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NETWORK SURVEI LLANCE SYSTEM CLAIM OF PRIORITY The

present application for patent clainms priority from
wa\e@soel2o@n Provi si onal Patent Application No.PCT/AU2007/001782

2006906433 entitled "Network Surveillance Systent,

filed 20 Novenber 2006, and i 4 hereby expressly

i ncorporated by reference herein inits entirety.

TECHNI CAL FI ELIET®ORRSSUR VEMT K NOE S?S'ﬂzmht 0

surveillance systens. In a particular form the
CLAId € PREORITYon rel ates to surveillance systens that

T e SIS UL SS0Er 2 RO, 1Bl pues
e

NoRBehbee R006, taneleik hefelff 6B A Sn @HPofRBE O Srefdidhcdh-ein in its
utilized to nonitor "t hese extended areaS. An exanpl e

entifetguch a surveillance task is the nonitoring of an
airport or train station which may invol ve many
hundreds of canmeras each potentially providing a live

TgﬁﬁqlégLaﬁd@%@ral i zed nonitoring station where they

are viewe y human operators. The operators may have

The paesehe invantiopseldibetgaalvsillaside by ssengbEed phrticudasio@is the
behavi our, or identifying threats to the public or

prasant wyentionuelatesttoj ssirugillanes syssemaphayinmolve qrtworks of multiple
caner,as .has .been facili ed by the use of real tine

SergPLt g’ﬁ?rﬂ?/‘?‘iﬂ‘éé)vféﬁg%eﬁﬁa{‘ﬁeﬁr ansfer their live image
informati on via standard network protocols such as
Internet Protocol (IP), thereby making the addition of

BAICKGROUNIDEr as to a pre-exi sting network as easy as

connecting an | P canera to_a central hub whet her by
Wigh the imsteased fecusromthecttvgillance ahbath prHgatepnebpiahlic argas, there

hat Qger}l a substantial increase in the numbers and sophistication of cameras and
sensors that are utilized to monitor these extended areas. An example of such a
surveillance task is the monitoring of an airport or train station which may involve
many hundreds of cameras each potentially providing a live feed to a centralized
monitoring station where they are viewed by human operators. The operators may
have a number of possible goals, such as observing customer behaviour, or

identifying threats to the public or infrastructure.

This ability to employ multiple cameras has been facilitated by the use of real time
digital video cameras which transfer their live image information via standard
network protocols such as Internet Protocol (IP), thereby making the addition of
further cameras to a pre-existing network as easy as connecting an I’ camera to a
central hub whether by wireless means or directly by cable. The IP camera is then
provided either with a dynamic or static allocated IP address and can commence

streaming of live video data in an extremely short time.
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provided either with a dynamc or static allocated IP
address and can conmence stream ng of live video data
WO pooaksiesg renel y short tine. However, whilst thPGT/aus®7/001782
of being able to increase the nunber of caneras in a
network surveillance system inplies that nore extended
£r eas may be nonitored at increased resolution, the
. . - ! . . . _
Fonk 153 R iy e PRSI0 SR A SLOIN et Bekerhfss 2
netW88USIr¥ellhiricBkpsteRt ingpli@vbat aade wiimded areanfrayimtmonitored at
is being viewed by human operators. Accordingly,
increasudriesglutiens trlekge amouat of inpekut gtvadee infoomatipn ghat is
information are not able to effectively nonitor these
streamedraeureatieheed TeoniiRmns SRHRaCBISHyFrRdi RpL grtiyaverload
scal.e. . el | ). i: .
i RSB S b FREE VIR R p PR PEY ALy, security

perddiel B8 6asked @0 nhoHitsfld PifofNatieh afdthaicablé té bffectively
behavi our of objects or people being viewed varies
motitamhesoextehdéd adas.is with a view to presenting

nmoni toring personnel with video information of those
behavi ours whi ch have been initially classified as

to BB 4 RO A o e o

anaBRNCHRHE A hdRdsdes! dRdldlePivhiditatp@hps toandlyse ke inbdbmiing video
“targets" may take between the fields of views of each
infoafndtive wabeeasineliftle Beuvivit 9f eljeds ogpeopleaingviewed varies
i s accordingly the foundation for many fundamental. . .
fromglosTiah” e Wih AYIPYEiol PR ING T ST BORPRClgHith Video

. bj . . ' .
mfog'g%a?fﬁr} @fe %%%%P%%eswgﬁ}s\’%% h }LERIG% %Elg#garlgglb%’sﬁ%é&a §s abnormal. To

a netwrk o ImiIs

thisWéHd,‘PH%:s)é 154, WRLR th) Bt h\BnitRkiioRBS hefdware and software,
survel |l ance caneras wi'th overl apping fields of view,

attetipt @ gmeratecihanaddretansiéng hethrenpatbs ootracks ydtish bergetehmay
non- over | apping pairs of canmeras. Al though in

take betweqst Getfiglda ef vigwsofassBios ghe eyBeHRShe deri ved
manual |y for small sets of caneras, this approach
clearly does not scale to |large network surveill ance

Thi§ ég%tg\'?ﬂ;y t W68y REbMhaHSh £ ATREAM PRI fRMdERbhoPfhany
fundamental tasks in networked surveillance, such as tracking an object across the
network. In order to derive the activity topology of a network of cameras, the aim is
not only to estimate relative positions of surveillance cameras with overlapping
fields of view, but also to characterise the motion of targets between non-overlapping
pairs of cameras. Although in principle the activity topology could be derived
manually for small sets of cameras, this approach clearly does not scale to large
network surveillance systems, where individual cameras may frequently be added,

malfunction or moved.

There have been a number of approaches in the prior art that attempt to estimate the
activity topology of a network of cameras. Typically, these approaches either require

training data, such as the correspondence between paths or tracks in different images
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mal functi on or noved. There have been a nunber of
approaches in the prior art that attenpt to estimte

W h@sac2ds/i ty topol ogy of a network of canmerasPCT/AU2007/001782
Typically, these approaches either require training
data, such as the correspondence between paths or
tracks in different inmgesor canmera views, to be

or THRP) LR\ 1 PbE QlibnBEd b B bridt rARSER ¥baG v tHENABN ¥ targets for
ar ge%s ?eh%eddpz 358} 0 t

or ex ro time as ey nove

extehdle@ @i ddefairRa ay tigsyesholy thittughethetirka ofeveairpy slse network of
This'is in order to accunul ate appearance and

camgiasa P pizais aim oed emtor asicatiwdate) apfpearatdesmd disappeareaepeorrglation
. .estimate the path that a targe il take. .The
infogpptendn 2y atienpt orestmpale #ﬁﬁgﬁﬁhﬁm@ﬁﬁéf‘ Wlﬁﬁa%?-

observi ng and anal ysing | arge anobunts of video data in
order to deternmine the activity topol ogy. This problem

ThebSnfe@Rdd SRE&EY eitlhe Hanin iteivea@ivpasH cipesvilgsindmalysing
made between every pair of caneras in a network. As
largehenowntbef videqpdatasneirdeatredeteryingihewictivityjopelegyt This

pro i e S BT SE  S DBE ISR LSRR ey
ptd 85 48 MR o, B MBS R SS90 s

of tR¢ h8RHRE 0P RainBf £ ifBhe MR twetatthae tedutiqabs tHe agabrsabon
in the network to a conmon frane of reference on the

exhbastive pdir edserominpavisened! fege volesnesTifalada seonbdeome infeasible.
not characterise the activity topol ogy, are
susceptible to failing to find the required nunber of

n_i e f eat ur . r
An G BRE PR O BRAER (s el O s AU R At ARG
rela'ti'?\gae,aEh ot th@eReetastinehP hesesik ioW esthhidh AEALRY 6Hi refdr¥nce on the
provi des a nethod for estimating the activity topol ogy
basBfofaosehonly siensedfedatras. W helmwaetheaishlofot draragnsseithe activity
data w ndows related to a correspondi ng sensed. region,,
topplegynateriacepidrlade dejlingdo dingide reaw?%wrﬂlaerapfﬁﬁ%@m image

feat%fresi %ﬁﬁ%‘élydgﬁ ?ar\gie r(‘)%%%pts 034 cggr?plgt%tco%%ggt?&itt}g Betv?8h fields of

view.

SUMMARY

In a first aspect the present invention accordingly provides a method for estimating

the activity topology of a set of sensed data windows, each of the sensed data

windows related to a corresponding sensed region, the method including the steps:
determining a subset of sensed data windows that are not connected; and
excluding the subset of sensed data windows from the set of sensed data

windows.

Preferably, the step of determining the subset of sensed data windows includes

comparing sensed data windows pair wise from the set of sensed data windows.
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excl udi ng the subset of sensed data wi ndows fromthe
set of sensed data wi ndows. Preferably, the step of
wa@ledoeoen2os ng t he subset of sensed data w ndowsPCTaU282/001782
conpari ng sensed data wi ndows pair wise fromthe set
of sensed data w ndows. Preferdébly, the step of
conpari ng sensed data w ndows pair w se includes
Pref§hBlyTHM QQEM %Bﬂﬁfarﬁl?(@n%e&ﬁaﬁe?{@%%\gﬁ girwiRdeMeudess
not have overl apping sensed regions. Preferably, the
detstraming wieitkema pairgfshrsdiedataheingkws dbessmertderedatealapping
w ndows does not have overl appi ng sensed regi ons
senpe Fegiess.det er ni ni ng a first occupancy neasure for a
first sensed data wi ndow and a second occupancy
measure for a second sensed data wi ndow, the first and

Pre?&‘églég tﬁ@é‘éﬁ%_f t @ T oW BIRTRRE ?aﬁgofts@ﬁsé@'aﬁta%indows does
sensed data w ndows, a conparing the first and

notdesenseslapppansansedasgioss infludéedafelyininigen ftstpcaipancy measure
comparing the first and second occupancy neasures
forjarfirstiernsed sletn WENAAWRNELP SPRONARRSIBANEH PIBS PO Agerond sensed
a first nsed dafa w ndow s ence associated with .
aatppeinire RS BRd e el e G BN DR AR Y patr of
sen¥€8 Uafa wAHIKFRORH E&W%iﬁg%ﬁ& aAnRd SeNeond %E&Weasures.
th a n

sequence associ at ed he second sensed d dow

and conparing correspondi ng el ements of the first and

second occupancy vectors. Preferably, the step of )
Prefenablyr, itheystepraf sopmagingjthel finstand segondhecqupasey arpsures includes

forBy6R AP LRI TRt O SIROTRES 1 8PS A GEL ARG GO sequence
ass?glﬁmtﬁ the ?frgtrd‘ﬁentsgd LW ASW DR 2 LB ndSHREb A& vector

I'rst and second sensed data w ndows do not overl“ap.

corréspforidaiy 36 a bé@rebeered dacimandyw\sequietice dxabciated with the second
corresponds to the second sensed data_w ndow sequence

serissd idatewindowadsenoparisg sewgsplendingiehemvantemf the sirst and second
near est nei ghbouri ng sensed data w ndows t hereby

OCqURPRFYH §eHOFhdded occupancy vect or .

Preferably, the step of comparing corresponding elements of the first and second
occupancy vectors includes performing a vector exclusive-or operation on the first
and second occupancy vectors to determine that the associated first and second

sensed data windows do not overlap.

Preferably, the second occupancy vector that corresponds to the second sensed data
window sequence is based on the second sensed data window and its nearest

neighbouring sensed data windows thereby forming a padded occupancy vector.

