s tr nd w.t hout . decorrel ation,, if

bot h vi r Uik SFeRHFIoR SFRIP oY HEE a8 ST Res T e TP e Vs o

i ﬁentlisc aldesdrided rne%h@da@-,elfl. Rj, ONa&lisl Sdunbio A refiisl Favabahse,'| Menki gfahe and
the rear sources are no. longer rtualized (t steper does .no

per cei ve A4 E%%?%H&%@%Fleélﬁdﬁlé 13&%&" ?él#?ggfépoﬁf%lt’éeamt“ﬁ “t‘ﬁ‘gy et her) .
Al so Wi t hepgiteis SYEURBHL R 42n68oNEdd AU hoGREKIE ipbatsh Bt its &R0 WIRaGohUh it

of a virtualizer in response to panned rear squrce input @%%ﬁm
i ndi cat | \Fémﬁ‘lelss%fiﬁ?ﬂ"‘béﬁfg@é oo gaqhehpunglis idsficpl SEse 42@%&* rofgee

ri ght - surd OuRchif 881 ths AE RkhaMtelsteR@9A £0is GONRYidd, Rithed kHaB 6édidt paiad
(between the physical front speakers) during the mddle of the pan.

St ageM2 avoi dégudidise hnchisiaarmn ploosmed iyplrereniar seead’ siapmyer
col | apse"éoh@édegggﬁ)ggsl rgfe'rlgégnt&g%%rleg{i eé ! QZQQdOfEﬂegl?g 501%%6%‘19&1 §f{3@ﬁ%§ .‘if';s

when they are i tical to eac to elinfnate the comonal ity
bet ween tdferdbasidiobhiselobing anpot dinimedige eleoehtifdrving an inpul qeupled riedeatei on
stage 42,, . conpl e r orfel at 1e) ekat g he
o out plt ST SHRGLS7ory SRR G0t P P FER QR AR 1B
RS1 fr ommbhgelehi ) thekac hnd ecoranglified¥] wiscipapptier mibl § tiemid. direntigut ds a

'\S/IC h ch,%d ? rl\ﬁg]? E@ﬁgf‘séih%gf}{ﬁeé l%(i{) (’%i[ng :s%llg;élfl'& h eelén)(egl? 85‘ c()j & %:E} it eoqltgjup i)f%%plr oeder,

everperati on, ourna y'[ he
Audi 0 Engiigieak 8hg aSoaisettyt) whidhyoulk@62eft sighal 1.80 Th&loutp®,of pgay SdiBeR 33 is

Wien only one i nput channel _|s, active, st 2 introduces n
not i ceab?/aéset“ieﬁfﬂ' oW ‘T”E‘pq? r ?‘J[ g’hﬁgﬁﬁiﬁﬁ.@é %‘éﬁgﬁoﬁ'ﬁrefonﬁﬁtﬂ% ﬂ‘étﬂlﬁteol?gmgﬂ"féﬂ
active, aguds LRIy IRGedodd @ahofGRAN Rehmbtniettaitht SRIThe sthagevoliRrdaas
introduce a tinbre shift but the effect j tha%lthe stereo image is
now wi de. (¢ Bigia FIRIHBS44ER ObHASSARBRITCOSRK JgP drosiding P FERRAGHTAGIHH of
a typieal of fiRing AR Mpat dRPle@io BEAGATALindst sPerBPRS; fIm stage 41, and whose output

is asserted to delay element 93 which applies delay t thereto, and to amplifier 91 which
applies gain -G thereto. The output of amplifier 91 is asserted to output summation element
92 (to which the output of delay element 93 is also asserted) which outputs right signal RS,

(signal RS, is decorrelated from signal 1.S;). The output of delay element 93 is asserted to
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Schroeder all-pass reverberators. One reverberator of the Fig. 5

i npl ementation of stage 42 is a feedback | oop including input
summati on el enent 80 having an input coupled to receive left input
signal LSI vw6edveisege 41, and vvhose out put i s assert edPCO/UdBIHY66230
el enent 83 which applies delay 'C thereto, and to an anplifier 81

whi ch appl Gth Th h
osert o weTEUBUeSURHAE B1E) S Cage e MO e ReY BIPRET 5P de ay

el ement  83sckisd B (BOsco&RBHHR A} inphd hnRubpatSettahlA sypg:lamame&z theTdam
output of delay el ement 83 is asserted to another anplifier 84 which

appl i es garametst is G ={eddadypicl yalpn el Bregit iBe © Smififier 84 is
asserted to the,8&GH¢ Egmieﬁ@ﬂ&nsosftageﬂ@lﬁa&émﬁtbpé‘f Al fr@mdr 13Q. thal Bescabdier
reverberator of the % 5 inplenentation of stage 42 is a feedback

| oop idnclwidi wrenapitFiswrmat i on el enment 3090 having an input coupl ed

to receive right, })) M‘np%é&ﬂ@ihoé%ﬁ}%mar ﬂ%&k@g@m‘%e}u@&@wm&@ AeipWr 1 s
asserted to del ay el enent whi applies dela Cthereto, and to

anpl i fi erthe@tpewtion 1%151&# e g%lm}ﬁd—t(?sflitﬁé?fé?‘éﬂal'Fﬁe%/@'ﬁt-"ﬂé? 4y thestparits filer
91 is as Rt et TAT ) g*ﬁemgt of
del ay el é?r%%tgglbaiﬁs g%gisser tlge al(\%ﬁl ch ght gue%&s}plr{}ﬁﬁtgﬂﬁlgﬁlgl RS2
(signal RS2 tnassfdéomnlpesl BREBs{(1)and EiRGHak(5 &) the Trputod siogs 4%ofs fektvery

eI e 93 1 S «assel in1
rrelg)te re Wh‘?wan d°f ﬁﬁesggttje t t%ﬁ? &l&?}up %Fea#mhé J‘%’%E be?n %ss e&P e%p'? lgf {t?%qugec ond

i nput of fumpishs Eﬁmt(z)@nd éﬂR&rFa)m&(zpmanﬂnwpu slaiple\ﬁalletpeiemnetzt@ nglwai

par anet er y.pl,ca val. ue of th Y

nsec. heagm‘)derir?%%ﬁ%gescﬁ%eideﬁéhﬁtaa YR Bl?%nggpﬂg[)%#) & A {el:g%{r;fg IY}? fzr)eri of

a type oteBinthalSduh@sydessyi1BEd Midﬁoﬁs&fiﬁﬁ}:@ﬂﬂﬁmﬂﬁuﬁlo@wd—msbm In a

typi cal |rrpl enent ati on, binaural nodel stage 43 includes two HRTF

circuits YPeve %e shown in Fig. 6: one coupled to filter left

signajs LS2 fr omsbpericdiB, cddnairorih@feutt of fthdetar(iniglghdntet g makigRS2pplicom
stage 42. As is apparent _from Fi uit Iemsg%hse

