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[ 0001] Enbodi ments described herein relate to position

calibration of audio sensors and actuators in a

THJ%ESt ributed co‘ggutlgﬁf agﬂm BA%}{%R&JL\I 80801% SORS AND
aUd'&é’t‘[ﬂfPok%'@ fAi‘ﬁ

1% FING PLATFORM
comuni cat’l on j ect ocallza I on, peéc
enhancenent, use mnultiple 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
TECERNISIsFRITdD act uators on a single platform Such a
setup would require a |ot of dedicated hardware. For

[600gKanpl eEn{HédﬁﬁéntéJ&bs@nﬂédl{éi’&H%lﬁte% bBYLOR cAitthASH 6f audio
general purpose conputer, would typically require

t| nd a central
sens it BR800 ol i SRR o SRHRRRISHE D ot T on pover to
process all the nultiple streans. 10 [0003] Conputing
devi ces such as | aptops, personal digital assistants
E PDAs tabl ets cel l ul ar phones, and cantorders have
BA %ﬁinﬁ%rva3|ve These devi ces are equi pped with
audi o-vi sual sensors (such as m crophones and caner as)
[0002)nd act Menpesefging lppratibmsliepaelkiesteamnmhdib/sideayadering,
The audi o/ vi deo sensors on di fferent devices can be

handbl§ed vbire tomhRiiBadiosli cbijdck RichBEhtioR! MY dpebdh SRARGSent deN
an ad-hoc network can be used to capture different

e R s

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 fo 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 fo
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



events) in a distributed fashion and then use all the
mul ti pl e audi o-visual streans for an energing
waobd/masizons. For exanpl e, one coul d i nagi ne usiIgsZAte0e8587

di stributed m crophone array formed by | aptops of

participants during a neeting in place of expensive

stand al one speakerphones. Such a network of sensors
eventsaim aflispited fehion endither vse all themulfiple audiavieual stieargs for an

track stationary or noving sources and objects. [0004]
emerging applicatimt. Fofle:ginipld whe dowld dinagivie asiak thé @spibatddanierophone

i ncl udes pl acing the sensors, actuators and platforns

arra)ﬂ;jﬂﬁhﬁe@b}% IB%S&)S%EH{C%B@ RYiRE 8 ek G pladE b dﬂfensitve gtand alone

etermn the” three-di nensi onal "positions of th

n |

Sp ea]fe%ﬂ%@%ﬁ'lz%%nr%ﬁ%%ﬁ?éi Fa egﬁl aﬁﬁ%&t&gﬂp gg%i@?n at | grt]e and
of a distributed conputi platformin accordance

track FAIPnARYPTIREIAS ABHESS SFigure 2 is a flow di agram
descri bing the process of generating position
calibration for audio sensors and actuators in
accordance with one enbodi ment. [0007] Figure 3

[0004] Twshplamesnt adistimtadavidvavise dikplatfogenieclties plasing thersensors,
coordi nates. DETAI LED DESCRI PTI ON [ 0008] Enbodi nents

actua®irs and PlaB@rds FRE 8 ispitelcopdsatd §Rted WkiERIdcARled Hetdtigintg the
sensors and actuators in a distributed conmputing

three%ﬁ%ﬁ%ﬁﬁl?%ﬁtiﬂ?é&f@éE&spﬂs%&%&u& .owW ng description,
numerous specific detalls are set forth. However, it

i s understood that enbodinents may be practiced

wi t hout these specific details. In other instances,

well - known circuits, structures and techni ques have
BRIERHPESERIRHEM GMDEAWINGBn order not to obscure the

under st andi ng of this description. 2 WD 2004/ 102372
[0003]CT/ USZBigat© D 85 &Tratel @ GosimaRefrepresadatidm afiagdistuibutet icomputing

specification to "one enbodi nent” or "an enbodi nent”

platférfidineRE6rdbhéd with paé émbstiment, eat ure, structure, or
characteristic described in connection with

[0006] Figure 2 is a flow diagram describing the process of generating position

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

f0007] 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.



the enbodinent is included in at | east one enbodi nent.
Thus, the appearances of the phrases "in one
WORIH1M8TE " or "in an enbodi ment" in various pGKIBS2004/008587
t hroughout this specification are not necessarily all
referring to the sane enbodi nent. Furthernore, the

articular features, structures, racterigstics .
wﬂoﬁwe@éer@@ﬁm@%omﬁhlaﬁgﬁcgifﬁil%we %ﬁﬁ@@glmwtg%%&em%ﬂdémeﬂt
enbodi nents. [0010] Figure 1 illustrates a schematic
indicatspihetseparticulenfeafure stiireftme; otehaaciwistiatdesngibod dn cenmertion with
consisting of a set of General - Purpose Conputers (GPQ)
the etfbddimdidGs ettt ingtSedsebsr ¢rabbdimenasTnsMpeppearances of the
devices). GPC 102 is configured to be the master, and

phraﬁl% r‘“ir%ﬁ@;eﬁlﬂgdﬂf%ﬁ?’tdr@& arEHhbdBhbRN in YaGodsiseet iﬂ}gughout this

shown 1 n |gure 1 may include a personal conput er

et B P 5 B AR, g, o
LRSS A02 (S SRR h 5 0 e

capabilities 112. As is expl ained in nore detal I

n ongair gygre epbodEesdsr s and actuators of the nultiple GPCs
are used to estimate their respective physical
| ocations. [0011] For exanple, in one enbodi nent,
given a set of M acoustic sensors and S acoustic