Preferably, the step of comparing corresponding elements of the first and second
occupancy vectors includes performing a vector exclusive-or operation on the first
occupancy vector and the padded occupancy vector to determine that the associated

first and second sensed data windows do not overlap.
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Preferably, the step of conparing correspondi ng
el ements of the first and second occupancy vectors
w0 p@BA6kRSs per f orm ng a vector exclusive-or opePEI/ATZN00M01782
the first occupancy vector and the padded occupancy
vector to determ ne that thesassociated first and
second sensed data wi ndows do not overl ap. Optionally,
et | | econd
S e S e
occp é{ﬂ?txﬂﬂfc’cdi'@ Enﬂhﬂ@§péﬂ6ﬁhir?<§ ustioy enddireptonili exelusive-be
first occupancy vector and the padded occupancy vector
opetatictetetlng fisst heupartey eestarcinad g paddad egepaaepiaetor to

sensed data w ndo do not overlap. Preferab t.h

detegipe @a%g‘ﬁ'ﬁéf*‘?%\gé P ARAORG S@Bé?fgﬂ?{f ‘8%“4‘%@5 i gt overlap.
and second occupancy vectors includes conparing over
nei ghbouring el enents of one or both of the first and

PrefSsis1 gﬂﬁ{.‘&étp @fl@angﬁhgr@;relgp@ﬁ@fr%bélymehl’seof&he irsff and second
detefm ni ng whether a pair of sensed data w ndows_ does
occtipdndyavertarséntlagps ngmpenisgd e gietghbausingelemenikeine or both of
into account the |likelihood of a false indication that
the firgfand sscone PSEUPMV G NFows do overl ap. Preferably,
the step of taking into account the likelihood of a
false indication that a pair of sensed data w ndows do

PreRVY8bIyathd step 88 B8t@hiRfr/Whkthed alghiAsSagisad edtavnindows does not
pair “of sensed data wi ndows. Preferably, the_ step_ of
havieakierlgpptpsasedungionséndliides takiog ingp agcountdhe likelihood of a
indication that a gai r of sens,eg datcil W n:flovvs do
falsgydicafion Heat aRalr CARERE drtd UHCQRVHr rate of
a sensor or sensors associated with the pair of sensed
data wi ndows. Preferably, the sensed data wi ndow is an

PrefdFaes;, Wlé"&@g ARgkihBenfd d&bunntheslgedihdodiesisefdlsddhdication that a
W ndow sequences correspond to first and second i mage

paitbfislawed et ndrdowBrdef evarbipyis baked phupseviavd dage esrgciated with
i mage Wi ndow sequences correspond to respective tine
thequit efssegped ﬁlﬁbaegf_mdows.

Preferably, the step of taking into account the likelihood of a false indication that a
pair of sensed data windows do overlap includes taking into account an error rate of

a sensor or sensors associated with the pair of sensed data windows.

Preferably, the sensed data window is an image window and the first and second
sensed data window sequences correspond to first and second image window

sequences.

Preferably, the first and second image window sequences correspond to respective

time series of images.

Preferably, the time series of images is provided by cameras in a network

surveillance system.
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Preferably, the tine series of inmages is provided by
caneras in a network surveillance system Preferably,
wao b@siebod further includes the step of deterPCTIALZN02/001782
further subset of sensor data w ndows that are
connected. In a second aspectéthe present invention
accordingly provides a network surveillance system
Préfélﬁb%}ﬂ %H«Qine@h&&tfﬁ\@flgr ﬂ{chﬁfe@gﬁé SteptH b tS AR RIAYHEE Bbset of
one dr nore sensed. data W ndows g%ch corresp%n Ing to
sendost éaerlindovothande tomimadagl.i N total a set of sensed
data wi ndows; and data processing neans to determ ne a
subset of sensed data wi ndows that are not connected
and excluding the sybset of sensed data w.ndows, frgm .
In { FreoBghABrei DR GG A VR RILIRO NG PFoYVIHeS e pRky Ofipgrveillance
tnvention accordingly provides a program
”“§%§?§53d33¥ice readabl e by machi ne, tangi bly enbodyi ng
a P4 aetvaeRkodf densbrsy é&dmsbﬂFﬂmﬂMgmmbhﬁ@rs semed dita
estimating the activity topol ogy of a set of sensed
wintdewis aicidenespeasting to alsenspshiegtpriand foimiagis total atsetiof sensed
to a correspondi ng sensed region, the nethod steps
dm?ﬁ@FE%“Wb?naeternining a subset of sensed data w ndows
thag,@r ogggsir?ég{%%ﬁg ?61 de@ﬂﬁﬁég lng%eQ Q)ftsgﬁs(f%lu(l?ﬁtgtwﬁ’lfdows that are
sense ata wthdows fromthe set of sensed data
notdiheeed hid @xtiRidihd tiasaasket bhenged sabd wWidews ifiin the set of
accordingly provides a nethod for estimating the
serised alatawinflowssensor in a network of sensors
nmonitoring an area, the nethod including the steps of:
di vi di ng subsets of sensors into respective zones each

In ¥ HERY ggp@ct the f)?&@g{]ﬂ{\)&ﬁ%ﬁ%cg&dlﬂw provides a program storage

device readable by machine, tangibly embodying a program of instructions to
perform method steps for estimating the activity topology of a set of sensed data
windows, each of the sensed data windows related to a corresponding sensed region,
the method steps including:
determining a subset of sensed data windows that are not connected; and
excluding the subset of sensed data windows from the set of sensed data

windows.

In a fourth aspect the present invention accordingly provides a method for
estimating the location of a sensor in a network of sensors monitoring an area, the
method including the steps of:

dividing subsets of sensors into respective zones each viewing a
corresponding region; and

determining those zones where the sensor does not have an overlapping view

of the corresponding region viewed by the zone.
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determ ning those zones where the sensor does not have
an overl appi ng view of the correspondi ng regi on vi ewed
whoosher2gone. BRI EF DESCRI PTI ON OF THE DRAW NGSPCT/AU2007/001782

Enbodi ments of the present invention will be discussed
with reference to the acconpaflyi ng draw ngs wherein:
FIGURE 1 is a schematic view of a network surveillance
system i ncluding a network of caneras distributed

about a building; FIGURE 2 is a schematic view of

BREEFBIES CREFJEEONOOFSEHEIIRAVINGShe net wor k of caneras
il lustrat in Figure 1 depicting, how the, canera

EihoatRenGl tar pr it v ipToutl b distse i iones crreiorke

acc%rﬂﬁarﬁrirfl Qneh Whefiffet hod for determ ning the

S - . . .
act'ivrt topo?{o%y according to a first illustrative

FIGUREdI iganicheinatikerigwasenetivdrk slirillarde@yRterd induding a network
figurative view showi ng the overlap of two canera

of ¢arpeyes dissributgsbaleiuicp beildiager as havi ng di f f er ent

pent.ati ons when.viewi ng a conmon regi on of |nfterest;
FIG{BER eppehempticy sy it Bihern dmaarat TopoBatie i fianetwork of
B G 1 ANl TR M N diided

setdgs@hpPWifbowst ke reference characters designate Iike
or correspondi ng parts throughout the several views of

FIGUBEdriawi chapECfnIrgathoBESCRERTINON NBahe actimiy iopoliogy according

Fi.gure 1, there,is.shown schematic dj agram of a
to %@g%ﬁ‘ks%%fi‘(ﬁ‘e?mbﬁ B@e%%ﬁ(tgﬁlpfé‘é?nﬁ é‘?YF‘d‘tH%r‘gt ri but ed

ty - L di. . ' ' f ed

FIRYs R LA R SBFahDEIBRLAGS LB Gl PR
corrédpépiding ty EarBFRRHABAE diffeenPbkettatival WRRCEieSNAE @Fommon

100 i ncludes a network of cameras conprising sixteen
regfidi6pf inteliest;cmall | P caneras 1, 2 .... 16 that convey

éhe'r_'maesirh . o

FIGURE 5 is a plot of the number of exclusions versus the number of occupied image
windows for a simulated network of cameras.

In the following description, like reference characters designate like or corresponding

parts throughout the several views of the drawings.

TECHNICAL DESCRIPTION

Referring now to Figure 1, there is shown a schematic diagram of a network
surveillance system 100 being distributed about a building 200 for the monitoring of
an extended area both inside and outside of the building. In this illustrative
embodiment, network surveillance system 100 includes a network of cameras
comprising sixteen (16) individual IP cameras 1, 2 .... 16 that convey their images in
real time to a centralised monitoring site. Each camera has a corresponding field of
view which is shown figuratively as a shaded area extending from the camera

location.

Whilst the network surveillance system 100 depicted here includes cameras having

substantially similar characteristics, clearly the invention may also equally be applied
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real tinme to a centralised nonitoring site. Each

canera has a corresponding field of view which is
wabmsneR20gur ati vel y as a shaded area ext endi ngpd¢T/amaoneo1782

canera | ocation. Wilst the network surveillance

system 100 depi cted here incl8des caneras having

substantially simlar characteri stics, clearly the

to calYER bk Qé‘nﬁ)f'\( seﬂ'{é@ll éI &1%1‘8&‘% § 8f &meras or sensors
sensor netwo I nc nan dlffere types of
haviAgaraigleaange s %@I@Mm@dﬁow& emlagﬁ@c}m‘ratteﬂehcﬂ. iAsndepicted in
and ot her inmaging characteristics. depicted in
Figarejlmaany ofithe/fieltls o arigw of dae mdlvndewl eAmers Witkipverdrmafiue to
caneras will o due to.their t
the{f GRS #ﬂﬁcygm Brhgasdicnig pof A AT location
I t e
aochASR; 005 ML HLPBAIE MR e pcn o

thob&gkifled in Hli@aftnﬂiecmtimaelv%tsad&dd aread ssasotshowstienrud extent of
true extent of the field of view which will depend on

thetfledd opvievawhich willstepend amtheviptisal setapef dhe imfiwitsiual amera.
this illustrative enmbodi nent, the |IP caneras have been
optim sed for detecting information in the visible

Whri Paeqof nhaYel RRERS, dinh e #OHedPRENFRREREN bl & Qﬁﬁsed for
PP e %

e art that the present 1 nvention | al so

det@élﬁ)ﬂlg ﬁﬁbhﬁaﬁ@n anyhel Riile eamenet wavéelengihzgitdevilcehe apparent to
I mage capture neans or sensor device which produces a
thoseskidleddatthe itritieithepitesent investienisalsepppligdndtagny

cleg R T AN O BT G AR P4 G FAPS O5 A" B vics which

c%%teg g%eﬁé’é%ﬁd%% ﬁlg%vo?\é% +S8#s {TBPRI PG l}})%}ﬁ%%ﬁg'éenéea region. This

eac canera may |

mcﬁl&é’édﬁuﬂséﬁﬂhﬁgﬁ&i ER RS Phall AmE SN dddhdras, Xurhy c@mbfanand other
gr abber device to provide digrtal inmge data.

syskems kechvas audiocher e meapEingcysieniss n addisinrp eacthindividual

only capahl e of detecting the presence ta
camperepAy Anclade s Sft A RER a?ﬁﬁeraﬁwogﬂgﬁﬁa?% Q’%feﬁ g fyame

t i.on
srahget Jrvicane srowRtflet RS bRy HQRiiiBla Bhy comprise
a s%_rg_‘sgfr fhhtSis %W@aﬁakﬁ@ BedBidcinyithpadsehbCofataipat Withdean area
thereb}; producing only a single “pixel” of information such as an audio, chemical,

thermal or motion sensor or the like..

