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Field of the Invention

15 The present invention relates to the encoding of audio sig-
nals and the subseguent synthesis of auditory scenes from

the encoded audio data.

20  Description of the Related Art

When a person hears an audio signal (i.e., sounds) gener-
ated by a particular audioc source, the audio signal will
typically arrive at the person's left and right ears at two
25 different times and with two different audio (e.g., deci-
bel) levels, where those different times and levels are
functions of the differences in the paths through which the
audio signal travels to reach the left and right ears, re-
spectively. The person's brain interprets these differences
30 in time and level to give the person the perception That
the received audio signal is being generated by an audio
Source located at a particular position (e.g., direction
and distance) relative to the persen. An auditory scene is
the net effect of a person simultaneously hearing audio
35 signals generated by one or more different audio sources
located at one or more different positions relative to the

person.



35 signal s generated by one or nore different audio sources |ocated at one
or nore different positions relative to the person. 3 The existence of
this processing by the brain can be used 3to synthesize auditory scenes,
where audio signals fromone or nore different audio sources are
purposefully nodified to generate left and right audio signals that give
the per 5 ception that the different audio sources are |ocated at

different po<i®ionsSiereti vé toisheddstenargy B Gthd $hevs: a-di ghe | g¥el

bl ock di agr am ofrponuentd 4. Dl i | _synt hesi zer 100, _which
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is defined tt@ hertdhe taro eHignals Fiepal viad: A fﬁhaf@rq%%gf%féeatﬁéséggﬁr6f

In addition to.the audio source, signal, synthesizer ceives a s
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rel ative todiliéelriestepers.i tinntsy picalt iivipl@mationsndhe set of spati al
cues conprises an inter-channel |evel dif- ference (ICLD) val ue (which
identifies the difference in audio | evel between the left and right audio
signal s as FéG20 kerhedsatat hégheflevaid bighk ehrs;rarespectdaetant aneh an

i n- ter-chaphnghuthme i re va] (which identifies_  the
difference in tine ofsqad;rfrflvaggggtg\%\e%%fhgi#g’ftwgﬁccln T YhieEudi 6 SIS as
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direction- g§8g$ ent, tra sfer function for sound fromthe signal source to
the eardrun®, also TefdTTE4Y 0 t8s RhetheadWe eFasBaler dirFervedingti die

(HRTF) See,¢@rgrymd. Bl amedtisteTle .Psycheplhysiion ofo Heman $e4D8 source

Local i zati oy oMl PE@SShesizer 100 receives a set of spatial cues cor-

15 responding to the desired position of the audio source

relative to the listener. In typical implementations, the

set of spatial cues comprises an inter-channel level dif-

ference (ICLD) value (which identifies the difference in

audioc level between the left and right audio signals as re-

20  ceived at the left and right ears, respectively) and an in-

ter-channel time difference (ICTD) value {which identifies

the difference in time of arrival between the left and

right audio signals as received at the left and right ears,

respectively). In addition or as an alternative, some syn-

25 thesis techniques involve the modeling of a direction-

dependent transfer function for sound from the signal

source to the eardrums, also referred to as the head-

related transfer function (HRTF) . See, e.g., J. Blauert,

The Psychophysics of Human Sound Localization, MIT Press,

30 1983, the teachings of which are incorporated herein by
reference.

Using binaural signal synthesizer 100 of FIG. 1, the mono
audic signal generated by a single sound source can be
35 processed such that, when listened to over headphones, the
sound source is spatially placed by applying an appropriate
set of spatial cues (e.g., ICLD, ICTD, and/or HRTF) to gen-

erate the audio signal for each ear. See, e.g., D. R.



30 1983, the teachings of which are incorporated herein by reference.
Usi ng binaural signal synthesizer 100 of FIG 1, the npno audio signal
generated by a single sound source can be4 35 processed such that, when
| i stened to over headphones, the sound source is spatially placed by
appl ying an appropriate set of spatial cues (e.g., ICLD, |ICTD, and/or
HRTF) to gen- erate the audio signal for each ear. See, e.g., DD R 4
Begaul t, 3- BeSounid: f of-ViSewad Real viytaad Mihlirediag AearideRi g, Press.

Canbridge, Mass.- 1924 B si gpal sy izer 100 of FIG 1 generates
the 5 sinplest type of SL |tdﬁ%¥%bg%§§§‘Tﬂ%£§ having a single au- dio

source positioned relative to the |istener. More com plex auditory scenes
conpri si ng B Qa0 85 Hgiof§gﬂﬁg§g_ C d i-f.ferent positions
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source. Sinté each ditter ent®atidli 6°MBEtFd8Ihdd' % of f ReFentuddeati®rrces

rel ative tolehetkilsaénddffarkhtdigifsaneaninssete 1oft sspatdalt Hles: d s iised 4,0
each di fferent audi o source.

gener ate t hgebiy, AU, i o_signal for .
SUMVARY OF TeHEg{éIGVENTt?é&aH%{)Q%\c@%rd?lﬁ%lif%r%nécgﬁﬁoﬁ%trﬁ?s%%%r pFBgéntis
i nvent it0h i €58 kbt héd, lapparenysd arel mpahihei pradahbeanedisumsf o rercodi ng
audi o channgis. sO9Ra0N sHRLKRCGUYE G50dES, r at t wo r nore audio
channel s, wherejn at Ieggt one Cug coég&?§%§9§5g%§%5;%%dSéggago§€n§ er at ed
by conbinin%l%%5 P ShbPeSeSEne ifdtesd e Rbuesrahndicach estimespeddineg code
is estimatete a different audio source. Since each different audio
source has a different location relative to the listener, a
15 different set of spatial cues is used to generate the bin-

aural audio signal for each different audio source.

SUMMARY OF THE INVENTION

20
According to one embodiment, the present invention is a
method, apparatus, and machine-readable medium for encoding
audio channels. One or more cue codes are generated for two
or more audio channels, wherein at least one cue code is &
25 combined cue code generated by combining two or more esti-
mated cue codes, and each estimated cue code is estimated

from a group of two or more of the audic channels.

According to another embodiment, the present invention is
30 an apparatus for encoding C input audio channels to gener-
ate E transmitted audio channel(s). The apparatus comprises
a code estimator and a downmixer. The code estimator gener-
ates one or more cue codes for two or more audio channels,
wherein at least one cue code is a combined cue code gener-
35 ated by combining two or more estimated cue codes, and each
estimated cue code is estimated from a group of two or more
of the audio channels. The downmixer downmixes the C input

channels to generate the E transmitted channel (s), where



froma group of two or nore of the audio channels. According to another
enbodi nent, the present invention is 30 an apparatus for encoding C input
audi o channel's to gener- ate E transnitted audi o channel (s). The appar at us
conprises a code estimator and a downm xer. The code estinator gener- ates
one or nore cue codes for two or nore audi o channels, wherein at |east one
cue code is a conbined cue code gener 35 ated by conblnlng two or nore

esti mted cle’dbesyhantirathe espomated due abgeds eﬁttﬁahgﬁlﬁrQﬁE@rgroup

of two or mugisf Lbsuaudig T xer down the C i nput
channel s to lrate the E trgﬁgxgﬁi? gn%ﬁ%@ %Mé%co S5 %>E§r$0rm
wher ei n thesgﬁghgﬁ%% PEoa@apt ed ﬁ@ﬂﬁﬂ%ﬁﬁﬁ@odlﬁ@rOfmmhanEaboansthtede

codes to enabileraeldecoder to perform synthesis processing during decoding
of the transmtted channel(s). 5 According to another enbodi nent, the
present invention is an encoded audi o bitstream generated by encodi ng
audi o chandelcorditier eim enetbrrnembolitnsndest g e pgerenat adhdoft 1 § o1 or

Code gencratid by Cannl nt G tre MTET SRR obY cBAESS M Catho

code generated by co ni n
esti nat ed cG@a@@@éﬁd;%ﬁﬁﬁelma@@@ bmoquqﬁﬁmm obdewoate npre:ftddieraudi o

channels. The Qnelgg A0LE B4 EHE nd F 1 smit dio _chan- nel
correSﬁ%pdlng to th %wo o?gﬁofggggglg Iﬁ%ﬁéﬁyﬁ % 3%%?@ 2 %3%9%%ded
into the encddéd e t SRpesrre Q@@@ﬁﬁqﬁytbya@QMhenlegba@pman ma he

present inveatioates car ens@sed addi @abht SIS1ORA GUTPELSI ESd@”‘isore £ cue
The one or nore cue es are

codes and n ted audio n S
gener at ed f%rg%éo§%%%hnre auHPo Eﬁgﬁﬁ%lg R&feitt E@eléégﬂoom@%ﬂﬁﬁk%de is
a conbi ned Ehe code genewatredchy codes and E transmitted audio chan-

nel (s} corresponding to the two or more audio channels,

15 where E21, are encoded into the encoded audio bitstream.

According to another embodiment, the present invention is
an encoded audio bitstream comprising one or more cue codes
and E transmitted audio channel(s). The one or more cue
20 codes are generated for two or more audio channels, wherein
at least one cue code is a combined cue code generated by
combining two or more estimated cue codes, and each esti-
mated cue code is estimated from a group of two or more of
the audio channels. The E transmitted audio éhannel(s) cor-

25 respond to the two or more audio channels.

According to another embodiment, the present invention is a
method, apparatus, and machine-readable medium for decoding
E transmitted audio channel{s) to generate C playback audio
30  channels, where C>EZ21. Cue codes corresponding to the E
transmitted channel(s) are received, wherein at least one
cue code is a combined cue code generated by combining two
or more estimated cue codes, and each estimated cue code
estimated from a group of two or more audio channels corre~
35 sponding to the E transmitted channel {(s). One or more of
the E transmitted channel(s) are upmixed to generate one or
more upmixed channels. One or more of the C playback chan-

nels are synthesized by applying the cue codes to the one



conbining two or nore estimted cue codes, and each esti- nmated cue code is
estimated froma group of two or nore of the audio channels. The E
transmtted audi o channel (s) cor- 25 respbnd to the two or nore audio
channel s. According to another enbodi ment, the present invention is a

met hod, apparatus, and machi ne-readabl e nmedi um for decoding E transmtted
audi o channel (s) to generate C playback audi o 30 channels, where CE?l. Cue
codes corresponddhng tpnthedE chamarsm,t twte channel S o raig ¥ £Cek ¥ ede dWagkei N
at | east on €:LS: onhj ne ue _code generated by conbining two

or nore est?ﬁﬁ%ﬂﬁ %ﬁ% %%%égfgaggggagH%eng%ﬁfE%iéﬂgadﬁﬁﬁa'e%??nﬁ?EH fiFom a
group of twdFidrethofiee atdie disarmallsesbrre @8nspehdi ngot ot heofe t sanshktt ed
channel (s). heoreHEH®1f. the E transmitted channel (s) are upm xed to
generate one or nore upm xed channels. One or nore of the C playback chan-
nel s are”synt hesi zed by applying the cue codes to the one 6 or nore

upm xed channels, wherein two or nore derived cue codes are derived from
the conbi ned cue code, and.ea

two or nore synthe- size —E DESE :
O her aspects, features, and advantages of the present in- 10 vention w ||

becone nore Ly t e foll ow,n detai |l ed description, . the

appended clgﬁﬁéf gﬁﬁg?tgﬂaé%%ﬁ%ggﬂﬁyfﬁﬁdd?%&?ﬂ&?gﬁﬁ i M9 iKE T er Hhte

nuner al’d i dERPEAPD $ildill dreasme denits chilil by emppesents MEOR theshpmsl@wing

hi gh-1evel gkegk)duageam-ab+genventi.o ' il g esizer. FIG
braenyeRhionale iAWl ’ %ﬂ%ﬂaﬁ%&%é

2 is a block diagQ?n1of a generic binaural cue codin
processi ng pdmdravwings “in which 1like reference numerals identify

similar or identical elements.

15 FIG. 1 shows a high-level block diagram of conventional
binaural signal synthesizer;

FIG. 2 is a block diagram of a generic binaural cue coding
(BCC) audio processing system;

20
FIG. 3 shows a block diagram of a downmixer that can be

used for the downmixer of FIG. 2:

FIG. 4 shows a block diagram of a BCC synthesizer that can
25 be used for the decoder of FIG. 2;

FIG. 5 shows a block diagram of the BCC estimator of FIG.

2, according to one embodiment of the present inventicn;

30 FIG. 6 illustrates the generation of ICTD and ICLD data for

five-channel audio;

FIG. 7 illustrates the generation of ICC data for five-
channel audio;

35
F1G. 8 shows a block diagram of an implementation of the
BCC synthesizer of FIG. 4 that can be used in a BCC decoder



20 FIG 3 shows a bl ock diagram of a downm xer that can be wused for the
downm xer of FIG 2; FIG 4 shows a bl ock dlagran1of a BCC synt hesi zer that
can 25 be used for the decoder of FIG 2! FIG 5 shows a bl ock di agr am of
the BCC estimator of FIG 2, according to one enbodi ment of the present
invention; 30 FIG 6 iIIustrates the generation of ICID and | CLD data for
five-channel audio; FIG 7 illustrates the generation of ICC data for five-
channel audi'® $BFIaEe g2 shbasea bkomwl@nagm@mnm1zﬁudxqﬂsﬂ@mﬁhigoﬁe@fathe

BCC synt hesiszergiaf tlfasnfh thal Gap £ BEE
generate a stereo or multi-channel gE%ﬁg S?Sﬁaﬁ’g.véﬁﬁg g nb?g ??%ﬁSnltted
sum signal s(n) plus the spatial cues; FIG 9 illustrates how | CTD and

| CLD are variled vt binbuat5sasubbang, aﬁc:aofanetlmwfaiée%%@ lt@h irtOa
shows a @Io&% q;% %gl%fga %g S n%2e5|zer t hat can be use for
2% & 3 SUS T B S e RIenGd 10 FI G 11 shows a Tl ow

decoder of
di agram of the processing of a BCC system such as that shown |n FIG 2,

related to ene e t t nt DETAI LED
DESCRI PTI |§ b?ﬁa%ggl“]%g%e go W%l%ﬁ%%% §ln ?Bodd %%Ie%erc‘i tS2Rudi o

channel s t o”§eHérst €€ t%sdﬁqqcé&r aufli BI@hadnébs, a zet\m@ B EXhendy
particul ar, atwo or nore of the C input channels are provided in a frequency

donalnqgand one or

FIG. 11 shows a flow diagram of the processing of a BCC
system, such as that shown in FIG. 2, related to one em-

bodiment of the present invention.