L
o L1 ansPERT DRSS et { e G Rt k(D) T Ehb e
stage 42 asnhoidlsQ 4218513%@&%11;112‘11\1* h Mg &) §Cthe HBcibe MBnedRIRIMas\falldwe. Df
t he si gnal bei ng I terﬁeﬁé Each of transf er , functions RTEIOS' (2)
and HRTF, 6$ORE 1P ieft I'Pfr‘ml‘ SN 8 part2e ORAR pB piacuitgiqReraigt @t Scal
head rmde,lus(g DUDRP HESL ) Qﬁq( %@) EbeTebave 11?!31% Erapmmg%tﬁhsfm
r nt

paper uct ur Mbdel i naural Sound nt hesi s | EEE

Tr ans#tt i ’@n@xoomassfpé@m P&hfFlp&déllI@(ZPF so &S s xiseptsdibornd bogl atfevor e
specific H f

6) appl i Ziést er’s @ﬁ%al IF—IQ: p(? [j%] goq%lgutq;g(zamﬁﬁRﬁtoéry(mzﬁ@;H,R(?g @ﬁmé Qﬁ@)gﬁ
HRTFcont ahy sc(uh&lhemdi ntahqi)st@qex t Oglomer infesphrse mmplutIs(Zbﬁn %B@ée wight rear
(1 abel ed si N t S
ol lows. ThrauyBhTe el pef b it AR RSB MBI L BS ) | e
ci r cui t genenet esliaugiab m(ghaid&;{x((z)zl)y {ppOUTY ths i ﬂnsfem hﬁncgom@): fdlods:

e 1ot owl® gk ¢ By a0slongl TP YhBPu AL AR PR, cor

at the |igiwassio %ﬂueﬁi(z)ﬁ'a{d HRTF,S80RIIBE= £:Q(2), I’Wﬂﬂe )LRR(ZZ Js,theasodind heard at the

HRTFcontra(z)L2(z) = xt.a(z wher e at_the
li stener' ]éSQ‘?“F'g?]’t‘g}ES?‘ oL FFSP‘EE'%)W%M&(ZFWPE% E‘)an 133 at?é‘ﬁ%@%z%%e “Yi ght
rear i nNpufeafR(&d qﬁeﬁi&ﬂ‘(\ﬁﬁlagﬁ sthge 43 he volahe EpelRPE agd MRUFL, @) iSh age 43
(inmplenmented as in Fig enerates_audi 0 signals X%ﬁ%a&and XR (z

by appl yi $Rgtrelaess fi aﬁsfwéhe FEU theg diomytbe prepkegRhich Bi5ee A B )
xn(2)30 m@%&eﬁnﬁ&vﬂtt%d%ﬁh%kéé)ai@detaeﬁfp@o@hata agbq $h@n@é d@@&fnt ear | n
response to input R2(z%, and HRTFlpsl(z)R2 (z), where XRR(Zz)
i s the sotmplemeriedibytach Helay ¢lemeniof Figuiei hltefélér)ﬂlrp ?Cé@wﬁééo YO #dput
R2(z). HR;J’[;QQLI(JQ is an ipsilateral filter for the ear nearest t he

speaker (which in stage 43 is a virtual speaker), and HRTE.""u,(z) is
The HRTF circuit of stage 43 (implemented as in Fig. 6) for applying tlansfel

o]

function HRTF,i(z) includes delay element 103, gain elements 101, 104, and 105 (for
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30speaker). The virtual speakers are set at approximately -90. The
time delays z' (inplenented by each delay el enent of Figure 6 |abeled
10) al so conespond to 90, as is conventional. The HRTF circuit of
stage 43 (iwphamenesd as in Fig. 6) for applying transfrer/ukemgbdezsa
HRTEpsi (z) includes delay el ement 103, gain elenents 101, 104, and
105 (for appl bel oy def i ned i ns_ bi
respect i VBPY ¥%§ﬁﬁ“§ ﬁWﬁI@¥gh§%?§“fﬁ %H@yiﬁé”u@gﬁﬂgbgmaag%H@ﬁ%&n.
The HRTF ©br&Hhdcte@fas Sica@e THSHRITFRr-aiBTsage as(mnmeaeged &) infrag. cpfopl yi ng
transfer function HRTF, "ffira(z) inc)udes. de|a ng@# 106 nd 113,
lpat ol i 11

gai n el ereRlygeprasterfunction fR H s (7 Beludgsglelny s edf'ly F‘H%“‘%o

bd, and afi, 11&19;%61@5 e hpplyifdsk1 S5 HERRE i 8ifs BLTE BiBa, L 18 padtidellad
connected as shown %‘ interaural time delay (1TD) inplenented

by stdge wgu@lipmtlenens bt g 1|1% cppgeted s s1iewphe del ay i ntroduced by
each del ay el %ﬁ@%ﬁl!\lﬂg‘?ﬁln@d "(ITD)-mlﬁlehfaBt@Ji ﬁ&'gt@ée 4’-3' (BplekaéAd dssn Hel by ed
a ol

for the horizont | ane as c), (utsin(cos yo

sin 0) +IsﬁsddFYHQWdWQﬁby€¥$Chhéﬁ@“@mﬁﬂﬁﬁﬁ ?Wmv%muﬁ}“mﬁd@?%ﬁatlon
angl e, eﬁv%ﬂ%%&g &qﬁmgé Lhehgdaner ' s head and ¢ is the speed of

sound. No e ang Es™ equation (1) are expressed in radi ans
(rather than degrees) for the ITD calculation. Also note that 0 = 0

di 0 h 90) is di tl
o8 o (9 SR A gl g, 50 | el
sin 0)( 2)WM;4BEED £ agiﬂuﬁl aln%let }ﬂe IR aanEn& & the AR of adiligiaserishehd)shd/is | n

the continuous-tine dormai n, the HRTF nodel inplemented by the FI%
filter isthe g(eg; ef spundq. (lgot@))}wf the angles in equation (1) are expressed in radians (rather than

degrees) for the ITD calculation. Also note that @ = 0 radians (0°) is straight ahead, and =
7t/2 radians (90°) is directly to the right.
15 For ¢ =0 (the horizontal plane):
ITD = (afc) - (6 +s5in B) (2)
where @ is in the range from 0 to /2 radians inclusive.