Referring now to Figure 2, there is shown a schematic view of the camera images 110,
120, 130, ..., 140 that correspond to the 16 cameras illustrated in Figure 1. Each

camera image is then further divided into K image windows w, comprising M rows

of N image windows in each row. In this illustrative embodiment, each of the
cameras includes an equal number of image windows however; equally different
cameras may have different sized image windows or only one image window where
the entire camera image is taken to be a window. Furthermore, each image may be

divided into image windows of varying size which do not necessarily have to be of
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120, 130, ..., 140 that correspond to the 16 caneras
illustrated in Figure 1. Each canera inmage is then

wo eooslen29gli vi ded i nto K i mage wi ndows W conpr i BETIgUu307/001782
rows of N inmage wi ndows in each row. In this
illustrative enbodi ment, each9of the caneras includes
an equal nunber of inmge w ndows however; equally

recfHrf £I‘%!Ha}3%%’[ﬁrrﬁ§y RRYe Aavevel Bé&w&fg RicBe WOEEDbe readily
wi ndows of only ohe inmage wi ndow whére the entire

descaied dyi avgyojéne Burtcsioarortthebidea wi ndow. Furt her nore,
each image may be divided into i mage wi ndows of
varying size which do not necessarily have to be ~

In @ﬁ%ﬁ%&%@%{ﬁ%@o%g %ﬁgxzéegﬁ%u&c%aég er%?{ Eg@ n%&r%eegﬁgﬁ%ﬁga%aarr}/ equiv.;cllent set
of R0 60 00 TRRTE G BELHR bt e vindovs
rel 0 R e S vl O bR R e Ay B of

im%H WaSHRORE ATl Hevewvellappidd eRWY of BB 9esh 4LErOfadily be seen by
early, a nunmber of inmage wi ndows will have

inspedidrappFigyre il e vs medtwiark saresillascecaystane 400 isypywidimgrimages in
inspectign of Figure 1. As network surveill ance
reagg@%ee ﬁhqr@mﬁﬁbep%mgﬁ YinAayequaneetor eafhamagg apigdow
cofbllulof T W5 RB0F B BRRURNGE s BOGH, LIRGE, Yo s
illdsRatiaRRso diMint SthelithalbBisindoMksd iy & S#RedédBiteal time,
the i mage wi ndow sequence is provided in real tine,
equailyaihleyintage wiralyev e quinwesen berbpsed an sheredasenerarr sensor image
. stored canera or, sensqr .inmgge infaormation which may be
infopatipnav ﬁla%b%%ﬁe @fqgr%nahgseﬁlow to Figure 3,
there is shown a flowhart depicting a nethod for
determining the activity topol ogy of network

RefHFiNS VR RS Bict e BEMetOE Hove HIfNAV @1k &Ieﬁi‘&ﬁng%tm@fhod for
I mageé w ndows” Win accordance with a first

defertiisingethie vetieith adpategt of hetwerlpsieseiitanicasesteiroh00 ét equivalently
step 310, fromthe images of canmeras 1 to 16, the set,
thegtet phigagamiadwysaieln apqesdance Wepiaditsh ilustatiyigreanbodiment of

As stated previpusly .. each | i ndow wi L1
R S A R et o
im&&& Witdows are formed as depicted in Figure 2. As stated previously, each image

window will have an associated image window sequence formed by the time series

of the individual images provided by the cameras.

At step 320, for each window w, over the set of image windows W, the occupancy of
each image window is determined as a function of time ¢. In this example, assume ¢
runs from 0 to some maximum time T . In this first illustrative embodiment, an

occupancy vector o; =(0,,...,0; ) is formed corresponding to the image sequence of
each image window w, with o, setto 1 if window w, is occupied at time ¢, and 0 if

not. As would be apparent to those of ordinary skill in the art, if two image windows
view exactly the same scene then their corresponding occupancy vectors over time T

will be substantially identical.
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of the individual imges provided by the caneras. At
step 320, for each wi ndow WL over the set of inage
wormdoer9sN , t he occupancy of each i mage w ndoRCT/aU02007/001782
determ ned as a function of timet . In this exanple,
assune t runs fromO to sonmelgaximumtine T . In this
first illustrative enbodi nent, an occupancy vector o;
=(on,...,0iT) is fornmed corresponding to the inage
sequence of each inmage window WL with o;t set to 1 if
In this BEOMWII\Wstra6ive e hedt, itiage windoand, Gs défined to Bs occupied
woul d be apparent to those of ordinary skill in the
wheH 4 petdontstBwezbgiibie reltuns fallewithiatitd ourtdarkand thaewindow. A
then their correspondi ng occupancy vectors over time T
persuin’$ layeess iriblkerepdtent may g@ heie pointroficantact wigh the ground, or the
dllustratjve enbodi pent, i e, W ndow W | efiped to
poimfeat Gebioith IWERPArRI ShHhed HOsRgopnes Sl A 4 pefeon
mov&@ drd Wd.tﬂﬂig}ihgeéo ,%é’l%hit@:gec% ERRErad oYY 1heiP §59ER visible
YSWest 'Visi bl e2éxt ent may be thei r poi'nt of cont act
exteMt Wit A6 vE FIA dneQanidie t¢ ahotheatindthienbe fiven ipage window to
portion of their body beconmes occluded. As a person
imageweisdamound bui | di ng 200, as nonitored by caneras 1
to 16, their | owest visible extent will nove from one
canera to anot her and hence frominage w ndow to i nmage

As ‘\{/:\IIMIQ?J?(? \élﬁ a@‘@a 5 ltg tpgseaﬁ@ﬁl&f fH tﬂe%ertc,g\g??cncgt?a#éf %éa@ufeh?an be

cupancy neasure can a numnbe

def@leddhfd RiRbtr AU GeRERE, Hdependihg cbieaibjitibeing tracked through
tracked through the network and the particular nature

the obtwbek sadnthapacimilaengorsof thetcanraragiand sgeeprs Goafeare deployed.
ot her exanpl.es of determ ni.ng when an i. e W ndow i,s
Sorgg etler @efamﬁ%aéd‘?ta@ﬁm% Y Hnﬁﬁ%“{lﬁagw gPegipggnclude

. . hi gl . ifi ' ' . .
1de§é{y\é’§$ Wheh ’g'\%;l%gas ddf% l?&ar% %g fé/"reﬁf%lé %I?tg?s %Merh‘fﬁ\#fletdzﬁga e window,

ifon o ar or raf response whirch 1 ndi es
the deEedRoBSENESOH R 2Fa8B REpohse Whidl Thidiest@y thegn@béraR,of@h object in
the activation of a passive infra-red, |ight beam

a paticglir, locdtion, ealthe avtdvatior otapassivaindm-sehdight baams weight,
330, the subset of image wi ndows VWV that do not have
chepyieal) apgiongy cARAREanee sensor.

At step 330, the subset of image windows W that do not have overlapping views is
determined based on the process of carrying out pair wise comparisons between
occupancy vectors o, to determine which windows are excluded or do not overlap.
The exclusive-or operation a®b of two binary numbers a and b is defined tobe 1 if
and only if either a or b is 1 and the other is 0. This can be generalised to vector

pairs a=(a,,...,a,)" and b=(b,...,b,)" by defining the vector exclusive-or operator

k
a®b=maxai (’Bbi

i=1
such that the exclusive-or of two vectors a and b is equal to 1 if a single pair wise

comparison @, @b, is 1.
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determ ned based on the process of carrying out pair
W se conpari sons between occupancy vectors o . to
waledosoen2oee whi ch wi ndows are excl uded or do noPCT/AU2007/001782
overl ap. The excl uswe-or operation aQo of two binary
nunbers a and b is defined tollbe 1 if and only if
either or is 1 and the other is O . This can be
In SRBEdM deSeHh tRe YREIR iMdintndtwo tAdows waknd w2l Be =
(& ,..., bk)' by defining the vector exclusive-‘or

det@PRiAPhoKtcPoferPir o B corindcfddPif tHEbxQHSHeld18. & HEof the
excl usive-or of two vectors a and b is equal Ttol 1f a

cor\?\%%ﬂ%‘r\tﬁﬁﬂg bbby SRS 8 W2 () Lt the 'sﬂb%%co\%.rn%\;ﬁmrlf\ferlapping

e’ present “i nventi on, two w ndows w. a
. _be determ n t.,0, overl or be connected if the .
imga PIRTGES dF G bs iBreRrgned Ry SRy st puan st EqipEgons via the
ectors o . .and § .is Thus, t he .subset .of, non,, .
exyar Ty 8?#?5&’%9@ i 8%9«@9@83% BETHEES MRl Y s then excluded
frofHfakeR St fihad Wihd 3T ABRbY SRS B pctiyity topology.
i mmge wi ndows Wis then excluded fromthe set of inmage
w ndows W thereby determ ning the activity_ topol ogy.
In this empedirpatinepheccupancy irfopmatipniis generat¢bwiilsevery new frame
enerated with every new frane retrieved fr caner as
retEPEt BoR itnbrhanly? 16 STMCh oY otsi g5 DY R s ST HERT &ond. Thus
AR EALE Pl g i RS SEBUBROK vy shprt peiods of
tinde reBult@guntinfignhatidrnalosueethe aotiaippg wpdlbgﬁ deirig/géryerated only after a
topol ogy being generated only after a short anount of
shar pgouriiod tﬁl@e-iﬁn@ thipagonsirtifon teaneny pirier aat metipeds @specially
especially thase based .on estahljshin orrel ati.ons
thah Bared e brib TS R gL ao iy YEHCh r o e s corng Dllpee
| . . . o \/. . . .
el %k BB SRR NE i PRLPRY, orcinly i

meshddiaidyodlso beepplied|iy sihafibnsatenbdalyodhort sganeti® of video are
avai | able. This nmay be the case, for instance, when a
avajtaipbe. dhis maybearthef ease fonénstance, when a camera is moving from one

location to another such as in the case of a pan-tilt-zoom camera.

As would be appreciated by those skilled in the art, the vector exclusive-or
comparison requires very little time to calculate even for long vectors. Furthermore,
as stated above the occupancy vectors on which it is based do not need to be
collected over long periods, but rather only as long as is necessary to eliminate
obviously non-overlapping windows. This is thus an extremely efficient means of
eliminating image windows which are not connected or do not overlap and hence

determining the activity topology of a network of cameras.

Whilst this illustrative embodiment has been directed to image windows, equally the
present invention may be directed to any sensed data window which corresponds to
a sensed region. In one embodiment, the set of sensed data windows may relate to a

set of audio detectors distributed throughout building 200 in a similar manner to the
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| ocation to another such as in the case of a
pan-tilt-zoom canera. As woul d be appreci ated by those
W@ kioBloet9s n the art, the vector exclusive-or cPOPADR®ON01782
requires very little tinme to calculate even for |ong
vectors. Furthernore, as statjgd above the occupancy
veftors on which it is based do not need to be
co e ,
confht 5458, QUSROS RO L A0 E0n OB il O  sound
maﬁ‘ﬂal_ _ cobBéspdndlihd sénsell re¥ionediahyrisihfictieastt moBasssell data
el imnating image W ndows which are not connected or
wirdowmnor avieglagpraed detnvsndewdhat effeqiivielie alsotfinrtigns as an
topol ogy of a network of cameras. Wiilst this
ocCcHpAGt FERPWE: enbodi ment has been directed to i mage
w ndows, equally the present invention may be directed
to any sensed data w ndow whi ch corresponds to a
In SRREA]1LSEhEPe ehibodiRcAFBPH TR entlilCersi®bn, Ghe 36B&&Hess of the
data w ndows may relate to a set of audio detectors
deteirairraitiont efcbviehlapughp bk ibyirbdedy 20@oinciags padded occupancy
manner to thecaneras already depicted (see Fjgure 1),
vecieBewhid! 1§ designadstonalie irtongeeunt @H&aﬁﬁﬁdeﬁgct%@ i Figure 4,
correspondi ng sensed regi on conprisi ng one or re, .
whegeris isp ersthle Wusdevhe @Flegt%mgqﬁgﬁé éﬂ%@ga%féiaéow aBRing windows

t hat . effectivel | f '
okl SRR VL KAE) 0 FADS LR RSP vacan such
W, Q]?&Sv@ r.‘th? kY ‘:‘e%dngﬂe,_ daBerk %H%E 086 & Khuhitel @HBes Mo@bhGAew to the
0 e i nproved

overlap may y introduci ng a padded

re YPRREH VR asRhe caﬂ‘@i‘&?ﬁn&@a ARBéFREh oAl st 8 laeskietted
account the situation depicted in Figure 4, where it

dowawpeds ividve whieh ttrd hecasrd miktatd distarfiohin veiademasy, twilben
over | appi ng wi ndows from each canera view 410, 420 may
corsgmﬂdttanep @ qouree asimitaedfah ovillacant if Swohcaaserdd asmdffset from
. In this exanple, canera inmage 410 is assuned to
ondenether.dntthisrcavierw sttupt, ke exdiusivealr df the regespératingoccupancy

the canera_image 420 corresponds to a skewed downwards
veapiomd orlicaetbaliosadawr oraany o' e REF PYRIAR IYREPAGAF they

W2 when |
partially overlap.