15
DETAILED DESCRIPTION

In kinaural cue coding (BCC), an encoder encodes C input
audic channels to generate E transmitted audio channels,
<0  where C>Ezl. In particular, two or more of the C input
channels are provided in a frequency domain, and one or
more cue codes are generated for each of one or more dif-
ferent frequency bands in the two or more input channels in
the frequency domain. In addition, the C input channels are
25 downmixed to generate the E transmitted channels. In some
downmixing implementations, at least one of the E transmit-—
ted channels is based on two or more of the C input chan-
nels, and at least one of the E transmitted channels is
based on only a single one of the C input channels.
30
In one embodiment, a BCC coder has two or more filter
banks, a code estimator, and a downmixer. The two or more
filter banks convert two or more of the C input channels
from a time domain into a frequency domain. The code esti-
35 mator generates one or more cue codes for each of one or
more different frequency bands in the two or more converted
input channels. The downmixer downmixes the C input chan-
nels to generate the E transmitted channels, where C>E=>1.



nore cue codes are generated for each of one or nore dif- ferent frequency
bands in the two or nore input channels in the frequency domain. In
addition, the Cinput channels are 25 dowsnrxed to generate the E
transmtted channels. In some downm xing inplenentations, at |east one of
the E transmt- ted channels is based on two or nore of the C input chan-
nels, and at |east one of the E transmtted channels is based on only a

single one of the Cinput channels. 30 In one enbodi nent, a BCC coder has
two or norefjl n a code estimator, and a downm_xer. The two or
more 111t e haike %%%3@??%% g%f%%l"‘gﬁe%au PnpliteRdfnd e feerriadtine
domai n intot® foradrpienicy domdiaybatike wotieo eshan3blpat ah geneasiat 8 Oner OF
nmore cue codesif oir eagh of QHe- 0L i fferent frequency bands in the
two or npre converted input c aﬁﬁggggg?gefégﬁﬁ%¥§@}%%%ﬁﬁﬁii@gat%% T+ rput
chan- nets P& deifer Bt & TSR Hheshselia peel e hameel upristet e ©E? 1f reqi@endy BCC

decodi ng, Edbmansnidd ege e € channels @& degoded ot 1%3%%&4 &l ayback
audi o channel s n_particul ar, each of one or nore different frequency

I qr
bands, one BF BfefESGHePRY ECfansnmited® Gririel O ©LpH S Yh wdes
frequency domaipptldegerer aia-H WOf Ofh&DHRe0brt b Rliayack tc e N
the frequen LN re CE 1. One or re cue codes are appliedto
each of theﬁéﬁggg?hn%Pghgﬁpf8Feﬁ?rﬁr@§&§ﬁ€g&55%@?% e o Gredsey
pl aybaci® chasmeis ite tdwndramiency 20 donm mdédi feaer ahenhwdsEr amer &he
modi i ed chegoebs. @id: tlied; £404 ObnIRhE1E0dId e ehannel s are o Led

fi'me doain. 1h pn’Xi i

fromthe fre- quency domain into a . sone u e-
ment at i ons, I3 FRasPMEAE dtiched Ctphaybesk ichantel song ubadadngn iatp leeast

one of the mettansoht] eichasnets and alr 1bnhkeast ,0ReLEUE COLEnnANE alg
| east one Ogaégg g%pg%ygggét one of the E transmitted channels and at
15 least one cue code, and at least one of the C playback
channels is based on only a single one of the E transmitted

channels and independent of any cue codes.

In one embodiment, a BCC decoder has an upmixer, a synthe-
20 sizer, and one or more inverse filter banks. For each of
one or more different frequency bands, the upmixer upmixes
one or more of the E transmitted channels in a freguency
domain to generate two or more of the C playback channels
in the frequency domain, where C>»E21. The synthesizer ap-
25 plies one or more cue codes to each of the one or more dif~
ferent frequency bands in the two or more playback channels
in the frequency domain to generate two or more modified
channels. The one or more inverse filter banks convert the
two or more modified channels from the frequency domain

30 into a time domain.

Depending on the particular implementation, a given play-
back channel may be based on a single transmitted channel,
rather than a combination of two or more transmitted chan-
35 nels. For example, when there is only one transmitted chan-
nel, each of the C playback channels is based on that one
transmitted channel. In these situations, upmixing corre-

sponds to copying of the corresponding transmitted channel.



channel s is based on only a single one of the E transmtted channels a
i ndependent of any cue codes. In one enbodi nent, a BCC decoder has an
upm xer, a synthe- 20 sizer, and one or~ndre inverse filter banks. For

of one or

nore different frequency bands, the upm xer upni xes one or

of the E transmtted channels in a frequency domain to generate two or
nmore of the C playback channels in the frequency domain, where CE_I.
synt hesi zer % 2Bpl i &sr oFrep bFcapten s uin coldesh t theaehi of o hg one eFapBLEe

di f- ferent rfirequencysfands Qe thEmiwe, of,

frequency domain to
nor e inverséﬂgi
the frequentypcdomianned into a time domain.
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Generic BCC Processing

FIG. 2 is a block diagram of a generic binaural cue ceding
(BCC) audio processing system 200 comprising an encoder 202
and a decoder 204. Encoder 202 includes downmixer 206 and
BCC estimator 208.

Downmixer 206 converts C input audio channels x;(n) into E
transmitted audio channels y:{n), where C>Ezl. In this
specification, signals expressed using the variable n are
time-domain signals, while signals expressed using the
variable k are frequency-domain signals. Depending on the
particular implementation, downmixing can be implemented in
either the time domain or the frequency domain. BCC estima-
tor 208 generates BCC codes from the C input audio channels
and transmits those BCC codes as either in-band or out-of-
band side information relative to the E transmitted audio
channels. Typical BCC codes include one or more of inter-
channel time difference (ICTD), inter—-channel level differ-
ence (ICLD}), and inter~channel correlation {ICC) data esti-
mated between certain pairs of input channels as a function
of frequency and time. The particular implementation will
dictate between which particular pairs of input channels,
BCC codes are estimated.
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15 Generic BCC Processing FIG 2 is a block diagramof a generic binaural
cue coding (BCC) audi o processing systemp2060 conpri sing an encoder 202
and a decoder 204. Encoder 202 includes downm xer 206 and 20 BCC esti mator
208. Downm xer 206 converts C input audio channels xi(n) into E
transmtted audi o channels yi(n), where CE>1. In this specification,
signal s expressed using the variable n are 25 tinme-donain signals, while
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coherence ofid#® znd degree of listener envelopment. See, e.g., J.
Blauert, The Psychophysics of Human Sound Localization, MIT
15 Press, 1983,

Depending on the particular application, the E transmitted
audio channels and corresponding BCC codes may be transmit-
ted directly to decoder 204 or stored in some suitable type
20 of storage device for subséquent access by decoder 204. De-
pending on the situation, the term "transmitting” may refer
to either direct transmission to a decoder or storage for
subsequent provision to a decoder. In either case, decoder
204 receives the transmitted audio channels and side infor-
25 mation and performs upmixing and BCC synthesis using the
BCC codes to convert the E transmitted audio channels into
more than E (typically, but not necessarily, C)} playback
audio channels x;(n) for audio playback. Depending on the
particular implementation, upmixing can be performed in ei-

30 ther the time domain or the frequency domain.

In addition to the BCC processing shown in FIG. 2, a ge-
neric BCC audio processing system may include additional
encoding and decoding stages to further compress the audio
35 signals at the encoder and then decompress the audio sig-
nals at the decoder, respectively. These audio codecs may

be based on conventional audic compression/decompression



bi naural signal corresponding to a single violin playing 10 solo. In
general, an audio signal with | ower coherence is wusually perceived as nore
spread out in auditory space. As such~ I1IGC-data is typically related to

t he apparent source w dth and degree of |istener envel opnent. See, e.g.,

J. Blauert, The Psychophysics of Human Sound Localization, MT 15 Press,
1983. Depending on the particular application, the E transmtted audio
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t he decoder, respectively. These audi o codecs may be -based on conventi onal
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BCC codi ng |s able to represent I'ti - channel

sum signal corresponds toe a mono downmix of the
15 original stereo or multi-channel signal. For receivers that
do not support stereo or multi-channel sound repreduction,
listening to the transmitted sum signal is a valid method
of presenting the audio material on low-profile mono repro-
duction equipment. BCC coding can therefore also be used to
20 enhance existing services involving the delivery of mono
audio material towards multi-channel audio. For example,
existing mono audio radio broadcasting systems can be en-
hanced for sterec or multi-channel playback if the BCC side
information can be embedded into the existing transmission
25 channel. Analogous capabilities exist when downmixing
multi-channel audio to two sum signals that correspond to

stereo audio.

BCC processes audio signals with a certain time and fre-

30  gquency resolution. The frequency resclution used is largely
motivated by the frequency resolution of the human auditory
system. Psychoacoustics suggests that spatial perception is
most liikely based on a critical band representation of the
acoustic input signal. This frequency resolution is consid-

35 ered by using an invertible filterbank {e.g., based on a
fast Fourier transform (FFT} or a quadratufe mirrcr filter
(QMF}} with subbands with bandwidths equal or proportional
Lo the critical bandwidth of the human auditory systen.



signals at a bitrate only slightly higher than what is re- quired to
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FIG. 3 shows a block diagram of a downmixer 300 that can be
used for downmixer 206 of FIG. 2 according to certain im-
plementations of BCC system 200. Downmixer 300 has a filter
bank (FB) 302 for each input channel x;(n), a downmixing
20  block 304, an optional scaling/delay block 306, and an in-

verse rB (IFB) 308 for each encoded channel vy;(n).

Each filter bank 302 converts each frame {e.g., 20 msec) of
a corresponding digital input channel x;(n) in the time do-

25 main into a set of input coefficients X;(k) in the fre-—
quency domain. Downmixing block 304 downmixes each sub-band
of C corresponding input coefficients into a corresponding
sub-band of E downmixed frequency-domain coefficients.
Equation (1) represents the downmixing of the kth sub-band

30  of input coefficients (¥:(k),¥,(k),..¥c(k)) to generate the
kth  sub-band of downmixed coefficients (Pi(k), Pa(k), ..
Ye(k)) as follows:



Generic Downm xing In preferred inplenentations, the transmtted sum
signal (s) contain all signal conponents of the input audio signal. 5 The
goal is that each signal conponent is fulllly-mai ntained. Sinply summation of
t he audi o input channels often results in anplification or attenuation of
signal conponents. In other words, the power of the signal conponents in a
'sim ple" sumis often larger or snaller than the sumof the 10 power of
t he correspondi ng signal conpon wﬂkb eac 1@@ n- nel. A downm xi ng
t echni que can be used that equalhqg? t he sr€L5|gnal such that the power of
signal conponents in the sum si h £3)a‘ﬁ i mately the sane as the
corresponding power in all input ich nnéfk. {15 FIG 3 shows a bl ocki di agram
of a downm xer 300 that can be %6%9 for i xer 206 of FIG 2 according
to certain im plenentations of yst eém“208. Downm xer 300 has a filter
bank (FB) 302 for each input channel x1(n), a downm xing 20 bl ock 304, an
opti onal scaling/delay block 306, and an in- verse FB (IFB) 308 for each
encoded channel yi(n). Each filter bank 302 converts each frame (e.g., 20
msec) of a corresponding digital input channel x1(n) in the time do- 25
mai n i nto awbeteoPcd nputa coeff-iwd s -k dowrrie:fit@ maenty. donai n.
Downmi xigng bl ock 304 downm xes each sub-band of C corresponding input
coefficients into a corresponding sub-band of E downm xed frequency-donain
coef fici entSPtiER@at S6a1A1Y/Hepeesditosk hE) @ownndxings ok ke kith reub:-iband

30 of inputproeféisient eacrl(de a2dQ ,mu}.@ﬁgfiéstg genelk %E%n r1‘?1g 'ﬁ‘

sub- band of dgggn1xegfcoeff|C|ents y1(k) Ioms
- Yi (k) xi (B coelticient y;( y a scallng factor e; ( to gener~
ate a correspondlng scaled coefficient ¥ (k). The motiva-

10 tion for the scaling operation is equivalent to equaliza-
tion generalized for downmixing with arbitrary weighting
factors for ¢ach channel. If the input channels are inde-
pendent, then the power Pjypw ©f the downmixed signal in
each sub-band is given by Equation (2} as follows:

15
- . )
D3k} rpﬂ&)
Py 1w | Pr
20 TP (2)
| Pyl | | Prte) |

where D¢ is derived by squaring each matrix element in
the C-by~E downmixing matrix ©Dc and Piw) 15 the power of
25 sub-band k of input channel 1i.