[0016C bk 1 S1Thdtrapdtk :RUEAIRGRPleSdt Fatich6f LAB@iBuRERomputing platform
estimates their respective three dinensional

S LB ConpA O 0 SRl

| en hi r nd the ti
as Comme %ygld%ﬁ%@ﬁ) (@8 i@f 1Sr‘f‘8 ?(g? lg% ag.tc;r, %ﬂtfm rms the location
acoustic actuators and sensors. In one errbodlgc\;@i
estimapion.Tdhe (HCs 167 vdRopshornan Higwiedhmay daclyde gomguter
defined as the time for the acoustic signal to travel
(PC)f laptopt P As pakdét RC, too othhecompitimgrdemises Monener élgpdimentTepeh GPC
3 WD 2004/ 102372 PCT/ US2004/ 008587 and knowi ng t he
is eqGippediwith 28810enidts 1 OB(eae Qubidptvhesipadtuatorst 110 (eligs lanispeakers),
bet ween each acoustical signal source and the

and V@i‘félgs%tdoﬁﬁhuﬁsﬂﬁﬁf SpEalider 193] Ak 3k Sinel 36 1RRY detail below, the

det erm ni ng
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 acousiic signal to travel from the speaker to the microphone. Measuring the TOA
' 3



the three di mensional positions of the actuators and

the sensors. [0012] Figure 2 is a flow diagram
Wie2004/1028T2g, in greater detail, the process of PCT/US2004/008587
generating the three-dinmensional position calibration

of audi o sensors and act uators in a distributed

[of0) i.ng p orm .a cordl ne nb The

and RGBS Lirwbed PRt i £ do4u-0ep! Ty Bt SqﬁPﬁE’FB”efﬂ cach
peri odi caIIy references t he GPCs of the distribut

acouglinap sigasl sopregtand itha acppstisel sensers ican be galpdated, lfler@hg}ieneﬁnmmg
bl ock 202, a first GPC 102, which may be consi dered

the thiee dim@tshmatﬁ@imfnstolﬁ ¢he ativstors bud 6 sehsrs.orm transnmits
a wreless signal to a surrounding set of GPCs in the
di stributed platform (the actual nunber of GPCs
included in the distributed pI atformmay vary based

[001?[‘1?*%13 OBR R (ﬁﬁgra E%?crf’& g‘lfé'a%?‘dteﬁﬁ ﬁn'e dce 6 ééﬁ%ratmg

tne es a reques d f1c actuat r of one of
GPCs GPC 10

the tisBE df el B ALk s%%%gﬁigﬁac%i?e%? Bpisined

comNB e ST EHONIERE P ST e D ETarshdrocr PEin e flow

. master GPC 102 jdentifies the specific actuator 110
diagmm ofdignre 2 periodigdlyspierancestp efghe Histriuggdegonipuden
the master GPC 102, in block 204 the second GPC 103

platfexcilhetatebén Riawatlor 110 to generate an acoustic
signal. In one enbodi nent, the acoustic signal my be

a maxi nrum | ength sequence or chirp signal, or another
predeterm ned signal. In block 206, the second GPC 103

[Oﬂlg%gnlﬁggf@ﬁfgﬁst lfr’](b g?ée’ vgﬂrrgltfgl e'E%ngﬁéx% e{)ﬁ#t%%?&tb%he
. [ f th d GPC 103 [ d
aistipyB Biatloar bangRts TRers BER %%O?Té“%‘}“dfll}?eselé Bk GRES Bty

WD 2004/ 102372 PCT/ US2004/ 008587 103. In bl ock 208
distribwed patEnsyd ths actupd napber of (3PCs ingluded guthe distbytad pigform may

, acoustic signal generated by the second GPC 103.

vary p£@d 5h impldmhemtdtioR).0Thd dignd!ifreem fiwrfirsh@PEdOA 3hdludesiageghest that
to travel fromthe actuator 110 of the

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
gtamp to the other GPCs 104 - 106. In one embodiment, the global time stamp identifies

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



second GPC 103 to the respective sensors (hereinafter
referred to as Tine of Arrival (TOA)), is estinmated.
wonoosae2eTtbodi nent, the TOA for a given pair ofPEI/US2004/008587
m crophone and speaker is defined as the tine taken
by the acoustic signal to travel formthe speaker to
m crophone. [0Q16] In one enbodi nent, the GPCs
103{ FPa?IOPlé 8. \the sqﬂéora@éﬂ:@tqi%c%l% dp4\7|lgﬁatrﬁ%€ilYe theeppstic signal
proceed to estinmate the respective TOAs. |In one

generatod b endeconh&PE MBI sts a common clock in the
distributed platformso that GPCs 102 - 106 are able

to determne the tine of arrival of audio sanples
captured by the respective sensors. As a result, the

[001'5?])% 6RK D80 tﬁé hh{@%leﬁ'ie BasRtc @{gnﬁf‘t% tfé'vfslf ﬁérﬁ'%ﬁ@aé%&étﬂ@ ?ﬂ) of the

first global tine stanp |ssue by the second
I
oM Bkl M O g e
(1O aﬁsa% RHocs 1 @i RO oRn o LA i vebalr g g microphone and

typically not synchronized in time (e.g., anal og-to-
spealiprfs dafinedas the fimedskendydhepeyystepigaslite g velifows thmspsaker to the
and sensors of the different GPCs are
microplsyrechr oni zed) . As a result, the estinmated TOA does
not necessarily correspond to the actual TOA In
particular, the TOA of the acoustic signal may include
an em ssion start tirre which is defined as the tine