To address this potential issue, a padded occupancy vector p, is defined that
includes the immediately surrounding neighbours of a given window w, . In this
manner, p, is defined to have element p, set to 1 when window w, or any of its

immediately surrounding neighbours is occupied at time ¢. In this embodiment, a
uni-directional version of the exclusive-or is defined such that a©b is 1 only if a is 1
and b is 0. Similarly, the corresponding vector uni-directional exclusive-or operator

for two vectors a and b is defined as:
k
a0Ob=maxq, O,

i=1

Accordingly, in this embodiment the method for determining whether two image

windows w, and w, overlap is based on calculating o, ©p;, i.e. on the basis of the
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conpared to WL . O course a simlar effect will occur
if two caneras are offset fromone another. In this
W@ a0980612%%t up, the exclusive-or of the corresppCALZN07/001782
occupancy vectors could indicate that wi ndows W. and
w2 do not overlap when in fack3 they partially overl ap.
To address this potential issue, a padded occupancy

occ‘ét?ﬁh@;l; vBctor oS ad@fthe dt:l@étoct Wsdtgesectdep i MRl Gl B/e apparent to

rroundi ng nei ghbours a g| ven windoww, . In th
thogggﬁi?l%d iR:the aft, 46¢ b o[% ﬁﬁkﬁﬂg}ﬂbe&&' VﬁﬁtacE@m}nodate
when wi ndow w; "or any Its i tely surroundi ng
ocanphgbpmissligrsmentsiipithe spatidlidoenain. I n this enbodi ment,
a uni-directional version of the exclusive-or is
defined such that aQ is 1 only if ais 1 and b is O.

3 SRR S P B e o
carﬂ@xfab REGy @S tdhiPuE cde Barrie@hut ik The AGKOH SIS Ywhéreb

hi's embodi ment the nethod for determ ning whether t
elemmg ef withetoas omupaanyl Watton e fal pepldesl daspenonvector is setto 1 ata

calculating o . i.e. on the basis of theoccupancy
timpaghen tmlmagmwmgwmdtﬁemmeé@b%lﬁ@yr%mng preighbegirs is
t..to th k | ] th
oot i A TR ALY %%?Dﬁp w'ﬂ t “Ehe Sk 85408 s By can then
be Fhidd 'agﬁﬂﬁﬁtlg td &dﬁ&?eéﬁ Hﬂirﬁsat@ﬂﬁ%h’bﬁh Befween cameras.
accomuodat otenti rs In tinme

synchroni sati on between tmo caneras a simlar
techni que can be carried out in the tine domain,
Theheoessy oépaédm@frhe astupRRdyEYechPr fé@@uglaﬁl@ye glsetadlowsrthg activity
nme_when t

torlge oG R ‘Fg i PRty et Bu bR TTRY BB

PO TSI o B
obde@ve &@@I—‘ﬁd&féytd‘c WRe 84m8 Yinady A1t galsirwt gensrat ah dxelusian These

canmeras. The process of paddi ng the occupancy vector
windpwadrewingwbaeeddraffgandmot dewving bgen excluded, may be said to

overlap or be connected. This overlap is measured for a time offset of zero, meaning
that the images in which occupancy is measured in both windows were taken at

approximately the same time.

The process of measuring overlap may be repeated, however, for various time offsets
between cameras. This requires that the occupancy statistics for one image window
of a pair are delayed by a certain time period. Windows which overlap given a
particular time offset indicate the paths that targets take through the fields of view of
the cameras. A target moving from a first image window at time # =0 to a second
image window at time ¢ =1 will generate corresponding occupancy statistics. These
statistics will align, and therefore not generate an exclusion, if the elements of the
occupancy vector corresponding to the second image window are moved one time

step into the past.
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t opol ogy of image wi ndows which do not have views of
the sane area to be determ ned. Two i mage w ndows
wokioshetes have vi ews of the sane region will OPGEAUZI07/001782
occupancy at the sane tinmes and thus not generate an
excl usion. These w ndows, havishg observed traffic and
not havi ng been excluded, may be said to overlap or be
OffeenRRCiRbeckPhicyPVE&itbAR T SspRASHS 88lsd@hdantd glBwtdsRin time thus
of zero, neaning that the images in which occupancy is
allorea the edlisiohgrbcessrid basised te ideadtdy the nappororf magetsyfrom one
.the sanme tinme. The process, of neasuring overlap nmay be _ _ .
wingew 4 egothindderian Brusiaricaies a qonnestipa betwaen yeBfows which is

LS: I jres t occ statisti

br P R » PR skt R bR R Bt S et
certain tinme period. Wndows which overlap given a
particular tinme offset indicate the paths that targets

In thakmanimeougtertdpewhienltidse offsats eve afnsideredanil also irdicate the paths
target noving froma first inmage window at timet =0

takep apdgronide ?%1@@ lw?wa%%logt forjegmating the actiyindprelesy of the

rresp i.n upancy. statjstics. These stati;stiegcs
neR ek SRR A8 G NBERRERS Bl o taf Bpd AP Rl i fifect as the

tiref off e iredr8ARA! $n@thik ReuL PeURRAE I tY BEERINGAHE SPERELBE process.
to the second i mage wi ndow are noved one tinme step

The proceshef dattrn@hirpedtdriap islhehawdspanaffestedt or
corresponding to second i mage wi ndow in tinme thus
all ows the exclusion process to be used to identify

the notion_of .targets fromone w nd 0, anqt her. ‘
The\RGAPHES Pra®s ihOPESVBEISRIE 59 Hde POSTD b @n W ifisRgot equal
whi ch i s broader than a physical, corr ondence
0; B mé%"ilnecﬁ’é‘r& eSPnppyative %/Wé&é]al.s H%ﬁiecfl’gg STRERSHef response to the
overl ap when tine offae s are qon%iaggred will also

asyppetyt @f thedneanrg npigRe Re s tegstien i beth er@p; and o, ©p; in order

information for esti mati)r;ta the activity topol ogy of )
to ideatifpthpimags wingewass erHuded hrkureagiehchsior ir(irawn. This

i ndous | b Less. di i e of f
PPl RIS LTS, ofD S s s et W B R Themertedtpat every
wifdbivBldr @Re BRARESSnert e to?k S5l hislehgr &cﬁwﬁcf Y@Eés@@ry to

I's otherw se unaffected.
calculate exclusion. In most practical camera networks, it is likely that some windows

will be in a position whereby they will never be occupied.

If it is accepted that a window pair do not overlap if either o, ©p; or o, ©p, identify

an exclusion or instance of non-overlap, then every window in the network may be
processed. It is still not possible to process every possible pair of image windows,
but the overlap of every image window which may be occupied with every other

image window in the network may be calculated.

In another illustrative embodiment of the present invention, a probabilistic approach
is employed to determine whether a pair of image windows indeed overlap or are
connected that is based on a number of measurements or previous data as opposed

to a single contradiction. This approach takes into account that there may be an
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The neasure 0. QP is not symretric so it is possible

that o;.Q does not equal QJ Q , reflecting the
w@emsesras i ve nature of this paddi ng process. BCT/AU2007/001782

response to the asymmetry of the neasure mght be to

require that both o @ and o015Q,- in order to

identify the image wi ndows as excl uded before a

inheRMEleYRirqatd SssEERYEY with heRPESALY hEasdiR W\ RitectRIH Process
suitable for situations 1n which it is expected tha
emplarey inithd eurwaiBanddwy st ithat coabed patergiabiyrdesuit lih image window
exhibit_the occupancy necessary to calcul ate
paigseeingiclassifias! imgatrepiiy as pratlappingray unowsered- it is
likely that some windows will be in a position whereby
they wll never be occupied. If it is accepted that a
As Wg@ geMk Bakdriien i&Ys‘E},l tBR obfer¥htiBAda®a Wl Bhsit ofdhe set of
I dent1fy an exclusion or 1nstance of non-overlap, then
meastaieyl odcupanciesnahd eonespaiding@xchsiqr ecats.dthr dnl inhgze window
still not possible to process every possible pair of
pair Heajeasisean asupher efeccypantigpbut feav exslupipng dhen Hdelikely that

ol R SRR, AT, SUPL L T MDSON y
occgl pﬂgﬂegﬁg_{ie PhsdIRRl B R36AQhtdBAR ALY thdnRf RRANIKEF H?e?c the image

r
roach is enployed to determ ne whether a pair’ o
windi@ge doi ovdelap. intide dunkier érapodimertea bgpotudsidot inadgd window
based on a nunber of neasurements or previous data as
overhapisdedsted based pglcaladatingthedikadhootitiasioappr oach t akes
into account that there nay be aninherent error rate
associated with the occupancy neasure or detection
In chc89§acr§ce%ﬁhq}{%ﬂ?fogaﬁﬁﬁti§ Héﬁ?ddc!lga{, HSoRbNiRP L BAls £8\efined at
potentially result 1n 1 mage’ w ndowpai rs bePng
tinl assified incorrectly as overl appi ng or unconnect ed.
As has been described previously, the observation data
Wi Ml pcon@i st of the set of nmeasured occupancies and
correspondi ng excl usion events. For an i nage w ndow
pabBr o} kdt has seen a nunber of occupancies but few
exclusions then it is likely that they do in fact
eVier impge Giinddws |y, arficdow, aveslap of i mage wi ndows where
the majority of occupancies have resulted in

IS OGhAEEiRASIISH, O W)&tb hdt dvertsp) | kel 'y that the
I rage

As such, events 4 and B together define a contradiction as stated previously.
Initially, the likelihood of a single contradiction is computed, given the binary
hypotheses ¥ and 7, in order to determine the likelihood ratio

Pr(AB|V)

Pr(4B|V)
First compute the likelihood of a contradiction occurring if the windows overlap.
This can be written as:

Pr(4B|V)="Pr(4|BV)Pr(B|V).
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wi ndows do overlap. In this further enbodinent, a
hypot hesi s of i nage w ndow overlap is tested based on
weadosnbrps ng the |ikelihood ratio. |In accordane€r/mwdn7/001782
this probabilistic approach, the follow ng events are
defined at tinet : AP1 OHB6 ou\ V: imge
wi ndows WL and W overlap V : inmage wi ndows Wand W
As@ﬁnﬁﬁ% tRYSBdtRRaftera Yells SrMABHSaré o@ag ?bhﬁgﬁél?zeche @Sfrierb%ale, then
a contradiction as stated previousl Initia
thel integei wriratbvofw, ds somglletebordvieael by ithe neighbophid edl pf w;, if image
gi ven the bi nary hypot heses V and V, in order to

witked®s 1, éd he dviekiabi m&@fd@tth@ Ma‘lﬁhi\. [ #93) W1 be governed

Fi rst conputé the Tikelihood o a contrad ctio

by Q&FAHih A Brrbf rAtEE\th@ ﬂé@@%nﬁ’é‘s@ﬂ'c&@ectﬂﬂﬂs%f%@u}?%cyl} WiHiBR is defined
as: \r(AB\V) (A\BV)? t(B \V).Assum ng tha

as Caéhen hhelcdspaficyvéemt ds misded dpypthexdetedtidryptdressinestill possible
scal e, then the image wi ndow Wis conpl etely covered
thapyp ¢ il h@é@Whﬁhd@@caenWaMheWe@ difheBals” WL and W
overl ap. Therefore the probability Vr(A BV) will be
governed by a tracking error rate (the rate of m ssed
det ec