If the sub-bands are not independent, then the power values
Pju ©f the downmixed signal will be larger or smaller than
that computed using Equation (2}, due to signal amplifica-
30 tions or cancellations when signal components are in-phase

or out-of-phase, respectively. To prevent this, the down-



v2WzZ (k~ Dcs (1) Ya(k) xc(k) where DcE is a real -valued C by-E

downm xing matrix. 5 Optional scaling/delay block 306 conprises a set of
mul ti- pliers 310, each of which nultipli;gs_a correspondi ng down- mi xed
coefficient y(k) by a scaling factor e (k) to gener- ate a correspondi ng
scal ed coefficient y; (k) . The notiva 10 tion for the scaling operation is

equi val ent to equaliza- tion generalized for dowm xing with arbitrary
|f the_ input channels are inde-

wei ghting fact. ch_ch | . g
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of input chamiels FAlfiase sub- bands are not independent, then the power
val ues $Y(k) of the downm xed signal will be larger or smaller than that
conput ed using Equation (2), due to signal anplifica 30 tions or
cancel | ati ons when signal conponents i n-phase or out-of-phase,
respectively. To prevent this, tr dowpxl4 m xing operation of Equation
(1) is applied in sub-bands f of oAk pb the scaling operation of
multipliers 310. The scaling factor é%tk) (1<-i<E) can be derived using

Equation (3) as follows:

10 where P56 is the sub-band power as computed by Equation
(2), and Py 1s power of the corresponding downmixed sub-

band signal 3, (k).

In addition to or instead of providing optional scaling,
15 scaling/delay block 306 may optionally apply delays to the

signals.

Each inverse filter bank 308 converts a set of correspond-
ing scaled coefficients J, (k) in the frequency domain into

20 a frame of a corresponding digital, transmitted channel

yi{n).

Although FIG. 3 shows all C of the input channels being
converted into the frequency domain for subsequent downmix-—

29 ing, in alternative implementations, one or more {but less
than C-1) of the C input channels might bypass some or all
of the processing shown in FIG. 3 and be transmitted as an
equivalent number of unmodified audio channels. Depending
on the particular implementation, these unmodified audio

30  channels might or might not be used by BCC estimator 208 of
FIG, 2 in generating the transmitted BCC codes.

In an implementation of downmixer 300 that generates a sin-

gle sum signal y{n), E=1 and the signals ¥, (k) of each sub-
35 band of each input channel ¢ are added and then multiplied

with a factor e(k), according to Equation (4) as follows:



5 v(k) (3) e, ~k~= 6Py~,"' (k) 10 where py(k) is the sub-band power as
conputed by Equation (2), and pY(k) is power of the correspondi ng

downm xed sub- band signal y;(k). In addikion to or instead of providing
scaling, 15 scaling/delay block 306 may optionally apply del ays
Each inverse filter bank 308 converts a set of correspond-

opt i onal

to the signals.
ing scal ed coefficients y,(k) in the frequency donmain into 20 a frane of

corresponding digital, transmtted channel yi (n) Although FIG 3 shows
converted into the frequency domain for

subsequent downm x- 25 ing, in 2 ¢ hnpl enent ati ons, one or re
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t he processing showmn in FIG 3 and be transnmitted as an

of unnodi fied audi o channels. Depending on the particular inplenmentation,

all C of the input channels being

t hese unnodi fied audio 30 channels m ght or m ght not be used by BCC
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i npl enentati on of downm xer 300 that generates a sin- gle sum signal
E=l and the signals z, (k) of each sub- 35 band of each input channel
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(5) as follows: | e(k) Ps(
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where Py, (k) is a short-time estimate of the power of X (k)
at time index k, and p; (k) is a short-time estimate of the

C o~ ,
Ezgﬁ&(k)° The equalized subbands are transformed back to

the time domain resulting in the sum signal y(n) that is
transmitted to the BCC decoder.

Generic BCC Synthesis

FIG. 4 shows a block diagram of a BCC synthesizer 400 that
can be used for decoder 204 of FIG. 2 according to certain
implementations of BCC system 200. BCC synthesizer 400 has
a filter bank 402 for each transmitted channel y;(n), an
upmixing block 404, delays 406, multipliers 408, correla-
tion block 410, and an inverse filter bank 412 for each

playback channel x;{n).

Each filter bank 402 converts each frame of a corresponding
digital, transmitted channel vy;(n) in the time domain into
a set of input coefficients Yy (k) in the frequency domain.
Upmixing block 404 upmixes each sub-band of E corresponding
transmitted-channel coefficients into a corresponding sub-
band of C upmixed frequency-domain coefficients. Equation
(4) represents the upmixing of the kth sub~band of trans-
mitted-channel coefficients (3(k).7,(k)...7:(k)) to generate the

m ght bypass sone or ai " of
equi val ent nunber

In an

y(n),
c are
according to Equation (4) as

a



10 where px (k) is a short-tinme estimate of the power of .z,(k) at tine
index k, and p,, (k) is a short-tine estimate of the 1Ic xjk). The
equal i zed subbands are transforned back tg -the tinme domain resulting in
the sumsignal y(n) that is 15 transmtted to the BCC decoder. Ceneric BCC

Synthesis 20 FIG 4 shows a bl ock diagram of a BCC synt hesi zer 400 that
can be used for decoder 204 of FIG 2 according to certain inplenentations

of BCC syst emr20Q,,,BEG synt hesi 400 afilter ~ for, gach
transmitted channel y F%‘) an u%rg%%{%qng&g%%%kcﬁ%%sde@@téigﬁ;"w i pffers
408, correl &°925%456n" bl ock 410, and an inverse filter bank 412 for each

pl ayback channel 21(n). Each filter bank 402 converts each franme of a

corresponding digital, transmtted channel y (n) in the time domain into
30 a set of input coefficients 3‘9&) ) in requency domain. Upm Xi ng
bl ock 404 upm xes each sub-band| .0 corr wé%% ding transmtted-channel
coefficigents into a correspondi ( Q;Ub de\*off C upm xed frequency:-domai n
coefficients. Equation (4) represents the upni xing of the kth subt®and of

trans 35 mtted-channel coeffi cieT/[& (y1l 5)@3 (kK),....7F-(k)) to generate
the - 16 kth sub-band of upm xed\tcefficre (sj(k),sz(k),...,sc(k)) as
follows: s (/k) yj(//k) 5 s2(k) = Ul Y2 1k) (6) sc(k) yr(k) where UECis a
real -val ued E-by-C upm xing matrix. Perform ing upmxing in the
frequency-domai n enabl es upm xing to be 10 applied individually in each

di fferent stBEhantec Bach? detay wereppiiles-@ denayivel netdigk) Headedon a

cor - ing upmixing in the frequency-domain enables upmixing to be
10 applied individually in each different sub-band.

Each delay 406 applies a delay value d; (k) based on a cor-
responding BCC code for ICTD data to ensure that the de-—
sired ICTD values appear between certain pairs of playback
15  channels. EBach multiplier 408 applies a scaling factor
a; (k) based on a corresponding BCC code for ICLD data to
ensure that the desired ICLD values appear between certain
pairs of playback channels. Correlation block 410 performs
& decorrelation operation A based on corresponding BCC
20  codes for ICC data to ensure that the desired ICC values
appear between certain pairs of playback channels. Further
description of the operations of correlation block 410 can
be found in U.S. patent application Ser. No. 10/155,437,
filed on May 24, 2002 as Baumgarte 2-10.
25
The synthesis of ICLD values may be less troublesome than
the synthesis of ICTD and ICC values, since ICLD synthesis
involves merely scaling of sub-band signals. Since ICLD
cues are the most commonly used directional cues, it is
30  usually more important that the ICLD values approximate
those of the original audio signal. As such, ICLD data
might be estimated between all channel pairs. The scaling
factors a;(k) (1<isC) for each sub-band are preferably cho-
sen such that the sub-band power of each playback channel



respondi ng BCC code for ICID data to ensure that the de- sired |ICID val ues
appear between certain pairs of playback 15 channels. Each nmultiplier 408
applies a scaling factor ai(k) based enia eorrespondi ng BCC code for |CLD
data to ensure that the desired I CLD val ues appear between certain pairs
of playback channels. Correlation block 410 perforns a decorrelation
operation A based on correspondi ng BCC 20 codes for I CC data to ensure that

the desi redabﬁ(ﬁo\talmu@&s apRealo DRIWRAMH GRY tabhe PALES +ak R AYPACK Clhﬂﬂg?' S.
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Furt her descrl ﬁn of _.the operations of  correlation block 410 ¢
found in U S1%p&t SAEMEFPri cation Ser. No. 10/155,437, filed on May 24,
2002 as Baungarte 2-10. 25 The synthesis of I1CLD values may be |ess

troublesone a t.h n he i S CTD an val ues, .sin | CLD .
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sen such t hatie$ hee subrhanchpover afaigagh @h@yb%kufé%nn@értaﬂ channel
approxi mates_t he correspondi ng power of the original input audio channel.

One goal nd%ah% to apply relatively few signal nodifica- 5 tions for
synt hedDzing I CTD and | CC val ues. As such, the BCC data m ght not include

a0t | Easiel Uese L8 B oBUBONS! 89 3ol A0t egpey L svathies e
pairs. 10 1ng synthesized coefficients X (k) in the frequency domain

into a frame of a corresponding digital, playback channel
£ (n).

15
Although FIG. 4 shows all E of the transmitted channels be-
ing converted into the frequency domain for subsequent up-
mixing and BCC processing, in alternative implementations,
one or more ({(put not all) of the E transmitted channels

20  might bypass some or all of the processing shown in FIG. 4.
For example, one or more of the transmitted channels may be
unmodified channels that are not subjected to any upmixing.
In addition to being one or more of the C playback chan-
nels, these unmodified channels, in turn, might be, but do

25 not have to be, used as reference channels to which BCC
processing is applied to synthesize one or more of the
other playback channels. In either case, such unmodified
channels may be subjected to delays to compensate for the
processing time involved in the upmixing and/or BCC proc-

30 essing used to generate the rest of the playback channels.

Note that, although FIG. 4 shows C playback channels being
synthesized from E transmitted channels, where C was also
the number of original input channels, BCC synthesis is not
35 limited to that number of playback channels. In general,
the number of playback channels can be any number of chan-
nels, including numbers greater than or less than € and
possibly even situations where the number of playback chan-



Each inverse filter bank 412 converts a set of correspond- ing synthesized
coefficients x, (k) in the frequency domain into a franme of a
correspondi ng digital, playback channel 1g,w(n) 15 Although FIG 4 shows
all E of the transmtted channels be- ing converted into the frequency
domai n for subsequent up- m xing and BCC processing, in alternative

i npl ementations, one or nore (but not all) of the E transmtted channels
20 m ght byR% S SOme or ?II of thﬁ1processing shown in FIG 4. For

exanpl e, one -or not e®BF3thd d r Bhsmittted RHankEEs HlPYe Chnrigdintsrddted
channel s t hathaanelrot subjected to any upm xing. |In addition to being one
or nore of the C playback chan- nels, these unnodified channels, in turn,
m ght be, but do 25 not have to be, used as reference channels to which BCC
processing is applied to synthesize one or nore of the other playback
channel s | npetbbetucass, reuehanpmadickled, chanagls 18y Abe;3ublegted to
del ays to conper e 1ot e PI OCE gt T e nvo A the—tpm )
and/ or BCC proc 30 essing used to generate the rest of the playback

channels. MAetenihat a alithoughsih Gsidnshowsce R L hanneks. pebng .
synthe5|zeqnf{gn1 tranfnltted channels, where C was al so the nunber of
ori gi nal input"thaAndiel BEE &M HEE s PECRottes | 5T Ped ¥&rhatndudber of
pl ayback chemmedsind e geher aborréhgondber cokspl aybaek chaipels)l canqhe any
nunber 4 gf qggﬂ: el incl udi nunber reater th I t han,C_and
possibﬁg even s??ba??ohggwﬁgﬁgg%Jéquﬁégg of %Igébggw&%haﬁﬁfDQBanﬂngcis
equal to orill e5§1RRAANt He nawnBébooy tsransmilt t Boagehamnelibut®s’ Per cépbual |y
Rel evant Didifessences” Between Audi o Channels Assumng a single sum signal
BCC synthesizes a stereo or

Knowledge about spatial hearing implies that for oﬁe audi-
15 tory event, ICTD and ICLD are related to perceived direc-—
tion. When considering binaural room impulse responses
(BRIRs) of one source, there is a relationship between
width of the auditory event and listener envelopment and
ICC data estimated for the early and late parts of the
20 BRIRs. However, the relationship between ICC and these
properties for general signals (and not Jjust the BRIRs) is

not straightforward.

Stereo and multi-channel audio signals usually contain a
25 complex mix of concurrently active source signals superim-
posed by reflected signai components resulting from re-~
cerding in enclosed spaces or added by the recording engi-
neer for artificially creating a spatial impression. Dif-
ferent source signals and their reflections occupy differ-
30 ent regions in the time-frequency plane. This is reflected
by ICTD, ICLD, and TICC, which vary as a function of time
and frequency. In this case, the relation between instanta-
neous ICTD, ICLD, and ICC and auditory event directions and
spatial impression is not obvious. The strategy of certain
35 embodiments of BCC is to blindly synthesize these cues such
that they approximate the corresponding cues of the origi-—

nal audio signal.



mul ti-channel audio signal such that ICID, ICLD, and | CC approximate the
correspondi ng cues of the original audio 10 signal. In the follow ng, the
role of ICID, ICLD, and ICC in relatioenito-auditory spatial inmge
attributes is dis- cussed. Know edge about spatial hearing inplies that for
one audi- 15 tory event, ICID and ICLD are related to perceived direc-
tion. Wen considering binaural room i npul se responses (BRI Rs) of one

source, there ks rdah@lsaty anshi bt neeys %gﬁPiQEh%h%g@Aqi Ly Y fy%m&‘d
| i stener envel opnent and |CC data estimated for the early andz ate parts
of the 20 BRI'Rs SIHIWEVENT t15€ trr@1tlison s detihe e ERRIC arfl direde Infor-
properties fial deneredisg gpaksafandmel imst sthecBRIRS)idy oROBCC does

strai ghtforward. %t%!eo.and mul ti-channel audi o .signals usually contain a
oCa50F LRTs haRAP

25 conpl ex X 0P TEGACUTEHIINFE adRTY te9s & JEFENRC Y oSP Y

refl ected stgnal &onperentseresuldy ngsfolemirer neor dingiddy ent| asietspaces

or added by cordi engi.s~ n or_artificially creatin at.i al
inpression.I%FE}Egegéngggghﬂggxgigﬁgﬁg’a% t%é rV?£F¥§cF§8%sn%§%h§§)&F?fer
30 ent regi bAgNFRithedt tretheedaendyrpkane thiki sni & defdeactdd rane .| CTD,

| CLD, and I CC, which vary as a function of tine and frequency. In this
case, the relation between instanta- neous ICID, | CLD, and | CC and auditory
event direckFons and ‘Pt i GPSPHPF £28i od GI notClbvi 806, IHe srPatte@pf of
certaino35 eabddi mentss defreBCG 4 Srégubhi-ndlihes I hesi ZEs | hasghC YRS rseh

Slanal . ) TOCR o PRt HEEDbBAMAD of CBBndATt: He CUBaF FE S tbs
t he equi vala@mut eetangut atobafdnsdt NofERBhaar evndeds khioruemalade stoeni ng
reveal s thatj he.@udi o, gual Y 0f + BRE 90881rvals, the precedence effect
is not directly considered. Assuming a classical lead-lag
15 pair of sound stimuli, if the lead and lag fall into a time
interval where only one set of cues is synthesized, then
localization dominance of the lead is net considered. De-
spite this, BCC achieves audio quality reflected in an av-
erage MUSHRA score of about 87 (i.e., "excellent" audio
20  quality) on average and up to nearly 100 for certain audio

signals.