In the continuous-time domain, the HRTF model implemented by the Fig. 6 filter is:

a(Ps+p
s+

where a(8) =14 cos(8), and :E , with @ = azimuth angle, ¢ = radius of the listener’s
a

20 H{(s,8)= 3)

head, and ¢ = speed of sound, as above, and s is the continuous-time domain value of the
input signal.
To convert this HRTF modcl to the discrete-time domain (in which z is the discrete-

25  time domain value of the input signal), the bilinear transform is used as follows:
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200 s + p (3) 2c where a(0) =1 + cos(8) , and /3 =- , with 0 =
azinmuth angle, a = radius of the listener's a head, and ¢ = speed of
sound, as above, and s is the continuous-tine domain value of the
i nput si gnaY0 2010/074893 To convert this |-1RTF nodel t8CU/HE2009/066230
discrete-time domain (in which z is the discrete-25tinme donmai n val ue
of the input signal), the bilinear t anlf ﬁ.mls used as follows: H
(z) =09)s + fiz+l, s + fis=2. 1@42(99( j1f+ ol 2+- 2a(9) z-1/3 \ + -\
z +1fs(4) 1n-Jyep= a@pafh) + 1

h

] ),

z+1/) f5
4
B B _ -
+2x(@) |+ 20006 Iz
s fs
Ba)ef L)
fs 5
If the parameter bela from equation (3) is redefined as
2c
= , 5
p=— e (5)
5 where fs is the sample rate, it follows that
- -1
By = B+20@)+ (8- 20:(6')) _hthE
(B+2)+(p-2)" ay+az
10 The filter of equation (6) is for sound incident at one ear of the listener. For two ears

(near and far, relative to the source), the ipsilateral and contralateral filters of the Fig. 6 filter

are determined from equation {6) as follows:

H psi (z) = Cl:i—z::j (ipsilateral, ncar ear) (7
15

H_ (2= %—_} (contralateral, far ear) (8)

where a, =a, =a,,=5+2, 9)

a =a,=a,=pH5-2, (10)
20 b, =p+2a,(8), (In

by =p-20(8), (12)

by = B +2a (6), (13)
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IR\ z-1 fsfs If the paraneter beta fromequation (3) is redefined as
2c -(5) a ft 5v\/nere fs is the sanple rate, it follows that H (z)
+2a(9))+(f|-2a(20é’) -b+bz-1 _t .(6) +az + 21+(f Z-

10The filterW d)u??q on (6) is for sound incident at or*]"é:T F“"&(P“F-We

| istener. For two ears (near and far, relative to the source), the
i psilateral and,coptrglgperal fllters of the Figig6 filter are
det er m ned fromequatlon (6) as follows: 13 + bitz-1 H _ (2)

=1(i psi | ater al , gx@as1 as(p-R0°r= Brn(@b ah z) = b' {(ontral ateral, far
ear)(8) a cc, + a dz-
@, (6) =1+ cos(6+90°) = 1-sin(6) . (16)

5 In altemative embodiments, each HRTF applied (or each of a subset of the HRTFs
applied) applied in accordance with the invention is defined and applied in the frequency
domain (e.g., each signal to be transformed in accordance with such HRTF undergoes time-
domain to frequency-domain transformation, the HRFT is then applied to the resulting
frequency components, and the transformed components then undergo a frequency-domain to

10  time-domain transformation),

The filtered output of stage 43 undergoes crosstalk canccllation in stage 44.
Crosstalk cancellation is a conventional operation. For example, implementation of crosstalk
cancellation in a surround sound virtualizer is described in US Patent 6,449,368, assigned to
Dolby Laboratories Licensing Corporation, with reference to Fig. 4A of that patent.

15 Crosstalk cancellation stage 44 of the Fig. 3 embodiment filters the output of stage 43
by applying two Hrrr transfer functions (filters 52 and 53, connected as shown) and two Hygor
transfer functions (filters 50 and 51, connected as shown) thereto. Each of transfer functions
Hirr(z) and Hegr(z) implements the same one pole, one zero spherical head model described
in the above-cited Brown, et al. paper (“A Structural Model for Binaural Sound Synthesis,”

20  IEEE Transactions on Speech and Audio Processing, September 1998) and implemented by
transfer functions HRTFipsi(z) and HRTF onia(z) of stage 43,

In stage 44 of the Fig. 3 embodiment of the invention, time delay z™ is applied to
the output of Hyx filter 52 by delay element 55 of Figure 7 and combined with outputs
x11(z) and xg; (z) of sta ge 43 in a summation element, and the output of this summation

25  element is transformed in Hegr filter 50. Also, time delay z™ is applied to the output of
Hiyr filter 53 by delay element 56 of Figure 7 and combined with outputs Xy x(z) and Xgp(z)
of stage 43 in a second summation element, and the output of the second summation
element is transformed in Hegr iﬁlter 51. Output x11.(z) of stage 43 is transformed in Hyrp
filter 52, and output xgg(z) of stage 43 is transformed in Hyyg filter 53. In filters 50, 51, 52,

30  and 53, the speaker angles are set to the position of the physical speakers, The delays (z™).
are determined for the corresponding angles.

The crosstalk filter and equalization filters Hyyp and Hior have the following form:
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20 where ao =al0 =a0 = 18 + 2 , = act =fi - 2, =+2a,(0) , (9)
(10) (11) (12) (13) WO 2010/ 074893 PCT/ US2009/ 066230 k, = # -
2a,(8), (14) ce, (0) = 1+ cos(0 - 90) =1+ sin(19) , and (15

a, (0) =1+ cosg Mi0Q%93=1- sin(9) . (16) PCT/US2009/066230
bﬂ_}_bA =
-1
HITF(Z) — ge(z) — ?;() +§jdz_1 — bi(} b:‘D (17)
E(Z) i -+ 1 1+ il Zﬁl
it
G_O_FEL -1
1 +az" b, b
HEQI"(Z): =S TAE S = (18)

-1

Hi(z) by+bz” b,
by,

with the a and b parameters as in equations (9)-(16) above,
If the sum of the signals input to element 30 (or 31) of Iig. 3 is greater than a
5  maximum allowed level, clipping could occur. However, limiter 32 of Fig. 3 is used to avoid
such clipping. The lelt surround output LS’ of stage 44 is combined with amplified center
channel input C and left front input L. in left channe] summation element 30, and the output of
element 30 undergoes limiting in limiter 32 as shown in Fig. 3. The right surround output RS’
of stage 44 is combined with amplified center channel input C and right front input R in right

10 channel summation element 31, and the output of element 31 also undergoes limiting in
limiter 32 as shown in Fig. 3. In response to the unlimited left output of element 30, limiter
32 generates the left output (L’) that is asserted to the left front speaker. In response to the
unlimited right output of element 31, limiter 32 generates the right output (R’) that is asserted
to the right front speaker.