ThE VBB biAR &5 CafBRrRed i BlnlypBngs the BeckRs <srduat € by an
estlrhatehfthb i)lro‘t%?ﬁﬁ’gpﬂh% t;f],la 8%?% ‘ebe éoagfecﬂ%%?ec@itolﬁefraﬂe Tl)l/erefore the

etection hi's event ua

for by multiplying the tracking error
prébgatbgﬂglg% an estimate of the probability that p .t

woul d be O if the detectigh#@ . |=egh. Therefore the
probability i é’r(;ﬂi/éﬁ)bﬁxﬂ

where T is the total number of observations (which is the length of p,). The other

term in the likelihood is then computed as

count(o, =1)

Pe(B|7) = 221G

To compute Pr (AB | —I;) = Pr(A | B—T;) Pr(B | V) it is first noted that if image windows do

not overlap, 4 and B are independent. Therefore

Pr(A]B?)=Pr(A)=w

and, as Pr(B|V)= Pr(B | f/_) , the likelihood ratio will be given by

Pr(4B|V) _Pr(4|BV)

Pr(4B|V) Pr(4]BV) ¢

Thus, the plausibility of the hypothesis that the image windows in fact overlap is
multiplied by C, the tracking error rate (which is expected to be very low), for each

contradiction that occurs. This implies that the overall probability of a pair of

windows overlapping will be given by C*, where K is the number of contradictory
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countGa . =0) Vr(AIBVY) = & - where T is the
total nunber of observations (which is the length of p
WO 2008/0629%0t her termin the |ikelihood is then PORpUR®A001782
as ?r(B\V) COunt | ) To conpute "Pr(AB | Vj =Vr(A
|BViVr(B |V] it is first noted that if inmage w ndows
do not overlap, A and B are independent. Therefore -

o4 s o ) el P iy S o, 380 v, o
vecth¥d ABindVb of thﬂq Y%:B¥le opéral@r(réBirnV)K V1.€A \ BV) Thus,
the plausibility of the hypot hesi s that the inage

wi ndows in fact overlap&s I[tiplied by C, the
tracki ng error rat%@k’\ﬂi_ﬂn@@ expected to be very
low), for each contradi €tion that occurs. This inplies
that the overall probability of a pair of w ndows

overlapping will be given by Ck , where Kis the
In nmostigenecd] applicatols; emoy obiwe upapidihsan Priexpeetadised in these cases,

cal cul ated by defining operator O such,that, for .
empleFEEg Oét%ﬁrcg’a@fhﬁtlér?@‘t: sfon H‘Fﬂ%lf&p‘@ﬁhwrw&tg‘ﬁ?ﬁe\p%@“am
i.e..k afb . L= - - By i
of o FeibRatop it st Rne S e B af BIETEhiaPRe, it 6/ RS me
nec&RaRFto SHFIO¥ BRIYe tRiffit BefoRe dbaRild edndusiyas veiaeding overlap
nmeasure will inprove the determ nation of the activity
betwo@obaiyy of imagasdsduoiver e the error rate is higher, it

may become necessary to observe nore traffic before
draw ng concl usi ons regardi ng overl ap

In a further embodiment, this probabilistic approach to determining the activity
topology is extended to deal with data generated over longer periods of time. A

modification in notation is employed in order to describe this further embodiment.

For each image window w, there is defined to be an associated random variable (04
which represents its (a-priori unknown) occupancy at time ¢. If it is determined that
window w, is occupied at time ¢ then define O] =1, which is represented by the
proposition of . For w, unoccupied at time ¢, then O; =0 and this is represented by

the proposition ;.

A padded version of 0, labelled F' is defined similarly, and the proposition that
P' =1 represented as p;. As has been described previously, the measured occupancy
of an image window w,, provides an indication as to the presence or absence of a

target within the corresponding sensed region. Typically, this does not relate to a
specific target as such but rather a determination that the image window is occupied.

In this notation, the presence of a target or the fact that a window is occupied is

indicated by the proposition that the random variable F =1, which is represented as

£
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bet ween pairs of inmage wi ndows. In a further
enbodi nent, this probabilistic approach to determ ning
w0 b@sac2ds/i ty topol ogy is extended to deal w tPCTHaU2007/001782
generated over |onger periods of tinme. A nodification
in notation is enployed in ggder to describe this
further enbodi nent. For each inage wi ndow WL there is
defined to be an associ ated random variable O which
represents its (a-priori unknown) occupancy at tine t
fodit of ®i ], atraWHBEPVEAMADIE I, 06 GEgicestedf with the
Foretalché)dtnt? gﬁﬂgée‘f%lgnm}érﬁv\ﬁilm is represented’by the
i i teBThpAdr dre@nhectetifepreoented b
proﬂgﬁgﬁ%}ﬁﬂsalt?lge Wé}g?é‘gg\ﬁhtdégq%whe roposition . Apgdded y
settiM@781=0n thfs in tuah Beirgdrepiedentatthy tieenstationav,l gnd trekltdreative
proposition that P! = 1 represented as .As has been
that $8S ¢ih8EWs RIENGIsdrlap 1w, measur ed occupancy of an
i mage W ndow w. , provides an indication as to the
presence or absence of a target within the
correspondi ng sensed region. Typically, this does not
Once egairetot assesssheevidence doyyend againgethepropositiay that a pair of
determ nation that the image w ndow s qcgupj ed.. | .
wingeyws Q’Yéflﬁpiao]ﬁlfel’?’t@dpﬁaé@@r?&’g%‘m 1§ eF%Pf&é(Faog*St 8“%%%‘{11’1”6‘”0“515"
hat, a w ndow i ' iS¢ 4. 0d] i
the g s B e B HRLRG i A PRLEFSSE Mighitf of the certainty

whillt B L&diReRera pas bf Patiaditting hyposhebs anch us irathis case the

random variable V.. is associated, with the
projposifioss thapnhe hahdowe wi artbws dio ok dlofrat ovedap giyeprthgobserved
connected represented by setting VO =I , this in turn

datdei ng represented by the notation vJ and the
alternative that the wi ndows do not overlap by vi}
Once again to assess the evidence for and agai nst the

| It t hat,. [ i . .
tn cRisgfnresotr PabptmaRs o kol BREHE LY Fox e Bropasiions that
(RPRERTRESE PRLPE By i _. c
i A A o R BT Ty oy

be ascribed to a pair,pfvrGontradi cti ng hypot heses such
as in this case thg:ngfcﬁaﬁj%u,ons that the w ndows w 1)

and w. do, or do not,PtxériFgp given the observed
where N represents the number of exclusions and T represents the number of

opportunities and x,” represents the number of exclusions measured and the

number of times that an exclusion could have been measured between windows w,

and w,, but wasn't.

Both the numerator and denominator in equation (1) may be represented as binomial

distributions as they result from the repeated selection between two possibilities (x;
and %) implying that
PGy 17)=(7) POy 17, P&, 17,

» 2) & (3)
= (1) PGy 17, A1=PGx, |70
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data. In this illustrative enbodi ment, the |ikelihood

ratio L for the propositions that windows w. and w. do
wo®slen29§ VO), and that they don't ( tj ), is POUWAN200Y/001782

V(x"lIt L vV )> (1) ( Gwhere N represents the nunber

of exclusions and T representi8 the nunber of

opportunities and xf!/t represents the nunber of

Accéﬁ%@,g{]&%fgﬁ%% BibablRiAUPRE vOf add MBS, |¥]§lar@Mmportant in

ave been neasur éd et ween W ridows w,

integgﬂegiyny%t'&e%%hld%@%g%Jéas%llltggM(:l f}bl% {Hf'gi@rr@&ﬁﬁea%tween windé)ws w, and

S
may be represented as

W, Rzihréﬂpgo@ia og ia?n § bHBicEQ%lﬂ?ar{e%ﬁgly( §ae h:%ﬂgéﬁﬁ)gé Bfan exclusion is

/ réepeate el ect4{ on between two’poss It (x and 0O

' ' at \T-NAccordingly, determ ning the
the%ﬁ%ﬁ%%fﬁ%gesg V(X 11 - Jv ) and V(X 1 ]Jvr ) are

i mportant in interpyehip(dHe. exclusion results. An 4
exclusion is recorggd't)betg\éig’g wi ndows w, and W when @

If ithtagEu @ﬂqatf%helhaqg%o%@ia%@%@%%inﬁ@%s@ﬂpﬁﬁ@ivl/.i,ft]}(ergbi and P,

n exclusion is therefore defined as If it' is assune

areﬁlﬁggrP%?%glﬁS@%@%ngv&%ﬁg ween w ndows w. and W ,

are In ent events and accordingly

V(X 13 W) V(O ) V(PG F,XSP(©)P(5,) ®)

y

where P(0,) and P(P)) are calculated by counting occupancies.

If windows w; and w, overlap, the random variables O, and P, will not be

independent but they are conditionally independent given F, as the only interaction

between the two random variables will be through the presence or absence ofa

target in the sensed region corresponding to image window w,.

If the two windows are within the sensed region of the same camera or detector, it

could be possible that the occupancy determination process used to measure O, and
P, could interact, but this is unlikely and in any case image windows within the

same camera would not be compared in practice due to there being more effective

methods to determine the relationship between these image window pairs.

The following considers the case in which windows w; and w; overlap. The fact that
0, and P, are conditionally independent given F; implies that

Py [vy)=Plo, | H)P(p; | F) (6)

As there are only two possible values for F;, these can be dealt with explicitly

resulting in the following expression
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where V(O ) and V(P} ) are calculated by counting

occupancies. If wndows Wand w overlap, the random
woarsabizes O and P will not be i ndependent butPeTiay20re017s2

condi tionally independent given F. as the only

interaction between the two rZhdom variables will be

t hrough the presence or absence of a target in the

sensed regi on corregpondya g f | Wik wew, .| f

the two wi ndows ar Zr(w’{ P_ﬁ? ﬁ%@ﬁ?zmggﬁ% of the ?)

sane canera or det &pd)AM@,; LHMPY be possible that the

occupancy determ nation process used to neasure O and

PJ could interact, but this is unlikely and in any

case inmge. W ndows wi.thin the sane canera woul d not be
Thetsapurda 1i/n Wé@%qné%ﬂmlérobébﬁﬁ}é metiheitieh Hs ecaipreey i ve

net hods to determ ne the rel ati onshi,gr be,éfv\glen t hese i
deteRRAtRRIGTETRFASe PrRectst foRarrrrtiydHsn st thapresengesof a target in

o By A0 LGB R S
PR ol bl 5

WO possible v Sse Cah be dealt
with explicitly resulting in the follow ng
expressionV(XiJ Iv ) =V (1 )V(P | )V(Z)+ The term
The¢ #xnt #fo d yPniepredentptianaobhbility witthwiitle Beddiincy will be detected
occupancy determ nati on process can be expected to
in wirtdose t, ywhee tihé tyrredporpling sanedakghn ds@aiot dntdia a target (i.e.
i mage wi ndow w. (i.e. that the sensed region is
theaehsml tegioe tupdteattualhbecupded ) Fhisis¢hefdsd pydtivatteffor the
t he occupancy determ nation process. The termV (
occypzangy d@%ﬁ@%ﬁ@%ﬂph‘éﬂ%ﬁ-obabi ity with which occupancy
wi ||l be detected

The probabilities relating the padded occupancy of window w, to F;, the presence or

absence of a target in the scene volume corresponding to w,, are somewhat more

complex in form. This is due to the fact that although the two windows overlap they

do not correspond to the same sensed regions. The fact that windows w, and w,

overlap, however, implies that if there is a target within the sensed region

corresponding to w; then it must necessarily fall within the domain of p,. As has

been described earlier, ensuring that this is the case is the purpose of the padding

process. The overlap of windows w, and w, thereby guarantees that

P(p,1 £)2 P, f) @)

as it is known that there is at least one target present within the domain of p,.