The often-achieved perceptually small difference between
reference signal and synthesized signal implies that cues

25 related to a wide range of auditory spatial image attrib-
utes are implicitly considered by synthesizing ICTD, ICLD,
and ICC at regular time intervals. In the following, sone
arguments are given on how ICTD, ICLD, and ICC may relate
to a range of auditory spatial image attributes.

30

Estimation of Spatial Cues

In the following, it is described how ICTD, ICLD, and ICC
35 are estimated. The bitrate for transmission of these (guan-
tized and coded) spatial cues can be just a few kb/s and

thus, with BCC, it is possible teo transmit stereo and



not notably inprove when choosi ng higher frequency resolu 5 tion. A | ower
frequency resolution my be desired, since it results in less |ICID, |CLD,
and | CC val ues that need to be transnithsd to the decoder and thus in a

| ower bitrate. Regarding time resolutiof,” 'CTD, ICLD, and ICC are typi 10
cally considered at regular time intervals. H gh perform ance is obtained
when I CTD, I CLD, and I CC are considered about every 4 to 16 ns. Note that,
unl ess the cues are con- sidered at very short tinme intervals, the
precedence &fFddt ChaaNdt ndeet FyI86AS ddr elitAssani My el hgsivbalt is

| ead- | ag 15 rpajur reld sound stinld audidt ke derd and lag fall into a time
interval where only one set of cues is synthesized, then |ocalization

dom nance of the lead is not considered. De- spite this, BCC achi eves audio
qual ity refFécted ishans a¥- bévage dVUGHRA scormcof caboubt8% Cbhse.of rIG.
"excel | ent " saudj qual 1 ty) on average and yp t.o nearl 00, for certain
audi o ?gngl's%c%]%odojf n-kécr%néeve%f“}%%sg%%&aﬂ%y 'Sl Praisf\éflér eNteE HetUeen
ref erence sPgRaksantasypnt RS zevpsiigral fildplkiréstkdzat( Ue$025 wielat ekt o a
wi de range g it spat i@l 4 ttgd e e LnpLiaitly . i dered
by synt hesi zigngcqlﬁyCTQD%Me CE% ﬂéﬁg}%%%;%t jfr'éeigu gr %tll%{rre ‘?’nt ébéales%llg%}ts]hogq

fol | owi ng, S&REK épéun’e?ﬁt@hat%n@méﬁsoﬁcﬁ@w ECHD, oD ICEn¢HaaE atayues at e
to a range ebrawdichoryi spatéd FrBgeeALtyl isheieha 3% Estinayi (g:g af; 1$Rat al
Cues Irlot he foLIo%gg, it is described how ICTD, ICLD, and I 35 are
esti mated. Bi te for transm ssion of these (quan- tized and coded)
spatial cues can be just a few kb/s and thus, with BCC, it is possible to
transmt stereo and 20 nulti-channel audio signals at bitrates close to

what is
Estimation of ICTD, ICLD, and ICC for Stereo Signals

15 The following measures are used for ICTD, ICLD, and ICC for
corresponding subband signals E}(k) and E}(k) of two (e.qg.,

stereo) audic channels:
o ICTD [samples]:
20

r12(‘1‘7) =arg max{CDu(d,k)},
d

25 with a short-time estimate of the normalized cross-

correlation function given by Equation (8) as follows:

v |,k
(Dlz(d’ k): Pasl ) (8)
30 \ Pz, (k ~dy )Pzzk -d,
where
- d, = max{-d,0} o)

d, = max{d,0},



required for a single audio channel. FIG 5 shows a bl ock di agram of BCC
estimator 208 of FIG 5 2, according to one enbodi nent of the present
invention. BCC estimator 208 conprises bijl terbanks (FB) 502, which may be
the sanme as filterbanks 302 of FIG 3, and estimation block 504, which
generates I CID, ICLD, and | CC spatial cues for each different frequency
subband generat ed by filter- 10 banks 502. Estimation of ICTD, |CLD, and

| CC for St s The f d | CTD. D,
cc for £ g”a%a.gg CuBbantoE ORANE 3o ERTEARD 5. (Kpeoi e (87

and | CC for
st ereo) aud| | CTD [sanples]: 20 r, 2 {k} = arg max{bl2 (d101

(7) d 25 mnth a short-tine estimate of the nornalized cross- correlation
function given b uation (8) as follows: 0i2 (d, k) - Pzi=~1d, kj (8)
30 JpPs, (k 8, )Pz gz (@Rére d, =max{-d,0} 35 (9) d2 =max{d, 0}, - 21 and
plS(d, k)sis a short-time estinmate of the mean of z, (k - dj )x2(k - d2) O
ICLD [dB]: 5 ,(k)" 10) AL12(k)=I0log,oPslPi, (k) 10 o ICC

AL, (k)=1010g ,G[p’z((k))J 10)

10 o ICC:

¢,y (k)= max|®,, (d, k).
d

15
Note that the absolute value of the normalized cross-

correlation is considered and ci;(k) has a range of [0,1].

20 Estimation of ICTD, ICLD, and ICC for Multi~Channel Audio
Signals

When there are more than two input channels, it is typi-
cally sufficient to define ICTD and ICLD between a refer-
25 ence channel {(e.g., channel number 1) and the other chan-
nels, as illustrated in FIG. 6 for the case of C=5 chan-
nels. where t1c(k) and AL;.(k) denote the ICTD and ICLD, re-

spectively, between the reference channel 1 and channel c.

30 As opposed to ICTD and ICLD, ICC typically has more degrees
of freedom. The ICC as defined can have different values
between all possible input channel pairs. For C channels,
there are C{(C-1)/2 possible channel pairs; e.g., for 5
channels there are 10 channel pairs as illustrated in FIG.

35 7{(a). However, such a scheme requires that, for each sub-
band at each time index, C(C-1)/2 ICC values are estimated
and transmitted, resulting in high computational complexity
and high bitrate.



Cl2 (k) = maxlqg),2 (d, kg. (11) d 15 Note that the absolute val ue of the
normal i zed cross- correlation is considered and cl12(k) has a range of

[0,1]. 20 Estimation of ICTD, |ICLD, and %Cg for Milti-Channel Audio
Signals Wien there are nore than two i nplt channels, it is typi- cally
sufficient to define ICID and | CLD between a refer- 25 ence channel (e.g.,
channel nunber 1) and the other chan nels, as illustrated in FIG 6 for the
case of C=5 chan- nels. where zlc(k) and ALlc(k) denote the I CTD and | CLD,
re- spectively, between the reference channel 1 and channel c. 30 As
opposed to A@f@raadllv@;p,, |1§&t§éﬁbﬁa|dxyokﬂ?($d orerdegreesicoh fdaedomnerhe

| CC as definped can ve different vaI tmeen al | OSSIb|e i nput
channel paIEE ﬁ%r %ﬂm@L %QRNE ﬁré' %§Q5W2eﬁ%§ B ERGNAAITSSHi rs;

e.g., for SSpohdmngl$ﬂgmakeewmpdﬂbmhamnekh@msubﬁﬁndIiyskéaaedehn Fire 35
[(ahy, MRS g HERE NEDEMR A SAULEES i Mland Hha FOERCR B PRIGL EooaL 1 T

index, C(C1 es are es |nate and nsnl resultlng in
hi gh conput 8F 6hal Wenppesrayl aﬁ@aﬂqﬁ¢anﬁaween add aWdE©namanﬂ%LSfor

each subbandeodCFBsands! @59 det %ma@ﬁedt Bgze@'srt%%'t% afan\@xh't nishe & gtory

event of the corre- spondi si gnal conpo in the sub I's rendered
One 5 si ngl &% CEVBar gﬁéﬁepe%@reeélu%%ot%yc%@?ﬁb% sl ’E"@SHe-en§érgi3’bér]t he

gveral | cohesencednsiaeensal |ea@%dl@1rﬁ4§|aﬁ&%i|e$< b‘ﬁo-pgl ﬁ%sﬁilﬁué}@ﬁa@@dolﬁfnal _neﬁ
yestl tI an I, ttin cues on e ent nne W t
nost endér gy ?% qé%ﬁ ‘%%dﬁ% g?r ECW%J%HE ?ﬁﬁ& ﬁmﬁ I%ﬁ%tF Q& in 10

FIG 7(b), mhere {or @]nandn$1an2s kxd andothhe,chaapebtlvely. A heu-
ristic rule may be used for determining ICC between the

other channel pairs.

15
Synthesis of Spatial Cues

FIG. 8 shows a block diagram of an implementation of BCC
synthesizer 400 of FIG. 4 that can be used in a BCC decoder
20 Lo generate a stereo or multi-channel audio signal given a
single transmitted sum signal s(n) plus the spatial cues.
The sum signal s(n) 1is decomposed into subbands, where
§ (k) denotes one such subband. For generating the corre-
sponding subbands of each of the output channels, delays
2> de, scale factors a., and filters h. are applied to the cor-
responding subband ¢f the sum signal. (For simplicity of
notation, the time index k is ignored in the delays, scale
factors, and filters.) ICTD are synthesized by imposing de-
lays, ICLD by scaling, and ICC by applying de-correlation
30 filters. The processing shown in FIG. 8 is applied inde-

pendently to each subband,

ICTD Synthesis

The delays d. are determined from the ICTDs 1:.(k}, accord-

ing to Equation (12) as follows:



pairs (3, 4) and (1, 2) are strongest, respectively. A heu- ristic rule may
be used for determning I CC between the other channel pairs. 15 Synthesis
of Spatial Cues FIG 8 shows a bl ock di am of an inplenentati on of BCC
synt hesi zer 400 of FIG 4 that can be used in a BCC decoder 20 to generate
a stereo or nulti-channel audio signal given a single transmtted sum
signal s(n) plus the spatial cues. The sumsignal s(n) is deconposed into
subbands, where s (k) denotes pne such subband. For generating the corre-
spondi ng subbands of each &f =t-he(nmxt,putr,dhpnmet s, ddk ﬁnZﬁxﬂO scal e
factors a., and filters hO are @pplied to the cor- responding %abband of

t he sun1signa|. ( For sinpldpFUy(@ﬁk¢n¢®at26n:£Che time index k is ignored
in the delays, scale factors, and filters.) ICID are synthesized by

i nposi ng de- lays, ICLD by scaling, and I CC by applying de-correlation 30
filters. The processing showmn in FIG 8 is applied inde- pendently to each
subband. | CI'e Syirtlhgsifer 3hdhecdekaysed@hammeadet edyi ned Eeaputhe sGEBS

zl 0(k), =acc ti S olloms

d _--(néxzﬁi%'h“?% tmmé%@“ @{%Aﬁ%ge 1) Sy 2R+ FoP19EEde The

del ay for theeréfeperide charmeld dignass cemputredtidiichl, Sthdalethe timxienum
magni tude of stheqgdebaysrdy hecMERLPLZEd. o-Ihe .| ess+hBesgubband ¢ %‘m%’lﬁln are

nodi fi ed, the Ieg here is a danger for artifacts to occur.
subband sanff Ffhgtofat 8080§’§Ol‘{dfjeprbdxﬂfde"3rlfﬁlgqh ehbUGN: & FFrku E &S0 é@frorICfT@r
| CTD synt hegishedit aysetagsbezdmppsed ipyRPrestsely oy susingny using

10 suitable all-pass filters.

ICLD Synthesis

15 In order that the output subband signals have desired ICLDs
ALnz (k) between channel ¢ and the reference channel 1, the

gain factors a. should satisfy Equation (13) as follows:

20 ~£=10 2 | (13)

Additionally, the output subbands are preferably normalized
such that the sum of the power of all output channels is
25 equal to the power of the input sum signal. Since the total
original signal power in each subband is preserved in the
sum signal, this normalizaticn results in the absolute sub-
band power for each output channel approximating the corre-
sponding power of the original encoder input audio signal.
30 Given these constraints, the scale factors a. are given by

Equation (14) as follows:



10 suitable all-pass filters. 1CLD Synthesis 15 In order that the out put
subband signals have desired ICLDs LL12(k) between channel c¢ and the
ref erence channel 1, the gain factors a, should satisfy Equation (1.3) as
follows: N, ,(k) 20 Oe =10 20 (13) a, Addfitionally, the output subbands
are preferably normalized such that the sum of the power of all output
channels is 25 equal to the power of the input sumsignal. Since the
total. original signal power in each subband is preserved in the sum
signal, this normalization results in _the absolute sub- band power for each
out put channel approxi mating thngppaﬁ; oy R&W@LIOf t he ori gi nal
encoder input audio signal. 30 G'ven % hes¢?constiaints, thé)scale factors
a, are given by Equation (14) asS0'0Wg; otheddise & = 1+X1210Lj"0 forc=
(14) a, =104 ,e 120 a, otherwise (c # 1). 5 ICC Synthesis In certain
enbodi nents, the aimof I1CC synthesis is to re- duce correl ati on between
t he subbands after delays and scaling have been applied, w thout affecting
| CTD andsl Cliac %%Fﬂaﬂesjgan be achi eved by designing the filters h, in FIG
8 such that | an D are effectively varied as a func- tion of
frequency such that the average variation is zero in each subband
(audi tory crin icattdandnbddikd G s 9 theustnabes thowsyGbBeaand 1{E B @r e~
varied wthi a Lon frequency. The anplitude of | CTD
and | CLD vafﬁgﬁioﬁggggggﬁgﬁgs %%gﬁéégrégk%fs gﬁ?ﬁ%ﬁ%lﬁ?ﬁgﬁ delays and
scaling have been applied, without affecting ICTD and ICLD.
10 This can be achieved by designing the filters h. in FIG. 8
such that ICTD and ICLD are effectively varied as a func-
tion of frequency such that the average variation is zero

in each subband (auditory critical band).

