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[ 0001] Enbodi ments described herein relate to position

calibration of audio sensors and actuators in a

di stributed conputin | at f orm BACKGROUND [ 0002
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enhancenent , use nultlple sensors and actuators (like

mul tiple nicrophones/caneras and

| oudspeaker s/ di spl ays, respectively). However, nuch of

the current work has focused on 5 setting up all the
TECEEDMSALF[aEND actuators on a single platform Such a

setup would require a |ot of dedicated hardware. For
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general purpose conputer, pi ca require
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process all the nultiple streanms. 10 [0003] Conputing
devi ces such as | aptops, personal digital assistants

PDAs), tablets, cellular phones, and cantorders have
BAC rvasi ve. These devices are equi pped with
audi o-vi sual sensors (such as m crophones and caner as)

[0002)nd actMahypemerlgipcapplisatidne lilts pedk-streara addidividdoaysdering,
The audi o/ vi deo sensors on di fferent devices can be
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an ad-hoc network can be used to capture different
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loudspeakers/displays, respectively). However, much of the current work has focused on
setting up all the sensors and actuators on a single platform. Such a setup would require a
lot of dedicated hardware. For example, to set up a microphone array on a single general
purpose computer, would typically require expensive multichannel sound cards and a
central processing unit (CPU) with larger computation power to process all the multiple

streams.

[0003] Computing devices such as laptops, personal digital assistants (PDAs), tablets,
cellular phones, and camcorders have become pervasive. These devices are equipped with
audio-visual sensors (such as microphones and cameras) and actuators (such as
loudspeakers and displays). The audio/video sensors on different devices can be used to
form a distributed network of sensors. Such an ad-hoc network can be used to capture

different audio-visual scenes (events such as business meetings, weddings, or public



| WD 2004/ 102372 PCT/ US2004/ 008587 events) in a
di stributed fashion and then use all the nultiple
wa@oeuaesrsual streans for an energi ng appli capCDIS2004/008587

For exanple, one could inmagi ne using the distributed

m crophone array fornmed by | aptops of participants

during a neeting in place of expensive stand al one
eventg)ya bytpheted Sashuend sheneisqet thomubple grdio-yignalatggmp for an

used to detect, identify, locate and 5 track
emerghgtpgicatiyno chmmﬁmgles«mﬂawki iavegirehjsey the dis@itngd Microphone

i npl ement a distributed audi o-visual /0O platform

array f6YededddsSlaplops bMehrtitifar S SR gSa med@igiatdice dRdpdspiefsemdmione
into a space coordi hate system which includes

speakEhBhES @g{% f ook S T SRR B S R B nd
; k%?n ure 1 illust E\H S  a schemati c representation
rack giptig (Bﬁﬁgﬁugﬁ PHE S pl at form i n accordance
Wi th one enbodinent. [0006] Figure 2 is a flow diagram
descri bing the process of generating position
calibration for audi o sensors and actuators in
[0004) Jxoingderoentwsi distribwied ewdiodiswehtO plotom) ircilusies plaging the sensors,
illustrates a conputation schenme to generate position
actuatoesrdi flasfesns infdEldNabdEd dRHEBERIsHIE NV ABudsshisthirmiting the
of a three-di mensional position calibration of audio
three-%l‘ﬁﬂér%ﬁ(ﬁlal 1&ﬁtdf@ﬁé3§e§sdr§‘aﬁd éjdt&itBﬂstt ed conputing
platformare disclosed. In the follow ng description,
numer ous specific details are set forth. However, it
i s understood that enbodi nents may be practiced
j L ails. In other instances,
BRE%%bEgﬁﬁ%%aﬁég1&@ﬁﬁ%@&ﬁ@ggéctures and techni ques have
not been shown in detail in order not to obscure the
[000Sinder stEigurelillystratas & sahemetie panresgntation of a distributed computing

platform in accordance with one embodiment.
[0006] Figure 2 is a flow diagram describing the process of generating position

calibration for audio sensors and actuators in accordance with one embodiment.

[0007] Figure 3 illustrates a computation scheme to generate position coordinates.
DETAILED DESCRIPTION
[0008] Embodiments of a three-dimensional position calibration of audio sensors

and actuators in a distributed computing platform are disclosed. In the following
description, numerous specific details are set forth. However, it is understood that
embodiments may be practiced without these specific details. In other instances, well-
known circuits, structures and techniques have not been shown in detail in order not to

obscure the understanding of this description.



2 WO 2004/ 102372 PCT/ US2004/ 008587 [00091 Reference
t hroughout this specification to "one enbodi nent" or
wO an4aodsoi nent” indicate that a particul ar feRet/Us®)4/008587

structure, or characteristic described in connection
with the enbodinment is included in at |east one
enbodi ment. Thus, the appearances of the phrases |C{1 .

[0009 rl?eef@rﬁmmﬁhn@rghoutdhls-spwgwﬂeﬁ% deneesrebodinenta of ogfsembodiment
pl aces throughout this specification are not

indicate thes 8 paiticplalftaturef ructung o ohdrhaesstivaleseriiwdi imeptnection with
Furthernore, the particular features, structures, or

the eabadiaehelsiisdlhds iRy 1chs ohe sliboeithentl Ehys, fé dppbdrandeapfitic
in one or nore enbodi nents. [00101 Figure 1

phrasé% tigir% %hﬁogdﬂneﬁﬁ’hm b€ emBRUIRREN itaPBuOblades throughout gflis

uted conputing platform consisting of a Se

. er al - Pur pose uLer - j
speci TGPy GeogSa R R0 e et TRbitRfore, the
configured to be the master, and perf .the |l ocation
particudarifeaipiies Strusgesapireharactppisics gy bg ﬁwﬁ{n? Ry fugtagle fagpner
i nclude a personal conmputer (PC), |aptop, PDA, tablet
in on®Qy more enhbedimedisput i ng devi ces. I n one enbodi nment,
each GPC is equipped with audio sensors 108 (e.g.,
m cr ophones), actuators 110 (e.g., |oudspeakers), and
Wi rel ess communi cation capabilities 112. As is

[0016WLaHOE H1dsHat¥®h Scifbflafib reR@letiitioh BEa dBEMSAEScAASUting platform
actuators of the nmultiple GPCs are used to estinmate

consié@r%%ﬁ a{(; ?e? [Bg @%%éggg%gée%?ydtgﬁggkq%Z ! 9@?1 ésql\)/frg:ﬂfnes referred to

set 0O coustic

sensor§ and. S _acoust.i c ctuators, i n_unkno .

