APPARATUS AND METHOD OF CLASSIFYING MOVEMENT OF OBJECTS IN A MONITORING
ZONE INTRODUCTION AND BACKGROUND 5This invention relates to apparatus and a method of
monitoring movement of objects in a monitoring region. In US 5,519784 there is disclosed apparatus
and a methodwvaf Blassifgiag movement of objects along a passage. The @apparatuseidg@omprises
means for projecting an array of discrete and spaced parallel linear radiation beams from one side of
the passage to an oppbBRARBKIUSS tikdipadséle DetétorSlaASBF YD sile Tl ENRe Passage sense
when the beams are iRBARBTEIMAINE BT PBINGHERBBRS moving in the passage in either of a first and
a second opposite direction. The 15 spaced b are interrupted at different times in a sequence
corresponding to the ntrhdePEfd e trstlions nt of persons. The sequentially generated
interrupted beam signals are stored as object movement historic information in memory and then

processed 1 generate! SmEREBLdRisiHErfapepRTarHS rMafirdsMyRe MinBaP Y S persons and

direction of movement, the %atter S eing a function of time.domain and sensor index, i.e. sensor
. . . . fnﬁ\le enf of o cts in a {nonltonne(% I‘leeqépn.
identity and position in the passage. Theresulting generated patterns are compared to reference
patterns utilizing computerized pattern recognition analysis, such as with an artificial neural network.
The comparison classifies the persons 25in the passage into direction of movement and number. WO
2010/004514PCT/1B209/852% 957 dhisrappaiatus Ansemelnpasksay Ratibg switakie fag some
applications. For example, the means for projecting the spaced parallel beams is mounted in an
elongate housing. Thecheusingdsmevemdy: mausigsken enegide pishmypassagaipastesd parallel to
the floor at about

10 comprises means for projecting an array of discrete and spaced parallel
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linear radiation beams from one side of the passage to an opposite
side of the passage. Detectors ai the opposite side of the passage
sense when the beams are interrupted by ong or more persons moving
in the passage in either of a first and a second opposite direction. The
15 spaced beams are interrupted at different times in a segquence
corresponding to the number of and direction of movement of persons.
The sequentially generated interrupted beam signals are stored as
cbject movement historic information in memory and then processed
1o generate composite beam interrupt patterns manifesting the number
20 of persons and direction of movement, the pétterns being a function of
time domain and sensor index, i.e. sensor identity and pesition in the
passage. The resulting generated patterns are compared to reference
patterns utilizing computerized pattern recognition analysis, such as
with an artificial neural network. The comparison classifies the persons

25 in the passage into direction of movement and number.



5 between ankle and knee height. This housing may be too large to fit into available space therefor
and/or may not be aesthetically acceptable in certain applications. Furthermore, it is labour, time and
cost intensive to mount this apparatus on either side of the passage and it often is necessary to chase
into the side-weltswhithetpassage to 10 install cabling extending to the apameesoSHSurthermore,
the beam projecting means on the one side and the degectors on the other side may become
misaligned, which would cause the apparatus to cease functioning. Another problem with this side-on
mounted apparatus is that a person or object stationary in the passage could interrupt the 15 beams
and hence cause at least temporary insensitivity of the apparatus to other objects moving along the

passage on either sidét? PRPETAIHIERY BISERY Sty LRIBsFSiabRRiSeme tREISHIREHS the projected

beams may not be sugicient to t avaise a wide assagem Inteymediate strucii carrsyiing additional

apparatus with all of th8 2B 581 e iifoMed s KV AINEGHA% 185 SHiFTRY %a%aoggrg #EWide passage.

wO 2010/004514PCTréllo%j%%Oé)9{.{035@{&;%({3)t%c??%l er]1o(3ther kn?%‘é”r?g’%%?i d EW@&{‘ |1§ ngrggptally different,

b f
uses tracking algorithms and attempts enti ysgllg'crete object anﬁ monitor t?1e|r position between

successive frames proaucetiby,anQbieGtsensing AURRACHIRIMNeINBIdRE QG eI & vector for

each 5 object of interest. The processing is complex, as it requires a full analysis of each frame and

then a comgarison to pgeyissss sFBamio et rpine Whathes @ingbirs) isccihieradareyions object in a
new position or a new object altogether. Tied in with this, is the difficulty in distinguishing between two

people on the one hanst@nd.eiiieqterspacd O tanafing arlbckpackyorrduggage atetiexarmple, on the
other. By isolating objects and obtaining their vectors, the system is able to track their movement
across a predeterminedaepiaitgyiig region sndithusnncrembeatarrdedrésmehdwouts sgobrdingly. Any
inability of the system to isolate objects, link their successive positions or distinguish 1 5 number of
objects compromises #RTdEELREIXE 6f LSS, IPPATRIITD O ISERES AT QeAlJRes RessrE_ mely

processor-intensive and thus expensive. OBJECT OF THE INVENTION 20Accordin%|%/, it is an object
of the present inventid o pPE AR IRSFSAVE R iEssid AnbeSiteals & HhRBIIg HiBvement of

j hrough a monitoring region. .
objects t 100ug a Orfntsotaﬁgca%ﬁn% extending to the apparatus. Still furthermore, the beam

projecting means on the one side and the detectors on the other side
may become misaligned, which would cause the apparatus t0 cease
functioning. Another problem with this side-on moﬁnted apparatus is
that a person or object stationary in the passage could interrupt the
1B beams and hence cause at least temporary insensitivity of the
apparatus to other objects moving along the passage on either side of
the stationary object. Still a further problem is that the range of the
projected beams may nof be sufficient to traverse a wide passage.
Intermediate structures carrying additional apparatus with all of the

20 aforementioned disadvantages are required to cover the wide passage.



4 SUMMARY OF THE INVENTION In an aspect of the present invention there is provided an
apparatus for monitoring movement of objects through a monitoring region, the apparatus comprising:
5a sensing arrangement sensitive to the presence or absence of an object in each of a plurality of
adjacent zonesimthemagion individually; the zones being arranged suchridTeitbewasreat least two
adjacent rows of zones in a first direction and at least BOtwo adjacent rows of zones in a direction
perpendicular to the first direction; each zone being associated with a respective zoneindex; the
sensing arrangement being operative to capture time sequential representations of objects moving
through the 15region comprising sensed data relating to the presence or absence of the objects in

each of the zones: a PRGSO FEPHARIERY cBh i &P tHETS TP AY GRS BNt 4258 for

processing the senseq dafa Into  mulidmensignal patis pLINR PIERENSE OhARREngs

monitor their position betwsen successive frames produced by an
obiect sensing arrangement, in order to determine a vector for each
5 obiect of interest. The processing is compiex, as it requires a full
analysis of each frame and then a comparison 1o previous frames 1o
determine whether an object is either a previous object in a new
position or a new object altogether. Tied in with this, is the difficulty
in distinguishing between two people on the one hand and one person
10 carrying a backpack or luggage, for example, on the other. By
isclating objects and obiaining their vectors, the system is able 10
track their movement across a predetermined monitoring region and
thus increment of decreﬁent counts accordingly. Any inability of the
system to isolate objects, link their successive positions or distinguish
b number of objects compromises the accuracy of the system. In
addition, the visual analysis is extremely processor-intensive and thus

expensive.

OBJECT OF THE INVENTION

20 Accordingly, it is an object of the present invention to provide
aiternative apparatus and a method of monitoring movement of objects

through a monitoring region.