15 FIG. 9 illustrates how ICTD and ICLD are varied within a
subband as a function of frequency. The amplitude of ICTD
and ICLD variation determines the degree of de-correlation
and is contreolled as a function of ICC. Note that ICTD are
varied smoothly (as in FIG. 9(a)}, while ICLD are wvaried

20 randomly (as in FIG. 9(b)). One could vary ICLD as smoothly
as ICTD, but this would result in more coloration of the

resulting audio signals,

Another method for synthesizing ICC, particularly suitable
25 for multi-channel ICC synthesis, is described in more de-
tail in C. Faller, "Parametric multi-channel audio coding:
Synthesis of coherence cues,™ IEEE Trans. on Speech and Au-
dio Proc., 2003, the teachings of which are incorpecrated
herein by reference. As a function of time and frequency,
30 specific amcounts of artificial late reverberation are added
to each of the output channels for achieving a desired ICC.
Additionally, spectral medification can be applied such
that the spectral envelope of the resulting signal ap-
proaches the spectral envelope of the original audio sig-

35 nal.



and is controlled as a function of 1CC. Note that ICID are varied snoothly
(as in FIG 9(a)), while ICLD are varied 20 randomy (as in FIG 9(b)). One
could vary 1CLD as snmoothly as |CTD, bu112 this would result in nore
coloration of the resulting audio signa <. “Anot her met hod for synt hesi zi ng
| CC, particularly suitable 25 for nmulti-channel |1CC synthesis, is
described in nore de- tail in C Faller, "Paranetric multi-channel audio
codi ng: Synthesis of coherence cues,"” |EEE Trans. on Speech and Au- dio
Proc., 20030thpe tesdcHigmysast whinhl afred | AE6r potrdtiens 1 hekterhnbyueef eiwence.

As a functigpepfot bABnAND ﬁ%%qﬁ%GQ$’c%%n?ﬁﬂpﬁigf%s%”QHﬂﬁ§lﬁgeﬁ” AddLialglate
reverberation are added, to each of the output channels for achieving a

desired | CCI Addi PFBRAIBYS sPectPaNehodiBri 38T oRTéakBe aBpli 6d SHEF~ t hat
the spectrabaepvel opavahdehe iresid tdmg: si gnabdapy pereaches -he 1Spectaal
envel ope of ,t he, or.i_gi nal audéo ?i o- (535 nal 55 Q her_rel at ﬁd and W rel ated
| CC synthes?s°t echili JUERLFHIE S$tér ed” S gnaled¢ o Mudi B Chan élrcgai%' have
been presemded JinEERgdSglauid, ek, AWrrOompsr;, BI. dead8ni nkearl, Land il.]<Brek-

baart, "Adv Lp; par, tric cadi i gh- ity .5 diko, " i _
Preprint 11‘2ﬁ§%5%€1553§%§#§% oc.?gﬁ/égéﬁ%gofg%%]aeﬁd %@Eﬁ%’deg%#‘d,g}ﬁ
Purnhagen, BriRodén’ andony- Lifder yihg. "Sgat hetiey atfbi encehin tsacdmeds c
stereo codigg,pot R HFeahPEhNhrd1758-60BY 5+ AUANcERTLSOG re - MAY2004, the

t eachi Qgs of both of which are incorporated here by reference. 10 C-to-E
BCC As-descri bed previously, BCC can be inplenented with nore 15 than one
transm ssion channel. A variation of BCC has been described which
represents C(:_@é;_gé oB(ggannel_s not as one sin-

As described previocusly, BCC can be implemented with more
15 than one transmission channel, A variation of BCC has been
described which represents C audio channels not as one sin-
gle (transmitted) channel, but as E channels, denoted C-to-
FE BCC. There are {(at least) two motivations for C-to-E BCC:

20 o BCC with one transmission channel provides a backwards
compatible path for upgrading existing mono systems for
stereo or multi~channel audio playback. The upgraded
systems transmit the BCC downmixed sum signal through
the existing mono infrastructure, while additionally

25 transmitting the BCC side information. C-to~E BCC 1is
applicable to E-channel backwards compatible coding of

C—~channel audio.

o} C-to-E BCC introcduces scalability in terms of different

30 degrees of reduction of the number ¢f transmitted chan-

nels. It is expected that the more audio channels that

are transmitted, the better the audio quality will be.

Signal processing details for C~to-E BCC, such as how

to define the ICTD, ICLD, and ICC cues, are described

35 in U.S8. application Ser. No. 10/762,100, filed on Jan.
20, 2004 (Faller 13-1).



gle (transmtted) channel, but as E channels, denoted C-to- E BCC. There
are (at least) two notivations for CGto-E BCC. 20 o BCC with one
transm ssi on channel provides a backwardsgs conpatible path for upgrading
exi sting nono systens for stereo or nulti-channel audio playback. The
upgraded systens transmt the BCC downm xed sum signal through the
existing nono infrastructure, while additionally 25 transmtting the BCC

side infornatji80.+Cot QB plicable to E-channel backwards
conmpati bl e g % Hehac8 io. 0 Gto-E BCC introduces scalability
in terns of different 30 degrees of reduction of the nunber of transnltted

chan- nels.akt deS@xpREE eshihal the afmifpfeéi Oa%ﬁafgbg{eﬁné haE Scoder
transnltted the better the audio quali nal roceSS|ng
details for E2RSVEBCE? %B@hd%‘)ﬁ@% I%Ddefifiﬁ@ tﬁ@dI/QTFDICpCEDdeénGSIt@C

cues, are de&téddet@éehnde$eréﬂ@|b@@&@OQnsejroﬁps 48/ £64:300hahihl-ad; on
Jan. 20, (Fag act . Si ﬁ | nfformation As descri bed
S

above, in gp?y%|3&| geﬁ%ﬂﬁlo?hé' nEggﬁleFFﬁ nit s2fd1the decvdé s CTD,
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to one ref et hce channel, Ci ICLD and | CTD val ues are sufficient to 15
descri be the characteristics of C encoded channels). On the

Since ICLD and ICTD values typically relate to one refer-
ence channel, C-~1 ICLD and ICTD values are sufficient to
15 describe the characteristics of C encoded channels). On the
other hand, ICCs are defined between arbitrary pairs of
channels. As such, for C encoded channels, there are C(C~
1) /2 possible ICC pairs. For 5 encoded channels, this would
correspond to 10 ICC pairs. In practice, in order to limit
20 the amount of transmitted ICC information, only ICC infor-

mation for certain pairs are transmitted.

FIG. 10 shows a block diagram of a BCC synthesizer 1000
that can be used for decoder 204 of FIG. 2 for a 5-to-2 BCC

25 scheme. As shown in FIG. 10, BCC synthesizer 1000 receives
two input signals yim) and ya:(n) and BCC side information
{not shown} and generates five synthesized output signals
X (n),.. % (n), where first, second, third, fourth, and
fifth output signals correspond te the left, right, center,

30  rear left, and rear right surround signals, respectively,
shown in FIGS. 6 and 7.

Delay, scaling, and de-correlation parameters derived from
Che transmitted ICTD, ICLD, and ICC side information are
35 applied at elements 1004, 1006, and 1008, respectively, to
"up-
mixed" signals § (k) generated by upmixing element 1002. As
shown in FIG. 10, de-correlation is performed cnly between

synthesize the five output signals X, {n) from the five



ot her hand, I CCs are defined between arbitrary pairs of channels. As such,
for C encoded channels, there are C(C- 1)/2 possible ICC pairs. For 5
encoded channels, this would correspond,to_10 ICC pairs. In practice, in
order to limt 20 the amount of transmtted I CC information, only ICC
infor- mation for certain pairs are transmtted. FIG 10 shows a bl ock

di agram of a BCC synt hesi zer 1000 that can be used for decoder 204 of FIG

2 for a 5-t c As shown in FI G, 10, BCC synt hesi zer. 1000
receives t h 3%% ‘i E gg FEafd YRS %n? igec: sid ot mat FBA A’not

shown) and g&@ebatesehl t@esynthesized olgput rékgnahanniel6n)(i..e., Xs{Hin-

where first, cand, rd o] rth and flft out put si naI rrespond to
the left, i g ? Qc%r?tdterg OAgr egr }I]éf e &5d S eararhtg? 30 ?oﬁ%d%%cgﬁg?‘lptsa,
respecti vel lyeedsﬁ@v\hel hrEnE8iteedntio7 BChelaythesdlziemy,l 0ad deénecer redlcste on
paramet ers desi ¥edsf camysthe tran t I e
information are 3% appl |ae gt Zg zﬁentgﬁloﬁﬁﬁo%&wﬁgglg% %Iﬁlgspectl vel y,
to synt hesiZel tRei¥FvECBUERER SPERANE - zWhiAR fthém the afingedyup awneeet
signals s; dkjbpeneeatiediby URMeHN0aRbEABNLF10QL #£sde ShAWAriAtEbe, 10,
de-correl at Ss_perforped only betweeg@ 27 the left and left rear

t

channel s (|%‘érth%ﬁaﬁ‘ﬁ%ﬂlgt’io%nﬂs4§1eséﬁﬁ ween the right and right rear

channel's (i.e., chan- nels 2 and 5) . As such, no nmore than two sets of ICC
dat a ed tted th Q0Q, where th 5 two
sets cggr ac;%%r{lplg%ﬁ(ﬁ Val %Iggggc?\%}e{gn teie%ﬁwo cr?asr?nt Jrnv%u ?gg?or each

subband. WHille ¢pntexs Qlfréé@y S teorsi BCC esabkrer edudii®n 1% t Rerampghst of
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one enbodi nent of the ent invention ) the context of the 5-tQ-2
schene of Fﬁqéu%1p8¥%m @hfor the "left left rear" channel pair with

the ICC value estimated for the "right/right rear" channel
15 pair to generate a single, combined ICC value that effec-
tively indicates a global amount of front/back de-
correlation and which is transmitted to the BCC decoder as
the ICC side information. Informal experiments indicated
that this simplification results in wvirtually no loss in
20  audio quality, while reducing transmitted ICC information

by a factor of two.

In general, embodiments of the present invention are di-
rected to BCC schemes in which two or more different ICCs
25 estimated between different channel pairs, or groups of
channels, are combined for transmission, as indicated by

Equation (15) as follows:

30 Icc = f{ice,, ICC,,.., ICC,,), (15)

transmitted

where f 1s a function that combines N different ICCs.

35 In order to obtain a combined ICC measure that 1s represen-
tative of the spatial image, it may be advantagecus to use
a weighted average for function f that considers the impor-

tance of the individual channels, where channel importance



subband, the correspondi ng BCC encoder conbines the | CC value estinmted
for the "left/left rear"” channel pair with the ICC value estinmated for the
"right/right rear" channel 15 pair to gﬁggrgte a single, conbined I CC val ue
that effec- tively indicates a gl obal anbunt of front/back de- correlation
and which is transmtted to the BCC decoder as the |ICC side information.

I nformal experinents indicated that this sinplification results in
virtually no Iogs in 20 audio quality, while reducing transmtted |CC

i nf or mat i on™2By g PEEEEr OBf thfio ChRRNGENECHIE T SentFSdiTFBES ot ach & hEehent

i nvention ateodi {1peckedrbe1BEEe:schenes in which two or nore different |CCs
25 estimated between different channel pairs, or groups of channels, are
conbined for transm ssion, as indicated by Equation (15) as follows: 30

ICC'o"s,,, ,1,d =f ICC, , ICC2,..., ICCN), (15) where f is a function
that conbines N different ICCs. 35 In ordew t 8btain a conbined I CC
measurecsthat is represen- tativgof the_ [(al ”i mage, it may be (¢
advant ageous to use a weighted avEFd§e fols ¥ uynction f that considers the

i npor- tance of the individual channels, e’ channel inportance - 28 may
be based on the channel powers, as represented by Equa- tion (16) as
follows: ~jjp.I1CC, 5 i=1 Awhere pi is the power of the correspondi ng

channel pair in the subband. In this case, ICCs estimated from stronger
10 channel PR$¥S Bi elfwelbbfit BAVREr Ot HdIF | COEr WMt RY FRANNALaRAL TcHEnnel

pairs. The goabisnethapemer 1pi tofi 2 ehaanelical bsABabedcompuh ed+asniyke sum

of thelbndlggégﬁ%lcggggglem&?mgéggagéde%&ﬂx§u? gngCCs estimated from
weaker channel pairs. The combined power p; of a channel
pair may be computed as the sum of the individual. channel

powers for each subband.

15 In the decoder, given ICCiyansmitteds LCCs may be derived for
each channel pair. In one possible implementation, the de-
coder simply uses ICCiransmittes a5 the derived ICC code for
each channel pair. For example, in the context of the 5-to-
2 BCC scheme of FIG. 110 ICCiransmittea Can ke used directly

20 for the de-correlation of both the left/left rear channel
pair and the right/right rear channel pair.