as coppuaRe BrdcesynSPLniRds FniEvito b e Mo A Beformys thg location
~three dinmensional coordinates. The acoustic actuators

estimatien.eXa¢ GBE's (£¢%hg 180)phevpinFiguied masinrlydaaipgrFosilgrgiputer

such as a maxi mum | engt h sequence or chirp signal, and
(PC)tlagtopj PRApfableaPCl vadthérioajputing devicesatle dnt embedictenpaach GPC

of the acoustic actuators and sensors. In one
is equipped with audio sensors 108 (e.g., microphones), actuators 110 (e.g., loudspeakers),
and wireless communication capabilities 112. As is explained in more detail below, the
sensors and actuators of the multiple GPCs are used to estimate their respective physical

locations.

[0011] For example, in one embodiment, given a set of M acoustic sensors and S acoustic
actuators in unknown locations, one embodiment estimates their respective three
dimensional coordinates. The acoustic actuators are excited using a predetermined
calibration signal such as a maximum length sequence or chirp signal, and the time of
arrival (TOA) is estimated for each pair of the acoustic actuators and sensors. In one
embodiment, the TOA for a given pair of microphone and speakers is defined as the time

for the acoustic signal to travel from the speaker to the microphone. Measuring the TOA
3



enbodi nent, the TOA for a given pair of m crophone and

speakers is defined as the tine for the acoustic
wa@k@aah23ro travel fromthe speaker to the m crpEhUsm4/008587

Measuring the TOA 3 WD 2004/102372 PCT/ US2004/ 008587

and know ng the speed of sound in the acoustica

medj u t he di stance between eac acousti cal nal
and 1%%%@%?&96@%S%@ugfheéépus%ﬁﬁw@%ﬁwo@ﬁe&qeaﬂt ?e@oeach

t hereby determining the three dinensional positions
acousgitaltsignahsquyen andshaachustiesl sensgisrcsn be gelenipted; thgraby dlefesmiping
fl ow di agram describing, in greater detail, the

the thpgeadimeasiofial pesicvad ofithe adthatotstand echelsensms.i onal position
calibration of audio sensors and actuators in a
di stributed conputing platform according to one
enbodi nent. The process described in the flow diagram

001 it B e g et e aéS"f o B FPRAHIE S TrRod gl Plepine
GPC 102 .
the thessrdisar B e R el tgsS Gt ol Piitef b

platform transmts a wireless signal to a surrou t{]
compgtétlg petigpsaceardingto ogp smbpgigeal E\g%?ms?%d@m@eéﬂ |flow
nunber of GPCs included in the distributed platform
diagraraf Figurg Ayasiedicelly rafpreeses thea@POn pf thestdbetad cohpaar

the first GPC 102 includes a request that a specific

platfogitilaéteitedin Kigeref. the GPCs (e.g., second GPC 103) be
excited to generate an acoustic signal to be received
by the sensors of the surrounding GPCs (e.g., GPC 102,
104 - 106). In one enbodinent, the initial wreless

oor G B3RAETY HEE GPRSEY o TEAR ok S5l phffr opc ot

distribrigh RIASQns FEES BTl SEBHOG LT OuSTiph s LR e o
enerate an acoustic signal. In one enbodi nent, the

dlstrlbmog platformi(eartgbyurther of RCisiaendashigthe é@@\b@ﬁé@lﬁform may

chirp signal, or another
vary based on 1mplementat1on) The signal from the first GPC 102 includes a request that

a specific actuator of one of the GPCs (e.g., second GPC 103) be excited to generate an
acoustic signal to be received by the sensors of the surrounding GPCs (e.g., GPC 102, 104
- 106). In one embodiment, the initial wireless signal from the master GPC 102 identifies

the specific actuator 110 to be excited.

[0014] In response to the signal from the master GPC 102, in block 204 the second GPC
103 excites the actuator 110 to generate an acoustic signal. In one embodiment, the
acoustic signal may be a maximum length sequence or chirp signal, or another
predetermined signal. In block 206, the second GPC 103 also transmits a first global time
stamp to the other GPCs 104 - 106. In one embodiment, the global time stamp identifies

when the second GPC 103 initiated the actuation of the actuator 110 for the second GPC
4



predeterm ned signal. In block 206, the second GPC 103
also transmts a first global tine stanp to the other
w@R©0g/14342 - 106. I n one enbodi nent, the gl obal P¢T/IIB2004/008587
stanp identifies when the second GPC 103 initiated
t he actuation of the actuator 110 for the second GPC 4
WO 2004/ 102372 PCT/ US2004/ 008587 103. I n bl ock 208,
103. {1 blagk98r thesensoreofdprsPee3 02,1104 - 106grceive dis aceugtisesignal
acoustic signal generated by the second GPC 103.
genefafdilllB] the sedond«kP@103. the time for the acoustic signal
to travel fromthe actuator 110 of the second GPC 103
to the respective sensors (hereinafter referred to as
Time of Arrival (TQOA)), is estimated. In one

L GEito
[0012%‘3&3!%% e ¥ind tlfleoe[ oftstfll §f lﬂ%éve‘i’ oﬁl t@b%ﬁ&!&?‘i‘% of the

|sde|ne as t tlmsta

a ti nal to travel .for.m e ker t

secofif QPEG 18 A Bepeefivg FRiTe G BAanRReR Sk Mavat

ceive th acoustic signal vi helr sensors,

<T%>Sdé SeEatE égmﬁﬁfr@O@lﬁ@nF &G EOA, ff?éagd&g pajrypf g aicrophone and
enbodi ment, there exists a common clock in the

speakiir é¢ défingd ed thel tané takem by theragpustioGignadp travedBrarthe spraker to the
to determine the tinme of arrival of audio sanples

micréphphelr ed by the respective sensors. As a result, the
TOA can be estinmated based on the difference between
the first global tinme stanp issued by the second GPC
103 and the tine of when the acoustic signal 'S

[001§]eﬁledn\é%ql‘t®élrﬁerﬁefﬂ @PCs[tgu tjréé n%‘)(ﬂéh %rsjcl@ l‘»@?tﬁ%ﬁ’sensors

hat sensors are StT on di eren

e audio . stream.a t di fferent
procq%\aﬁ) EHinPe SRR TSRS SHAselh 7 SHHpETpR here i poqrgmon clock
gital and digital-to-anal o? converters of actuators
in thgﬁl@trg)gtﬁgimlgtf@fn sHbaldiPER I &t 10Paxe ahfesto determine the time of arrival
unsynchroni zed). As a result, the estimated TOA does
of audiat sangptesapturéd/bythe resppaiive stosorhieAs acdsubt) the QA bam be
particular, the TOA of the acoustic signal may include
estinAfedHRsE&BbPthedifrence between the first global time stamp issued by the second

GPC 103 and the time of when the acoustic signal is received by a sensor.