[001@];)25@%&&&&@& i@%&ggtﬁg at%ﬁqéét{:cgs?%% g{%;cﬁgi? %nes%)rs
prockSr g Srih Tt %%Pé@? ?ﬁ%@n ste pphsaitlient, et 815 2 inen clock

can actual | vary in_tinme depending on_the sound card

in the distrguedrladerm sothabBPERd 02 ed 9@y Yldle tpdstennipgthe time of arrival
2004/ 102372 PCT/ US2004/ 008587 [0018] Therefore, to

of avdtrsumyples aaptiurbe by el ragpieotiee sansorive A rssilp thesT@At cahibwe :
multiple alternatives may be used. For exanple, in

estinif RI¥BOeh B ifferchedbetive@l thedlish obal piie stahp RaESbRRR second
avai l abl e on the GPC exciting an actuator, then one of

Crs GUSLATEUANIEL e b EEL R Fiil |0 o7
[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.
5 -



em ssion start time can then be estimated for a given
speaker, and can be globally transmtted to the other
WEPID84/13372 104 - 106 to nore accurately det er m ME/USRI04/008587
respective TOAs. Furthernore, in one enbodinent, in
the case of using the | oop-back, the estinmated
em ssion start tine will be included in the gl obal
time stanp transmtted by the respective GPC. [0019]
Once the TOAs for the acoustic signal have been
[0018F Therafoze, thycddvat fordles variaogiashe aissibOGlartvime hmpkiiple
i ncl ude accounting for the unknown em ssion start tine
alter@iv@e 88k beeded. abeVEaniphs inTéisend @ ithe N i ltiol dudid iput
master GPC 102. In an alternative enbodi nent, the

chani'i@é*%re%%;] PRle CRATRIEDE: BYithnb %’6 EB%%%, tEoAdEs the Buipdt eﬁhémezs

case each sensor of GPCs 4 - 106 generate a secon
| obal ti f | Cs Si i

can @Bl SRR ok ot UR TR SpRGRH e 00pb Spfl e
; GPC 10 h [ .gl obal, ti

cmieER sy . e e P RO 0 Ml

actuation of the actuator 110) and the second gl obal i
transufitied tottherpther GPEst103n104 + H6 papercragenreisly delemeine thegespective
pairs of actuators and sensors. In such as case, the
TOAsRFughertiete, if 2neembadisent $1 theatse sheingtiic desmback thetestimated
time of the acoustic signal to estimate the TOAs.
emis§iBR 3@k thfe HEE be RMudet a¢ theZlabal tifnedeihhy ir@Mmhittag by FieeSpective
remain in the distributed platform the processes of
GPCbl ocks 202 - 210 are repeated to have each of the
actuators in the platform generate an acoustic signal
to determne the TOAs with respective receiving
sensors. In 6 WD 2004/102372 PCT/ US2004/ 008587 an
alternative enpbodinent, nultiple separate actuators,
[0019p9nescthe dQush B thepgeust signal havglsen ieptimpted byitherespiving GPCs
signals are nultiplexed by each actuator using a
-104-106, sphéchsmey adchyde. agoountin forathe nokypevmemiseion stast timp ias gescribed
or MLS signals). In the case of actuating the nultiple
above GRATAE A€ trdadeitiad kdtheaiatdr RC (0 BBl slteridfive bbodiment,
identifies to each actuator a unique signal

the TPAAER bR dndptddoyBE thadfee BpeX fid il @hidh& a8 tathlsRhsor 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 fo 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



[0021] Once all of the TOAs for the different pairs of
actuators and sensors have been conputed and

WO 204612872ed to the master GPC 102, in bl ock 2I1PCTE/Hg2004/008587
master GPC 102 conputes the coordinates of the

sensors and the actuators. Mre specifi caIIy, as

on afpiiiRee GEOpsimsils TENBOA PRI HBRESTEY DRpeidgg m peralle
utilizes a nonlinear |east squares (NLS) conput ation

wheggn therctater signads arh endtinlexsidiatassh agatopising ¢ vasngsises(e.g.,
and/ or sensors. In one enbodi nent, the NLS conputation

diff @6 proaradiderfer chityeorTABS s3fbls).t Tethe uadeast aofuating thephndiipk:
308 and the nunber of speakers 310 in the platform

sepahi@ ABuMorlirARhralL théma§isd GPetlioendéhtidied to E4 actuator 2 unique
coordi nates of the actuators and speakers. The actua

G102 to conpute the
s:gn%%ﬁﬂ?%rh@ﬁa S%blé%f%g?ﬁeea%?l ?ggt?ag an sensors basrgd on the
TOAs may vary based on inplenentation. For exanple,
in an alternative embodi ment to conpute the positions
sensQrs and actuators  wth nown em ssion star
[00%15 fRnge aflipd ﬂm@%ﬁéeretjaa didferent m@é@o{ Fiaipssand seroraRAve been
the positions and the em ssion tinmes. Em ssion tines
comaulidd erd tranSnitiad ndthe nofsten €tREA1 %, 91 blogk 2l dthewaster GHe 102
conmput ati on procedure. [0022] To provide the initial
com@6iel Rt doorlinsesSBHe BahsbRanllfe ackeresaMerkispedificdllyess illustrated