5 the objects in the zones, wherein a first dimension is time and a second dimension is zone index; the
processor arrangement being configured to segment the pattern into pattern parts relating to events;
and 5a classifier for classifying the pattern parts withgeference to historical data relating to anticipated
events. The sensing arrangement may comprise at least one camera, which is mounted overhead the

monitoring region. Th PYnEEc argway comprise a stereo pair of cameras 10covering
the region from diff gtes—Het ents of the invention do not attempt to identify each

unique object in the field of vie anéll ses.an eyen pari i o} rse%g us knowledge
of event features it iéna%qea% %?\\{\/Igl?g c%ﬁh%ﬁé‘ﬁﬁ!é‘ﬁ@.yhgg” h@%ggﬁgggﬁ%% %{% c@mprlpse a neural 15
network. The image pragesFinGisvelAtME SRR RN MAKDS doBRitsHALvEbyRheaply, while the
neural network itself can run'on a relatively simple microprocessor, thus saving on cost. It is believed
that the system may gisa-alie\iaigpatiggst some of the aforementioned WO
2010/004514PCT/1B2009/052969 6

5 - a sensing arrangement sensitive fo the presence or

absence of an object in each of a plurality of adjacent
zones in the region individually;
- the zones being arranged such that there are at least two
adjacent rows of zones in a first direction and at least
10 two adjacent rows of zones in a direction perpendicular to
the first direction;
- each zone being associated with a respective zone index;
- the sensing arrangement being operative to capture time
sequential representations of objects moving through the
15 region comprising sensed data relating to the presence or
absence of the objects in each of the zones;
- a processor arrangement connected to the sensing
arrangement and for processing the sensed data into a

multidimensional pattern of the presence or absence of



problems associated with the aforementioned side-on mounted system of US 5,519784. 5The plurality
of zones may form an array of immediately adjacent zones and each zone may have a first dimension
in the first direction, a second dimension in the secong direction and an area. The sensed data may
comprise data or a parameter proportional to a 10part of the area of the zone being occupied by the

object. The processor arrangement may be configured to segment the pattern along the time
e o s s

dimension, in regions of the patte sl’v'ﬁ)}?’ %"R%%o"%’dm& 'BHNG he’F‘SSE‘é’&‘% @ invention there

is provided a method of monitorin%rr;goa/ggagﬂé%grgglj‘%%tﬁ @%%Hgi}n%é’gpnitoring region, the method

comprising the steps of: dividing the region into a plurality of zones, each zone being associated with a

zone index; 20the zones being arrgaged such thabherrae.alleashhyaradigeanrews of zones in a
first direction and at least 7 two adjacent rows of zones in a direction perpendicular to the first

direction; utilizing a sensor arranggmgaiattpmaaiinadiy pagdimpEeauweataily targense the presence or
absence of objects 5in each of the zones individually;
5 - a classifier for classifying the pattern parts with reference

to historica! data relating to anticipated events.

The sensing arrangement may comprise at least one camera, which is

mounted overhead the monitoring region.

The sensing arrangement may comprise a stereo pair of cameras

10 covering the region from different angles.

Hence, embodiments of the invention do not attempt to identify each
unique object in the fieid of view but analyses an event and by
comparing this to previous knowledge of event features it is able to give
a count figure using the classifier, which may comprise a neural
15  network. The image processing is refatively simple and may be done
relatively cheaply, while the neural network itself can run on a relatively
simple microprocessor, thus saving on cost. it is believed that the

system may also alleviate at least some of the aforementioned



generating data relating to a multi-dimensional pattern of the presence or absence of the objects in the
zones, wherein a first dimension is time and a second dimension is zone index; 10-segmenting the
pattern into pattern parts relating to events, and classifying the pattern parts with reference to
historical datasmeatingoteianticipated events. In another aspect of the presemtifpuenimthere is
provided a computer 15 readable medium hosting a cémputer program for monitoring movement of
objects through a monitoring region, the program executing the steps of: receiving form a sensor
arrangement sensed data relating to time sequential representations of objects moving 20through the

region, the sensed data comprising data relating to the presence or absence of objects in each of a 8
problems associated with the aforementioned side-on mounted system

of US 5,619784.

5 The plurality of zones may form an array of immediately adjacent
zones and each zone may have a first dimension in the first direction,

a second dimension in the second direction and an area.

The sensed data may comprise data or a parameter proportional to a

10 part of the area of the zone being occupied by the object.

The processor arrangement may be configured to segment the pattern

along the time dimension, in regions of the pattern of inactivity.

15 According to another aspect of the invention there is provided a
method of monitoring movement of objects through a monitoring
region, the method comprising the steps of:

- dividing the region into a plurality of zones, each zone
being associated with a zone index;

20 - the zones being arranged such that there are at least two

adjacent rows of zones in a first direction and at least



plurality of zones, the zones being arranged such that there are at least two adjacent rows of zones in
a first direction and at least two adjacent rows of zones in a direction perpendicular to the first direction
and wherein 5each zone is associated with a zone inglex; generating data relating to a
multi-dimensional pattern of the presence or absence of the objects in the zones, wherein a first
dimension is time and a second dimensjon is zone index; 1Qsegmentjn§ thi%ga tern into pattern parts

relating to events, and classifying 8 PURERN IS JiFPRSR e A RS HS 8RBT MR PeBking to

anticipated events, thereby, in,{Hg%tg cElJrovide_as_ an output, a count of objects moving in at 15least

one direction through the region. In anot err%%g)gét of the present invention, there is provided a

firmware hosting a computer progrlﬁﬁr&flqé r_goggqgg}gemg}{sgggéﬂtogmg%mgp%% g,menitoring region,

the program executing the steps of: recelving form a sensor arrangement sensed data relating 20 to

time sequential representations of QRjectaMEvingHOUEhIhe dreiok): dRgsRBSEbLERIgLOoMprising data
relating to the presence or absence of the objects in each of a plurality of zones, the zones being

arranged such tlaat there are at leasicbiea afljpseahevisdpfidongs in a first 8a direction and at least two
adjacent rows of zones in a direction perpendicular to the first direction and wherein each zone is
associated with a zone index; generating data relating to a multi-dimensional pattern of

the presence or absence of the objects in the zones,

wherein a first dimension is time and a second dimension

is zone index;

10 - segmenting the pattern into patiern parts relating io
events; and

- classifying the pattern parts with reference fo historical

data relating to anticipated events.

tn another aspect of the present invention there is provided a computer
15 readable medium hosting a computer program for monitoring movement
of objects through a monitoring region, the program executing the steps
of;
- receiving form a sensor arrangement sensed data relating
to time seqguential representations of objeclts moving
20 through the region, the sensed data comprising data

relating to the presence or absence of objects in each of a



generating data relating to a multi-dimensional pattern of 5 the presence or absence of the objects in
the zones, wherein a first dimension is time and a second dimension is zone index; segmenting the
pattern into pattern parts relating to events; and 10clgssifying the pattern parts with reference to
historical data relating to anticipated events, thereby in use to provide as an output, a count of objects
moving in at least one direction through the region. In another as_gect of theﬁrﬁnt invention, there is

provided a computer 15program A HEnRbAREFhofRinéRPST &5
program being configured to exet%%tee tgle stg?es %[:
relating to time sequential represen'fatlons of o%Jec

SR {nif82ls) BFing region, the

eceiv'n%fo m a sensor arrangerjpent sensed data-
W0 adiace rOWﬁ1 ?h Zones In rst

RS S moving through the region, fhe'Sensed data

comprising data 20 relating to th yoly %%n%ﬂé)ra@gg&c%f %ﬁa‘&@iﬂcﬁd}% %ch)%g_mugality of zones,
J

the zones being arranged such that there are at least two a

acent rows of zones in a first direction

and at least two adjacent rows ofjzgfesh B &HsEiREHORPRMROdicu Ik RfRs st diFrsEeN and wherein
25each zone is associated with a zone index; 8b