[0017] Considering, however, that sensors are distributed on different platforms, the audio
stream among the different GPCs are typically not synchronized in time (e.g., analog-to-
digital and digital-to-analog converters of actuators and sensors of the different GPCs are
unsynchronized). As a result, the estimated TOA does not necessarily correspond to the
actual TOA. In particular, the TOA of the acoustic signal may include an emission start
time, which is defined as the time after which the sound is actually emitted from the
speaker (e.g., actuator 110) once the command has been issued from the respective GPC
(e.g., GPC 103). The actual emission start time is typically never zero and can actually

vary in time depending on the sound card and processor load of the respective GPC.
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time, which is defined as the tinme after which the
sound is actually emtted fromthe speaker (e.g.,
wa@edaaobsr2 110) once the conmand has been i ssueblCT/USI004/008587

the respective GPC (e.g., GPC 103). The actua
em ssion start tinme is typically never zero and can
actually wvary in tinme depending on the sound card and
processor |oad of the respective GPC. 5 WD 2004/ 102372
PCT/ US2004/ 008587 [00181 Therefore, to account for

[0018] @ eveAbieaiol o6t fort the vardtions omths earidsidn stat time] tiufiipde
alternatives nmay be used. For exanple, in one

alterraRQAhAEH used! FoHbidnile, iReaé emboditent, thatlplsai®input
aval | abl e on the GPC exciting an actuator, then one of

e C c ] I
chanel P b A CONABTT, ofthers ABGILE ol PR hf Bitict
em ssi o tart tine n. then be.estimated faqr Lven
can bg fagiesied diraty a0t HROBRIN el g 2 lopdarke SBiRe
~ GPCs 102, 104 - 106 to nore accurately determne the
emissiessiiet timeean Higmsbe astippirditio siven ppegkier. andern brestpbalin
the case of using the | oop-back, the estinated
transaitied o the ctharGPCs b2, W04 - 106 to mokashedrately dhteryinestibg respective
time stanp transmtted by the respective GPC. [00191
TOASNEG tHeRoOAs odedmbdiEmattOinghé Cassiof nsing fies/@opdeack, the estimated
estimated by the receiving GPCs 104-106, which may
et o O B Y S R B bt pisPetive
master GPC 102. In an alternative enbodi nent, the
TOAs can be conputed by the master GPC 102, in which
case each sensor of GPCs 104 - 106 generate a second
gl obal tinmestanp of when the acoustic signals arrived,
respectively. In the alternative enbodi nent, the
[001%encerthPO AsORr theagoustie signplshavg beerngstinmated bsthgapeeiving GPCs
(identifying when the second GPC 103 initiated the
104- 16t watdhanayoinctude aastuntih@for ) nknawd entiesicrestan dintg astsigbcribed
time stanps to estimate the TOAs for the respective

abové qhd PORAs are transmitted to the master GPC 102. In an alternative embodiment,

GPC

the TOAs can be computed by the master GPC 102, in which case each sensor of GPCs
104 — 106 generate a second global timestamp of when the acoustic signals arrived,
respectively. In the alternative embodiment, the master GPC 102 uses the first global time
stamp (identifying when the second GPC 103 initiated the actuation of the actuator 110)
and the second global time stamps to estimate the TOAs for the respective pairs of
actuators and sensors. In such as case, the master GPC 102 may also estimate the

emission start time of the acoustic signal to estimate the TOAs.

[0020] In decision block 212, if additional actuators remain in the distributed platform, the
processes of blocks 202 — 210 are repeated to have each of the actuators in the platform

generate an acoustic signal to determine the TOAs with respective receiving sensors. In
6



actuators and sensors. In such as case, the nmaster GPC
102 may also estimate the em ssion start tinme of the
W@e@wda03i3c2 signal to estinate the TOAs. [ 00201 PET/US2004/008587
deci sion block 212, if additional actuators remain in
the distributed platform the processes of blocks 202
- 210 are repeated to have each of the actuators i
an aligeatiye snthodmenicnelintescamalgas st may §R épmﬁt?dd%%f@ﬁ?ln e
the TOAs with respective receiving sensors. In 6 W
wher20h¢ 20232 sIPEAlS biS2A0ALPEIGHBYT cachrmchiata usimgianmique signal (e.g.,
enbodi nent, nultiple separate actuators nay be

diffeRst p@hﬁfétdr@fd@ @hﬂt beMLS siheig)i Mn tHeeraseblmbeiting itlgnatiBiple
are multiplexed by each actuator using a uni que signal

sepafafe at(gtg if &%ﬁ&t tHR MR CHS 1001dchififidsRo %ﬁcﬂ%ator a unique

signal s he’ case of actuating the multiple

signaﬁ ar ae%?rggcﬁ gé’f:h C{(gg{lgweegcmatt&e mast er GPC 102

a unique signal
paraneters to be used when exciting the actuator.
[ 00211 Once all of the TOAs for the different pairs of

actuators and sensors have been conputed and
[0021} @negrli pEthe(lD Anfor thesdiEerenh@iped aciuatops gtskserars hine been
master GPC 102 conputes the coordinates of the

com@mgedatdbtranthitidibtoahs master SPCNIO2cindedk 2 idcthe mastea&PC 102
illustrated in the position conputation schene of

comlﬁitéﬁ"ﬂhg cgordhﬂhté%rlﬁ tIRNRAHr B theRetuamsd. eVlof¥ped®idally, as illustrated
utilizes a nonlinear |east squares (NLS) conputation