In ancother possible implementation, 1f the decoder esti-
mates channel pair powers from the synthesized signals,

25 then the weighting of Equation (16} can be estimated and
the decoder process can opticnally use this information and
other perceptual and signal statistics arguments for gener-
ating a rule for deriving two individual, perceptually op-
timized ICC codes,

30
Although the combination of ICC values has been described
in the context of a particular 5-to-2 BCC scheme, the pre-
sent invention can be implemented in the context of any C-
to-E BCC scheme, including those in which E=1.

35



15 In the decoder, given ICCransmtted, 1CCs may be derived for each
channel pair. In one possible inplenentation, the de- coder sinply uses
ICCtransmtted as the derived | CC code-f8f —each channel pair. For exanpl e,
in the context of the 5-to- 2 BCC schene of FIG 110 ICCGransmtted can be
used directly 20 for the de-correlation of both the left/left rear channel
pair and the right/right rear channel pair. In another possible
inplenentatFGG |ﬁlthﬁodgcqﬂefl@ﬁtula@&bﬁﬁcﬂhaﬂﬂ@|ﬂ%@déé%ﬂﬁgsofr%médﬁf
synt hesi zed nal 'S, 51th eg E ﬁ@ﬁg& ng_of E%uatl on (16)" can be
esti mat ed an U g&dsder® pr 588 pt onaPry “use- 3+ < F nk8r PEE Gt and
ot her percebodameahdo§|ghalpsEaEM$Iu@&e&t@@menWSGf0ﬂlg%m@wséﬂﬂﬂﬁ)&hd&de
for derivin c u Q timzed | CC codes. 30
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Al t hough the c nation val'ues "has CHESE in the context
of a particular 5-to-2 BCC schene, the pre- sent invention can be

i mpl ement edrh Npkhke ; @Q'lta@(t Pfpddy cGroherE &meycdn g4
whi ch E=1. 35 P 29l 11 shovvseacﬁ 7 (?%Qgrnzd(r?]ﬁéo (Ij"lée g%gg%g’m ng:(e% a BCC

syst em suc?nw%sc’fhrﬁ?r%h%ﬁﬁui’ﬁ PfG.ChQYm?éF’at ePo 1dAE) enoBbdingesntt Wt otthe

present i nventdonr Ethelbsih@%&S:e(med hasgie Stepsganspetat 8eWothmore
BCC encoder ,estimates | CC val ues

| CC-rel at ed ocessi ar, cuI
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one or nore unco I ned aues |nforrra|on tO
decoder (st The BCC decoder derxves two or more ICC wvalues from

the received, combined ICC wvalues {step 1108} and de-
correlates groups of channels using the derived ICC values

15 (and possibly one or more received, uncombined ICC values)
(step 1110).

Further Alternative Embodiments

20
The present invention has been described in the context of
the 5-tc-2 BCC scheme of FIG., 10. In that example, a BCC
encoder (1) estimates two ICC codes for two channel pairs
consisting of four different channels (i.e., left/left rear

25 and right/right rear) and (2) averages those two ICC codes
to generate a combined ICC code, which is transmitted to a
BCC decoder. The BCC decoder (1) derives two ICC codes from
the transmitted, combined ICC code (note that the combined
ICC code may simply be used for both of the derived ICC

30 codes) and (2) applies each of the two derived ICC codes to
a different pair of synthesized channels to generate four
de-correlated channels (i.e., synthesized left, left rear,

right, and right rear channels).

35 The present invention can also be implemented in other con-
texts., For example, a BCC encoder could estimate two ICC
codes from three input channels A, B, and €, where one es-

timated ICC code corresponds to channels A and B, and the



1106) . The BCC decoder derives two or nore | CC values from the received,
combi ned | CC val ues (step 1108) and de- correlates groups of channels using
the derived I CC values 15 (and possibly gne or nore received, unconbi ned

| CC values) (step 1110). Further Altern i ve Enbodinents 20 The pr esent

i nvention has been described in the context of the 5-to-2 BCC schene of
FIG 10. In that exanple, a BCC encoder (1) estimtes two ICC codes for

two channel pairs consisting of four different channels (i.e., left/left
rear 25 and©Fhgkt lerﬁtglmaﬁ%rfcﬁnﬁo(ig) caveesgesdshdse ¢henh€lscadesd to.

generate a cgnbhaed LG, Ccode, ~AMHCR %ourl%ln%'@t 8% 4Q &4 g‘% ﬁggze The
BCC decoder f(‘ié) dEI’I ves two |.CC codes from the transmtte
code (note FH&ES éOE‘oﬁHPngélrISC@fcéd}é)Uﬁthéilnﬁﬁllf beheged sy Udtﬁ IPEU’ert he

derived | CCo80inpdeskhande(2) sappli @s c@a@bnofchtametlv\q ider i ved,JGC apgdes to
ener ate four de- correl at ed

diff t f th d ch t
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channel s) . QEeTheccm@“stm ilfiZentbde clansad smrbe thrpl enentest 1ma odderrooon-
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i nput channe ere one es- & cor
channel s A &h@l Braaﬁmlﬁh@dz;ocoesrdon@ledes&qm@te | 3¢ cedel gokhesponds e~

channel s A ande&. 1ctncbhatk %%ﬁesyrtﬁ}?esel%@d@{r&@%g Q@r%@'lgtEQ ekinfRy g two
I where the two pairs of 1nput

| CC cg romtv\oﬁ%ﬁlrs ut channel s,
channel's shat e a c6 ﬁleéﬁo;rr?r‘f]el hangels; ﬁputhhéﬁd’S hel AP thkS ef@S@er
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de~correlated channels share a common channel {i.e., syn-

thesized channel A).
15
Although the present invention has been described in the
context of BCC coding schemes that employ combined ICC
codes, the present invention can also be implemented in the
context of BCC coding schemes that employ combined BCC cue
20  codes that are generated by combining two or more BCC cue
codes other than ICC codes, such as ICTD codes and/or ICLD
codes, instead of or in addition to employing combined ICC

codes,

25 Although the.present invention has been described in the
context of BCC coding schemes involving ICTD, ICLD, and ICC
codes, the present invention can also be implemented in the
context of other BCC coding schemes involving only one or
two of these three types of codes (e.g., ICLD and ICC, but

30 not ICTD) and/or one or more additional types of codes.

In the 5-to-2Z BCC scheme represented in FIG. 10, the two
transmitted channels y;(n) and y2(n) are typically gener-
ated by applying a particular one-stage downmixing scheme
35 to the five channels shown in FIGS. 6 and 7, where channel
Y1 1s generated as a weighted sum of channels 1, 3, and 4,
and channel y; is generated as a weighted sum of channels

2, 3, and 5, where, for example, in each weighted sum, the



the transmtted, conbined |ICC code and apply those two de- rived | CC codes
to synthesize three de-correlated channels 10 (i.e., synthesized channels
A, B, and Q. In this case, each derived,ICC code nmay be said to be
applied to generate a pair of de-correla%ed channel s, where the two pairs
of de-correlated channels share a common channel (i.e., syn- thesized
channel A). 15 Al'though the present invention has been described in the

context of BCC ﬁngng sch%gﬁi t hat enpl oy conbined |1 CC codes, the present
i nvention c¥f*dl50 B Phpltaitert B ngl thel s coREekpléf OBCEeodiaig e Herres

t hat enpl oytoomhiseed BEC cueh 201 cedes thhatotarer generat ed. by ncamisnidig. £ wo
or nore BCC es _ot her an | codes uch as | CTD codes and/or | CLD
ot 3680s: G R RERE L rR s e RS e o A OO R o

codes,

Al t hough t héipfesent ipmerdtioh hhs beeinydestrifhed iimple cahenhextk.ofrd3CC
codi ng scheggs.ipyol ¥i.ag I ; I codes, the present invention
can al so be iﬁ% enbnte% f#ggﬁéf %%%%@%?g%fgthéFx%fi:%%d?%ﬁeécﬁgnégan

i nvol vi ng o®EyS ode drd thword thesdethreett yfeseof ivatles (160, cod€tDiand

| CC, but 304844 &ID}raNEL0E ongnQrsnore additional types of codes. In the
5-t0-2 BCC schene represented in FIG 10, the two transmtted channels

yl(n) and y2(n) are typically gener- ated by applying a particular
one- st age dbwnminxi agtsehenevads tmulte-4dvgs clraanekshshewn dme &S Grand 7,
wher e an il enerated, as a i g d _sum of, channels . 1, .3, and 4,
and chggneﬁaﬁfﬁéféiﬁ%?gf%@%%%l yMevgﬁ%eg&guﬁFSfC8H§ﬁn89§en§}a§}yaﬁ89i
wher e, for SBeaPi@ding nteadhf fergnt edresups thechaBtielwebghtatactargkonn

channel 3 ithOnehiahix Olg thegueh gt Faf-ekofpysedsEor cgack; ot Lhe,tug Lot her

channels. In this one-
in FIGS. & and 7, at a BCC encoder, the original left and

rear left channels could be downmixed to form a first-
15 downmixed left channel with a first set of BCC cue codes
generated corresponding to those two original channels.
Similarly, the original right and right rear channels could
be downmixed to form a first-downmixed right channel with a
second set of BCC cue codes generated corresponding to
20 those two original channels. In a second downmixing stage,
the first-downmixed left channel could be downmixed with
the original center channel to form a second-downmixed left
channel with a third set of BCC cue codes generated corre-
sponding to the first-downmixed left channel and the origi-
25 nal center channel. Similarly, the first-downmixed right
channel could be downmixed with the original center channel
to form a second-downmixed right channel with a fourth set
of BCC cue codes generated corresponding te the first-
downmixed right channel and the original center channel.
30 The second-downmixed left and right channels could then be
transmitted with all four sets of BCC cue codes as the side
information. In an analogous manner, a corresponding BCC
decoder could then sequentially apply these four sets of
BCC cue codes at different stages of a two-stage, sequen-
35 tial upmixing scheme to synthesize five output channels

from the two transmitted "stereo" channels.



stage BCC schene, the estimted BCC cue codes correspond to different
pairs of the original five input channels. For 5 exanple, one set of
estimated | CC codes i s based on chan- pe 1 and 4 and anot her set of
estimated | CC codes is based on channels 2 and S. In an alternative,

mul ti-stage BCC schene, channels are 10 downm xed sequentially, with BCC
cue codes potentially cor- responding to different groups of channels at

each stage | t he, downm xi ng sequence. [For exanple, for the five channels
‘n FICs. 6 ARGN9USH: THncET REBher ERG 6 didal DRERt diRFriRed Lef the

channel s coabdtbatdewhnBred dawiifray msahéinest itb deywoni xesdiefdd chaonelyan t h
a first set e es. ..generat, carrespondi ng to those two origi na
channel s. %?%?Far g% t éggi?ﬁgﬁ% Fﬁgh ana rgﬁhtm?%ku EHEhel S EGH be
downmi xed t 61f®F m &4 r Bt -tdoawsmieted | ghtnokasnel alwid aitdecondesercaf BCC

cue codes geperal edkorespAadhg tans0s1R0Se, Vo rt obfgl nehanfel s lh a

second downni xi ng stage the first-downm xed |eft channel coul e
downni xed WPRSSt ABUSFI GrndirddEitidit scharfidiharo 4 bR 0B ecbhll- WA RE6E | ef t

channel witdo@ethi rd set pQEacBCC(éI.U:ﬁ. codesicgenenat 68 GorgesrspondiRg L9 the
t i 25 nal. center channel.

first-downm xed | eft channel an e origi ,
Simlarly, ??ﬁffiilﬁq%é&Mn%afedt ?gh?ra%ﬁ@hﬁﬁ?dcdﬂFH“B%l%oﬁHW1XEHSﬁPPHSEhe
original centlesrchahnebdeso form a second-downm xed right channel with a
fourth;get of BCC cue codes generated corresponding to the first-

downm xed right channel and the original center channel. 30 The

second- dowdk e gtef thgnd ettt chaveetsovodiad tihesn bdestrabsa tiredtihiet h

al | four seldnalxBObrcumcodssing thnchidle 1Ml oprBLLAR. Ji AN Anal egqus
manner, a carrespondi ng BCC decoder could then sequentially apply these

four sets Gt 3B cUBPLHUBETEY 4P frerCrdtafeL ofo W ¢ e 3¢ hgePreEgaen 35
tial upm xiingy sehememto synwwheshzeafidve euUigpull schapdelde-correlated or

15 other audio processing that needs to de-correlate signals.

Although the present invention has been described in the
context of implementations in which the encoder receives
input audio signal in the time domain and generates trans-
20 mitted audio signals in the time domain and the decoder re-
ceives the transmitted audio signals in the time domain and
generates playback audio signals in the time domain, the
present invention is not so limited. For example, in other
implementations, any one or more of the input, transmitted,
25 and playback audio signals could be represented in a fre-

quency domain.