15 Limiter 32 of Fig. 3 can be implemented as shown in Iig. 8. Limiter 32 of Fig. 8 has
the same structure as the Fig. 4 implementation of dynamic range compression stage 41, and
comprises RMS power determination element 170, smoothness determination element 171,
gain calculation element 172, and amplification elements 173 and 174, connected as shown.
Instead of raising the low levels of the inputs, amplification clements 173 and 174 of limiter

20 32 lower the signal peaks of the inputs (when the level of either onc of the inpuls is above a
predetermined threshold). Fypical attack and release times for limiter 32 of Fig. 8 are 22 ms
and 50 ms, respectively. A typical value of the predetermined threshold employed in limiter
32 is 25% of full scale, and a typical compression ratio is 2:1 for amplification of each input
when its level is above the threshold,

25 In some embodiments, the inventive virtualizer system is or includes a general
purpose processor coupled to receive or to gencrate input data indicative of multiple audio
input channels, and programmed with software (or firmware) andfor otherwise configured
(e.g., in response {o control data) to perform any of a variety of operations on the input

data, including an embodiment of the inventive method. Such a gencral purpose processor
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5In alternative enbodi nents, each HRTF applied (or each of a subset
of the HRTFs applied) applied in accordance with the invention is
defined and applied in the frequency domain (e.g., each signal to be
t ransf or nedvoroiaosieysdance wi th such HRTF under goes ti mPCTABEIG6239
frequency-domain transformation, the HRFT is then applied to the

resulting freque conponent s . tr 0 ( n
oo oo S SO TRRR T o b MISLCLIEF FORAE Ak
The filt emead doylapdtviod. Fst exgapk3the Aded gpesn andbistialplencard & & gineah | n

stage 44. Crosstal k cancel |l ation is, a entional,. operation., For
exanpl o, T CHERERYT B BPYEFobot dik SeERE T T TERYiRRG S Raush sound
\(l [) tual i Ztgfnt,il-fighd@&ﬁ,rxbﬂa&dr,iam Kight Rail emntio ﬁ}ﬁéﬂ@laﬁﬁ&, ardissipgrdad aho RDodity
aboratories Licensing Corporatjon, w reference to Fig. 4A of that
pat ent’. 15 648 tnéicref%caﬁeéﬁvr*aﬂt“fi@rflggfl%g‘é C%W%?Oﬂflﬂ%girﬁﬁ-&’:a Hig Bt et
filters tia@ebRobp&hte shageodput Bxta aP@in¥iaRGinke® vékivhd oftthadsfue budio
functions (filters 52 and 53, connected as shown) and two HEQF

transfer Sapasdogprroductipy by de gir ghrfiysigal {oghpeetsd as shown) thereto.

Each of transfigff $RGIHIRRYidsranD 5 2Virt@NdertHonts 0] WREERR B chrdniBatS@dRlio
one pole, one zero spherical head nodel described in the above-cited
Brown, etDSH thaidup beencop{imred e perfem apatiodinsat o] hpigrayivepgigd. System 20
SYNtNGSI Sipciyged o TANSSS Lik A} SREEAL: 30y AU b sy BERCDS Shupla

Sept e ernﬁ§9gf(gﬁﬁnﬂnpleﬁgﬁféd%ggn?ransfe# fu%ctiongEHRTE?pQ?(zfoand
HRTF" , nt riager)e aofliodaraiy sigurds indinative af eouad figm mudplFisgprecdogavippdinpiBding off

the inventj L AL ' tput: | TE: f ki ter
52 by dol 2" Dbt gl gy e it RpMORr e, LoLS RS MRS TR o)
and xRdz)Ciofuitst 22ge cadigimed & sepmmet toonntall date fivm @nioltifier e 2p i pasformian s

summation 25 .ele s tr@nsEor d in HEQF filter %0 Al 1
el ay - oAl S s e B R e fpERe el €t b Sl
56 of15Fi gursad R’ dadrepotiitioetly whiihofphlypiudl speakat. ) rapechsx R npafavdibage
43 in a secggggsunnatioq)elﬁqent,.qnd he, out put %f the second ¢
summat | orf EFEnERPOFET AL D HRBEDI T PRGEY [SPERCSTOm 4 FHER T S5
stage 43 Josurdlrixegice2Bthdiinedticont histiey ind&po@n dpmufipidt conkR(da)a otirati@ge
43 is trapsforned i H[n1fi%§er 93. In filters 50, 51, 52, 30 and 53,
the speak@r'®&piIese B ETEty 22d° PHEPIST PVBRVBIWE physi cal speakers.
The del ays (z'1) opdiRioledrefutionesh h@hal B&n O R0 PeNGmanGbas. soliite
crosstalk filter and equalization filters Kip and HEQE have the
fol | ol ngvifeigslionreorepg MEghpeTirs g oy eBEITYHEM 288 Hg+?)4s
coupled to receive multiple audio input signals (indicative of sound from multiple source
locations including at least two rear locations), and the DSP typically performs a variety of
operations on the input audio in addition to (as well as) virtualization. In accordance with
various embodiments of the invention, an audio DSP is operable to perform an embodiment
25  of the inventive method after being configured (e.g., programmed) to generaie output audio
signals (for reproduction by a pair of physical speakers) in response to the input audio signals
by performing the method on the input audjo signals,
While specific embodiments of the present invention and applications of the invention
have been described herein, it will be apparent to those of ordinary skill in the art that many
30  variations on the embodiments and applications described herein are possible without
departing from the scope of the invention described and claimed herein, It should be
understood that while certain forms of the invention have been shown and described, the

invention is not to be limited to the specific embodiments described and shown or the specific

melthods described.
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Hc(z) = b0 +19,1z-1 b H "(z)= H1(z)1210+1)0z-1 1+ aoai -4 + z la +
a z-1bbill = H(z) bl0O+Linz4 , bl0 wth the a and b paraneters as in
equations (9)-(16) above. If the sumof the signals input to el enent
30 (or 31) wafokd/@agod IS greater than a 5Smaxi num al | oweBCT/e2009/666230
clipping could occur. Flowever, |limter 32 of Fig. 3 is used to avoid
such clipping. The left surround output LS of stage 44 is conbined
with anplified center channel i nput BBd left front input L in left
channel suppRtc@Acekenent 30, and the out put of el ement 30 undergoes