are available. For exanple, if an approximate idea of

mth%'f)%sfﬂib %8 ﬁféﬁofl'a@heﬁ{ée(ﬁ*ﬁ R lid bAOEMbSd }ﬁﬁth'e%@als‘e’er GPC 102,

hen t itialization y be done nmnual

ut111%§%tnho 11 magaslt ?@Jﬁ%&hﬁ (fe\li_% ﬁiﬁg tlo g&u {sDOe 1{1%%@%881?& f:}tes 304
ofth%%%'gﬁ‘é#r% é’rﬂd{a&%%éﬁﬁﬁé#’”” ooy %MQS%S%%W 6P esiders

estimation includes assum ng that m cr ophones and
the EQAaR@6.sho numberi efanictapirpuasi 30§ apde¢ wemberraf speakers 310 in the
approximately at the sane position, and given all
platfort atedgwithfantihigiapestimatiss 312 at the coerdireitesfithé Aetuators and
separate GPCs, a nultidinensional scaling approach

speaﬁﬁ'){ ge Hsradl édi’npﬂﬁ:itﬁih’ﬁs@@b& e Iﬁé’s.‘i’ér‘i'i!’@tw% td E&Hjautle PhePétdrdinates
mbodi ment, t'he Eucli dean di stance matri X.

of thé B%Qﬁglaﬂd%ﬁgélrg PasdGhd T@%stlﬁ% vary based on implementation. For

example, in an aiterpative 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 fo be used as the initial estimation.
7 ' '
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symetric pairw se distance matrix to a matrix of
scal ar products with respect to sonme origin and then
Wee20D41028Tg a si ngul ar val ue deconposition to ORCEUSR004/008587
the matrix of coordinates. The matrix coordi nates in
turn, may be used as the initial guess or estimate of
the coordinates for the respective GPCs, and the
m crophones and speakers | ocated on them [0024] The
techni ques descri bed above can be stored in the nmenory
[0025%] Aoneddtionah embediment torgpneatd weinitinl egtirasiisingludes asggming that
instructions to be executed. In addition, the
mictaphonascindepsalicss gret fiventdihputingql stdees adepproximatebizd Wiee same
could alternatively be stored on other forns of

posiGiBATHHIS i vaNgll SfinRGEHIraRs: dgaeﬁﬂaéaaigtaﬁ@&i Retweddcthd Sépaghte GPCs, a

magneti c and optical 5 disks. Further, the
- . e.
ity (e AR ORGSR 1 Bkl RS b in one
ver Si 00 ernativel the lgogic .to perform
embpigierd i Eadion g oty Mistabrondiintoty® Riverding tue
i mpl enented i n additional conmputer and/or nmachine
SympeHirapALEViSe distance malixte adnalsix of scalapragycisits respect to some
conmponents as |arge-scale integrated circuits (LSI's),
orighgmidi thert parfiorspeg & fingulanvalye dtcothpositionite sbiaaghensitrix of
firmvare such as electrically erasabl e progranmbl e
coordBatks. @hkYndiHRROOrd{nalRROMrS ) mayBélusddastilid Hatial gtedsiog @btimate of
acoustical and other fornms of propagated signals
the doBrdinateS Br thSlesYRUGS GPCR! LRy 1RE nﬁé&gﬁ&%s atltl Spdabrs located on
signals, etc.): etc. 8 WO 2004/ 102372
the PCT/ US2004/ 008587 [00261 These enbodi nents have been
"Hescribed with reference to speci fic exenplary
enbodi nents thereof. It will, however, be evident to
persons having the benefit of this disclosure that
various nodifications and changes may be nade to these
[0024hBbateehniques desctibed ahowp aan bagtotaddmibraiemonaoiconesyfithe t
and scope of the enbodi nents described herein. The
compytégy devices iop GPlds drsavefligsnmtions wamosxdtugd.y In ddaiifie, the
regarded in an illustrative rather than a restrictive

instrB&HA 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 memeory (EEPROM’s); and electrical, optical, acoustical and other forms of

propagated signals (e.g., carrier waves, infrared signals, digital signals, etc.); etc.
8



9 CLAIM5 What is clained is: 1. A nethod conpri sing:
an actuator of a first conputing device generating an
WaCHOE102872si gnal ;  a sensor of a second conput i ET/US2004/008587
devi ce receiving the acoustic signal; generating an
estimate of a tinme for the acoustic signal to travel
fromthe actuator to the sensor, wherein the sensor
and actuator are unsynchroni zed; a third conputing
device conputing, based on the tine estimate, a
[002¢]hy s Thebe cbeditments have baen|dssaibed veithoreferengstio ispreifieipxrguplary
the sensor of the second conputing device and the
embaitineit tlierodf, Thwilf, howeves opestideny tolperbames; hastingeths benedit of this
fourth conputing device receiving the acoustic signal;
disclSREeTAl VAnA ﬁ&ﬁﬁ%oﬁ@&ﬂd@aﬁgég may bé fRdé & Hefembodiments

acoustic signal to travel fron1the actuator to the

w1tho§ﬁ tr &g;%ogﬁllw %rclfar g SRR s@ dﬂng EmbViR] de‘ﬁ't dsBfibed herein.