BCC encoders and/or decoders may be used in conjunction
with or incorporated into a variety of different applica-
30  tions or systems, including systems for television or elec-
tronic music distribution, movie theaters, broadcasting,
streaming, and/or reception. These include systems for en-
coding/decoding transmissions via, for example, terres-
trial, satellite, cable, internet, intranets, or physical
35 media (e.g., compact discs, digital versatile discs, semi-
conductor chips, hard drives, memory cards, and the like).
BCC encoders and/or decoders may also be employed in games

and game systems, including, for example, interactive soft-



fromthe two transmtted "stereo” channels. 32 Although the present

i nvention has been described in the context of BCC codi ng schenes in which
conbined 1 CC cue codes are transmitted wgth one or nore audi o channels
(i.e., the Etransmtted channels) along with other BCC 5 codes, in
alternative enbodi nents, the conbined | CC cue codes could be transmtted,
either alone or wwth other BCC codes, to a place (e.g., a decoder or a

storage devj | rea has,the transm tted channels _and possibly

ot her BCC cg%gé.dﬁ?ﬁﬁéﬁﬁnﬁﬁ?%ql@%rggeﬁp%ﬁﬁ9€%tﬁﬁﬁﬁhd% Ba&h %8§Cﬁq3 n
the contextadhnBCC cladimigrschenks, pllhe, presentegynyventiventoar, aisolee-
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de- cor r el at @14{ ghaladucagidiou§hathecai ebentpipvesit¢dn flvas hebhidbscmidred in
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signal in the tane domain and generates trans 20 mtted audio_signals in
the time dorefRA Ghd PRE &&cIdEPTRer AEd ed t RedLPaRSRPEEEES4RARECEFgRA s i n
tﬂe time dobmiROMADVDgeyertahes mcayb@ﬁ&éagdiwaﬁcgmll Sdéd’bdéhﬁshtinﬁ? dasy n,
the prese i nv Lon_Ls,not,.so lim . _For exanple, in_other,
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audi o si gnatasteodidibelr dpresengedd.w.a foieyaquendycdoanl nanBCEodheader S
and/ or 1gec ' ; u ' ' ti Wit h Qr. | par i;nta .a
O%%i fflé@ﬁfl@ﬁ’s Sl.erficdfbéﬁoéo tﬂl%ﬁ Ay 41 e%ciorc]%% A Q:agta%qllrﬁtl%

variety of ferent appli ca- or ‘systens, ing systens for
tel evi si on Gt Bt ecCRFRRFE nikPREHI SFRFPEET onanflovrEebABAt ers, Dbroadcasti ng,

stream ng, and/or reception. These include systens for en-
The present invention may be implemented as circuit-based
processes, including possible implementation as a single
15 integrated circuit (such as an ASIC or an FPGA), a multi-
chip meodule, a single card, or a nmulti-card circuit pack.
As would be apparent to one skilled in the art, various
functions of circuit elements may alsc be implemented as
processing steps in a software program. Such software may
20 be employed in, for example, a digital signal processor,

micro-controller, or general-purpose computer.

The present invention can be embodied in the form of meth-
ods and apparatuses for practicing those methods. The pre-
25 sent invention can also be embodied in the form of program
code embodied in tangible media, such as floppy diskettes,
CD-ROMs, hard drives, or any other machine-readable storage
medium, wherein, when the program code is loaded into and
executed by a machine, such as a computer, the machine be-
30 comes an apparatus for practicing the invention. The pre-
sent invention can also be embodied in the form of program
code, for example, whether stored in a storage medium,
loaded intec and/or executed by a machine, or transmitted
over some Lransmission medium or carrier, such as over
35 electrical wiring or cabling, through fiber optics, or via
electromagnetic radiation, wherein, when the program code
is loaded into and executed by a machine, such as a com-

puter, the machine becomes an apparatus for practicing the



codi ng/ decodi ng transm ssions via, for exanple, terres- trial, satellite,
cable, internet, intranets, or physical 35 nedia (e.g., conpact discs,
digital versatile discs, sem - conductor,ghips, hard drives, nenory cards,
and the like). BCC encoders and/or decoaers may al so be enployed i n ganes
and gane systens, including, for exanple, interactive soft - 33 ware
products intended to interact wwth a user for enter- tainnment (action, role
pl ay, strat ...adventure, sinmyla- tions, racing, sports, arcade, card, and
board games %365361 /lgp‘ew&c%lt it HE0 578 Be HASITFT RGP IRA 5 570 S
chines, pl ather nsyogramedicads Fuedihent s BCCrericederstand/iiey pdeesdens may be
i ncor por at ed .. audi.o C e yers . .or  CD-ROM DVD, systens. BCC

encoder s angf%?lggcgdeéﬁlcﬁég g?égégbghiariljco(:)rppeo}:raa%ee% ?%f‘%}o%{?@@g?t Wér Pe-

appl i cati on§1fhat Lpaéer pgrcpate-digital decoding (e.g., player, decoder)
and softyvare 10 applications incorporating digital encoding capabilities
(e.g., encoder, ripper,_recoder, and jukebox). The present invention may be
i npl enent ed’ hs Ydillc % - BaslEe T prbeessesodi féladdi iy Wossi bhengepl dmerithat i on
as a singl edelldil s} egiateat Lid,Cubbhd( SHERaAGe@ENASI GOr t4B FRGA)s qHTWH i
chip nDduIehages%ngle cardi or, a guL@;-cgrd circuit pack. As would be
apparent to ohe SkiT'l83°FhiPRe aprf, 1Varrbagtefunbt PERS Coft Oc FrediRt Neltéifent s
may al so benapprenelft dthias ipreocesshngast dps hada ef tere: psRgLasgy Such

sof t wan 0 I d | I ex | e,,a digital sigpal .processor,
nicro-%gng?%? e??go%qggﬁéﬁafi J?ﬁ%?i cg%%ﬂtgP? é?%%e%éngg?n& HFP%&O@an be
enbodi ed i ¥ exPordsol hetthhe otisl hadiappatainses for practicing those

nmet hods. The pre- 25 sent invention can also be enbodied in the form of
progranlcogf %g$o iedhin tangible medi a, such as fl oppy di skettes,

CD-ROVE, hdtifriVestior SERYE of Reit DRadifi i@ s ait tdhad of kggms . 1 any,

are recited in a particular sequence with corresponding la-
15 beling, unless the claim recitations otherwise imply a par-
ticular sequence for implementing some or all of those
steps, those steps are not necessarily intended to be lim-

ited to being implemented in that particular sequence.



medi um wherein, when the programcode is |oaded into and executed by a
machi ne, such as a conputer, the nachine be 30 cones an apparatus for
practicing the invention. The pre- sent invention can also be enbodied in
the formof program code, for exanple, whether stored in a storage nmedi um
| oaded into and/or executed by a machinejssor. transmtted over sone

transm ssion nmediumor carrier, such as over 35 electrical wiring or
cabling, through fiber optics, or via electromagnetic radiation, wherein,
when the programcode is |oaded into and executed by a machine, such as a
com puter, the nachi ne becones an app&tdtlils$ for practicing the - 34

i nvention. When inplenented on a general - purpose processor, the program
code segnents conbine with the processor to provide a unique device that
oper at es anal bgouslyetivogpa&orci éhcologyc sidicui tBanbelt, WidHe brettbtiher
understood that various changes in the details, materials, and
arrangenent s of™the®pa¥ts which have been described and illustrated in
order tosexpl ai BehBeatRALUrEOf oihi folBventd o aBy he,medg byt hpseeskil | ed
in 10 the art without departing fromthe scope of the invention as
expressed in akdld othowiayscl ehaseinlit hough the steps in the foll ow ng

nmet hod cl ai s, EE agg s argnéeci£gd in a pagticular gegu nce %ﬁtgode
corresponding la- 1 %eFing, un'6ss Fﬁg cl &Pm FecFPArions otherw 8 inmply a
par ticul ar sgguenceed orby npt@mENting sone osralhopt thesemastepscukhose
steps are not necessarily intended to be |lim ited to being inplemented in
that particul&9&equdite. 35 - CLAIMS 1. A nethod for encodi ng audio

channelsy the methed estimated cue code is estimated from a
different group of two or more of the audio channels;

and transmitiing or storing the one or more cue

codes.
15 2. The method of claim 1, further comprising
transmitting E transmitted audio channel (s)

corresponding to the two or more audio channels, where

E<1.

20 3. The method of claim 2, wherein:
the two or more audio channels comprise C input audio
channel (s), where C>E; and the ¢ input channels are

downmixed to generate the E transmitted channel (s).

25 4. The method of claim 1, wherein the one or more cue
codes are transmitted to enable a decoder to perform
synthesis processing during decoding of E transmitted
channel {g) based on the combined cue code, wherein the
E transmitted audio channel({s) correspond to the two

30 or more audio channels, where E=21.



conprising: 5 generating one or nore cue codes for two or nore audio
channel s, wherein: at |east one cue code is a conbi ned cue code generated
by conbining two or nore estinmated cue codes; and 10 each estimated cue
code is estimated froma different group of two or nore of the audio
channel's; and transmitting or storing.thg one or nore cue codes. 15 2.
The nmethod of claiml1, further conprising transmtting E transmtted audio
channel (s) corresponding to the two or nore audi o channels, where E-<

20 3. The method of claim2, wherein: the two or nore audi o channels
conpri se C ihput Tawdistieddhnnel ¢ 83 inwher @h@sEiraricha hen ¢npubrehannel s are
downm xed to rat he E transmtted channel .25 4. The thod of
claim1l, mhe?gﬁggtﬁg%'kéﬁﬁ'?%ﬁég%ugorgo gs%n%é%r%ﬁ% '%?%%rfgﬂgﬂﬁ ge a
decoder to pesfeoemntsynt hESICS proOEesSkNgoduiinkg decosh nghofin&ltnansmtted
channel (s) based on the conbi ned cue code, wherein the E transmtted audio
channel (s) cotfe8pBRact ol 1Pt wGO50 of Nflorde SGHPS NERanhel8r ~GRBFBSE. . >- 1.

- 36 5.5The. ppthgd<ef rehakmkorwhereiqy the one or nore cue codes conprise
one or nore of a conbined inter-channe correlation (1CC) code, a conbined
inter-channel level difference (1CLD) code, and a conbi ned inter-channel
5tine diffeéenc h%'g&?;qc d%; 6. . The t hod of .cl iﬁ11, wherein the

conbi ned cue® coddti S'gehefatad 524N aver 44E5F Tt he ¢ ws Ol 5 e

code 1s generated as an average of the two or more

estimated cue codes.

10
7. The method of c¢laim 6, wherein the combined cue
code 1is generated as a weighted average of the two or
more estimated cue codes.
15 8. The method of claim 7, wherein:
each estimated cue code used to generate the combined
cue code is associated with a weight factor used in
generating the weighted average; and
the weight factor for each estimated cue code 1is
20 based on power in the group of channels corresponding
to the estimated cue code.
9, The method of claim 1, wherein the combined cue
code is a combined ICC code.
25
10, The method of claim 9, wherein:
the two or more audio channels comprise a left
channel, a left rear channel, a right channel, and a
right rear channel;
30 a first estimated ICC code 1s generated from the

left and left rear channels:

a second estimated ICC code is generated from the



estimated cue codes. 10 7. The method of claim®6, wherein the conbi ned cue
code is generated as a weighted average of the two or nobre estinated cue
codes. 15 8. The nethod of claim?7, wherein: each estimted cue code used
to generate the conbined cue code is associated with a weight factor used
in generating the weighted average; andstthe weight factor for each
estimated cue code is 20 based on power in the group of channels
corresponding to the estimted cue code. 9. The nethod of claim1l, wherein
t he conbi ned cue code is a conbined I CC code. 25 10. The method of claim
9, wherein: 4% v drrivhe HGdiro cékamedlss cumprise a left channel, a left
rear channel, g el g h e

atﬁé Qémﬁgﬁ@@ e lg%&%t%% Q%eF?ga qutéoméanf%énne

estimated | CC code i$ generated from rear

second esti ettt [L0C! codeond genémated framddwes. 37 - right and rlght rear
channel s; and the conmbined I CC code is generated by conbining the first
and second estimated | CC codes. 5 11. Apparatus for encodi ng audio

channel s; the . am@@éﬁéﬁh§onﬁkh5lngnc%%%&%-foéugﬁ@ﬁraEhQQn@@% or pREE Ccue
codes for two or nore audi o channels, wherein: | east one cue code is a

conbi ned cué@FdEde tUD ¢ener aseddby conblnlng tmo or nore estimted cue

codes; means for generating one or more cue codes for

two or more audio channels, wherein:
at least one cue code 1is a combined cue code
10 generated by combining two or more estimated cue codes;
and
each estimated cue code 1is estimated from a
different group of twoe or more of the audic channels:
and means for transmitting or storing the one or more

15 cue codes.

12, Apparatus for encoding C input audio channels to

generate FE transmitted audio channel (s), the apparatus
comprising:
20 a code estimator adapted to generate one or more

cue codes for two or more audioc channels, wherein:
at least one cue code 1s a combined cue code
generated by combining two or more estimated cue
codes; and
25 each estimated cue code 1is estimated from a
different group of two or more of the audio channels;
and
a downmixer adapted to downmix the C input
channeis to generate the E transmitted channel(s),
30 where (C>Ez 1, wherein the apparatus 1s adapted to

transmit information about the cue codes to enable a



and each estimated cue code is estimated froma different group of two or
nore of the audio channels; and neans for transmtting or storing the one
or nore 15 cue codes. 12. Apparatus for encoding C input audio channels to
generate E transmtted audi o channel (s), the apparatus conprising: 20 a
code estimator adapted to generate one _orsgmare cue codes for two or nore
audi o channel s, wherein: at |east one cue code is a conbi ned cue code
generated by conmbining two or nore estimted cue codes; and 25 each
estimated cue code is estimated froma different group of two or nore of
the audi o cHERFSr drfd a ‘UM Rer adabiedito dewafitRSEhRe C PApERY

channel s to‘ﬂﬁﬂﬁﬁfﬁﬁsé?etﬁﬁt%agggk%&§Qﬁgﬂﬁngﬁéﬁﬁ%%ﬁ% 0 where CE? 1,

wherei n the apparat I's adapte ransm i on about the cue
codes to enable a - 38 decoder to performsynthesis processing during

decodi ng of .the transmtted channel (s). .13. The apparatus of claim 12,
wher ei n: 5 ﬂﬁg aE&ﬁ%ﬁRﬁ??%t%§59§t8ﬁP§@!é@ve&WQQﬁﬁ$ﬁe group consisting of
a digitap video reeordessra:@sgitala abdiOemr eeokdeba a LHMPULET r%uF

satellite transmtter, a cable transmtter, a terrestrial broadcas
transmtter COASIdiekrtert abageht lsystem ranbrdaiovie dhedter sydiem 10

and the Sys%@@d¥H§¥JS§ScBR§u%%?? %?tgggé?iiggdHgy%sﬁ¥%¥¥9fe£'cable

transmitter, a terrestrial broadcast transmitter, a
home entertainment system, and a movie theater system;

10 and

the system comprises the code estimator and the

downmixer,

14, A machine-readable medium, having encoded thereon

15 pregram code, wherein, when the program code 1is
executed by a machine, the machine implements a method
for encoding audio channels, the method comprising:

generating one or more cue codes for two or more
audio channels, wherein:

20 at least one cue code is a combined cue code
generated by combining two or more estimated cue codes;
and

each estimated cue <c¢ode 1s estimated from a
different group of two or more of the audio channels;

25 and transmitting or storing the one or more cue codes.