in thd ﬁéﬁlﬁ&l 9&5@5’[%16}?70&1%6 6P P{%Sl'g@ 3t ﬁlson%%ﬁhboﬁh}%'ﬁ hARLUALGPE 102,

or sensors n one e di hren conputati on

w0 R 55, a8 0 PP o

along wth an initial estimation 312 at th

of the gefudiiorreansiéorsenyore 1aong smbpdimeny th@bféa%kv@n@utam@ 302 cqagiders
conmput ation used by the master GPC 102 to conpute the

the TEavss 806y aheesumlodr of necrapheres 308 andithesmndor of drmsleats 310 irhibe
TOAs may vary based on inplenentation. For exanple,

platfbiin, aflordd WEh BAThiHE LfRetbTBIT atlihe cavinbees bhthepotiatorons

of sensors and actuators
speakers. The actual computation used by the master GPC 102 to compute the coordinates
of the actuators and sensors based on the TOAs may vary based on implementation. For
example, in an alternative embodiment to compute the positions of sensors and actuators
with unknown emission start times, the NLS procedure is used to jointly estimate the

positions and the emission times. Emission times add extra S (number of actuators)

variables to the computation procedure.

[0022] To provide the initial estimation as used by the NLS, several alternatives are
available. For example, if an approximate idea of the microphone and speaker positions is
available, then the initialization may be done manually. In another embodiment, the use of

one or more cameras may provide a rough estimate to be used as the initial estimation.
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wi th unknown em ssion start tinmes, the NLS procedure
is used to jointly estimate the positions and the
we@niogdosm ti mes. Em ssion tines add extra S ( nexrb®@s2004/008587
actuators) variables to the conmputation procedure.
10022] To provide the initial estimtion as used by
the NLS, several alternatives are available. For
exanple, if an approximate idea of the m crophone and
speaker positions is available, then the
[0023nAniadditipasli emrbodiyeris¢o genseateram iratidlyestitnatieminchides assuming that
enbodi nent, the use of one or nore caneras may
micrpfl@nedendspeakigh o 8 icivEacombatileplatietn ag dppeoximbielyadt the same
estimation. 7 WO 2004/102372 PCT/ US2004/ 008587 [0023]
positfyh, BaLHEER AR ks @R, MR bailQise AREMRELH AR eblihk is@barate GPCs, a
estimalion 1 ncludes assum ng that m crophones and
. i C i | . .
i RSB P e IpBRr AR HE L8 BBk AT Soopdipargsfrom. in one

estimates_of. the pairw se distances between the .
embEiaings RASOSCAT IOl o 2P SRBICE PGS S etieHbe
may be used to determine the coordinates from in one
symugefbie drireie, disthce puaitik teamatiiselaealer prodpety withgspect to some
approach invol ves converting the synmetric pairw se
origidiasd dreaeenfatming at singularevbhiexleodmpasitiar toprbtedn dtesmatri fof
respect to sone origin and then perform ng a singular
coordiahtd® RS AIARBSIdokdRatbPinAbind hidythaisb®4d thy isifial guess or estimate of
coordi nates. The matrix coordinates in turn, my be

the CH&%%(??& tﬁpﬁle?‘g%p%%@e AMES And Eheetﬁ%k)@?)ﬁ%s‘;%ldt a%)ga@{ers located on

coor di nates e respective
th m cr ophones and speakers | ocated on them [0024] The
M echni ques described above can be stored in the nenory
of one of the conputing devices or GPCs as a set of
instructions to be executed. In addition, the
instructions to performthe processes described above
[002¢]oTheltcahnignesatesudied abevestanrbedtand imthh exeniay of oné of the
conput er and/ or machi ne-readabl e nedi a, incl uding
compRpaalelte@oAGPOL heaket of instructions to be executed. In addition, the
instructions to perform the processes described above could alternatively be stored on
other forms of computer and/or machine-readable media, including magnetic and optical
disks. Further, the instructions can be downloaded into a computing device over a data

network in a form of compiled and linked version.

[0025] Alternatively, the logic to perform the techniques as discussed above, could be
implemented in additional computer and/or machine readable media, such as discrete
hardware components as large-scale integrated circuits (LSI’s), application-specific
integrated circuits (ASIC’s), firmware such as electrically erasable programmable read-
only memory (EEPROM’s); and electrical, optical, acoustical and other forms of

propagated signals (e.g., carrier waves, infrared signals, digital signals, etc.); etc.
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5 disks. Further, the instructions can be downl oaded
into a conputing device over a data network in a form
wobtooaams7t ed and | i nked version. [0025] Alter ne€T/vE81094/008587

the logic to performthe techniques as di scussed
above, could be inplenented in additional conputer
and/ or machi ne readabl e nmedia, such as discrete 10
har dwar e conponents as large-scale integrated circuits
(LSI's), application-specific integrated circuits

[0026] AS| Thé&p enfbiotiimetschaye bheradesetibat with adfbrenes spbéific exemplary
progranmabl e read- only nenory (EEPROM s); and

embo8in&Gitd theRlof, Rl Gfweva€ dUetideat topebo heving thierenefit of this
propagated signals (e.g., carrier waves, infrared

dlsc10%@%“@@@8%1%@@?@%%&2 *“az qﬁ%d%éﬁﬂe%ﬁ irbopate
withog B e e PR SPE g D e F bt DR desrveg herein.
per sons havi ng the beneflt thIS d scl os
The spegifieationppdidravdags %fﬁ»saca%h ﬁa ke f%&{/fi@één ﬁ’ag'iusfrag‘(%%léef
enbodi mrents w thout departing fromthe broader spirit
than ardiretivpectsé. t he enbodi nents descri bed herein. The
speci fication and drawi ngs are, accordingly, to be
regarded in an illustrative rather than a restrictive
sense. 9 WD 2004/ 102372 PCT/ US2004/ 008587 CLAI M5 What
is clained is: 1. A nethod conprising: an actuator of
a first conputing device generating an acoustic
signal; a sensor of a second conputing device
recei ving the acoustic signal;



generating an estimate of a tine for the acoustic
signal to travel fromthe actuator to the sensor
wok@raoas7t he sensor and actuator are unsynchr oPCZE82004/008587
-and a third conputing device conputing, based on the
time estimate, a physical location of at |east one of
a set including the sensor of the second conputing
device and the actuator of the first conputing
CLARMYi ces. 2. The method of claim 1, wherein the nethod
further includes: a sensor of a fourth conputing
devi ce receiving the acoustic signal; and generating
Vthﬂséﬁﬁﬁ iS,estimate of atinme for the acoustic signal to

tTave fomthe actuator to the sensor of the fourth

comput.i ng devi ce, wherein the actuator of the first
L. cdé%fff}ozlgm&g\’i'isﬁgi and the sensor of the fourth

computi ng devi ce are unsynchroni zed; and the thjird

c GiRgtIRl of e Vire € orpHiRE f9vice grasedng an ppeuste sighal;
estimate of tine, a physical |ocation of at |east one
ofa ssnsetofiansetandicopptitieg densorcefinghke domustidsigaaiput i ng
devi ce and the actuator of the first conputing device.