act COTTpUt VI ce an e sensor

the.four onputin V|ce chro

The heiTERAOT Hid A5 OB AS ApotyE S et RO BodsfEyentber
second estimate of tine, a phyS|caI Iocatlon of at

than 3 gegdrictiyiesente- a set including the sensor of the fourth
conmputing device and the actuator of the first
conputi ng device. 2. The nethod of claim1, wherein
the method further includes: an actuator of the second
conmputi ng devi ce generating a second acoustic signal;
a sensor of the first conputing device receiving the
second acoustic signal; generating a third estimte
of atinme for the second acoustic signal to travel
fromthe actuator of the second conputing device to
the sensor of the first conputing



device; and the third conputing device conputing,

based on the third estimate of tine, a physica

| ocation of at | east one of a set including the sensor

of the first conmputing device and the actuator of the
Cﬁggﬁgd conmputi ng device. 3. The nethod of claim2

in the actuator is a speaker. 10 4. The net hod

of claim3, wherein the sensor is a mcrophone. 5. The

met hod of claim4, wherein the acoustic signals
Whenechimetlisy the first and second conputing devices

are selected froma group conprising of maxi num

| engt h sequence signal and a chirp signal. 6. The

met hod of A leMd® chmgrididgher including: estinmating an

em ssion start tinme of when the acoustic signal was

eni tanegturarosof atfine camputingdevige geneatingtah adoustic gimalm 6,

wherein the estinmating.of .the eni.ssi start

i nclLUTEE h8 SFi CO%’EJB’E}% F%‘a"%r&?l@’élg?}@? fguaHg %%'b ack

devighetaingad edtidtate bNLtimeTosHht QBoBtiakignili tiBrayélFort Shen g
the em ssion start time to determine the estimte of a

actyalas t¢ Hie sepper, vhaein theseapermd aciator aeamsypedyionined;

2 8y B B B 95

loositien @lf at ledwe oneb skt inviddiag thersehsod @ therseeondtcompuiag device
t ird conmputing device, copputing the physical
G 0 ébﬁm%m?cn@plgw& I€al  estimation of the

p hy Sigefdor IOPE ur@toRt u'ilﬁg defide Péceﬁrﬁn%ﬂﬂg 20KKAPG g;n .

conput i ng device and tuat or of first complting

d ev @Bermurg asocpoid estimmda bf & yimeFor thhacomstih eignalfto ct:taaelnﬁrdm the
the neg 3 rther .inc)udes rlor to

tfolr ﬁfﬂfPF ﬂ CEBWBH]th élcph\g ﬁﬁw% g?tuator of the first
coh@ﬁﬁﬁg 888cOindlthe sRPSAthE Fodrtheomputing 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.

2. The method of claim 1, wherein the method further includes:

an actuator of the second computing device generating a second acoustic
signal;

a sensor of the first computing device receiving the second 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
the third computing device computing, based on the third estimate of time, a
.' physical location of at least one of a set including the sensor of the first computing

~ device and the actuator of the second computing device.

3. - The method of claim 2, wherein the actuator is a speaker.

10



second conputing device, conputing an initial

estimation of the physical |ocation of the sensor of
the second conputing device and actuator of the first
conmputing device via multidinensional scaling. 10. A
nmet hod ¢ rising: first, computi ng device

1 artbm t C15grethe PEelarn 3oV e e SCISas BrRICHRONR & o
comput i ng devices, the wirel ess signal requesting an
actuator of the second conputing device generate an
acoust i ¢ Biegnethod of Heint dceharei thy acusténsignalperenged by the

third ti A , i th t t or. .and
i S R radne AR R e SOGE BohiadRs FEPRESRBEE | ng

m&8Mfiflef QAR NS siBRe Afd @Rhip kighBl. esti mate for the
acoustic signal to travel fromthe actuator of the

second conputing device to the sensor of the third

co ti ngwdevi.ce h |@?d l.ocation of at |east one

of rrgg;s et gn}er%?tﬁ%‘?‘ HSCIFIH%?’a u%ﬁlgglugff’%t he second

C ONgtinBgndayémRsion dtattiens 6NEhEn Bk athietit Bightl was emitted from
conputing device. 11. The nethod of claim 10, wherein

the #@uateh hod further includes: the first conputing
device transmtting the wireless signal to the second
and a fourth conputing devices, the wrel ess signal
request i NMhetxgthatdviadhior 6,0khdrtia theevinthting @fitet énmigsion start

. devi ce generate the agoustic¢ signal to, be recejived b
time 1we %%&B%fstt KEMPEHRE ACVIEHYINRA 7 %@P{%“@‘i dexice ip gtapse {'}H%

enBSE HAL QK ifads e sensor of the fourth conputing device
are unsynchroni zed; and the first conputing device

conpasingiilg erbiasied stant time td dateresné thetestihate of kdimebodst i ¢

signal to travel fromthe a at.or of the second
sof i Senio HaF eorb o e i ik ofhabobts e 10 the sensor
seéopdRetipRanglemi&s, a physical |ocation of at |east one
of a set 1ncluding the actuator of the second

conmputing device and the sensor of the fourth
comgutin %g%étﬁ(?d of claim 1, wherein the method further includes prior to

the third computing device computing the physical locations, computing an initial
estimation of the physical location of the sensor of the second computing device and

actuator of the first computing device via a video modality.

9. The method of claim 1, wherein the method further includes prior to
the third computing device computing the physical locations of the sensor of the
- second computing device, computing an initial estimation of the physical location of
the sensor of the second computing device and actuator of the first computing device

via multidimensional scaling.