5

10

15

20

each zone is associated with & zone index;

- generaling data relating to a‘multi-dimensional pattern of
the presence or absence of the objecis in the zones,
wherein a first dimension is time and a second dimension
is zone index;

- segmenting the pattem into patiern parts relating fo
events; and

- classifying the pattern parts with reference io historical
data relating to anticipated events,

thereby, in use, to provide as an output, a count of objects moving in at

least one direction through the region.

in another aspect of the present invention, there is provided a firmware
hosting a computer program for monitoring movement of objects
through a monitoring region, the program executing the steps of:

- receiving form a sensor arrangement sensed data relating
to time sequential representations of objects moving
through the region, the sensed data comprising data
relating to the presence or absence of the objects in each
of a plurality of zones, the zones being arranged such that

there are at least two adjacent rows of zones in a first



generating data relating to a multi-dimensional pattern of the presence or absence of the objects in the
zones, wherein a first dimension is time and a second dimension is zone index; 5segmenting the
pattern into pattern parts relating to events; and clasgifying the pattern parts with reference to historical
data relating to anticipated events, thereby in use to provide as an output, a count of objects
moving in at 10least one direction through the region. BRIEF DESCRIPTION OF THE
ACCOMPANYING DIAGRAMS ditlsstioveznibraivitiassvivorediatsnteewrbeld zbyendy ¢f example only,
with reference to the accompanying diagrams wherein: WO 2010/004514PCT11B2009/052969 9
figure 1is a diagrammatic represdifftaiim eReAIGHEING regiditst ditgrics GlMevaAslpparatus for
monitoring movement of objects through the region, mounted above the region; figure 2is a

diagrammatic representation of ﬁﬁcgr@%iﬁz%??@g'ﬁ#@twg A& gion: figure 3is a block diagram

of the apparatus; - generating data relating to a multi-dimensional pattern of

5 the presence or absence of the objects in the zones,
wherein a first dimension is time and a second dimension
is zone index;

- segmenting the pattern into pattern parts relating to
events; and
10 - classifying the pattern parts with reference to historical
data relating to anticipated events,
thereby in use to provide as an ouiput, a count of objects moving in at

least one direction through the region.

In another aspect of the present invention, there is provided a computer
15 program for monitoring movement of objects through a monitoring
region, the program being configured o execute the steps of:

- recelving form a sensor arrangement sensed data relating
to time sequential representations of objects moving
through the region, the sensed data comprising data

20 relating to the presence or absence of the objects in each
of a plurality of zones, the zones being arranged such that
there are at least two adjacent rows of zones in a first
direction and at least two adjacent rows of zones in a
direction perpendicuiar fo the first direction and wherein

25 each zone is associated with a zone index;



figure 4is a flow diagram of relevant parts of a method of monitoring movement of objects through a
monitoring region; 10figure 5is a diagram illustrating time sequential images of an elliptical object
moving through the region; figure 6is a three dimensignal representation, one dimension

being time, of the object moving through the region; figure 7is an alternative representation wherein
the three 15dimensional tensor has been flattened into a two- dimensional matrix; figure 8is a resulting
representation of the event of fi&?ée?jtﬁﬁ’u%@ig gL SUBRTHPABLPAYE RN 9: figure 10is a
photograph from above of a plurglity ofgeogle 20 oving.tggohl,%h c'gtg%cr)%qi%n;tgigure llisa

. .. . fe@sence .or .apsen 20Nes,
representation similar to figure &5t PR A figure

wherein a first dimension is time and a second dimension
is zone index;

5 - segmenting the pattern info patiern parts relating to
avents; and

- classifying the patiern parts with reference to historical
data relating to anticipated events,
thereby in use to provide as an output, a count of objects moving in at
10 least one direction through the region.

BRIEF DESCRIPTION OF THE ACCOMPANYING DIAGRAMS

The invention will now further be described, by way of example only,

with reference to the accompanying diagrams wherein:



WO 2010/004514PCTRE2009/052969 10 figure 12is an image similar to figure 9 of the event in figure
10; figure 13is a graph of distributions associated with a pixel channel; figure 14is a representation of a
simple sub event model; figure 15depicts sub-event search images; 5figure 16is a representation of
maxima defining2eemees of sub- events; figure 17is a representation of heCfirstzimanatwsensions of a
sub- event model; figure 18is a representation of sub-&vents extracted from the event 10in figure 15
and their classifications; and figure 19is a representation of the original event in figure 15 and a

figure 1 is a diagrammatic representation of a monitoring region
with a camera of apparatus for monitoring movement of

objects through the region, mounted above the region;

figure 2 is a diagrammatic representation of an array of zones in
b the monitoring region;

figure 3 is a block diagram of the apparatus;

figure 4 is a flow diagram of relevant parts of a method of

monitoring movement of objects through a monitoring
region;
i0 figure 5 is a diagram ilustraling time sequential images of arn
elliptical object moving through the region;
figure 6 is a three dimensional representation, one dimension
| being time, of the object moving through the region;
figure 7 is an alternative representation wherein the three
15 dimensional tensor has been flattened into a two-
dimensional matrix;
figure 8 is a resulting representation of the event of figure 5;
figure 9 is an image of the event in figures 5 and 9;
figure 10 is a photograph from above of a plurality of people
20 moving through the region;
figure 11 is a representation similar to figure 6 of the event in

figure 10;



residual event after the sub-events in figure 18 have been removed. 15DESCRIPTION OF A
PREFERRED EMBODIMENT OF THE INVENTION Apparatus for monitoring movement of objects
through a monitoring region 12 is generally designated by reference numeral 10 in figures 1 and 2.
20The regionxk22mamdirm part of a portal or passage 14 at a counting ppdtismetr@Essen entrance 16
to a building 18 and the apparatus 10 may be deployethautomatically and over a period of time to
monitor WO 2010/004514PCT/1132009/052969 11 and count people 26 entering and leaving the
building through that entrance, as will hereinafter be described. The apparatus 10 comprises a sensing
arrangement 20 sensitive to the 5 presence or absence of an object 26 in each of a plurality of
adjacent zones 24.1 t§2H 1R thelteioM2RARIAG R gl tiRe AR B4i846 2P h are arranged
such that there are at least two adjacent rzwz of zones in a first,directioﬂg thaf (i:%%ﬁeneral direction

of flow of objects throdfthd Fegidhf iaPar 9 S HRU SR ARTRSBIE S UbRELH LA Hirection x

perpendicular to the figst dire]%ion.i Each zone t%écl'tb]h t{()),?2a4s.’E igﬁl%ﬁgcé%%g nge respective zone index.

The sensor arrangeme'ﬁfj% is conﬁgaurreepﬁ%ege sensitive to'the presence or absence of the object in

each of the zones indi}é%i”gl%andc}%%iiggs%g[@w& @%Rt%%&gge sequential representations,

preferably images (as shown in figures 5 15 and 6) of an object moving through the region. The
images corgprise sensgg,daia Comprisig daiasrlaiing t ey asansegot ahsencs ehihe object in

each of the zones. A processor arrangement 22 (shown in figure 3) is connected to the sensing
arrangement 20 for processing the:gsemsed data into a multidimensional pattern (shown in figures 7
figure 17 is a representation of the first four dimensions of a sub-
svent model;
figure 18 is a representation of sub-events extracted from the event
10 in figure 15 and their classifications; and
figure 19 is a representation of the original event in figure 15 and a

residual event after the sub-events in figure 18 have been

removed.