3.genb@tiAE b edinttie 6f Dfie Zor thb @E@istic bigAalTetiaoel ffath tiedctuator
i ncl udes: an actuator of the second conputing device

to thedeR&dr Ah&Bindne ?&g&danﬁ%%lﬁ’édr%resﬁ& hroniPed &Rgor of a
first’ conp g gt

utin evice recelvin e acoustic si gnal ,

10 2004/ 102372 PCT/ US20Q4/ 008587 .. generatin .
L P SO PR oo SRR e g L e TaBls bpdsical
signal to trayel fr .the actuatqr, of the second .
locatiep mp at leay) o o gectinsTiding dieeeior 6 therrgcqnd compUGing deving and
device; and the third conputing device conputi ng,
the adteateiofghe fiks compuithgedsviasat e of tinme, a physical
| ocation of at | east one of a set including the sensor
of the first computing device

2. The method of claim 1, wherein the method further includes:
a sensor of a fourth computing device receiving the acoustic signal; and
generating a second estimate of a time for the acoustic signal to travel from the
actuator to the sensor of the fourth computing device, wherein the actuator of the first
computing device and the sensor of the fourth computing device are unsynchronized; and
the third computing device computing, based on the second estimate of time, a
physical location of at least one of a set including the sensor of the fourth computing

device and the actuator of the first computing device.

3. The method of claim 2, wherein the method further includes:
an actuator of the second computing device generating a second acoustic signal;

a sensor of a first computing device receiving the acoustic signal;

10



and the actuator of the second conputing device. 4.
The nethod of claim3, wherein the actuator is a
wap@akexs72 5. The net hod of claim4, wherein thPCEHERR04/008587

is a mcrophone. 6. The nethod of claim5, wherein the
acoustic signals generated by the first and second
conmputi ng devices are_selected froma group conprisin
of gangsating mthisd gitimate e Emedosihg segongd megoustie lignpl i9;tepvg) from
7. The method of claim1, further including:

the a@stioraf thegeamdeoinpaiinndsiier to the sansaf ofithefirst hempuingsddvice;
signal was emtted fromthe actuator. 8. The nethod

and of claim7, wherein the estimating of the em ssion
start tine includes the first conmputing device using
a 1!38 %P&E&n@ﬁl‘ﬁtg%vfcg .c%bhﬁ&?g‘, SalddCn i ﬁgfcpé%tiﬁfa?er 3 thh&lBs
an e t ti to h

usi ng em sSsSi on st a me etermne the

esiimate tinme for t.h couystic si | ~to travel .

physERblataich ot Battae of SerknrpfER e et dgRLal cbpl flg govice
sensor second conputing device. 11 WO 2004/ 102372

and thegptugonoithe 66298¢ computitidsidtenod of claim 1, wherein
the nethod further includes prior to the third
conmput i ng devi ce conputing the physical |ocations,
conputing an initial estimation of the physica

4, | oThd methodfof thém Sewhekimhe bb@atde aigbealwrput er and
actuator of the first conputer via a video nodality.
10. The nmethod of claim1l, wherein the nmethod further
includes prior to the third conputing device

c ug | t S] ] ' of.. nsor of the
> sgggen%e@%%%? lé‘?“?ﬁ’ @ggrfjﬁh%ﬁgﬁgéﬂéﬁpfsnﬂ %}Cg({b%gg imation of
t he physical |ocation of the sensor of the second

6. The method of claim 5, wherein the acoustic signals generated by the first and
second computing devices are selected from a group comprising of maximum length

sequence signal and a chirp signal.

7. The method of claim 1, further including: -
Estimating an emission start time of when the acoustic signal was emitted from the

actuator.

8. The method of claim 7, wherein the estimating of the emission start time includes
the first computing device using a loopback device to estimate the emission start time; and

using the emission start time to determine the estimate of a time for the acoustic
signal to travel from the actuator of the first computing device to the sensor second

computing device.

11



conmput er and actuator of the first conputer via
mul ti di mensi onal scaling. 11. A nethod conprising: a
wo 2oogtiosenput i ng device transmtting a w rel eSBCEHUgIIAL/008587

to a second and third conputing devices, the signa
requesting an actuator of the second conputing device
generate an acoustic signal to be received by a sensor

9.  of Thewaethpil pdcletapuwhergindbe insghod fisrtberdheludeseprens tie Heghird
and sensor are unsynchroni zed; and the first conputing

compsigivp clevice opmputitg, the abysdcad tocatidngyeompitingpdreinfteal estheation of the
acoustic signal to travel fromthe actuator of the

physREFIBBAH HUTILE cASordhERchbRd ERBpRENSRA achiatdrog thefifsBcomputer
conmput i ng device, a physical |ocation of at |east one

: : including the actuator of the second
via ag%ierr%ulﬁ?&naé&%evi ce and the sensor of the third conputing

devi ce. .12. .The thod. of claim wherein th t.ho
10. b Beenofof daia T i e o fherfeedutor o B iR
transmitting the wireless signal to the second and a
compusnEdsvise ApupTing he physeal lqqgtons ofthe sensefridhe prpond gomputer,
actuator of the second conputing device generate the
compatingsniigitish gytiaativw obthe physical docabipn af terssuvor of thetsecond
fourth conputing device, wherein the actuator and the

compietSRAd adfuaton 6f fheuTrbiroafupdtvidghulRMh&@&idaBscaling.
unsynchroni zed; and 12 WD 2004/ 102372

PCT/ US2004/ 008587 the first conputing device
conmputing, based on an tine estimate for the acoustic
11 Si naltt Cgravsel fromthe actuator of the second
: co%d’ﬂ P?}Cg &R t o the sensor of the fourth
conmputi ng device, a physi.cal |l ocation of at |east on
of 2 HIS§ gPPWIE dViFG Famsmifting atdrelesy sighpdo aseepng and third

conmputing device and the sensor of the fourth )
compmuimg yeviaes, twdignal ra@estfiganmstiaty of thecdeednd ammpuiingrdsiise
t he nethod further includes:
generate an acoustic signal to be received by a sensor of the third computing device,
wherein the actuator and sensor are unsynchronized; and
the first computing device computing, based on a time estimate for the acoustic
signal to travel from the actuator of the second computing device to the sensor of the third

computing device, a physical location of at least one of a set including the actuator of the

second computing device and the sensor of the third computing device.