limting inlimter 32 as shown in Fig. 3. The right surround out put
RS of stage &4ﬁW%“%E$ﬁ¥ﬁ%ﬂ“%?@ﬁ“%ﬁﬁﬁ%ﬁ?gﬂpﬁgﬁ?ﬁgg%ﬁﬁﬁﬁﬁﬂs‘ﬁput CPand
right fr %ﬁ‘oduﬂtﬂ}htbya ﬂaﬁ' of bgﬂlcaﬂ-ﬁaeﬂ&&rﬂﬂﬁhysﬁ:ﬁﬂﬂ’&dtibﬁ)ﬂ'eﬁlimfhtﬁs&ier, ahget he
out put of elenent "31 al so undergoes limting in limter 32 as shown
in Fig. 30onqqf thegdpee docations e loRHoRi et PEICE SBERIRCAHIs epidmatiiod30,
limter 3eng@enendli§soihe left output (L") that is asserted to the

left front speaker. In response to the unlimted right output of
el enent 31, | {ayintespoe tgénputandisssignals indigitive eluopud frerthe e gpurrs

assert ed ]&cgti lg,eoeh&gtmg JuFBMa sﬁggﬁg K&l f@)ﬁ&%\gﬁ% tfﬁE ls__ji%gké?% atﬁhegphy?lcﬁ Ataliéhs

i mpl enented as’Shown in Fig. 8. Limter g. as the sane

st ruct ur ¢ @sit sdved Biagthe istems peeinesas LoHtieg ey naidier sairgdowsms Bsiing
stage 41, d. j ) -de i nat.i g 170,

e e i T L LR NN
and anpl i fi caft)ameeltiepeirtospb? Sgmirdn 168gonse orthe stregnd sigehomd at lead pead
of raising the |owlevels of .the i.nputs. anplifi. i gents 173
and 174 8gm1FW¥%%¥kfﬁn33%m 3%%? Fﬁgggfﬂﬁ%%ggéé‘%&ggé Hgﬁénﬁuté (when
t he | evehcespéctior frb@rsombeloodtiohhech tpuhs ontputalynvle ar wpefedior drivingnibd
threshold). Typical attack .and rel ease ti for limter 32 of Fig. 8
re 2o mbiah? B Seudeubiua g SRR b il sk G iRl bh

pr edet er mighes sbiicembalods et @y eghisiid lfiiom doafee BRatic. 25% of ful | scal e,
and a typical conpression ratio is 2:1 for anplification of each

i nput when its level is above the threshold. 25In sone enbodi nents,

the inventivesVitet@lddZ@ Elafy $1RBdiS tHRIdyhdit UGS cén@eIRh & performed by

nonlinear amplification of the input audio signals.

3. The method of claim 1, wherein step (2) includes a step of performing the dynamic
range compression including by amplifying each of the input audio signals having a level
below a predetermined threshold in a nonlinear manner depending on the amount by which

the level is below the threshold.

4. The method of claim 3, wherein the level is an average level, over a time window,

of said each of the input audio signals.

5. The method of claim 1, wherein the dynamic range compression provides improved
localization of sound from the rear source locations, relative to sound from at least one said
front source location, during reproduction of the output signals by the speakers at the physical

locations,
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pur pose processor coupled to receive or to generate input data
indicative of nultiple audio input channels, and programmed with
software (or firmnvare) and/or otherw se configured (e.g., in response
to control widpdodgpti@sperformany of a variety of oper at POIES206¥/066230

i nput data, including an enbodi nent of the inventi ve net hod. Such a
general purpose_processor 010/ 074 93P S2009 230 ul
typically be &E‘ﬁln?é’(qulé’? ]ﬁm?V\ﬁ CIRVE @ ysfcé‘ ea H Yot glgqoud o) (usqhe
keyboar d)ah sta"RBMoMs ardnNdiréht df Gpliayndlemt eRp (el-?@ﬁche]).éaﬂiﬁ lsiep of gﬁaeﬁn% leB
system coul d be inplenented in a general )0Se processor, wth

i nput s Candirighsuipagnd sigERIRE THPPRY “&I?fté’“?lﬁé ‘c‘ TR gE ¥ ent er, | eft
front, right front, left rear, and right rear audi o input channels
and out puts L' and R being 5out put data indicative of output audio

signals. A convidrmieivalof gieig b.arheren dpmits §eligpi/Be tlep ol gsaRy i guiput

operate Qﬁ %lmrﬁe&'dﬁsg% tdah@oda@ s%ﬁﬁ@raﬂﬁﬁl 1@%&1%0 ‘é@cffﬁﬂnﬁﬁl%u@lf) sigh@ out put
audi o signa reproduction by the pair of physical front

speaker s indicative ¢fjsgunddr@n p defifrant skcedpesgpm izht Bpwapdig sigpaldpdieyiye ain
20, whic r;gp[?gq dib e 8fsdufd
perform g%dngnﬁgg{ ﬁ'g{t% bt ?(%églb@n%e&gﬁ} mgét%um?g{h éﬁqgo 1}(,)& i ncl udes
pr ogr amibles @8ERr Obmteuinte pc@@n(a virtual i zer subsystem of system 20)
coupl ed to receive audio input signals indicative of sound from

mul tiple source |ocations including at |east two rear |ocations
(e.g., five i a.pme nstigidalf slaify TLwheI& R (hangtluReasstémeli goatrgihgiaphmtgm 3)
Crcuitry 22c:hs Nf i ureﬂ%‘ Qltl)n edglolcorptrol data from control

i nt er f ac &Y Y 1r“f“(“)S HYS&A° mapnt 51° 'HE i nventive method, to
generate |left and right channel out put audi o signals 15and R' for
reproduction by a pair of si cal eakers, in res I hput
audi o si gnal s? f‘g“f%ﬁ‘rc’éﬂag’x‘/gt@?ﬁw’é'@t cAEBPYpFASE %Ong%? ngrpéovlldscs 5%%18}’ ed
froman exhgsiish oPHAEEHESANhe 182rGOINEE Plationt,eélideao 2dind dth 4t Rarohassd 21
asserts in response appropriate control data. to gII‘CUI td%%\ 22 'gol cal
conf i gur drophwurse lesgtiens 9“‘2% TERFOdRHPRPTING ALY SR PY BRCHRGAKTY &l thyphysica
oper at i Oy akhsaudi o DSP that has been configured to perform surround
sound 20virtualization in accordance with the invention (e.g.
virtualizer system20 of Fig. 9) is coupled to receive multi pI e audio
i nput si gnal s § I gdi Calda\becidin 7auHaebif ey mi¢ laQL@co?lgh'és@@n i Qfeabitiiy
including at [e€ast two rear |ocations), and the DS typically

per f or ns nanlwraaalt@nghfmtltmp)éﬂ@thSmbﬂhSlgWés input audio in addition to
(as well as) virtualization. In accordance with various enbodi nents
of the invention, an audio DSP is operable to perform an enbodi nent
250f the i nvent.ithe matododclafit rwlizadimgier Ghinclydeseds tiqpeof getforprgggihainmed)
to generate out udi 0. si.gha

phyer oal g ePe) oo BB URER B Rl R P B DS Byl By ARt Bl o
per form ﬂ@vel bteom@fwdemﬁnéma{eshmum aamd]n@asmgnai @Qpcndmg OrWhﬁ h@msfﬂéﬁl fic

enbodi ment s og E‘} | tion and applications of the
i nvent i o Hd\/8¢ égﬁp%‘i%% eﬁlgﬁ\gﬂ tein, it will be apparent to those of
ordinary skill in the art that many
12. The method of claim 1, wherein step (a) includes a step of generating the surround
signals including by transforming the input audio signals in accordance with a head-related

transfer function.