10. A method compﬁsing:

a first computing device transmitting a wireless signal to a second and third
computing devices, the wireless 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

11



12. The nmethod of claim 11, wherein the nethod further
i ncludes: the first conputing device transmtting a
second wireless signal to the second and third
conmputi ng devi ces, the second wirel ess signal

requesiing an actyator of the. third gonputing _deyice
gendhefiEt I%%‘EBWQ&X%PS%WE‘U%% é’ﬁ%ﬁ% TP B@eﬁé@aﬁ%&r By a
acSRRS Aeni to thaEl ﬁ;&ﬁ%@a&@ﬂ@ﬂﬂwwg@ﬂd e&n%%@&ev{eew fhe

actuator of the third conmputing device a sensor
sensfor phHihe sleobemnmuinguieiivg, dphyistal kcatiomsiyat idasiomieadd;send

i TR B SRR L g RSP P
comp@iihg 8&j@ct uator of the third conputing device to the

sensor of the second conputing device, a physical
| ocation of at | east one of a set including the

act yat or of t hind c ting.device,and the nsor
of e sabbmudtiod (0 er AT RIHAR i GNERG Rihet HERRED

cl aithie firdt corRitRigicl R tAGEHRERY the Svitel &R &RIET to thelébcorhgnd a
nmet hod of claim 13, wherein the sensor is a

foytegaspmibing devigss, fie wirplessragnabpagestingdhapctuatoypidhe pepond

} ' ' .be. . t
b B R Sl DR DN
computing ddvirg, ohereimthicriotiaioe agd thesentoe of thedbglatomputthgalevice

chirp.signal. 16. The method of claim 10, further
MQWV‘E@F Zeadéé?‘i}nati ng an emission start tine of when

the t%ﬁédn?%%f#%%h c%%@ﬂﬁﬁé, %%sefdro%rﬂnttﬂﬁe BGEMAL Ry

t he second uting device. 17. The nethod of claim
acaBiic vigealdo frardtiromtherghtate of theswcom simpittingiderice to the

i ncludes the second .conputi.ng. devi ce usin | oopback
senfio 1 HE Foyr BT BE RO P RSSieB ottt frat caong o6
incAiliSSIhe AcObRE bf HeBedd GaipRtil A6vikd ek isBRbe oPthe Fourth

time for the acoustic signal to travel fromthe

cogpeting davicsf t he second conputing device to the sensor
third conputing device.

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

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

the first computing device computing, based on an time estimate for the
second 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 bomputing device and the sensor of the second

computing device.
13.  The method of claim 12, wherein the actuator is a speaker.
14, The method of claim 13, wherein the sensor is a microphone.
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18. The nethod of claim 10, wherein the nethod further
i ncludes: prior to the first conputing device

determi ning a physical |ocation of at |east one of
the group including the actuator of the second

co ti ng,device the sensor . of the thi

comitt i nart e Sttty F SIS montr i slaels e b ggnarige
byahe ddebid Ald thad tcoiputifg d&ficdshee PERdCRbm a0l mpHsitd 6t

actuator of the second conputing device and the
maxingorlength s¢ypentd signabowgd atdbirg stel.ce vi a vi deo

nodality. 19. The nethod of claim 10, wherein the

nmet hod further includes: prior to the first conputing

devilge dghemethbd@f daiph i ifG@ther htating fbsﬂlﬁ‘laﬁﬁ%hreaﬁission start
.one of the group including the actuator of the second
tmegfrheanihe avsiesign wasemadekBem the agtyator of thejsecond

{Rrﬂ?# device, the first conputing device conputing
co@ﬁ [ %lae' estimati on of the physical |ocation of the

actuator of the second conputing device and the

sensQr of _the thjrd co ting devjce via video .

modd ¢y Ihe @?eﬂzedr&%%@ ol ST sstwwn@rﬂ?%%ewﬁlgnﬂa&tgae
indltes ﬁ%e@orﬁﬁonﬂ;uﬁn? Rty QEih%ﬁ%orF‘ngl@@e\M\é% S Rgiird,

cause the machi'ne to performa method conprising of
emggsioactarbiime; wingerhission sdripug fonlptatennetbe geneatavf agmerfor

acoustic sjgnal ;. .a sensar .of second conput i .
el TasRL Rt i BE adlatPho g RERR SR fdiatg the
Smﬁﬂrﬁﬁﬂkﬁﬁ®ﬁﬁ dévitd.me for the acoustic signal to

travel fromthe actuator to the sensor, wherein the

sensor and actuator are unsynchroni zed; and a third

co mfgt in Q‘hg %}éeLtlﬁ:ogll (%gcﬁg?ﬁlt fd’] %/hen%%%ﬁ% ng{{hﬁg(g RuthelThcludes:

estinate, a Yy ocatiron o ast one ol a

set ptigicloubé fight thapssdyvieidctdieitag o ptlydalptatiog of at least
device and _the actuator of the first conputing

ongjedthe group nclydias fecanttndon i brmtncandrermeningrdeyicians iy, sensor
of HRSKiR &ﬁﬂﬂin@%emg, fnd Tfrﬁ%ﬁmphﬁﬁ‘é 4458 computing an initial

estimation of the physical location of the actuator of the second computing device and

the sensor of the third computing device via video modality.

19. The method of claim 10, wherein the method further includes:

prior to the first computing device 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 computing device, the first computing device computing an initial
éstimation of the physical location of the actuator of the second computing device and

the sensor of the third bomputing device via video modality.