12. The method of claim 11, wherein the method further includes:

the first computing device transmitting the wireless signal to the second and a
fourth computing devices, the signal requesting the actuator of the second computing
device generate the acoustic signal to be received by a sensor of the fourth computing
device, wherein the actuator and the sensor of the fourth computing device are

unsynchronized; and
12



the first conmputing device transmtting a second
W reless signal to the second and third conputing
walenmidaesy2 t he signal requesting an actuator of PCh®ES2004/008587

third conputing device generate an acoustic signal to
be received by a sensor of the second conputing
device, wherein the actuator of the third conputing
dethi fiest gaaiputingdeyire wmmiliegsweethen anHpgteshigateder theacoustic
are unsynchroni zed; and the first conputing device

signat eorpastel figm thaaetdatonobihe tsecvadestupotit@déwace torthe sgmmstf the
signal to travel fromthe actuator of the third

fourth RORPLAMLASRE & Bhidcdl MRaBEMELAt 1845t bitPo &R Ritluding the actuator
conmput i ng device, a physical |ocation of at |east one

of thtecBnd b S B ARhUR B SlpulfSorplih device
computing device. 14. The method of claim 13, wherein
the actuator is a speaker. 15. The nmethod of claim
14, wherein the sensor is a m_crophone. 16. The net hod

13. of The methed of claied @i whergia tb%wﬁxoﬁéﬁghgmlgdqse be
generated by the second and third conputing devices
ar the Sedteopdtifig demice tgarsmitting apedmidnygireéssrsigtahimthe second and
| engt h sequence signal, and a chirp signal. 13 WO

third 200piAR2 derdcds Ghé ipAR04428h8 4n adibatod bthewliikDebraputitigalerrice
11, further including: estimting an em ssion start

genebdtdEh ngustwg%él lf@b@fe@g‘i%g% Bn%ﬁis&ﬁ% ol{@e s@égntdtcgﬁlpf_quhiggﬁéxhge,

act uator of e secon uting device. 1

nmet.hod of claim.,l7, wherein estimati f 1 SSi .
wheifi B8 Sotfisa b P T o HE R e B AT h TRk S uE T B rpying
.a | oopback device to estimate the em ssion start tine;
devigearp gnsyRFienisrd:Adrt tine to determine the estimte of
atinme for the acoustic signal to travel fromthe _
acthedirgrcombuting dedeseranpisimgLibdsed o ey tise estmetecfos tiesgpustic
third conputing device.
signal to travel from the actuator of the third computing device to the sensor of the second
computing device, a physical location of at least one of a set including the actuator of the

third computing device and the sensor of the second computing device.

14,  The method of claim 13, wherein the actuator is a speaker.

15.  The method of claim 14, wherein the sensor is a microphone.

16.  The method of claim 15, wherein the acoustic signals to be generated by the

second and third computing devices are selected from a group comprising of maximum

length sequence signal, and a chirp signal.
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19. The nmethod of claim 11, wherein the nmethod further

i ncludes: prior to the first conputer determning a
w@byogiteml2 | ocati on of at | east one of the groupCT/US2004/008587

i ncludi ng the actuator of the second conputing device

and the sensor of the third conputer, the first

conput er conputin% an initial estimation of the )

17. phVks mathodl o€ eleina A L ofurthpreincladingaeimagingap @nyesiermegtart time of
conmput er and the sensor of the third conmputing device
whenviha avdudeio sighmldedd dnyitte@ Gromlihe aombdoo df the sedamidrootiputing device.

wherein the nethod further includes: prior to the
first conputer determ ning a physical |ocation of at
| east one of the group including the actuator of the
18. S e’fl?@]?@ﬁl%%ﬁ Efa[}ﬂ 198¥h&EindHmb A8 SRMHRLsIH sthd? ?itn{eW:nEques the
conputer, the tirst conputer c&%putlng an 1nitia
estimatjon of the physical .| ocation o he .actuator
secodf SR WEdsTise UoRB B ARECTAE BuiRie b EmisS it fime:
_ conputing device via video nodality. 21. A machine
using eraigsipn startdime io deisrnyiee the estimate wEp e far theracgpstic signal to
instructions, which when executed, cause the machine
travel fropethé actoatar ofthb second rpmpstimgdofice th4h&@n2G0OMIrd @2BipaAting
PCT/ US2004/ 008587 an actuator of a first conputing
devigkevi ce generating an acoustic signal; a sensor of a
second computing device receiving the acoustic signal;
generating an estimate of a tine for the acoustic
signal to travel fromthe actuator to the sensor

wher ei n..t he .sens and actuat qr unsynehroni zed;
19. anﬁﬁ%"?moﬁ & f 8%%8151 Wgefag\ﬁ“% 8‘16@‘6)%]&11?{ l?&Bg%sed on the
. time estinmate, physi cal | qcation of _.at | east_one of
priorgjo Gea (S RIS I S8 S GRS {$@QB e Ry thg group
devi ce and the actuator of the first conputi ng
including theactuator of the second computing device and the sensor of the third

computer, the first computer computing an initial estimation of the physical location of the
actuator of the second computer and the sensor of the third computing device via video

modality.

20. The method of claim 11, wherein the method further includes:

prior to the first computer determining a physical location of at least one of the
group including the actuator of the second computing device and the sensor of the third
computer, the first computer computing an initial estimation of the physical location of the
actuator of the second computer and the sensor of the fhird computing device via video

modality.