15 DESCRIPTION OF A PREFERRED EMBODIMENT OF THE INVENTION

Apparatus for monitoring movement of objects through a monitoring
region 12 is generally designated by reference numeral 10 in figures 1

and 2.

20 The region 12 may form part of a portal or passage 14 at a counting
point, such as an entrance 16 to a building 18 and the apparatus 10

may be deployed automatically and over a period of time to monitor



20 and 8) of the presence or absence of the object in the zones as the object moves through the
region, wherein a first dimension is time and a second dimension is zone index. The processor
arrangement is WO 2010/004514PCT/1B2009/052969 12 further configured to segment the pattern
into pattern pantsedatisg40 events and a classifier for classifying in real tioTertherpetiesn parts with
reference to historical data relating to anticipated events. 5The sensing arrangement may comprise at
least one image sensor, such as a video camera 20 and associated optics 21, mounted at the zone
12, for capturing time sequential images of the zone, each image comprising sensed data. The
apparatus further comprises an electronic subsystem 23 comprising the processor arrangement 22
(shown in 10 figure 3PEBriREe@eBARAEATERAMD F6F  SRYN G 1R LIRS R4 H oMThe camera and
for generating the multi-dimensional Eatte_rn ata as will hereinafter be described. The camera 20 is

preferably mounted o &S tRE BALREGLOHE BB A5 B %nd hence above the monitoring region 12.

The camera may comprise a stereo pair camera comprising first and second cameras directed at the
region at different angles so that they cover the region from different angles to add an extra dimension,

and to define the monigdng region 18 abASANIS IR PERSIABIRADSYE e liogE 30 o 20 the

passage 14. The subsystem 23 may be provided at the monitoring zone, alternatively centrally at the
same building to be copaggied 4p shdilkseNsNsLREaNEeMeALRlRthgalansesdaséshown) of the

WO 2010/004514PCT/1132009/052969 13
zones 24.1 to 24.n in the region. Referring to figure 2, the zones 24.1
t6 24.n are arranged such that there are at least two adjacent rows of
zones in a first direction y {that is a general direction of flow of objects
through the region} and at least two adjacent rows of zones in a
10 direction x perpendicular to the first direction. Each zone 24.1 to 24.n
is associated with a respective zone index. The sensor arrangement 20
is configured to be sensitive to the presence or absence of the object
in each of the zones individually and being operattve to capture time
sequentiai representations, preferably images (as shown in figures b
15 and B) of an object moving through the region. The images comprise
sensed data comprising data relating to the presence or absence of the
object in each of the zones. A processor arrangement 22 (shown in
figure 3} is connected to the sensing arrangement 20 for processing
the sensed data into a multidimensional pattern (shown in figures 7
20 and 8) of the presence or absence of the object in the zones as the
object moves through the region, wherein a first dimension is time and

a second dimension is zone index. The processor arrangement is



building, further alternatively the subsystem may be positioned remotely and off-site. In an example
embodiment shown in figure 2, the monitoring region 5 12 comprises a first axis y extending in a first
direction and a second axis x extending in a second direction, which is perpendicular to the first
direction, so thetzeaciv#ane has an area. The aforementioned plurality obzomesi@ded246024.n in the
monitoring zone 12 form an array of rows and columns$2of adjacent regions, each having a first
10dimension in the first direction and a second dimension in the second direction. In an example
embodiment shown in figure 3 the camera 20 is connected to the processor arrangement 22 of the
subsystem 23. The 15 processor arrangement comprises a field programmable gate array (FPGA),
alternatively a compleRpRsgSonfisasts ISgreasictie PR BIMPRAEDE RITESHALLE to a dual port

RAM arrangement 34 and the arrangement 34 is connected tq g processing core 36. In other
embodiments (not shoWﬁ?ﬁ@'%rS&é%?é?%rf%&'@ﬁ? it 2 & ﬁ'ﬁeec %ﬁﬁﬁ’@ i

m
a camera interface and a

processor with Direct I’}éTemor Access gDMA . ngﬁﬁ%stem.Z%fﬁg?gé%omprises a communications

module 38 connected 1o the. p?ggeéglﬂbcgb?e 36 an af&f@/%ﬁ T/W2009/052969 14 to logic

circuitry 40. Also connected to the logic circuitry are a real time clock (RTC) 42, data memory
arrangement 44 and program memory arrangement 46. The apparatus 10 is provided with electrical

power, by ppwer suppihgngehitid SrhidiretOmagCLRRIB A8MAINSEP QWL il &R CergarNications
module 38 enables data communications
such as a video camera 20 and associated optics 21, mounted at the
zone 12, for capturing time sequential images of the zone, each image
comprising sensed data. The apparatus further comprises an electronic
subsystem 23 comprising the processor arrangement 22 {shown in
10 figure 3} connected to the camera 20 far receiving the sensed data

from the camera and for generating the multi-dimensional pattern data

as will hereinafter be described.

The camera 20 is preferably mounted overhead the passage in a roof
15 28 and hence above the monitoring region 12. The camera may
comprise a stereo pair camera comprising first and second cameras
directed at the region at different angies so that they cover the region
from different angles to add an extra dimension, and to define the
monitoring region 12 at a suitable level or height h above a floor 30 of
20 the passage 14. The subsystem 23 may be provided at the monitoring
zone, alternatively centrally at the same building to be connected to

similar sensing arrangement at other entrances (not shown) of the



between the apparatus 10 and an external network. As stated hereinbefore, the camera 20 is
configured to capture time sequential images of the region 12. Hence, each image and its
10associated sensed data are associated with unique time related data, thereby providing a time
dimension fontheosensad:data and a multidimensional representation, agaalimoeirafter be described.
Referring to figure 5, time sequential images generaté@ by the sensing 15 arrangement 20 when an
elliptical object 26 moves through the region 12 are illustrated in figures 5(a) to 5(f). For example, at
the time of the second image, that is the image in figure 5(b), the object covers zone 24.3 completely
and zones 24,2, 24.4 and 24.8épartia||y. The sensed data may, as-a parameter, include data

proportional to a part BFtABS0AHEES tRKeSBAR BN S THRBF S otied Ty P B, wo
2010/004514PCT/1B2009/052969 15 The stream of sensed data or matrixes in figures 5(a) to 5(1)
may be represented AP Fbeah iR & Shal representation, wherein time is one dimension and as
illustrated in figure 6. 5The three-dimensional representation may be rearranged by vectorizing the
matrixes and so flatten the three-dimensional tensor into a two-dimensional representation wherein

one dimension is timelr(t)aﬁsewéﬁ{f@t%%gbg%ﬁt@hown in figure 2, the monitoring region
5 12 comprises a first axis y extending in a first direction and a second

axis x extending in a second direction, which is perpendicular to the

first direction, so that each zone has an area. The aforementioned

plurality of zones 24.1 to 24.n in the monitoring zone 12 form an

array of rows and columns of adjacent regions, each having a first

10 dimension in the first direction and a second dimension in the second

direction,

in an example embodiment shown Iin figure 3, the camera 20 is
connected to the processor arrangement 22 of the subsystem 23. The
15 processor arrangement comprises a field programmable gate array
{(FPGA), alternatively a complex programmable logic device (CPLD) 32.
The EPGA is connected to a dual port RAM arrangement 34 and the
arrangement 34 is connected to a processing core 36. in other
embodiments (not shown) the processor arrangement 22 may
20 comprise a camera interface and a processor with Direct Memory
Access (DMA). The subsystem 23 further comprises  a

communications modute 38 connected to the processing core 36 and



10The stream of pattern matrixes is segmented in time, corresponding to periods of activity. An event
is triggered whenever the sum of pattern matrix elements exceeds a threshold level over a small set of
consecutive frames. Conversely an event is terminated whenever the sum falls below the threshold
over a set of sangacutiyvaframes. 15 Representations of the event in figure Hrereghw in figures 8
and 9. In figure 10 there is shown another example event wherein a plurality of people are moving in
either direction through the region 12. Figure 2011 corresponds to figure 6 for the latter event and
figure 12 corresponds to figure 9 for this latter event. WO 2010/004514PCT/1B2009/052969 16
Referring now to figure 4, the apparatus and method have the following main components,

preprocessing 60, eveiSt BRFEEH 0, $8aiRe SAPREHHTSE 4hE FSESHESHIEN 6656 tFaflsform and
process a mass of pixel relaied d%ﬁ.ﬁl a4f¥ideo volume down to two num ers,?namel count in
e frontE

direction A and count Hir&8i5h TR DRIBR hra FYRRRRE Mg B RMEoRERIRER with

processing memory arrangement 48. The apparatus 10 is provided with electrical
power, by power supply module 48, which is connectable to mains
5 power. The communications module 38 enables data communications

between the apparatus 10 and an external network.