20. A machine readable medium having stored thereon a set of

instructions, which when executed, cause the machine to perform a method

- comprising of:

an actuator of a first computing device generating an acoustic signal;

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

13



a sensor of a fourth conputing device receiving the
acoustic signal; and generating a second estinate of
atime for the acoustic signal to travel fromthe
actuator to the sensor of the fourth conputing device,
wherei n the actuator _of the flrst conp in qu|c
and SCREFaURH AR Fstignate AL HRG loHhe sAqHstE g‘éﬁ) F%Zée

acaaw%me%eh 8 dyher8in%h %s&%ﬁ%cﬁﬁfﬂ?‘d}é&ﬁ btﬁ?ed and

conput I ng, ase on t e second estinate time, a
phy si thadl compatingdevide @inpudiag,tbaserborofhedinseéstinratd, athmgcal

toliEn St Briet Srn bl s potSHCiding HeRi o6 Mesebessl BRiputing device

anAREUARSEFIRONRL BB ngevﬁ:'e.a'm21 wher ei n the

nmet hod further includes: an actuator of the second
conputi ng deV| ce generating a second acoustic signal;

0 ST S Bl TR RH AL 508 e

indlidge; for the second acoustic si gnal to travel from
t he actuator of the second conputing device to the

s enddensk of péoyihy eqmpting deving recgiinebic agonstic Hignelh prdy
os {T%n,a%rgﬁincéjg %@c%ﬁd 8&{%{% OPQ t1rr{%%'§leﬁi1e %Emtlstﬁ% ]gfgg%ﬂrtﬁ trav?l ﬁom the

Sl Cca ocatiron o

actobtoatsihe sersol uflthe gomrﬁmammg defickehéreinghe sangioi d)ﬂ’tbe ﬁrst

devi ce and the actuator_ of the second caonputing
coptgyideves anfihe Aee by DAIROBPNERE JF16e aig |uaﬁ>fﬂcb@mzed

andRfy tﬁir&‘ C&lﬂ 1&%&@?@ COhﬁJuﬁE%S(RI \Aﬁdé&{ the%é onfNEHMBENY A%, a

r eadabl clarm rein t € sensor is a
phydical dmiatme of di4cab ondbiba seh atvlunkng Sedeatroe ofrthaifowtloéomputing

oeFhE) Pt SRR Gy Gy generated b
froma group

22. The machine readable medium of claim 21, wherein the method further
includes:

an actuator of the second computing device generating a second acoustic
signal; |

a sensor of the 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

the third computing device computing, based on the third estimate of time, a
- physical location of at least one of a set including the sensor of the first computing

device and the actuator of the second computing device.

23. The machine readable medium of claim 22, wherein the actuator is a
speaker.
24, The machine readable medium of claim 23, wherein the sensor is a

microphone.
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conprising of maxi mum | ength sequence signal and a
chirp signal. 26. The nachi ne readabl e nmedi um of claim
20, further including: estimating an em ssion start
time of vvhen t he acoustic signal was enmtted from the

act uyat or he ma ne read Ie nedi um of _cl ai m.26,
wher’et n ﬂ%@r@ DR f-'ome dipped éalﬁi@s% o ISEEH} e gpastic

sidrls! daHlE&tdans thé Fiak aﬁd) Bhd e&ngﬁmgccfev}&g RQ s@lckRd gl%gg%f%oup

evice to éstimate t eemss n-start tine;

cotrpe siagio$ siaamendertgth seypenae sikatabamd mé’m‘[hlﬂgl@.tl rrat e of a
time for the acoustic signal to travel fromthe
actuator of the first conmputing device to the sensor

secopd COMRUEidRthed8YiabR méBum (IRIFRCI, ARtHeE ARRIIR::
medi um of claim 20, wherein the net hod furt her

| nclestdmeatingar @nission stay tinhg o lowhemthe ataugtic sighdevas emitted from
rtrlﬂp t| ng the physical |ocations, conmputing an
WYY estimation of the physi cal |ocation of the
sensor of the second conputing device and actuator of
the first conputing device via a video nodality. 29,

Th e 2dac hilhe machinggradahieqnedivmfof claamAoo whesgiethe iesfimating of
Vllgéggn Cfgftttﬂr?é mciu?% tlﬂg ?i‘?sstlcefr{pg % 1geﬁlésﬁlbé 5 n%ﬁ%@%kf%% to

estirnate itled erﬁﬁﬁlbﬂﬁﬁart(im@fanﬂhe physi cal |ocation of the
sensor of the second co ut| ng devi ce and act uatt%r of
t he Upipgdhe %ﬁﬁﬁ@ F"ﬁ@t t@’é@/‘io eestnae RS 7 HAw for

ac&féﬁ!: k’gﬁal 3 Qravé} fgﬂﬁ méh%tda@&%%@ﬁ% ?%rﬁﬁﬂ VieQRe 84 ﬂfe?gnsor

here a set I nstructl ons n execute

seccoadsemphmlgmmme to performa nethod conprising of:
a first conputing device transmtting a wirel ess
signal to a second and third

28. The machine readable medium of claim 20, wherein the method further
includes:

prior to the third computing device computing the physical locations,
computing an initial estimation of the physical location of the sensor of the second

computing device and actuator of the first computing device via a video modality.

29. The machine readable medium of claim 20, wherein the method further
includes:
prior to the third computing device computing the physical locations,
éomputing an initial estimation of the physical location of the sensor of the second
~computing device and actuator of the first computing device via multidimensional

scaling.