13. The method of claim 12, wherein the input audio signals are a left rear input signal
indicative of sound from a left rear source and a right rear input signal indicative of sound

from a right rear source, and step (a) includes the steps of:
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30variations on the enbodi nents and applications described herein are
possi bl e without departing fromthe scope of the invention described
and cl ained herein. It should be understood that while certain forns
of the invepyhAReflgse been shown and described, the i nyefigkagodeg2300t
to be limted to the specific enbodi nents descri bed and shown or the
specific nmethods described. WD 2010/ 074893PCT/ US2009/ 066230 C ai s
What is clai miansfagming the lefl reaninpyt Heghth asepisncs itk theieadtcdan Fsekbd
for prodygidig AR e SitINALBuafifl LEBLQHMGELQR vO¥r BuiRPdibm A 1BRYSE Cal
speakers at physical locations relative to a |istener, where none of
t he physiseabe fsgoeiddndris bl ear of Gedisicodr and a secged vighalized pudietjpwéindicative

! chat 1 ONGyr g¢ Ugloﬂflelhg'{%ﬂ ¥ eﬁlglnﬂgd ER;QH&(Qa ¢ 2laG l%f] of the Hstene(',az)nd' n response
to input audio signals 1ndicative of sou romthe rear source

| ocati ons, gehewrsiirinig thewigh vrd inphigngakingsefidancd with theihvidaglatdddranster
speaker s dleibif RANREHid AfFhI LR LS haRAUIGe LOAL it kshegT
perceives as emating fromsaid rear source |ocations, 1ncluding by
per f or m ngudymandident ainbelet eapfdlsdiseneomdtafenrthnpitatiaediivdiosiigabindicatamd
(b) generating.the output signals I espon to.the surround signals
and at | ehsrng foncief et St e Lo IR e 8 BBl ot
audi o signal indicative of sound froma respective front source

| ocation, such that th t pu i gnal s e useful far drivi t he
speakers ar s e Ryl Holhl 1 Bt febdfar st g
per cei vesjpasls @fflddideng peitomithechbeastimarbeinp@eadib eigaland from each
said front source | ocation. 2. The nethod of claim11, wherein
the dynami c range conpression is perforned by nonlinear anplification
of the input sdie nfhiARF Slaim 1, whefin JBS(NBLRAE Ofieptdrabmrding\Whaffbihd
step (a) includes a step of perform ng the dynam c range conpression
i ncl udi ngigeyls iepidimepiypglagune gpssttplk cpirslittion waits 18Py Avdia siggdli-ng a

| evel below a predeterm ned threshold in a nonlinear manner dependi ng

on the anount by which the Ievel is below the threshold. 4. The
met hod of cl ailfn T nwitedeil alaithé Wheye the phgsicablpedspepkersayehcadphppes adt j ne
wi ndow, i . N L Q.15). : , : hod
I S S L Lo

| ocal i zation of sound fromthe rear source |locations, relative to
sound from at ,Least ' r .sQl - L.l ring

repr oducti on (%# éneg{l}tﬁﬁﬁ?]a%f %’n"sa]%ém%}%% %ng%g%lg}é%s}q)asﬁlﬂt he physi cal

| ocations. \WeBRHY{p0F4BAARCTARESRO0PIBE6PA0he input auBio sTgvelsnegdneckieof
claim1, wherei g tcpe‘.gh%fs_i cal speakers are front |oudspeakers, the
physi cal FPOREEITOATAP'8"TH front of the listener, and step (a)

i ncl udes the gtepmafe @enadaiohng Heebimpanad i@ htigsdls ognaats dgakhtedn
response to left and right rear input signals. 7. The net hod of
cl aim 6, SEHSstep (b) includes the step of generating the output
signal s in resp@NERidddnt MRoSHAEOWAEL §ingMah Sccodcd Witk £hpansietct aagfer

| eft input audio signal indicative of sound froma |left front source
| ocat i on,fuggtipp ingensaigyirtuglishdsudipgisatisidndi cati ve of sound froma right

front source LOGRkRbrod Nk Bare@MiBH oh MRWrnaliLAudb Gials idh&akinwe of
sound froma center front source |ocation.
surround signals.

18. A surround sound virtualization system configured to produce output signals for
reproduction by a pair of physical speakers at physical locations relative to a listener, where
none of the physical locations is a location in a set of rear source locations, including:

a surround virtualizer subsystem, coupled and configured to generate surround signals
in response to input audio signals including by performing dynamic range compression on the

input audio signals, wherein the input audio signals are indicative of sound from the rear
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8. The method of claim7, wherein step (b) includes a step of
generating a phantom center channel in response to the center input
audi o signal . 9. The nethod of claim7, wherein the dynamc
range conpressiiomrapizovi des i nproved | ocal i zation of sowod/ukioosmdsize
rear source |locations, relative to sound fromat |east one said front

source | ocati durln reproducti.on of si gnhal s b t he
Spoaker s it Risayand e PG Shus fe Shert G aNifathe SR R evslrm 7
wher ei n tikatiehsnasind seaidgient GRMReRSSicRBiveSasRatifias otk sbiyt reeRbiraeidsations;
anplification of the input audio signals. 11. The net hod of
claim7, ather ei n step (a) includes a step of performng the dynamc

range conpresgkQbnd Qb pein) ¢oh¥eddiBlcbdpuna t@g&ma@fmé b@zpmrmgﬁms apdifnse
signals having a | evel bel ow a predeterm ne hreshol d in a nonlinear

nmanner dépBXdPEGIEniLHe auhid Gt dvy ol BputaRdo Pighd) el %ebfépféaw i audio
threshol djopal indicatid€ of s-'c-)tﬁﬁd ﬂ@ﬁlaqgsp@énv@ Ifl%h‘moﬂmce \ME@&&H gll(,ﬁtﬂ?dpth()%)l fp'uﬂ%ddges
a step of generating the surround signals including by transfornin