As stated hereinbefore, the camera 20 is configured to capture time
sequential images of the region 12. Hence, each image and its
10 agsociated sensed data are associated with unique time related data,
thereby providing a time dimension for the sensed data and a multi-

dimensional representation, as will hereinafter be described.

Referring to figure 5, time sequential images generated by the sensing
15 arrangement 20 when an elliptical object 26 moves through the region
12 are illustrated in figures 5(a) to 6{f). For example, at the time of the
second image, that is the image in figure 5(b}, the object covers zone
24.3 completely and zones 24,2, 24.4 and 24.8 partially. The sensed
data may, as a parameter, include data proportional to a part of the

20 area of the zone being occupied or covered by the object.



the raw pixel stream into.a form that is distinctive yet invariant with respect to the background as well
as global variation in brightness and 10 contrast. This part of the system may be the most -
computationally sensitive as it operates on a per pixel level. Thus, video processing is intentionally
kept relativelysimpiamodsti 62, the image is first reduced to a manageable sizeibwiidtering and down
sampling. From this resized image an active region isgxtracted. The active region is a user 15
specified area in a frame that defines the boundary across which people are counted. For
computational efficiency this boundary is required to be straight and image axis aligned. This boundary
defines two directions, the first direction of flow y and the second direction x perpendicular thereto. The
active region is an axidhfigtieameetarrgredataapi SNy B igEesoBIRt ARy STthéaycRingle's lateral
width is specified by the user and its dimension along the direction of flow is determined by the relative
scale of an average hIFRETTAEE frani e fis 0 oMb AP ATE FHABIHBEEE D89S 7 Bnly the active
region is processed further and the resji of the frame is dié:,carded. An important task of the
pre-processing is to nS%%‘i%B'}ﬁé"%ﬁ/ *lhuﬁﬁc(a\g?éeig v{ﬁfﬁeres'pect to the background. The background in
this context shall be defined as the part of the image that corresponds 5 to objects in the scene that
are physically static over an extended period of time. The foreground, conversely, corresponds to the

parts of thejimage thatfepict bhirsicallynoviaQRistts: haysegmanterel fiamaasisugh, models of

the pixel variation associated with both the foreground and background are constructed. Since the

background is 10 defiprdiyissslawdale ahebangs anbaskgredsidnaodsied inrappraxdmated by
essentially applying a temporal low-pass filter to statistics associated with the input video. A

foreground model is ceanmséngteaibyspnalysiagothevatatisticood idiagmsegioiss riokesufficently described
by the background model. This normalisation 15 process is referred to as background removal. It
ultimately attempts to dssigatetbiedigdumgiXel of an input frame, a probability that it is part of the
foreground (a moving object). For computational simplicity each input pixel is considered 20
independently, each pixel in turn has a set of channels associated with it. The variation within these

channels is modelled t%)é a multivariate Gaussian distribution. This choice is weaklg_motivated by the
ubiquity e stream of patiern matrixes is segmented in time, corresponding to

periods of activity. An event is triggered whenever the sum of pattern
matrix elements exceeds a threshold level over a small set of
consecutive frames. Conversely an event is terminated whenever the
sum fails below the threshold over a set of consecutive frames,

15

Representations of the event in figure 5 are shown in figures 8 and 9.

In figure 10 there is shown another exampie event wherein a plurality
of people are moving in either direction through the region 12. Figure
20 11 corresponds to figure 6 for the latter event and figure 12

corresponds to figure 8 for this latter event.



. WO 2010/004514PCT/182009/052969 18 of the Gaussian distribution due to the Central Limit
Theorem, but more so by the fact that the Gaussian distribution can be fitted to input data simply by
calculating its average and spread. The multivariate Gaussian distribution of a d -dimensional random
variable 5x witie nee@m4rund covariance E is as follows: 1 r7 (x) = exp(x 2 xxsitddobi2spd 1ti2 Often the
logarithm of this distribution is more convenient for comgputation: tri(c, (0=-111(27)+ In + 10Where
Each pixel is represented by a d dimensional vector x of pixel channels. Currently four channels are
used, the luminance and two chrominance values from the YUV colour space as well as the time

derivative of the ]
Referring now to figure 4, the apparatus and method have the

following main components, preprocessing 60, event extraction 70,
feature extraction 80 and classification 80 1o transform and process a
mass of pixel related data in a video volume down to two numbers,

5 namely count in direction A and count in direction B.

The front end video pre-processing 60 is concered with processing
the raw pixel stream into a form that is distinctive yet invariant with
respect 10 the background as well as global variation in brightness and
10 gontrast. This part of the system may be the most computationally
sensitive as it operates on a per pixel ievel; Thus, video processing is
intentionally kept relatively simple. At 62, the image is first reduced
10 a manageable size by filtering and down sampling. From this resized
image an active region is extracted, The active region is a user
15 specified area in a frame that defines the boundary across which
people are counted. For computational efficiency this boundary is
required to be straight and image axis aligned. This boundary defines
two directions, the first direction of flow y and the second direction x
perpendicular thereto. The active region is an axis aligned rectangle
20 that is centred on the boundary. The rectangle’s lateral width is
specified by the user and its dimension along the direction of flow is

determined by the relative scale of an average human in the frame,



15luminance. Pixel foreground and background conditional distributions as follows: E Sew =(x),(x)
Where 131g and s= sfcs represent the sets of the possible x that 20corresponds to the foreground and
background respectively and WO 2010/004514PCT/1132009/052969 19 and {1.5.,,z,k}
correspond teviheommauz@nd covariance associated with the foreground ant/isaskgrixsd respectively.
To keep this derivation concise the irk andbgsubscripts7that denote the two distributions shall be
omitted in equations that hold for both the 5foreground and background models. For the sake of
computational simplicity the pixel channels are assumed independent. Thus E is assumed diagonal

and so the Gaussian distributions may be expressed as follows 10Irt[G" 001=dIn(270 21
Only the active region is processed further and the rest of the frame Is

discarded. An important task of the pre-proéessing is t0 normalise the

- raw input video with respect to the background. The background in

this context shall be defined as the part of the image that corresponds

5 to objects in the scene that are physically static over an extended
period of time. The foreground, conversely, corresponds to the parts

of the image that depict physically moving objects. To segment each

frame as such, models of the pixel variation associated with both the

foreground and background are constructed. Since the background is

10 defined by its slow rate of change a background model 64 is
approximated by essentially applying a temporal low-pass filter to

statistics associated with the input video. A foreground model Is
constructed by analysing the statistics of image regions not

sufficiently described by the background model. This normalisation

1B process is referred to as background removal. it ultimately attempts to
assign, to each pixel of an input frame, a probability that it is part of

the foreground (a moving object).