Equation (8), and the relationship that P(p,)=1-P(p,), implies that

P(p; 1 f) <P | f)- ©)

In practice the following expression is used for computation purposes
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i n wi ndow 1when the correspondi ng sensed regi on does

not contain a target (i.e. the sensed region is not
wa@ewsab12ys occupi ed). This is the fal se positi VRCTAUZ007/001782

for the occupancy determ nation process. The

probabilities relating the p&lded occupancy of w ndow

wto Fl1, the presence or absence of a target in the

scene vol une correspgndrNg dg |V, are sonmewhat nore 10
conplex in form Tﬁ?g’ lldéj%ue( ’tlz%t he fact that although {10

thid BlEng e Hl%dx?%tfg)ﬁgaltgﬁlé d%@%&?é %8%&151%%8 Qeﬁeétg)c&v{.]ﬁancy

sanme®sense act tha ndows w. an

frequeeicl 3 by Wan@vier mord@pédueatel adtirnhtetthiyr erababiity aMietfalse negative
W thin the sensed region corresponding to 1 then it .

rateshstuld deewenen, by quitel sgll sorrnyHacreepaimaesurgcy woukd be marginal.
been described earlier, ensuring that this is the case
is the purpose of the paddi ng process. The overl ap of

Thei\i\énég %%ﬂ%ﬁ%hﬂﬂrﬂﬁgpp% gg%?ﬂ; anbRES (P8 Bhdld il‘lau%iﬁsl; tnhe image

there is at one target’/present w

.the domai n..of p.. ' 8)s, t e ] hiyp
windiSy SOCE 1F DR pofte 3 HEP seed n HRRG S S FIARTING includes
foll g\é\n ng expression is used for conputation
w; BaelSERES (P 1/3) = V(p, 1/J) (10) this being the fal se
negative rate. It uld also_b e possible to collect
occupanc¥(Py kel H@E(M Sl £+ Féeid SatRum: iufzéﬁ y (11)
estimate this pré&dability. The fal se negative rate
shoul d, however, b e quite small, so any increase in
Thacondion Vpgharamteesithatiheae areMhe targetsgn ani oxsslepping gegion and
must b e enpty in order for p~ . to hold includes the
furthragereitiatoR M AEIP(L,9 . Beiig pbadices the folldwingsrelatifnship is
nei ghbours, defined as JV ., includes W itself then
assMedl \f i)= Y[ [V(ok \f kK)YV(f k \f i)+V(ok \f k)V(f k
\f i)]. (11) The condition f . guarantees that there
are n o targets in%ﬂ;bﬁéﬁ%p\g@ Fegi'on and (12)
furthernmore that V(f k| /J) V(f k) . So in practice
whdre @, | A0 iaghe eluatnegasive paiefonsisipmdpancy determination process

and n is the size of N/, the neighbourhood of w; over which p; is calculated. The

factors which make up the second term in the sum in equation 11 are both small in
practice as they relate to the product of two small probabilities and hence are
significantly smaller than the first term. The second term can thus be ignored for

computational purposes.

The remaining terms P(f;) and P(f,) from equation (7) then require evaluation.
As

P(0)="P(o,| [P+ P(o, | /)P (13)
where P(o,| f;) and P(o, | f)) are the (known) true and false positive rates of the
occupancy determination process and P(o,) can be measured by counting. Given
that P(f;) =1-P(f;) this relationship can then be substituted into equation (13) in

order to determine P(f;) and then P(f).
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where V(o~ k \f k) is the true negative rate for the
occupancy determ nation process and n is the size of |
wao b@sneizghbour hood of w. over which pj is cal ceC’EABE2N07/001782
The factors which make u p the second termin the sum
in equation 11 are both smal R2in practice as they
relate to the product of two small probabilities and
hence are significantly smaller than the first term
The second termcan thus b e ignored for conputationa
Acdoudip@desn thisdllusiraiine sgboeimend4 Aifthanefifiddas)indatefor the
equation (7) then require_evaluation. As V(O )=V(o

11kel1h@))d\g:)1t1cp M(r@y[bg}iv(e;g;)mgd yhidly @r@m@@@a\mgge ageyrape gneasure of

howy KB R AR O DY LoRRToV (e oI Rifhggheasured

greasured by counti ng. Gven that V(f j)=1- CZJ) this
rel ationship can then b e substituted into equation

¢ 13) cduntotale nuentsietof iitheseedcR(idkbge anicthdome had Bé&h) pccupied;
.Accordingly, inthis illustrative enbodi nent a
$ urat tremtrog ithe edndwtriafinees exchtifrmgeiwisidovopdirrtasibeen excluded;
may be determ ned which provides a npre accurat
nea?sm@taf the Wurmes| of trpes %a%ﬁgtagﬁmri% Balfi oS possibly have
equ ap bﬁbcgd on the follow ng neasured data: a count
r’of times each image w ndow has been

OC%e'tﬁQe an&félg’élgbsﬁfvetr% o BBAIpRly ldi@siRaahdi mage
wi ndow pair has been excl uded; a count of the nunber

of thenhsge @a@fals@ﬁggammﬂanrmmupmwdmsﬁml y have
been excluded; the true and false positive rate for
occupancy detection; and the true and fal se negative

ratefo det Thea roac Loits .

T S H9Eh £VE 0 B ARG RIS ocH SR O HoT AR HETH 7 g O
elififnating the possibility of overlap or connectivity between image windows. This
is accomplished by accurately modelling the factors involved in order to reach a

conclusion that is well supported by the available evidence.

The calculation and incorporation of the likelihood ratio based on historical data
takes into account detection errors in determining either occupancy or non
occupancy of an image window at a given time by expressing a confidence level in
the proposition that each pair of image windows do (or don’t) indeed overlap. This
confidence level may then be compared to a threshold value when determining

whether to accept or reject a determined exclusion or overlap.

As would be appreciated by those skilled in the art, this approach can further
improve the efficacy of estimating the activity topology of a set of image windows,
especially in those systems where there is expected to be a significant error rate in the

occupancy determination process.
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elimnating the possibility of overlap or connectivity

bet ween i nage wi ndows. This is acconplished by
waewsne2es y nodel ling the factors involved i n PCHaD2000/001782

reach a conclusion that is well supported by the

avai | abl e evidence. The cal cllZati on and i ncorporation

of the likelihood ratio based on historical data takes
RefeffiRe BRES Hg&in%tﬁ%ﬁfé’ﬂ iEEdPbSsde 18t 6Ft8h BARGr & thhesurveillance

occupancy or non occupancy of an inmage wi ndow at a
netgiorksuth ee neywerlpsayiliegca sgstefri Hihiven] eatelrali dusthes or zones. For

proposition that each pair of inage w ndows do (or i
exagioplet in nefavsd syyeeiflapee a}fﬁ‘c%mclgﬂbmglém&m%m beggen fagpntain one

be co ar ed1 t9 Otﬂgreeshol d val ug when dre(tielr m'rpcisng i nd
OF TRIEY HEFED '8¢ &Sﬁt TS FRSERS ORHP R R REdI AL PRl G FPaces, a
B B it P SuBfyohs #@ctBmposition of
theabpologyyacofuistion emtli trgrkide padhlemi ihyo & opmhlogryofefuracillehce zones

of image w ndows, especially in those systens where
forthisisite] s apgdusative example el Faa masége getergpiped o be a zone

.t he occupanc eterm nati on process, Referrj ng once
with S e B ek i ARoraE R RS A BT Hhf Sl Rmeres
mohﬂoﬁr%{hgq'blg%y?l%é@éﬂprk such as network surveillance
system 100 form natural clusters or zones. For

exanple, in network surveillance system 100 buil di ng

200 can be seen to _contain one or nore caneras in each .
A zeieiwidl typaerdlyale defined by toe featiiedbptcamarasusithin a zone have high

o e o B Ghh R Pk dh W i grens
traAS8Yhs P%f@ébﬁ?&iésraﬁ? Kh S tP%}RB} ERstAi Qe M@%&n@fe, as illustrated
survel l 'ance zones for thi ite. As an illustrative

in Bganpl stheaadh tiaegitiottletheeteinesutidoet zone (g acaneras W 2 hnd 14)
a nunber of overl appi Eg cameras, as may a corridor,
A

and hdolsley zofe (aagetaarerapabt 1% lAgl tdand 1oupgy batbreuglvthe front door of
one W | Wt %ﬁl cal l.y. be gef i ned. b%/ the feature that s withi

th 188 W't ﬁF%Q e wasthenAgive eHEFEd GrimpaggEHLgY is within a

] A8 80\, AT o o

actBARSPRILGEH forfthe rexRapk of cafiedak) Tisik lcah ®@ especially important where

a malfunctioning camera is replaced or a new camera is added to the network.

In another illustrative embodiment of the present invention, this grouping of
cameras or corresponding image windows into zones and performing pair wise
comparisons with respect to the zones is provided. Advantageously, the form of the
occupancy vectors allows them to be to be merged using a logical or operator
allowing in one application a combined occupancy vector to be formed for a subset
of image windows corresponding to a zone. The merged occupancy vector m is
defined for a set of vectors {a,...a,} as

m({al...a"})=[0aﬂ] .

i=1
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in Figure 1, the only transition between an outdoor

zone (e.g. caneras 1, 2 and 14) and a | obby zone (e.g.
w@amener29gl5, 13, 12, 11 and 16) may be throughr@€iau2007/001782

front door of the building. Thus determ ning whether a

gi ven canera or inmage w ndow4is within a zone wl|

greatly sinplify the subsequent network tracking

bl d RV
R e

as.” Thi's € ‘especr a r _
reprBBarits! B {8l A@u af IS tHERhALeRilows Hew Gafepand so the
added to the network. In another illustrative

indielthedbrentarafy tdreonsr Bseimporzentioi rorte thél snmgrgeppagipeincy vector
cameras or correspondi ng i mage wi ndows into zones and
of thge kiR earwgt paiuseditorticoinpag PYRNSHAT AN CSSHRAICH WP

e e -
vectglé E%_gé £8t gg%%‘él?éﬁ[:y af rRvritGetyofe RPRIsh6AlIM cdnbined

I ned vector to befornmed for a subset of
imageraged wivralensAs anrexapgriel bhthis, ot & expretedThet ther xpedlt of
occupancy vector mis defined for a set of vectors
m({al..a, 98 2,aeniq & Howexer, thergsult of aamitg -3, 13 ayillglways be 0.
occupancy vectors in this manner, results in a new
vector that represents the total occupancy of all the

Thu|8 E:E% %}ﬁ\%\ﬁggg %@f—%ﬁf?ﬁ}’ ‘?G%E(%ES, %g%? %’lgeﬁ(% a?gﬂ&ﬂ%céhgh%g%er%nd tothe ©
on PRSI ET  pmRBcdy v

may BObESRNGH BEe StaftiBg cdupagey wectdow, of hirsferasblyenatieepaalded
1 in a nerged occupancy vector does not inply

occ@SEHRARCYOr0p, tdeespiridiag Yo of Wwikeeapprepriatilsnch as where the
conbi ned i nage w ndow area. As an exanple of this, it

situbSoR XP&Rfed th Figlife! sess) Ac@rdifgllthe. aver)aplof a wamddse w, with
1. However, the result of (c)m al...an}) wll always

the B8bdt of Magé hEnaBNIVEEH) 00K YRR ey form anmyhe) earu tesh laes
the second operand to the (c) operator when performng

deté@nRidlll BY &EcdeRad, Saf({p[he Merged occupancy vectors

This process may readily be expressed as pseudo-code in the following manner:

OverlappingWindowSet = function HierarchicalOverlap(w , S')
% w s a window within the added camera
% S ={w,...,w,} is aset of windows (e.g zone) already existing within the system

set o to be the occupancy vector for the window w

% first the case in which there is a single window w, in S

if =1 then

set p to be the padded occupancy vector for the window w,

if not excluded(o , p) then

OverlappingWindowSet = {w; }
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may be based on the standard occupancy vector o. or
preferably on the padded occupancy vector p;
weorsespedi ng to Wwhere appropriate, such aspeiiapzn07/001782
the situation illustrated in Figure 4 arises.
Accordi ngly, the overlap of &5wi ndow w. with the
subset of inage w ndows WL...W} which may form a
zqgpgi can then be determ ned by calculating o
(e)ym((p, ...p,,}) . This process may readily be
eddipr essed as pseudo-code in the followi ng manner:
Over | appi ngW ndowSet = function Hierarchical q verl ap(
w, S %wis a windowwthin the added canera % S =
%knd recurse in\ig] cass whers 6t carfiaingi mateihan o \gndowne) al r eady
existing within the systemset o to be the occupancy
Quedappingfindowbet = fdow w % first the case in which
there is a single windowW in Sif n =1 then set p
sebmrenthe padded occupancy vector for the window 1 if

V@@ééﬁﬁﬁﬁleﬁﬂ d(o , p ) then Overlappi ngW ndowSet =

if %nd recurse in the case where S

Cofat 81 NGbampk Grst harlcpieatswk gdow Over | appi ngW ndowSet = {
] set ' mn/3 while S not enpty set Sln to be the first

M gt §rRTHesh@tiniéh &féle padidedl deeupaiey vectorefor¥ t he padded
occupancy vectors for Sin if not excluded( o, m)

t hiot Exokiibé{ppimyihendonSet = Over | appi ngW ndowSet +

Hi er archi cal gverlap(_w , S'an\)' ) .
OverlappingWindowSet = OverlappingWindowSet + HierarchicalOverlap(w ,S,,)

endif
setS§=S5-5,
endwhile

return

By merging padded occupancy vectors within zones, this allows a hierarchical
approach to be taken when adding new cameras or sensors to the activity topology.
Existing cameras can be grouped arbitrarily, or by some criterion such as
connectivity, and the corresponding occupancy vectors combined using the or
process as described above. Each new camera can then be tested for exclusion against
these groups by comparing its occupancy vector with that of the group. This allows
the activity topology relating the camera to each one of the groups to be established.
In the case where an activity topology relationship is detected, it may be further
specified by hierarchically dividing the group into sub-groups and testing for
exclusion with each. This process can be continued until a set of individual cameras

is identified as overlapping with the newly added camera.

The present method has been tested on both simulated data and applied to actual
camera data. In one application, synthetic data was generated so as to simulate a

network of 50 cameras whose positions and orientations were randomly generated.
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endif sei S =S - Smendwhile return By nergi ng padded
occupancy vectors within zones, this allows a
whe@saeiehs cal approach to be taken when addi ngPeEAU2007/001782
canmeras or sensors to the activity topol ogy. Existing
caneras can be grouped arbitr2érily, or by sone
criterion such as connectivity, and the correspondi ng
AdQRTHRARS Yhd/ SN S LRI AR DrUSard@td RPeld raRiBHE§ S ehBrated by an
descri bed above. "Each new canera can then be tested
autbaegmssionspraness) dharsby phesiding ocppalnyy catpdiiengnpdrsant measure
occupancy vector wth that of the group. This allows
of thppedestrign aetivitydnahy nebvaxk isghe reiekara! drarpesedHbiing
of the groups to be established. In the case where an
OCHPRMXty topol ogy relationship is detected, it may be
further specified by hierarchically dividing the group
into sub-groups and testing for exclusion with each.
In t]ibitSSth’(f)t}% svasadarfied oont T, 000efdames wera geaeradéd for each camera with
i ndi vidual caneras is jdentified as overlapping w th
1,25 hwindewyocstpanciesifeniifiednerpnsehe metwerlhevenius peded. The
test.ed on both si.nul ated data.and appli,ed to actual . .
carR SR PR TR EPRAGHES GHDFIE PO s JhHEL BN Aegtvided into 100
im frﬁic?‘gs,sg}vﬁ? 4 R)ééf %,%ﬁrﬁa%ée‘ﬁfw&Qfoﬁ@ie% HBHAR camera
ose positions and orientati ohs were randomn
net9RARI alledlteddeliptcanied byt cdistpdbh caitueitgstheivaiise of o, Op, for
"targets" were randomy generated by an

evey iid @Qih$§g% RhdIWE 68 andt Wjerﬁ{é‘ée RalRUIA0MG WeeUP@A6Y out
data. The inportant neasure of the pedestrian activity

prdg'?eésli‘@elﬁ Ql WOEK; 10D frkiieBUITRE Eordbs dralBRBtofssd fiakl M'ékconds of video
ccupancy. In‘the testing that was carried out, 1,000

at 30 fanmes per seqgewk va 8 dedayrdsedotideaat’d framasipet,seédnd. Over each
w ndow occupanci es i dentified acrq%is t he ng)t wor kK _oyer

intenyiab thespygder phacumied WinAaye Wy Facpsingy atpngowithedhe number of

ield of view of each canera was divided into 100
exciusions.

Referring now to Figure 5, there is shown a graph of the number of exclusions
determined versus the number of occupied windows for calculations made every 100
frames. The total number of exclusions for the simulated network is approximately
2.5%10”. It can be seen that information about the activity topology of the network is
gained very quickly with the rate of information gain slowing somewhat over time.
These results were also checked by an algebraic analysis of overlap and it was found
that each of the measured exclusions was in agreement with its analytic equivalent

and none were found to be in error.

The method in accordance with the present invention was also applied to a network
surveillance system including 4 partially overlapping cameras with 84 seconds of
video recorded from each of the cameras. In this embodiment, each camera image

was divided into 255 image windows, and 1,471 window occupancies were
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I mage W ndows, giving a total of 5,000 i rage w ndows

for the synthetic canera network. The testing carried
woeiosoenss sted of cal culating the val ue of o QPCT/AD2007/001782

every pair of imge wi ndows w, and .. These

cal cul ations were carried ouR7progressively at every

100 franes. This corresponded to less than 4 seconds
me&fur¥d IEQe AtaBRuibRFBEWREoWS F e rREwdPk $REONHS, Blit only 156 of

y

video at 5 frames per second. Over each interval the
thesewiss ewdr cicapjEdeover thd ovsrosad thabs seéatreld, al ong with

t he nunber of exclusions. Referring now to Figure 5,

there is shown a graph of the nunber of excl usions

det ermined versus the.nunmber of qccupi ed w ndows for
OngEAGAT ST SALG RIS Cely) 60 PREMITARRIVPGON® Humplr was
calcg{%q%a)%%iglﬁlgg 3 tfg‘?a@) )fo EgZ,%ﬁi@%?g%gt ! mé(%el%@kg{culated. The total

. - iy ' .
ok BEESIB P AR D Ay o PR M (RELMREs i

notGak fraffiow fids SABEIMenPHR BBy of[BeERsiHRS WdiSd 1k Be expected to
al so checked by an al gebrai c anal ysis of overlap and

approadiathis oumbearh 2A saapke of 20 fadepdy seledtaskichags wirsdewis was also
in agreenent Wth its anal ytic equiyglent and none

mapgs Ftrectis elqrnln@ﬁxsﬁ%dyeﬁ?éeﬂsgw%axf ROLHBEP YR fEY errors when

con&;y\%g:t ‘%hBrcﬁl%ﬁﬁtea %X&ﬂ&i'ogg was al so applied to a

surverllTance systemincluding 4 partially
over | appi ng canmeras with 84 seconds of video recorded
fromeach of the caneras. In this enbodi nent, each
A brfreonsideeaorwalsthei abioste dleserilee d2&8bo dingentsi widloinslicade that the
1,471 wi ndow occupanci es repeasured. The total . .
PrepeRfiBy eBHONPRABGIRES ﬁarexm@ﬁié?&g@kvwrﬂaib 50 dgfRrmjping the
156 .of o ' .
o Bpsll it of e REH WRISHF i R HRHIR, Bl that ol

senB&d Haff wih®@&®Rs W @VﬁtMlgﬁ%@eWan‘ﬂ&ﬁeﬁ%h@é@s@iv%@y seeks to eliminate
yielding a total of 252,105 exclusions that were

imppadsihié avedectiting rattexlthan theeslowker padeess of buildigywsp wesitive
1, 265, 625, but_as the nmpjority of the wi ndows did not |
evidisaca EAFIVET: HHHTP SNEBIGH DRERION WaAKeRsPegAly when a limited

S5} YPHQHSS OOt be expected to

The present invention is also based on the realisation that it is impossible to prove a
positive connection between cameras or sensors, as any correlation of events could be
due to coincidence, whereas it is possible to prove a negative connection or non
overlap by observing an object in one camera while not observing it at all in another.
Over time, the true patterns of motion emerge as those which are not contradicted by
the evidence. These patterns may then be used to initialise a finer level search using
other approaches if required. Furthermore, the method does not rely on the accurate
tracking of objects within each camera or sensor view. As such, this approach is
readily scalable and furthermore is not reliant on accurate information related to the
positioning, orientation and setup of individual cameras and/or sensors in the

network.
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approach this nunber. A sanple of 20 randomy sel ected

i mge w ndows was al so manual |y checked to determ ne
wexmBuoeeess areas and di d not uncover any error SPEIIAN2007/001782

conpared to the cal cul ated exclusions. A brief

consi deration of the above de8cri bed enbodi nents w ||

i ndicate that the present invention provides an

extrenely effective approach to determ ning the

activity topology for a set of sensed data w ndows
It wilhibe urilegstos d iliatideuteimd cohplrisal’ andemsesf itkaderivatinenweg.

are potentially linked and then successively seeks to
Conmmﬁeﬁn‘alféptlﬁ@gg 8p yed inthis spedfieation isde btertafgem kebe inclusive of

e BLRSEFGc sBL AP R BOSIS By SIRE: Sy atons
feat%ﬁ@seﬁﬁ@gé éfth\@i]@zrﬂseast!aﬂe@ dﬁﬁglﬁfgal;lm of data is avail abl e.

e present 1nvention is so based on the realisation
that it is inpossible to prove a positive connection

between cameras or sensors, as any correl ation of
Thaseefskiliouhe asewewdd eppeesiaie ithiriribe variess dhgstrativelogical blocks,

moﬁﬁfé%%@%ﬁ@%sﬁ@gé%}{g%l .neg,ﬁ%tﬁis \éll%%c%g}éqn nﬁ:m'cgciq%egéoﬁ g\?lt}? e lap
emBOFRIH:D aiéfclos@& Hilrbin Iﬂag %@ﬁ&%ﬁﬁm@(@%}éé etr&hi@ Hak&are,
patterns of notion energe as'those which are not

congSiitef adlitaiaedl drcohilingNbResitsoth T Tesdeqdy tihustatatlyist hen
~ be used to initialise a finer Ievel search using other
intexphangeehdyidf hasduwiaredand poftwhaee, meriustilustist e gompesents,

ot St e cHEEH b SR 545 P g et
i . | TN, i '
ol LR ST, i AP e o
sof@Fdrentieplehds thetpaptiedlat Hlﬂﬁbll\iédﬂidﬂﬂ arthdesigh candiraints imposed on
W

sensorsS in the network. |t be understood that the
thetosenal! symtpmi Skillethartivaps ofayi inspléareng e descrihegl functionality in
conprises, copprising) as,used in this. specificatiop ..
varyng wage ?Qrﬁeggpn%ﬂs&gar AEPLiHA Gt FUCK P BLerenRlipaiiacisions
[ [ :
shogﬁ{l/ %g dgle %ﬁglﬁfﬁet% hs DRARN L(aegéftlugﬁ frol? ﬁlé’gc%}%gg%]g?iaresent

_ _ at ur es %nle S ot herw se st at
inveARbA£d.