t he i nputaraugivbos ignae Sicispeakese ot apbsicn lpsrtiansie geitsenns bl talisiseier
function erceive asjeﬁnill gﬁoﬁ{qﬂéﬁ%g s%tucgro%ht }gmd ﬂ‘@lﬁ'& aﬁirﬁeo t%&% I&HF&?
signal s 5 ﬁ I nput signa |cat|ve 0 soun& roma t
rear source and a rlght rear input signal indicative of sound from a

right rear so ( e

2010/ 074893PCT d%&ég‘g%é%‘%ﬂ’ ) Wha?‘&’g]ﬂcs 8?’%@‘%‘%@%] th}!}% configiipd

si gnal i no pgbondendgmamnictrngelvemhesdorr Bl mnbokatly amsﬁﬁqmgﬂhmpml@ndlb Gignals.
generate a first virtualized audio signal indicative of sound from
the left rear source as incident at a left ear of the listener and a

second vi rtuabki.zidd spuushh of Saignidl whareinaiat sureuref visaulingl sﬁhscystemhecdnﬁgmed

rear source cident at a ri ht ear. of |.i st ener,

rar st oS By RaRs s te ige Sphndiar Bt by Spulspig new of dipinqu gudio
head- r el atpadls hiansd Riel ot p@fﬂuttﬂn@e@ﬂﬁ@h@d&l&ﬁ(bzﬂﬂedtln{ahﬂ@dbg@dmgudl 0
signal indicative of sound fromthe rlqgﬁjrear source as incident at

the | ef t APt Rwhich de deyalis Bagw dhertgis virtualized audio signal

i ndi cative of sound fromthe right rear source as incident at the
right ear of the |istener. 14. The method of claim1l, wherein
step (a) incl dhddicaysyap rimgdnehaein fgdyrens iep dudie digitgrianal posresi ng
by per f orgd RgHRCAHREHLALAN @A i§ B8 pled RitecAUALOinplL ORI 0Signals, the secdmt

The nmethod of claiml, wherein step (a) includes a step of generating
t he surrcudsten greanpled Robeadingnbyirgedisorhitgme aesive dlesugerceidnalsi on
on the i ARy Qé&l ((P‘Stﬁ)l R-coupled to ec%nQ/e eg-(,}ﬁ%a ttll%?ﬂlp?tf ud oas'i%hll wher ei n
t he physica oud speakers are hea phones an er f ornmed

wi t hout performng cross-talk cancellation on the input audio

,[Slhgng‘![ Zps of - 22, l;liz S%STJH? oirgﬁnl‘;liol% ﬁil&l%ll%e@uljlbulw.l v%rlualhgelss §s§st£1%)1$ (!or]ﬁf,lhgc? S

I nput audbpﬂﬁm@nmhsmmmmgmmemwmpwammpmésmmdamuwnmn$ng@ﬁk&nmL%um

Gecorr ol areticadnn 5v&) baledin bF b FRRSRE R % Refiiorpul Qo MGG o

si gnal s ifienaa castdanegd Wohthoarch Rastichedaing e sdnsdesT thengiul eiandloby the
generate virtual 5} Wﬂlo S|gnals and performng cross-talk
cancel | at'?d mBﬁ“%ﬁ Xt 04 PYed audio signals to generate the
surround signal s.

23. 'The system of claim 18, wherein the physical speakers are front loudspealkers, the
physical locations are in front of the listener, the input audio signals are left and right rear
input signals, and the surround virtualizer subsystem is configured to generate left and right

surround signals in response to the left and right rear input signals.
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18. A surround sound virtualization systemconfigured to produce

out put signals for reproduction by a pair of physical speakers at
physical |ocations relative to a listener, where none of the physical
| ocati ons mo@md/@edsi on in a set of rear source | ocatiprsysaekezds Ng:
a surround virtualizer subsystem coupled and configured to generate
surround sign in response . to .input audi ignal s including by
performing dynal P EGE LUk oL o sAtond sfshem Bl Gy arac
wher ei n theeuipnpdignadud r@p&isgahs siaroand fighatahndia reboise undlefirigm hlko r ear
WO 2010/ 074893PCT/ US2009/ 0662 ource |ocations, and the surround
signal s é‘ﬂ’éﬁﬂﬁdécﬁme ‘I’%P“ frQp ﬁgg‘tfﬁ%‘t spuspdacationa righbmpypadio sientloc at i ons
to emt sEWAGddTaburdTRN 4 SLIR TR PRFC KRS, 8% £8Bntd inpdt JuaRigal d rear
source | ocations; and a second subsystem coupl ed and confi gured

to gener BB R GOYITOTST HRLY Sopisopige BSRYA- t o t he surround signal s
and at | east one other input audio signal, each said other input
audi o signal indicative of sound froma respective front source

| ocation, such-Thatystereelsliipdt: whegiiaths sggoad guhaysigm fspniigured (A getere 2
speaker s pahdulEenR¥SInG&lin | g&%é RNk Llie? Mph fAMNELGHat the 1istener
perceives as emtting fromthe rear source |ocations and from each
said front source |ocation. 19. 'Me system of claim 18, wherein
the surround yj iht@ldehlr cRitRSY iRk he COPLIIUH AR sBRIAAH M Hourad
dynam ¢ range conpression by nonlinearly anplitying the 1 nput audi o
si gnal s. to perform 20 dyfeic sangt ermpessohnai thal 8id dmeméai angelvemgiessiguprdvides
virtual i ge roéetd??éé?%a%%}]' Fso%%‘fr&g%eelgm-ts%mggfof 51{ M L0 MO AMLG foRlE Geast
conpression i nc udlng By anpl'1fying eac of "t hé nput "audr o S|gnafs
havi ng aoheesaeld frdne baweedoqtied @hgnguepedudtion ef the lodtpitsignah by lthenpedkervanther
dependi ng, on t he .anmount by which the level is below the threshold.