For computational simplicity each input pixel is considered
20 independently, each pixel in turn has a set of channels associated with
it. The variation within these channels is modelled by a multivariate

Gaussian distribution. This choice is weakly motivated by the ubiquity



Where P.," correspond to the diagonal elements of z and x, and p, are the elements of a x and
jirespectively for t=1..d . Given the prior probabilities for the two classes, P(x E ") =E s")sybg the
15conditional distributions can be transformed into joint distributions: P(x,xeS)=I(x S)P(xI X E 5) p(X)
Note the priovscar@@ensisained by rfg+ne =i, since a pixel belongs to eitherntmdoresraand or
background. 20 WO 2010/004514PCTRB2009/05296% 20 The ultimate goal is the posterior
probability P(x E),--_5_,(x), the probability that a given pixel is part of the foreground. This may be
calculated according to Bayes' theorem as follows: P (x) z (x) bg

of the Gaussian distribution due to the Central Limit Theorem, but

mare so by the fact that the Gaussian distribution can be fitted to

input data simply by calculating its average and spread. The

multivariate Gaussian distribution of a d-dimensic&na_! random variable
b x with mean gand covariance £ is as follows:

|

1
G (%) = me@[ 5

Often the logarithm of this distribution is more convenient for

(x-n) = (x-)

computation:
in{G, (A))= _-;-[d t(2r)+m|Z{+ AT:-IA]

10 Where A=x—p

Each pixel is represented by a J dimensional vectorx of pixel channels.
Currently four channels are used, the luminance and two chrominance
values from the YUV colour space as well as the time derivative of the
18 fuminance. Pixel foreground and background conditional distributions

as follows:

P(x[x eS,,g) =G, x. {x), P(x Ixe ng) =G, 1, (x)

Where S, and 5, =5, represent the sets of the possiblexthat

20 corresponds to the foreground and background respectively and



(x) =P (x)+ P fg (X) 5 In terms of the logarithmic forms of the distributions, which better represents the
actual method of calculation, may be expressed as follows: 4 ((x - p.)2 din(270+E 2' +In((7,2) i=1  r|
1+ p 12(x P gg (x) '
WO 2010/004514 . ' PCTIB2069/052969
- 18

[my: T} @nd {s, T.jcorrespond to the mean and covariance
associated with the foreground and background respectively. To keep
this derivation concise the fzandsg subscripts that denote the two

distributions shall be omitted in equations that hold for beth the

5 foreground and background models.

For the sake of computational simplicity the pixel channels are
assumed independent. Thus £ is assumed diagonai and so0 the

Gaussian distributions may be expressed as follows

r g
10 M[Gn'g(x)jlzwéi\dln(zﬁ)_{_z{ ; 2._+En(0'f)]J

Where o correspond to the diagonal elements of £ and xand pare
the elements of a xand prespectively for i=1.4d. Given the prior
probabilities for the 1two classes, P(xeS,)=7,.P(xeS,)=rn, e

15 conditional distributions can be transformed into joint distributions:

P(x,xe§)=P(xeS)P(x{xeS)=p(x}

Note the priors are constrained by y, +7, =1, since a pixel belongs to

gither the foreground or background.

20



10z(x) = 1+ exp(Lfg (x) - Lbg (X)) The parameters of these distributions, (11",;,} and (ttLyzig) are
adapted over time to track changing illumination and changes in the background. The background
mean Ish., is modelled per pixel however

10

15

WO 2010/004514 PCT/IB2009/052969

20

The ultimate goal is the posterior probabilityP(xes,|x}=z,(x). the

probability that a given pixel is part of the foreground. This may be

calculated according to Bayes’ theorem as follows:

in terms of the logarithmic forms of the distributions, which better
represents the actual method of calculation, may be expressed as

follows:

i=| i

L{xjekp(x)= h1y~%{diﬁ(2ﬁ)+i{£~%~§i£+ En(df)”

o)1+ 250 !

pbg(X)} "~ lrexp(Ly, (x)- L (%))

The parameters of these distributions, {u,.Z,} and {pj.g,zfg} are

adapted over time 1o track changing illumination and changes in the

background. The background mean p,, is modelled per pixel however

the variances £,, I, and the foreground mean y, are global and

b
shared by all pixels in the image. This choice was made te keep the

computational complexity down but alsc to keep the calculation of the

variances more stable by averaging the statistic over the entire frame.



15the variances Ivy tog and the foreground mean p," are global and shared by all pixels in the image.
This choice was made to keep the computational complexity down but also to keep the calculation of
the variances more stable by averaging the statistic over the entire frame. WO
2010/004514R G T910d821109/052969 21 Figure 13 is a typical example et s nisthiinstions associated
with a pixel channel. The posterior probability is close 20 1 where the foreground is dominant, but
decreases to almost 0 where the background is dominant. The pixel model parameters are gradually 5
updated after each frame so as to track slow changes in statistics caused by variation in global
illumination or additions to the background. The model parameters are updated in a manner similar to
a first order low-pass fi@gfer! Siveh WG PEATBH Hheher SEHIRVTRG FaPRRRIRT G Hr8 defined as

follows: where 2. is the adaptation rate and Ei is the vector of parameters obtaajned fitting the

model to the data in tH*&nEI e MPhaIW o PR HEM dPo HEMEANS a8 &ridices are

approximated as weighted firg,t élnd second moments of the %l]xetl c%qgg ‘é&'“&%e%h%ﬁs pixel

weightings are depen REoN fieir ass0liate ’proLbatgilf‘lﬁreesa.“s e ?oregroun probaEnIlty IS used in the

calculation of the foregraund madel parameters and the.backaroynd Reebabiiy fpribsubackground

parameters. A much slower adaptation rate is used for the variance calculation since it requires more
degrees of freedom, thilg faQies¢ciataA8is fgrdeddantelighisdetarning fndbHIGR-Engatsis added to
this linear
' caused by variation in global illumination or additions to the
background. The mode! parameters are updated in a manner similar to

a first order low-pass lIR filter. Given the current parameters 6, the

new parameters 8 _ are defined as follows:

8,+48
10 § =
ith I+R‘

where A is the adaptation rate and 8 is the vector of parameters
obtained by fitting the model to the data in the current frame. The
foreground a background means and variances are approximated as
weighted first and second moments of the pixel channei values. The
15 pixel weightings are dependent on their associated probabilities. The
foreground probabiiity is used in the calculation of the foreground
model parameters and the background probability for the background
parameters. A much slower adaptation rate is used for the variance
calculation since it requires more degrees of freedom, thus more data
20 is needed to reliably determine it. A non-linearity is added to this finear

approach by making A dependent on the foreground and background



approach by making A dependent on the foreground and background WO
2010/004514ECT/FB2009/052969 22 pixel prebabilities. This is done with the variance update by
modulating A by the fraction of foreground pixels in the current frame. Thus variances only change
when there issagtivibyovgithin the frame. This prevents the variances from sermmingoardidicially small
over long 5 periods of no activity. This also makes semge in that one is only interested in
distinguishing foreground and background at times of activity within the frame. Once the input video is
normalised into a form that is independent of 10 the background and illumination, the video it is
broken down into manageable chunks. This is done by down sampling the normalised video into
patterns and then segRhetrigbitiiiepattifns FPamE S oY eiRne uPEp5RARCSHa Facted at 72 for

each frame directly from its fore%round probability image. The pattern is simc?%/ consi,tgucted by
averaging the foregrouhcd?¥roBaOTRSHRRNTA do2egboRd 200t B4 Mo WEghid G

rarray lsjﬁanning the

region. As - shown in fi%ur,es 2and5, t engéid as f%ur di.visions.ln th% %iwr?ﬁ'oﬁa%g!omf‘h{she number of

divisions 20 in the lat F’éla&l‘f‘é’%tf’onr%yisc Sndel otnefﬁee'f)h?/cstfgélyw"id of the active region. The zones'

aspect ratio is kept con tant§1 V, % iI sq%%isbmw 9406 aneradgrelative sige of a human
in the frame. Thus, WOXSBIDIONT511L0 FibgR08/GEaaay B3 Aty oM
5 periods of no activity., This also makes sense in that one is only

interested in distinguishing foreground and background at times of

activity within the frame.