21. A machine readable medium having stored thereon a set of instructions, which

when executed, cause the machine to perform a method comprising of:
14



22. The machi ne readabl e nedi um of claim 21, wherein

the nmethod further includes: a sensor of a fourth
wa@eompabisny devi ce receiving the acoustic si gnaPCT/@RZNO4/008587

generating a second estimate of a tine for the

acoustic signal to travel fromthe actuator to the

sensor of the fourth conputing device, wherein the

ac e a¢tatopef 2 fest P?mﬁﬁtlll&n%Wt&eﬂﬁa@ég/?%@%ﬁ@C tiglsensor

of the fourth conputing device are unsynchronized; and

t he setsor df Tsevpud computing dwiccoaginingthe dsausit signalhe

second estimate of tinme, a physical |[|ocation of at

| easieratify O estined off atirhe dirnige ddvastiediginn tofratdidrohothetaotuator

conmputing device and the actuator of the first

to th%%gips%f’ '\%}Qrgﬁ\fﬁ&&nsﬁnd-ﬁeﬁaﬁﬁﬁﬁ' dh@#&’]ﬁﬁﬁ%%de af@di um of

whereli n the nethod furt i ncl udes: an

a thlgcg%ogﬁlél glg S g{c@ %01’811'%%8% b%?eﬁpolﬁtthg gm%%%tn%ﬁte?g gﬁ{/’ﬁ%drlrg%taﬁﬂ% of at

a sensor o

devi ce recej the acoustic s naI enera a
leas (e 6t RBKIEge SEnPre R TecoRbO SBRUITE R st dnd aotuator of

signal to travel from the actuator of the second

the frghgnmputigedevice® to the sensor of the first conputing
device; and 15 WO 2004/102372 PCT/ US2004/ 008587 the
third conputing device conputing, based on the third
estimate of tine, a physical |ocation of at |east one

22. Of TRe $Rlchin@ ¢b4ddbRANSNIEMTEBRGH 20f whéiein| the sletieRrthbmigcludes:
device and the actuator of the second conputing

an b s Pha ok ARG AE déﬁspeak B D e e
i EraGie: oo S bk e TPhdetis 1%5@?1%1?55 g‘ia"sffa‘?%the
25, wherein the acoustic sjignals generated

actugtiof & the senseebihg fewHHEAMINg doviceovhereindeq %“éwar ?frtbﬁﬁast

group conprising of
computing device and the sensor of the fourth computing device are unsynchronized; and

the third computing device computing, based on the second estimate of time, a physical
location of at least one of a set including the sensor of the fourth computing device and the

actuator of the first computing device.

23.  The machine readable medium of claim 22, wherein the method further includes:
an actuator of the second computing device generating a second acoustic signal;
a sensor of a first computing device receiving the acoustic signal;
generating a third estimate of a time for the second acoustic signal to travel from
the actuator of the second computing device to the sensor of the first computing device;

and
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maxi mum | engt h sequence signal and a chirp signal. 27.
The machi ne readabl e nmedi um of claim 21, further
WO p@kaai3ny: estimating an em ssion start tinme BET/IREIN4/008587

the acoustic signal was emtted fromthe actuator
28. The machi ne readabl e nedi um of cl aim 27, wherein
the estimating of the em ssion start time includes
t hibethird eommpm denigeenpaing: $pird o the dpphekimpés pidene.d
estimate the emssion start time; and using the

physizal keatton cftaaldast onefacedatledimgribe semeomasfitherfitst compating device
time for the acoustic signal to travel fromthe

and 86 hetahtof oPthe sbonldicosipuifameititarg device to the sensor
second conputing device. 29. The nachine readabl e
medi um of claim 21, wherein the nmethod further
incl udes: 16 WD 2004/ 102372 PCT/ UsS2004/ 008587 pri or

24, |t oI%?h {%8%;'15% geg ut | 9‘%{% df i\;]/ll ce %m ?e% $Ihl¥%l sﬁ&l.ker.

physi cal | ocation of t he sensor of the second conput er

and actuator of the first conputer via a video

nodality. 30. The nachi ne readabl e nedi um of claim 21,
25. wh&heinachine raadeblo aneidinm hielaini X wiksein the sessor is ampigrophone.

third conputing device conmputing the physica

| ocations, conputing an initial estimtion of the

physi cal | ocation of the sensor of the second

26. COMRLAENIAL fbadtbld %é@l‘iurﬂﬁf ¢168n QS wherSiaMRYIARN s Signals generated

mul ti di nensional scaling. 31. A machi ne readabl e
by tl-fg%fjrhthua%]d B oRh iRl dE\E:lgéusgagé‘ ot fi0h d A3hS g@ﬁ)ﬂﬁﬁg

max1mum ?eng&l S%Tgl{lel:ric’cle% 1af and a chirp signal.

27.  The machine readable medium of claim 21, further including:
estimating an emission start time of when the acoustic signal was emitted from the

actuator.

28. The machine readable medium of claim 27, wherein the estimating of the emission
start time includes the first computing device using a loopback device to estimate the
emission start time; and

using the emission start time to determine the estimate of a time for the acoustic
signal to travel from the actuator of the first computing device to the sensor second
computing device.

29. The machine readable medium of claim 21, wherein the method further includes:
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a first conputing device transmtting a wreless
signal to a second and third conputing devices, the
w@k@aab23requesti ng an actuator of the second cPOPUSI04008587
device generate an acoustic signal to be received by
a sensor of the third conputing device, wherein the
act uat or _and sensor,are,unsynchronizeg;,%ﬁg)the first .
coRpat torfle datd CUNRUSE deYige COBBYME B PAYicaleocipnsygpmputing an
for the acoustic signal to travel fromthe actuator
initigifestimetior obihd pbpsipal doqatjor ef/the gensor phthesesnsdreopfputenend
third conputing device, a physical |ocation of at
actuhteasf thefiestebnusetvia aeidewlinodalithe act uator of the
second conputing device and the sensor of the third
conmputi ng device. 32. The machi ne readabl e nedi um of
claim 31, wherein the nmethod further includes: the
30, f1rst Tﬁfﬁ&#ﬁh@%aﬂ&‘{é ﬁa%dfg'ir?&‘ﬁﬂéﬁﬁ %E%ﬁaﬁ’&n‘% SEB3 further
signal "to € second and a  tour conput’i ng devi ces,
. 1%%@ signal requesting the actuator of the second
incl ffputi ng device generate the acoustic signal to be
received by a sensor of the fourth conmputing 17 WO
2004/ iz 39 theribird gsppuarHdrBE ronEing dic pipysical lacatinas,
actuator and the sensor of the fourth conputing device
computgng aminytied kstomatimdyf thphytstvel oratsin afchgsensomgoidbe sevend
computing, based on an tine estimte for the acoustic
comphtgnald dctudtbreofhe fifsbBothp@eddh uaflodinehsibhd ssfapnd
conmputing device to the sensor of the fourth
conputi ng device, a physical l|ocation of at |east one
of a set including the actuator of the second
comput,i ng .devi ¢ nd the sensor of. the fourth. . .
31. Computt et 1 d S Setilih AR Fa hdfon £ el instmetigns, which
claim 32, wherein _the nethod furfher includes: the
when pxequteds F3ise thgmaduicte perfars ginsthodcmresnhal: wi r el ess
signal to the second and third conputing devices, the
si gt cosypuiing ey caarsotiting arwinflessrsegnahio aisesonpand thgrd
devi ce
computing devices, the signal requesting an actuator of the second computing device