21. The BYS{8P ¥ °% ai m 18, wherein said systemis an audio digital
signal processor, the surround virtualizer subsystemis coupled to
receive the i audi o sjgnals, the second subsystemis coupled to
Lhe. surround o tbericre LR Sgattstt B Pucng Rk s bePEiary
and the sQcobBAn §lRSYELIE BNkS caRMsRE by AofldailyanSA A, §Rlithu0hIES sibput
audi o signal. 22. The system of claim 18, erein the surround
virtualizer subsystemis configured to performthe dynam c range
conpr essi on syCimd HaternS@ichuf ¥HAMcEeif AR IQTARAIRIRSES P SRRt ARSnligured

i nproved | ocalization of sound fromthe rear source |ocations,

rel ati velotrsriepuhyg dypasmir snge earnressive isiding howpliSug eaeh pobainpgirudio
during r Qgﬁa‘?@%hﬂ AMetl pdIE ag}éh%tlmﬁécﬂﬂéklﬁ)l@iﬁ AR RRLAKGLS d%&in&iﬁ'%on
physi cal ocat i ORs. 23. The systemof claim18, wheréin the
physi cal thspaakeiby vwiidh the smel 1Y kelets hedlkesheld. t he physical |ocations are
in front of the listener, the input audio signals are left and right
rear input signals, and the surround virtualizer subsystemis
configured t2%dhesatem df efaim db.dvircrgihthe surood vdtusiign albsystem sespiogvsal t o

the left _and right rear. input signals. MO. \ o .
2010/ 074555 PP T3 608  otda greE by spnstitiming the input s gignals i o
wher ei n hdeerdameorith ashehdydiiehwinsfec bmEtiaqur ed t o generate the out put
signals in response to the surround signals, and in response to a
| eft input audio signal indicative of sound froma |eft front source
:cocat ion, a rsiogmﬁe gﬁ@mofaljdh 08,Sii@Rah the Belt@at ivik@iadier &%Ffb_dar% _rsQﬂh@ui'éngt
ront source |location, and a center input audio Signa ndi cative o
sound fr BYRCACR'E ﬁklee?P“‘?‘?’B'rﬁg“éléﬁ‘ici‘@‘%&E%ﬁe Tgyming 6‘30""‘312@0.“ Ofrac Lpaaiioof
clai m 245i0pdperei n the second subsystemis configured to generate a
phant om center channel in response to the center input audio signal.
26. The system of claim 24, wherein the surround virtualizer
subsystemis ?P@ﬁéQM&@QﬁEQﬁR@&Rﬁ&Hﬁ&h@s&ﬁﬂ%ﬂhﬁuﬁﬁﬂgﬁﬂﬁiﬂﬁﬁﬁ§§M3ﬁn%0

that said dynam c range conpression provides inproved 1ocalization of
to generate the surround signals including by performing cross-talk cancellation on the input

audio signals.
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29. The system of claim 18, wherein the surround virtualizer
subsystemis configured to generate the surround signals including by
transformng the input audio signhals in accordance with a

head- r el at edoteiansser function. 30. The syst em ofecahmseow/dd?230
wherein the surround virtualizer subsystemis configured to generate
the surround signals including by perform ng decorrel ation on the

i nput audi o signals. 31. The systemof claim 18, wherein the
surround virt gal Tizeystatibsylsters, wbeconhd pused shekgeneastabéphbhs asdtheound
signal s includin perform ng gross-tal k cgncel |l ation on.the input
St o gapdd Afaer RSt M i bl SR T Spcef Brarratasip S hove

physi cal mgeakes sroareikReadnhanes wdpithedisyicragyund virtual i zer
subsystemis configured to generate the surround signals w thout
perform ng cross-tal k cancellation on the input audio signals

33. The syst enBofheGl@bdol8aimME WibRint ResulébiPHRGIMET dubBkicdBhcludes:
subsystem i ncl udes: a conpressjion stage coupled to receive the
i nput audi 0 sEGARPESHHBREE PFRYUT R EecE e Jerinmf Avdin d2pnadicentigrgdo

conpr ess'ﬁ%ﬁoﬁ?@th%@%‘i’mﬁ}@pd‘ﬂ? c BHA&sRh Onakig 111:[)9( AR dg'}]taﬁ 16 SIRFASSBHr AU O
si gnal s; a decorrelation stage coupled and configured to
perforn1de@@eh@ﬁ%alon on the conpressed audio signals to generate
decorrel at ed qudig. hgﬁ'ﬁd% coypled dnaacohﬁggéci ORSIAARCARRLGH @D
configured to transformt decorr el at 8o S|gnals In accordance
wi t h a headpreefediaedo sigags foggendra dedoonlated agdineigatls virtual i zed audi o
signals; and , C I P
configured toagan %ﬁ%§£ gﬁ?l%ff%9%§1+ﬁgbgﬁﬁﬁgﬂg %ngrﬁ ﬁ??g@mh
audi o si g}nad:cslcmm,egar}earmadmuhted sursfep Gndtisi 1grgaﬂ1€$ale v111uaE1/ed 3ddio qigmlsymd; em
of claim 33, wherejn the.i a left rea i nput

ol gnal i ndi cab roet B SRGRERHME S R e Bie Bty s F R "Fear

i nput si gaadellativali pald Waudizeds aiditdsi§aBnd gerelaghthe Elﬁamnsagﬁaee t he
decorrelation stage is configured to generate a |left decorrel ated
audi o signal and a right decorrelated audio signal, the transform
stage i s confi3guredydan bf amsf 3, FhedR thcﬁiﬁlput(iﬁﬁﬁtsfgﬁﬂaﬁled JEUER Oinfilt G12ak]
in accordance with the head-related transfer function to generate a
first virbqisative abeosuiiom Silgfhiser SoHtr ant ¢ Vet gfar dhihdet Bicthe of stwnd ear

sour ce asdug kigieNdar ddured, tRfdbcRAla1i0h sthftes bortleBRA o Sddratt SIBE QA rrelated
virtualized audi o S|gnal i ndi cative of sound fromthe left rear

sour ce asuineizadnnd aright depgyrlatedgudisrsigngle thejtgpdpay staggrigiconfigured fhe
transfor rﬂaﬁgfaﬂl?th'c?fcfp(fce&ll(QME@QJdﬁd)m%x{a@ﬂsat:&ﬁHHHE@@HE . ARERLT Ehaked

audi o signal 1 n accordance wth d-related transfer function to
gener at e fandtign fogepemtewdlrstrathabieadi codioisignallindierdive af Joued Hemdluald rdar om

the ri ghtso&%@as xﬁBHén?% aai 'eﬂqb!f q%rffsleﬁ& d&ﬁ'@ séc%;l& vi ﬁ.{hé&ﬁ (le;df? ha':a? Ll%ﬂ:gﬂv and

a fourth virtualized audi o si icative o soun e ri
rear sounéemméﬁmndhdéﬁneammnhamnmgﬁtne%wngﬁaﬁhémEMthmemd

the transforn stage is conligured to transform the right decorrelated audio signal in
accordance with the head-related transfer function to generate a third virtualized audio signal
indicative of sound from the right rear source as incident at the left ear of the listener and a
fourth virtualized audio signal indicative of sound from the right rear source as incident at the

right ear of the listener.
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