Once the input video is normalised into a form that is independent of
10 the background and illumination, the video it is broken down into
manageable chunks. This is done by down sampling the normalised
video into patterns and then segmenting these patterns in time to form

events.

15 Patterns are extracted at 72 for each frame directly from its
foreground probability image. The pattern is simply constructed by
averaging the foreground probability within the zones 24.1 to 24.n of
the grid or array spanning the region. As shown in figures 2 and 5, the
grid has four divisions in the direction of flow. The number of divisions

20 in the lateral direction is dependent on the physical width of the active
region. The zones’ aspect ratio is kept constant, however, their scale

is matched to the average relative size of a human in the frame. Thus,



each frame yields a pattern that may be represented by a matrix whose elements correspond to the
fraction of foreground pixels in their associated zone. The pattern matrices are stacked over time into
what may be thought of as a three-dimensional tensor and as shown in figures 6 and 11. At 74 in
figure 4, this stoeam,efspattern matrices is segmented in time into eventspcomespoading to periods of
activity. An event is triggered whenever the sum of pagtern matrix elements exceeds a threshold 10
over a small set of consecutive frames. Conversely an event is terminated when the sum falls below
the threshold over a set of consecutive frames. The representation in figure 11 depicts each zone as a
cube with a size proportional to the zone's value. To compactly visualise theses events it is useful to
flatten the three dimerf&@hdrame swaldtira HBMHe e al<Eavntsr FRRIERS TSR BYn ety illustrated in
figure 7 which may be conveniently depicted as a tvvo-dimensionaltj age, as 5 the case figures 8, 9
and 12. Referring agalM & RgIREEMTS £Q5E8MH (&F cBIRpHRe R R gé‘%%?ﬁ%“fﬁ tifieand’to some extent

normalise the event wijth respect to%%%%t velocity, an approach 20 analogous to Run Length

Encoding (RLE) is aprg 180 275 1%t Svents. The process begins with the first frame pattern as a

prototype. Frames are then compared in succession with the prototype, if the WO
2010/004514PCT/182009/052969 24 frame is not represented well by the prototype (i.e. the difference

is large) it then becompg.theNaW RERFRBA BreT SScREACHRS GRREIMMRSWIY Hhg/andmblaaevent is
reached. The normalised event is constructed by averaging the stretches between prototype changes

into single 5patterns. Thedengikefieachsanan isnalacarecasdedan apfiendedanto eachprototype
vector so original timing is not lost. A normalised mean square distance measure is used to compare
patterns 10-1)012 IPIE2 #Phi+e 4, this stream of pattern matrices is segmented in time
into events, corresponding to periods of activity. An event is triggered
whenever the sum of pattern matrix elements exceeds a threshold
10 over a small set of consecutive frames. Conversely an event is
terminated when the sum falls below the threshold over a set of
consecutive frames. The representation in figure 11 depicts each zone
as a cube with a size proportional to the zone’s ;Jaiue. To compactly
visualise theses events it is useful to flatten the three dimensional
15 structure along the direction of flow to form a matrix, as illustrated in
figure 7 which may be conveniently depicted as a two-dimensional
image, as is the case figures 8, 9 and 12. Referring again to figure 4,
in an attempt to compact event patterns in time and to some extent
normalise the event with respect to object velocity, an approach
20 analogous to Run Length Encoding (RLE} is applied at 76 to the
events. The process begins with the first frame pattern as a prototype.

Frames are then compared in succession with the prototype, if the



Where p. are column vectors representing patterns and c is a small positive regularising constant to
prevent division by zero. For clarity, any events mentioned in the remainder of this description shall be
15assumed normalised in this respect. Feature extraction at 80 in figure 4 generally involves projecting
from some usualtyibighstdimensional input space associated with an inputsemsanasangement 20 to a
low dimensional parameter space 20associated with @#odel of the objects of interest. In this case,
feature WO 2010/004514PCT1M2009/052969 25 extraction is concerned with projecting a variable
length event pattern into a distinctive fixed length feature vector. Events are further decomposed into
regions that correspond to 5 common lower level sub-events such as single people, 2 people close
together or a person Vil tiHINSS. "BOTBRFINRS H'AobeItBS BrYaEPe bV IEYEASE (R ted. Linear

models provide the simplest optio there exists closed form solutions to their. construction,

for this a
such a8 Principle ConigbH ARANER TS AjeaNerL IR EHEcr Himaieoss cominues unti

the end of the event is reached. The normalised event is constructed
by averaging the stretches between prototype changes into single
5 patterns. The length of each span is also recorded an appended onto

each prototype vector so original timing is not lost.

A normalised mean square distance measure is used 10 compare

patterns

2
10 D(pop) =P P
(p p) Ip‘i2+!per+c

Where p. are column vectors representing patterns and ¢ is a small
positive regularising constant to prevent division by zero. For clarity,
any events mentioned in the remainder of this description shall be

15 assumed normalised in this respect.

Feature extraction at 80 in figure 4 generally involves projecting from
some usually high dimensional input space associated with an input
sensor arrangement 20 to a low dimensional parameter space

20 associated with a mode} of the objects of interest. In this case, feature



10 Analysis (LDA). While these methods produce models that compactly and distinctly represent the
sub-events, they do not provide a direct method of classifying them. For this, a Gaussian Mixture
Model (GMM) is used to partition the subspace produced by PCA and LDA into classes. The
sub-event moglelgangisis; of two related models, a simple 15 search mogekusamdesefficiently find (at
84 in figure 84) sub-events within an event; and a morgscomplex classification model used to
provisionally or weakly classify them at 86. Both of these models consist of linear basis constructed
using LDA and a GMM defined in the sub space spanned by the basis. Sub-events span a fixed size
20 window within the larger event. In this case a 6x4x16 window is used. If the window extends
beyond the dimension&*§RgiEe e eRerHshMasuBSiegtng B raibigt BPHSuHEN ERITIBHS. Augmented
to WO 20101004514PCT/1132009/052969 26 the sub-event data extracted from within the window, is
the relative lateral locdWSheot BBTHYRIGHPALERRIT d8aIE KT BPEpans generated by the RLE

compression that correspond to the window frames. 5As stated hereinbefore, a simple sub-event
model is used to efficiently find at 84 valid sub-events within an event. This simple model attempts to

distinguish between tfygg classes:pardsubaYENIsdALas AR AYCIRge inhepuarddirection as
illustrated at A in figure 2; DOUtwardsub events that are on av rage In the outward direction as
illustrated a§ B in figure 2. agd MulbResiens alile-ryeutial dnaet saprsrepddpinayiag
together or a person with a troliey. To do this, a model B2 of such
sub-events is constructed. Linear models provide the simpiest option
for this as there exists closed form solutions to their construction,
such as Principle Component Analysis (PCA) and Linear Discriminant
10 Analysis (LDA). Whiie these methods produce modelis that compactly
and distinctly represent the sub-events, they do not provide a direct
method of classifying them, For this, a Gaussian Mixture Mode! (Givi)
is used to partition the subspace produced by PCA and LDA into
classes. The sub-event mode! consists of two related models, a simple
15 search model used 1o efficiently find {(at 84 in figure 84) sub-events
within an event; and a more complex classification model used to
provisionally or weakly classify them at 88. Both of these models
consist of linear basis constructed using LDA and a GMM defined in
the sub space spanned by the basis. Sub-events span a fixed size
20 window within the larger event. In this case a 6x4xl6 window is

used. If the window exiends beyond the dimensions of the event,

zeros are substituted for the out of bounds elements. Augmented to



people. 15The exemplars for each of the classes when projected back into the event space are shown
in the following table: Table 1 Simple sub-event classes ID 1 2 Type null inout Exemplar M 11

WO 2010/004514 PCT/IB2009/052969
26

the sub-event data extracted from within the window, is the relative
lateral location of the window as well as the set of spans generated by

the RLE compression that correspond to the window frames.