generate an acoustic signal to be received by a sensor of the third computing device,
wherein the actuator and sensor are unsynchronized; and

the first computing device computing, based on a time estimate for the acoustic
signal to travel from the actuator of the second computing device to the sensor of the third
computing device, a physical location of at least one of a set including the actuator of the

second computing device and the sensor of the third computing device.

32. The machine readable medium of claim 31, wherein the method further includes:
the first computing device transmitting the wireless signal to the second and a
fourth computing devices, the signal requesting the actuator of the second computing

device generate the acoustic signal to be received by a sensor of the fourth computing
17



generate an acoustic signal to be received by a sensor
of the second conputing device, wherein the actuator
w@boothe23vhi rd conputing device and a sensor of PCT®ES2004/008587

second conputing device are unsynchroni zed; and the

first conputing device conmputing, based on an tine

.estimate for the acqustic ignal to travel fromthe
devigea PRI TRSTECERIDTER K15 BB OX Hhg OB PRRDRENE $R I etiS or

of the second conputing device, a physical |ocation
unsyothrahizedseesid one of a set including the actuator of the

third conputing device and the sensor of the second

C offeUirsté@nilering @levidd compuetingnbired @nrapanhadhéseinvapel fou theodcoustic
claim 33, wherein the actuator is a speaker. 35. The

signTB6 208 FRA4R AR Hrum &Eorﬁi @Un’iﬁu%ﬂl debRE € ﬂletsel@sor of the

sensor is a m crophone. rrachl ne readabl
fourt'ﬂgcg)er mtﬁé d%ln%{: m eghgfggé\ﬂ a(?fog ?E %ldétolf |S§‘89§§{1/’|§1 b Qﬁuator

are selected froma in

of t st <OtnanG SOGr Gt B SrbSEohF f%ggﬁ ity el
2004/ 102372 PCT/ US2004/ 008587 37. The machi ne
readabl e nedi um of claim 31, further including:
estimating an em ssion start time of when the acoustic

33. si Ghamashimeeeddablednddivmof biaim 324 wheroin thé ntetlmdsfedberdncludes:
conmputi ng devi ce. 38. The machi ne readabl e nedi um of
cl gHeMirdt/ conBingi deviRs trah@hittiig 4 Mo@dﬁv&‘éle@@s@ﬁzﬂ ité thetset@nd and
i ncl udes the second conputing device using a | oopback

third A %91691‘35@% n%rﬁ?re Bt AR cfilaftr of ted Wird Ui ?gtmg device
em ssi 0

_ f start ti ete m ne the estlnate 0
t
senckf negfuch S{gﬂal"tgi)saﬁcgwce%&m ek et b Bing dsvice
third conputing  devic

wherein the actuator of the third computlng device and a sensor of the second computing

to tr veI

device are unsynchronized; and

the first computing device computing, based on an time estimate for the acoustic
signal to travel from the actuator of the third computing device to the sensor of the second
computing device, a physical location of at least one of a set including the actuator of the

third computing device and the sensor of the second computing device.

34.  The machine readable medium of claim 33, wherein the actuator is a speaker.

35.  The machine readable medium of claim 34, wherein the sensor is a microphone.

36.  The machine readable medium of claim 35, wherein the acoustic signals to be

generated by the second and third computing devices are selected from a group comprising

of maximum length sequence signal, and a chirp signal.
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39. The machi ne readabl e nedi um of claim 31, wherein
the nmethod further includes: prior to the first
wa@oorpudbsr2 det ermi ni ng a physical |ocation of apCt/e@asn4/008587

one of the group including the actuator of the second
conmputi ng device and the sensor of the third
conputer, the first conputer conputing an initia
estimati on of the physical |ocation of the actuator
of the second conputer and the sensor of the third

37. cdipuhadhinaeadabde miedium efedainnild Aliittey inch@ling@he machi ne
readabl e nedi um of cl aim 31, wherein the nethod

f Wistih@fink BE badBion stal tiré of WhémheldcbSdticGiyialvas emitted from the
determi ning a physical |ocation of at |east one of the

acuwgﬁqg@“;gﬁ%&?ﬁgg%%ﬁgcﬁgkgator of the second conputing

evi ce an or of the third conputer, the
first conputer conputing an initial estimtion of the
physi cal |ocation of the actuator of the second
canput er .and the sensor of the third caonputing device
38. Viﬁlpe\;pgfggne %@adq% pgdiuggof claim £ w%ereqn estl at}ng tle Ehtsston start

time includes the second computing device using a loopback device to compute the
emission start time;

using emission start time to determine the estimate of a time for the acoustic signal
to travel from the actuator of the second computing device to the sensor third computing

device.

39. The machine readable medium of claim 31, wherein the method further includes:
prior to the first computer determining a physical location of at least one of the
group including the actuator of the second computing device and the sensor of the third
computer, the first computer computing an initial estimation of the physical location of the
actuator of the second computer and the sensor of the third computing device via video

modality.

40. The machine readable medium of claim 31, wherein the method further includes:
prior to the first computer determining a physical location of at least one of the
group including the actuator of the second computing device and the sensor of the third
computer, the first computer computing an initial estimation of the physical location of the
actuator of the second computer and the sensor of the third computing device via video

modality.
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