15. An encoded audioc Dbitstream generated Dby
encoding audio channels, wherein:
one or more cue codes are generated for two or

30 more audio channels, wherein:



14. A machi ne-readabl e nmedi um havi ng encoded thereon 15 program code,
wherei n, when the programcode is executed by a machi ne, the machine

i npl enents a method for encoding audi o channels, the nmethod conpri sing:
generating one or nore cue codes for two or nore audi o channels, wherein:
20 at |east one cue code is a conbi ned cug, code generated by conbining two
or nore estimated cue codes; and each estimated cue code is estimated from
a different group of two or nore of the audio channels; 25 and
transmtting or storing the one or nore cue codes. 15. An encoded audio

bi t st ream gener at®d By¥aSncodicngCHadi 8°€Ranhel s2  WesrEinEd oeééor CRBEe cue

codes are gens{ated.of,twg, ;3 e i h N qes39  at
| east one cue co&gq?s ayconggngé %ugg%b gy%ggﬁ%r§$£§£%§e§2§%§n?ﬁgeﬁﬁo or
nore esti matagdl cue codes; and each estinmated cue code is estimated froma

5 different group of two or nore of the audio channels; and the one or

f
more cue codes ardE t ranst'tted atiifo COF&nneiH s)StotFaspdndf g™ 0% he two

or nore audid f hannel growbere Bile ake encoded ihko 4he: #negdgdeaudio 10
bitstream 16. An encoded audi o bitstream conprising one or nore cue codes
and E transf™t ed audi o channel (s), wherein: the one or nore cue codes are

generated for t WhelSOrQ%:oé’gr foaldiQchannel s, wher &l af; L east ,Qng cue

code is a conbi ned cue
channel (s) corresponding to the two or more audio

channels, where E21, are encoded into the encoded audio

10 bitstream.

16. An encoded audio bitstream comprising one or more
cue codes and E transmitted audio channel (s), wherein:
the one or more cue codes are generated for two
15 or more gudio channels, wherein:
at least one cue code 1is a combined cue code
generated by combining two or more estimated cue codes;
and
each estimated cue code is estimated from a
20 different group of two or more of the audio channels;
and the £ transmitted audio channel (s) correspond to

the two or more audio channels.

17. A method for deceoding E transmitted audio
25 channel{s) to generate ¢ playback audio <channels,
where C>Ez21, the method comprising:
receiving cue codes corresponding to the E
transmitted channel(s), wherein:
at least one cue code 1s a combined cue code
30 generated by combining two or more estimated cue codes;

and



generated by conbining two or nore estimted cue codes; and each estinmated
cue code is estimated froma 20 different group of two or nore of the
audi o channels; and the E transmtted audi o channel (s) correspond to the
two or nore audio channels. 17. A nethod for decoding E transmtted audio
25 channel (s) to generate C playback audiyg channels, where CE>l, the

nmet hod conpri sing: receiving cue codes corresponding to the E transmtted
channel (s), wherein: at |east one cue code is a conbined cue code 30
generated by conbining two or nore estimted cue codes; and - 40 each
estimted cue cod%ﬂéét¢%ﬁi@@t¢@oﬁva @pﬁﬁeﬁéﬁUﬂ@ﬁQﬁuﬁtﬁMt&odéﬁfﬁﬁﬁ@taudlo

channel s corgieaponding. 1o oihe bt ansin ted, giannel La).c b aing oge or

nore of the transmtted anne to generate one or* ot m xed
channel s; aﬂdas&n¢h£5$mkﬁgednehemm@m’ es)af the C playback channels by
applying the cue codes to the one or nore upm xed channels, wherein: 10
two or nore deriwamkxknmodesearendermved f radim t hke cdhbihednsméttede and
each deréved cue coge Iled enerate two or nore, s nthesgzed

channel s: %ﬁeﬁf ?nl © {MherS T t HE™CGE S odBEMESRpri se
one or nDreeﬁﬁia conblned | CC code, a conbined |CLD code, and a comnbi ned
| CTD code. 19. The nethod of claim 17, wherein the conbi ned cue

synthesizing one or more of the C playback channels
by appiying the cue codes to the one or more upmixed
channels, wherein:
10 two or more derived cue codes are derived from the
combined cue code; and
each derived cue code is applied to generate two

or more synthesized channels.

15 18, The method of claim 17, wherein the cue codes
comprise one or more of a combined ICC code, a combined

ICLD code, and a combined ICTD code.

19. The method of claim 17, wherein the combined cue
20 code 1is an average of the two or more estimated cue

codes.

20. The method of claim 19, wherein the combined cue
code is a welghted average of the two or more estimated

25 cue codes.

21. The methed of claim 20, wherein:
each estimated cue code used to generate the
combined cue code 1is associated with a weight factor

30  used in generating the weighted average; and



20 code is an average of the two or nore estimted cue codes. 20. The

nmet hod of claim 19, wherein the conbined cue code is a weighted average of
the two or nore estimated 25 cue codes. 21. The nethod of claim 20,
wherein: each estimted cue code used to generate the conbined cue code is
associated with a weight factor 30 used 4-n _generating the wei ghted
average; and - 41, the weight factor for each estimted cue code is based
on power in the group of channels corresponding to the estinmated cue code.
5 22. The nethod of claim 17, wherein die two or nore derived cue codes
are derived by: dérs viragohtwdiaghion aéesr ceem e%%hilgabaé clg weod? iAore

channel s as €§§eg mﬁEﬁmgp £ t%%%t§%“%#§t e co rﬁﬁg_ chggl Bgﬁggg two or

nore derived cue co as a unct| I'ned cue co Wo or
nor e derived>w9ugh¢sﬁfm3tms.cﬁé.cﬁhe.nethod of claim 22, wherein each

derived 15 weight factor is derived by: estimating power in the group of
channels corresponding to an estinmated cue code; and deriving the weight

factor basedan tie estipstied s povgks fior, difiterent groupscofs.chanpel s
corresponding 20 to different estinmated ‘cue codes. 24. The nethod of claim

17, wher ei n e Eohtiivred-edres todedisiscdobtiined | CC code. 25 25. The
met hod of Cla'”‘%%muﬂﬂﬁﬁf'Q wé?ShE“@kxﬁxn:rﬁa@“géghCh%%ﬂfls £oppLise a left

more channels associated with an estimated cue code;
and

10 deriving the two or more derived cue codes as a
function of the combined cue code and two or more

derived weight factors.

23. The method of c¢laim 22, wherein each derived
15 weight factor is derived by:
estimating power in the group of channels
corresponding to an estimated cue code; and
deriving the weight factor based an the estimated
powers for different groups of channels corresponding

20 to different estimated cue codes.

24. The method of claim 17, wherein the combined cue

code 1s a combined ICC code.

25 25. The method of claim 24, wherein:
the two or more audio channels comprise a left
channel, a left rear channel, a right channel, and a
right rear channel;
a first estimated ICC code is generated from the
30 left and left rear channels;
a second estimated ICC code is generated from the

right and right rear channels; and



channel, a left rear channel, a right channel, and a right rear channel; a
first estimated 1 CC code is generated fromthe 30 left and left rear
channel s; a second estinated I CC code is generated fromthe right and
right rear channels; and - 42 the conbined I CC code is generated by
conbining the first and second estimtedd CC codes. 26. The net hod of
Claim 25, wherein: 5 the conbined ICC code is used to de-correlate

synt hesi zed |l eft and | eft rear channels; and the conbined I CC code is used
to de-correlate synthesized ri ht and right rear channels. 27. Apparatus
for decodi ng E tihsmortedafidii&C 1008Ranhel (N9 fehePat ecOnplayback

audio channalis, < whet e (EZoLokhe Anparatys; comprlilng: means for

recei ving cue codes correspon ransm fted channel (s),
wherein: at Ieast one cue code is a conmbined cue code 15 generated by

conbi ni ng twy, #F§6ﬁ§%%$gaggdcggg cg%eswhéygaeach estimated cue code

esti mat ed fron1a ferent  group nore audi o channel s
correspohdi ng t o titche dortiriansin ttdsd chﬁnnehes)us%@ meansdéecoupmilxiceg one

or nore of the tran tted channel (s) to generate one or nore upm xed
channel s; aﬁﬁ”ﬁgﬁﬁg' nL?%Yh%%?z?ﬁgtoﬁ@aSr %6P€e&ﬁ'tﬁgl pl ayback
channel s by appl yinrg b@%&%&om tooke gre ,,2a40r+ AOr g UPHL¥8da6Bannel s,

wherein: two or nore derived cue codes are derived from
synthesized right and right rear channels.

27. Apparatus for decoding E transmitted audio

10 channel (s} to generate < playback audio channels,
where C»E= 1, the apparatus comprising:

means for receiving cue codes corresponding to
the E transmitted channel({s), wherein:
at least one cue code 1s a combined cue code

15 generated by combining two or more estimated cue codes;

and

each estimated cue code estimated from a different
group of two or more audio channels corresponding to
the E transmitited channel (s);

20 means for upmixing one or more of the E
transmitted channel(s) to generate one or more upmixed
channels; and

means for synthesizing one or more of the C
playback channels by applying the cue codes to the one

25 or more upmixed channels, wherein:

two or more derived cue codes are derived from
the combined cue code; and
each derived cue code is applied to generate two

or more synthesized channels.



t he conbi ned cue code; and each derived cue code is applied to generate two
or nore synthesized channels. - 43 28. Apparatus for decoding E
transmtted audio channel (s) to generate C playback audi o channels, where
C>E?1, the apparatus conprising: a receiver adapted to receive cue codes 5
corresponding to the E transmtted channel{s), wherein: at |east one cue
code is a conbined cue code generated by conbining two or nore estinated
cue codes; and 10 each estimated cue code estimated froma different

group of two or nore audi o channels corresponding to the E transmtted
channel (s); 4h upmin@radapt edbx o WRHOAIoN®e orf noteaokrtifecE t panswitted

channel (s) t gﬁp o] or r pm xed , 15 channel s; and,_a_synthesi zer
adapted to §§%t e%%?%?onggorgﬁggggg fﬁepﬁjiggv%%cka% %%ne 2889g§5plying
the cue codeshdio=tfieEzbnetoe apperdpmisxednghanels; wherein: two or nore
derived cue codes are derjved fromthe 20 conbined cue code; and each

derived cue code s dFTEE o RFEPEES tweor TRBEEVSynt RBSI zefCERENNel s.

29. The gpparatiuss©inglahm 28, wherei niz25 ¢t he, apparakus Lgagnsyskem
selected fromthe group "consisting of a digital video player, a digital

audi o playefherzeigonputer, a satellite receiver, a cable receiver, a
terrestrial broadggstlégggi%%&é %mgpngod%ntggt%gmg%%bfggﬁeqhmgngo em)vie
t heater system an
generated by combining two or more estimated cue
codes; and
10 each estimated cue code estimated from a different
group of two or more audic channels corresponding to
the E transmitted channel (s);
an upmixer adapted to upmix one or more of the E
transmitted channel(s) toc generate one or more upmixed

15 channels; and

a synthesizer adapted to synthesize one or more of
the C playback channels by applying the cue codes to the
one or more upmixed channels, wherein:

two or more derived cue codes are derived from the

20  combined cue code; and
each derived cue code is applied to generate two or

more synthesized channels.

29. The apparatus of claim 28, wherein:

25 the apparatus 1s a system selected from the group
consisting of a digital video player, a digital audio
player, a computer, a satellite receiver, a cable
receiver, a terrestrial broadcast receiver, a home
entertainment system, and a movie theater system; and

30 the system comprises the receiver, the upmixer,

and the synthesizer.



30 the system conprises the receiver, the upm xer, and the synthesizer. -
44 30. A machi ne-readabl e nedi um havi ng encoded t hereon program code,
wherein, when the program code is executed by a machi ne, the nmachine

i npl enents a method 5 for decoding E transmtted audi o channel (s) to
generate C playback audio channels, wherg CE?1, the nethod conprising:
recei ving cue codes corresponding to the transmtted channel (s),
wherein: 10 at | east one cue code is a conmbi ned cue code generated by
conbining two or nore estimated cue codes; and each estimated cue code
estimated froma different group of two or nore audi o channels

correspondi E transm.tted hanne % upm xi ng, on nor e of
the E transgg%teéx nneF(gfagogggné?%.%y%he {Pgre Jb e%%dtgﬁaﬁﬁgls

and synthe&pmdqmame o6dapr e wbfertdie,C pliaybacknheham@sraby appkyi ng t he
cue codes to the one or nore upm xed 20 channels, wherein: two or nore
derived cue TCEHIE 2 ePUefi VEEF S t Hee BORBIREd iR CRATE:S amd"84ERder i ved

cue codesis @applded,d0,geperaLe ke + oF MRS sHhesi zed chappgksace
C playback audic channels, where C>E21, the method
comprising:
receiving cue codes corresponding to the E
transmitted channel(s), wherein:

10 at least one cue code 1is &a combined cue code
generated by combining two or more estimated cue codes;
and

each estimated cue code estimated from a different
group of two or more audic channels corresponding to

15 the F transmitted channel({s);

upmixing one or more of the E transmitted
channel (s) to generate one or more upmixed channels;
and synthesizing one or more of the C playback channelis
by applying the cue codes to the one or more upmixed

20 channels, wherein:

two or more derived cue codes are derived from the

combined cue code; and

each derived cue code is applied to generate two

or more synthesized channels.