Furthermore, those of skill in the art would understand that information and signals
may be represented using any of a variety of different technologies and techniques.
For example, data, instructions, commands, information, signals, bits, symbols, and
chips that may be referenced throughout the above description may be represented
by voltages, currents, electromagnetic waves, magnetic fields or particles, optical

fields or particles, or any combination thereof.

Although a number of embodiments of the method and system of the present
invention have been described in the foregoing detailed description, it will be
understood that the invention is not limited to the embodiment disclosed, but is

capable of numerous rearrangements, modifications and substitutions without



Those of skill in the art would appreciate that the
various illustrative |ogical blocks, nodules,

w@Rrese288 and al gorithm steps described i n coPEAURMM001782
wi th the enbodi nents di scl osed herein may be
i mpl emented as el ectroni c hakdware, conputer software,
or conbinations of both. To clearly illustrate this

dep'aﬁtlﬁé dg elof tRE iR £ REER Eh%e@meﬂ%}} ﬂiésfollowmg

trative nponents, bl ocks, nodules, circu

claigiad st eps have been descri bed above generally in terns
of their functionality. Wether such functionality is
i mpl enent ed as hardware or software depends upon the
particul ar application and design constraints inposed
on the overall system Skilled artisans may inplenent
the described functionality in varying ways for each
particul ar application, but such inplenentation
deci si ons should not be interpreted as causing a
departure fromthe scope of the present invention.
Furt hernore, those of skill in the art would
understand that information and signals may be
represented using any of a variety of different
technol ogi es and techni ques. For exanpl e, data,
i nstructions, commands, information, signals, bits,
synbol s, and chips that may be referenced throughout
t he above description may be represented by voltages,
currents, electromagnetic waves, magnetic fields or
particles, optical fields or particles, or any
conmbi nation thereof. Al though a nunber of enbodi nments
of the nmethod and system of the present invention have
been described in the foregoing detail ed description,
it will be understood that the invention is not
limted to the enbodi ment disclosed, but is capable of
numer ous rearrangenents, nodifications and
substitutions wthoutdeparting fromthe scope of the
invention as set forth and defined by the foll ow ng
claims. THE CLAIMS 1. A nethod for estinmating the
activity topology of a set of sensed data
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wi ndows, each of the sensed data wi ndows related to a
correspondi ng sensed region, the nmethod including the
W@ e@pm6120et ermi ni ng a subset of sensed data w PUDAE2007/001782
that are not connected; and excluding the subset of
sensed data wi ndows fromthe 3@t of sensed data
w ndows. 2. The nethod of claim1l, wherein the step of
THEGAfNIENg the subset of sensed data w ndows includes
conparing sensed data wi ndows pair wise fromthe set
of sensed data wi ndows. 3. The nethod of claim 2,
wherein. t he st . CO L t ' [
1 s R G Y B Ry REPOREy AT s bE g
wiflab sV PO he Q8Rsdind ath AVIR OV 1B B a&@?@@?oﬁﬁ@ﬂg@@ﬁsed region,
4. The method of claim3, wherein the step o
theletethod mdgdingehbeteptshe pair of sensed data w ndows
does, not have overl appi ng .sensed regi%gs i ncl udes

det eletArATAIEA Filpset opeenrsditaja Mendars thatang nqt,copnected; and
t i d .
2 SRR A NerRed SO R FFYE RS PTER i feri R data

winfBsed data w ndows conprising the pair of sensed data
w ndows, and conparing the first and second occupancy
measures. 5. The nmethod of claim4, wherein the step

9. Of %%gpﬁ&h%%{ $18aikd § SLaRg, PEES08 QRHAMIE Sdifb§St of sensed
es g pancy g to

“inclu orm ng an-occupancy vettor correspbndin

dafa Wifigdws eRdadesladApuing @ensudenorindivsacpt edsafrom the set of
the first sensed dapa w ndow and a second occupancy

senscl datacoimdesypondi ng to a second sensed data w ndow
sequence associated with the second sensed data w ndow
and conparing correspondi ng el ements of the first and

3. SECUTH REEHHPACY e 2f Wherdin tHhstepriftothpoirirg) sensed data windows
wherein the step of conparing correspondi ng el enents
padf wisedntliudes datrinsningnhethen garaiy of eenserlslatapyindeys does not

perforning a vector .
have overlapping sensed regions.

4. The method of claim 3, wherein the step of determining whether the pair of
sensed data windows does not have overlapping sensed regions includes
determining a first occupancy measure for a first sensed data window and a second
occupancy measure for a second sensed data window, the first and second sensed
data windows comprising the pair of sensed data windows, and comparing the first

and second occupancy measures.

5. The method of claim 4, wherein the step of comparing the first and second
occupancy measures includes forming an occupancy vector corresponding to a first
sensed data window sequence associated with the first sensed data window and a
second occupancy vector corresponding to a second sensed data window sequence
associated with the second sensed data window and comparing corresponding

elements of the first and second occupancy vectors.
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excl usi ve-or operation on the first and second
occupancy vectors to determ ne that the associated

wo peosperrssl second sensed data wi ndows do not ORET/AEPN07/001782
7. The nmethod of claim5, wherein the second occupancy
vector that corresponds to e second sensed data
w ndow sequence i s based on the second sensed data

wi-pdow i i ' .
o AL Ry lksost bl s seasds aepondize

clemehs SBhBIEs0ind b@oid occupafi®t viedtbus iatielesfpeciompang agector
correspondi ng el enents g? t%‘e first and sgjcond sRY
exchetverpanpyratnt on ghe ficst add segurd 0¢WNAGCH VgeiorpFo determine that

excl usive-or ogperatjon on .the first occupancy,_vector
the agsrrizied faaaep_é% S%‘ifiﬂﬁ{)%’ﬁ‘?é?‘T 9@5’% Wrm‘{l%wﬁglf)er}cﬁ’ior}'e lPRat the

associ ated first and second sensed data w ndows do not

overlap. 9. The nethod of claim7, wherein the s

7. ¢ oﬁh@gia’ﬂbod of cladpcn di g el brsseand POEURATSY ereFtogﬁ%}gp edtresponds
second, occupapcy vegtors includ f '

to thgsecend é@}qeg@%’cg g\{&gﬁagvl §F@'_u8pc%1§gofaas%§ :())rr]lotgtn@ stggoeﬁc% I&F@fs‘s%ﬁ 'data

i b B B B o oot

pad@@i@c&hﬁﬂﬁ%ﬁmﬁﬁxnot overl ap. 10. The nethod of any one

of claims 5 to 9, wherein the step of conparing
corresponding el ements of the first and second

8. 9CeHR ?Hé?tlﬁo%ﬁ(%ﬁtc%ﬁl 7 RGh&@ESt bf BEPeeingn@irgispotdingg

el enents of one or both of the Tirst and second

elenG s paneyfiree ahdrsecorid occlipanay tvieors Indingesopey fermigigeA vigctor
3 to 10, wherein the step of determ

1 . _ ni whet h
exclpauve-cg“fowéﬁ@@@l O_Béhla fl\gﬁ’frm?éﬁga%l%’e%ecr’ﬁ%’f a‘ﬁ‘g\grlée Bgéﬁi‘?‘iﬁgﬂi’@my
sens regi ons .incl udes  taki i :
vectpr Ko fPlroaanE i apSw T Sattas 1haRieHRd b windows donot
ovela%é.a wi ndows do overlap.12. The nethod of claim 11,
rein the step of taking into account the likelihood

9. The method of claim 7, wherein the step of comparing corresponding
elements of the first and second occupancy vectors includes performing a vector uni-
directional exclusive-or operation on the first occupancy vector and the padded
occupancy vector to determine that the associated first and second sensed data

windows do not overlap.

10. The method of any one of claims 5 to 9, wherein the step of comparing
corresponding elements of the first and second occupancy vectors includes
comparing over neighbouring elements of one or both of the first and second

occupancy vectors.

11.  The method of any one of claims 3 to 10, wherein the step of determining
whether a pair of sensed data windows does not have overlapping sensed regions
includes taking into account the likelihood of a false indication that a pair of sensed

data windows do overlap.
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of a false indication that a pair of sensed data
w ndows do overlap is based on previous data

wazesosrved with the pair of sensed data w ndoR&T/AlI3N07/001782
The nethod of claim 1l or 12, wherein the step of '
taking into account the |ikeB2hood of a false
indication that a pair of sensed data w ndows do

12. OVEedRefHA Hd8Sink 2K WHeddih theaes \WitaldRghfPacchahet likelihood
a sensor or sensors associ ated th the pair of sensed

of adalsa indlisius thdth pdihef seideddlah wingoonselmbvedap mbased on
13, wherein the sensed data wi ndow i s an i mage w ndow

previotsidaéa assostatechwithedwipris ehaenged staka Windewssequences
correspond to first and second i mage w ndow sequences.
15. The nmethod of claim 14, wherein the first and

13. s eddrdnetageofrlaico il seddewbeseio the seporfdakingristpacoime the
time series of images. of claim

o L _ g 16. The metho 5,
likelih@rd of ottABe En A Gan et palf RLGUSHEaA SvPdai® do dverlap
. bycaperas.in a network surveil : :
e T LN et T
paif OschbE@ dafa HeAGsWENI Ng a further subset of sensor

3 ;

ata w ndows that are connected. 18. A network
surveillance systemincluding: a network of sensors,

14. eacjﬂqes&ga%’d 8f %ﬁ] gh? 9f AAENY5 t?@%@f@ﬁq}ag ?éﬁsew DAQVYRndow is

eacn correspon 0O a sensed region an ormng 1 n

an R4 wih &8l 20U thelietaktttaondndaved dardwileddv sequences
processing neans to determ ne a subset of sensed data

cormdspdodso finsitarat secvotl inmgeseirsldvaseustsksidi ng t he
subset of sensed data wi ndows fromthe set of sensed
data wi ndows. 19. A program storage device readabl e by

15. macihdwethichef dhimdapadieralg the fitsigiraiseadbnd istage otindosy
to performnethod steps for estimating the activity

sequiepaisagyrsspand o respesting sianeisarics i AMAgeS. each of the
sensed data wi ndows related to a

16. | The method of claim 15, wherein the time series of images is provided by

cameras in a network surveillance system.

17.  The method of any one of claims 1 to 16, further including the step of

determining a further subset of sensor data windows that are connected.

18. A network surveillance system including:

a network of sensors, each sensor providing one or more sensed data
windows each corresponding to a sensed region and forming in total a set of sensed
data windows; and

data processing means to determine a subset of sensed data windows that are
not connected and excluding the subset of sensed data windows from the set of

sensed data windows.

19. A program storage device readable by machine, tangibly embodying a

program of instructions to perform method steps for estimating the activity topology
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correspondi ng sensed regi on, the nethod steps
i ncludi ng: determ ning a subset of sensed data w ndows

wa bas/oen2e8 not connect ed; and excl udi ng t he SubBEr/AT£007/001782
sensed data wi ndows fromthe set of sensed data
wi ndows. 20. A nethod for esggmating the | ocation of a
sensor in a network of sensors nonitoring an area, the

of a'Bt HCL 08 LU N9 dEG s SERDE Phe sPisblHAY wiHASRlsSeRted to a

sensors Tnto respective zones each viewing a
cor@Sp brediReRehad] Fepgbn theanethddiseeps incglingrose zones
where the sensor does not have an overl appi ng vi ew of
t helebormingygmadibset of genredvdasasdngpwistbay afgenot connected; and

excluding the subset of sensed data windows from the set of sensed data

windows.

20. A method for estimating the location of a sensor in a network of sensors
monitoring an area, the method including the steps of:
dividing subsets of sensors into respective zones each viewing a

corresponding region; and

determining those zones where the sensor does not have an overlapping view

of the corresponding region viewed by the zone.