30. A machine readable medium having stored thereon a set of
| instructions, which when executed, cause the machine to perform a method
comprising of:

a first computing device transmitting a wireless signal to a second and third

computing devices, the signal requesting an actuator of the second computing device
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conmputi ng devices, the signal requesting an actuator

of the second conputing device 15 generate an

acoustic signal to be received by a sensor of the

third conputing device, wherein the actuator and

sensor are unsynchronized; and the first conputing .
genksoticn acowRtigsigngl tothgseesivd by & senporedthaihird cpmputingdevice,

acoustic.signal, to travel f .1 he tuator of the
RGBSR sl g bREHEREE Yof T he i

CoNphé fifsfeslBitiig, dekice Ry@bthg, basadtdnantiae estimdte &atthone
of a set  including the actuator of the second,
aceustip signakfodwyeldeom tp adateraidhg sespnd sampiingglevice to the

[ i ce. . ' [ f
seifBE B i B E6h e Hevic L IR DE S SPGB TRE ¥ e
indludiag thearpuatirng teesecarl dongnsing idt:iiog andthewenset eSthe third

signal ,to the second and a fourth conputing devices,
CORRRLRG d¥afe- r equest i ng the actuator of the second
conmputing device generate the acoustic signal to be
recei ved by a sensor of the fourth conputing device,
wheBéi n (The mechingtreadablednediemsdchim 30f whensinf thentethod further
._conputing device are wunsynchronized; and the first
‘néﬁﬂ%uting devi ce conputing, based on an tine estimate

for thd8rst 8nppRINeGesice BahsrhRting MY Sirdldse Bghlito @ 44861 and a
of the second conputing device to the sensor of the

fourth eantputiogslevicey thiesi g requegingghe agtuatecefi the pecepd gemputing
l.east o of et . includin .
doggE SniE R PhE gLl ST B RSB P ol Soppuia
deGioaPitidreifl fiskeatheor add thd fedsoraihd fouibadmputngréelicoaref
claim 31, wherein the nmethod further includes: the
ungynebionizgdpind ng device transmitting a second wirel ess

sig tRSeRIe cBRdufidl, b éEIQ:EHiﬁtf G ARYIERR thd he
si gna ﬁﬁsga&u@ ﬁlgg an act gtllg%’ o? the t Hir glgcorrput i ng
acoustic signal to travel from the actuator of the second computing device to the
sensor of the fourth 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 fourth

computing device.

32. The machine readable medium of claim 31, wherein the method further
includes:

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

~ device.
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devi ce generate an acoustic signal to be received by a
sensor of the second conputing device, wherein the
actuator of the third computing device and a sensor of
the second conputing device are unsynchronized; and
the first conputing device conputing, based on an tine
est i3at e Fhermadhine rgedngla medigingHalaimad %, pheewin the gptualeis a
Sp§g£¥ator of the third conmputing device to the sensor
"he second conputing device, a physical |ocation of
at | east one of a set including the actuator of the
third co uting, device and_the sensor of the second
co gl%eda%q regdablpmedige qfglaimas, pasieibihe sersar 19
: m 32, wherein the actuator is a speaker. 34.
nn%%gﬁ#%%hlne readabl e nedi um of cl aim 33, wherein the
sensor is a mcrophone. 35. The machi ne readable

nedl m of _cl ai ein the c stl nals to
ner atEdn W@a‘gg@dﬂa‘y Pt ﬁ%@ agHE o
s1g?15ﬁ t§ gl g@ﬁe‘%&e& 69 'ﬂﬁe?sec&[cpéfﬁ tﬁﬁ’&'@&h?ht‘ikgg c@é‘wd@@’éfe@él@cted from a
engt h Sequence” si gnal , a chirp signal.

gfmnmsn@ﬁaba\mmdﬁngﬂweqwhm sig30, arﬁm@hermgnal
including: estimating an em ssion start tinme of when
the acoustic signal was emtted from the actuator of

t he 3geCoNtheGRIMiHeI BAIaBRMh&BumDF-claliRS OThsHePBichAagabl e
medi um of claim 36, wherein estimating the em ssion

st alestlmatm dyehiggien sterdineelomtncbepenustie sigaalivis aniftedfrom

thé%&u gggn§? ﬁm¥1o ute the em ssion start tinme;
en1SS|on S ‘S determine the estimte of

a tlne for the acoustic signal to travel fromthe

actuyator of the second conputing device to the sensqr
thi Pd  cdmsmachipedearable medium ot claim 36, wherein estimating the

emission 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.

38. The machine readable medium of claim 30, wherein the method further
includes:

prior to the first computing device 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 computing device, the first computing device computing an initial
.estimation of the physical location of the actuator of the second computing device and

- the sensor of the third computing device via video modality.

39.  The machine readable medium of claim 30, wherein the method further
- includes:
prior to the first computing device 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 computing device, the first computing device computing an initial
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38. The machi ne readabl e nedi um of cl ai m 30, wherein
the nmethod further includes: prior to the first
comput i ng devi ce determ ning a physical |ocation of at
| east one of the group including the actuator of the

second ti.ng, devi ce.and the sensor f the.third
oSBT 9HEC RV locgien of (i€ actuglip Of iR gecand reRPE IiRyend
thédenio dfitad (B8t ARkiRNISficd 1 VRIS Sh&Rlity. ocat i on of the
actuator of the second conputing device and the
sensor of the third conputing device via video
nodal ity. 39. The nachi ne readabl e nedi um of cl ai m 30,
wherein the nmethod further includes: prior to the
first conputing device determ ning a physical |ocation
of at least one of the group including the actuator
of the second conputing device and the sensor of the
third conputing device, the first computing device
conputing an initial 17 estimation of the physica
| ocati on of the actuator of the second conputing
device and the sensor of the third conputing device
via video nodality. 18
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