5 As étated hereinbefore, a simple sub-event model is used to efficiently
find at 84 valid sub-events within an event. This simple mode!
attempts 1o distinguish between three classes:
inward - sub-events that are on average in the inward direction as

illustrated at A in figure 2;
10 .Outward - sub events that are on average in the outward direction

as illustrated at B in figure 2; and

Null - Regions of the event that do not correspond to moving
people.
15 The exemplars for each of the classes when projected back into the

event space are shown in the following table:

Table 1 Simple sub-event classes

iD 11213

Type nuflin out

ExemplarE E g




WO 2010/004514PCT/1132009/052969 27 In figure 14 there is depicted the GMM used to distinguish
these classes within the LDM sub space. In the plot; the lines correspond to the iso-probability lines of
the individual Gaussian components. Note 5 the Gaussian components have unrestricted covariance
matrices, thusvthenis@assebability lines map to ellipsoids. The backgroundi{magzigatresplot depicts the
soft decision boundaries generated by the posterior pesbability of the classes. 10Sub-events are found
at 84 by exhaustively searching the event in time and along the direction lateral movement. A
three-dimensional window, the size of the sub-event model, is slid over the event, classifying each
point as either the centre of an inward, outward or null sub-events. This produces a pair of
two-dimensional search 15 images as shown in figure 15, corresponding to the inward and outward

directions. These ima esﬁg[fgaqﬁ ethe air{l:ge Iﬁ?l\gﬁhggggu%e gn lm%%%m{gh well defined

i
maxima as shown in f e‘?nax € centres o rﬁ’e sub- events The

maxima in figure 16 arg a'@sce!:—'g%?tﬂ PXH%I%%\P%% EJQQe'ﬂr‘ih&é"&Bt, the lines correspond 1o

the iso-probability lines of the individual Gaussian components. Note
5 the Gaussian components have unrestricted covariance matrices, thus
the iso-probability lines map to ellipsoids. The background image in the
plot depicts the soft decision boundaries generated by the posterior

probability of the classes.

10 Sub-events are found at 84 by exhaustively searching the event in
time and along the direction lateral movement. A three-dimensional
window, the size of the sub-event modei, is slid over the event,
classifying each point as either the centre of an inward, outward or
null sub-events. This produces a pair of two-dimensional search

15 images as shown in figure 15, corresponding to the inward and
outward directions. These images are added togethér and smoothed to
produce an image with well defined maxima as shown in figure 16. It
is these maxima that define the centres of the sub-events. The
maxima in figure 16 are indicated by black pixels 100 in the biob

20 centres, The inward and outward images are used again later in the in

the feature calculation.



- 20centres. The inward and outward images are used again later in the in the feature calculation. WO
2010/004514PCT/1132009/052969 28 Once sub-event centres are found as aforesaid, they need to
be weakly classified at 86 in figure 4. This is done with a more elaborate classifying sub-event model.
It is more compuietianadhys expensive and more discriminating, but is onlyapphestoaimady found
sub-events 5and not the entire event. This model useg& five-dimensional basis. Twelve sub-event
classes are distinguished by this model. These classes are summarised in the following table: Table 2
: Sub event classes Like the simple model each class is modelled as a Gaussian component with

unrestricted covariance. Figure 17 shows the first four dimensions of the sub-evgnt m%del. WO
2010/04514PC17182@(5§§.05‘§§8§92§ centres are found as aforesaid, they need to be

weakly classified at 86 in figure 4. This is done with a more elaborate
classifying sub-event model. It is more computationally expensive and
more discriminating, but is only applied to already found sub-events

5 and not the entire event. This model uses a five-dimensional basis.

Twelve sub-event classes are distinguished by this model. These
classes are summarised in the following table:

Tahie 2 : Sub event classes
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Like the simple model each class is modelled as a Gaussian component
with unrestricted covariance. Figure 17 shows the first four

dimensions of the sub-event model.



The x's in figure 17 plot the sub-events found in the example event in figure 15 with each square
labelled according to a rounded version of the sub-event model's classification of it. The corresponding
appearance of these sub events in the event space and their 5classification is shown in figure 18. The
classificationwgpheventsmodel seems to have done quite well in this partetiaspasesassthe actual count
for the entire event is 4-2. Each sub-event is classifiedt turn each producing a vector of 10 posterior
probabilities where the 1th element corresponds to the probability that the sub-event represents the it'
class. These vectors are summed over all the sub-events to produce a vector z that forms part of the
final feature vector. The components of z roughly correspond to the number of sub-events of each

class within the 15 evERR. ¥fb et AS LIRFrSHNE MBS fRIEkiR G R am RIS E48Te overlap in

their associated windows, the _possibility arise that t verlapping informatjon is counted twice, once
for each sub-event. TJ[%{FQE e TSE Sﬁéﬁ 8%%?1%&%?—%@%?% %@gg%gaé {ﬁgr}%es%l\(%rls he Slassification is

projected back into the,qveptspace i sublasied A0.ain e ofigglevenh sfisgiiely marking that

part of the event as counted. igure 19 shows the original event and what remains after the

sub-events have been,syegessivelyramaued Ve, 2080/004R1 4R 3200915296930 The

construction of the sub-event model requires that the locations and labels of the sub-events within the

training datg are knowgaEigyvevsh, ithihslripiisiReravalable, since the training data is not segmented
down to sub-event level, there is but a single label per 5 event. Thus, an iterative approach is used to
build the sub-event model. The process begins with an initial model constructed under the assumption
of a single sub-event per event, centred at the event's centroid. Using this rough model a new set of
sub-events are found @hd classfiiedifosubrhicntvonedetemsytbdrecatianateditgny gb ithe 10process

continues until the model converges. _ _
this particular case as the actual count for the entire event is 4-2.

Each sub-event is classified in turn each producing a vector of
10 posterior probabilities where the ™ element corresponds to the
probability that the sub-event represents the i™ class. These vectors
are summed over all the sub-events to produce a vector z that forms
part of the final featwre ‘vector. The components of zroughily
correspond to the number of sub-events of each class within the
15 event. if two sub-events are found close together with an appreciable
overlap in their associatéd windows, the possibility arise that the
overlapping information is counted twice, once for each sub-event. To
mitigate this after each sub-event is classified, the result of the
classification is projected back into the event space and subtracted
20 from the original event effectively marking that part of the event as
counted. Figure 19 shows the original event and what remains after

the sub-events have been successively removed.



The feature vector i consists of a set of aggregate statistics over the entire event. The structure of the
feature vector is as follows t.mmor", s z 15Where: Duration of the event in frames Length of the
compressed event ni," Moments of the inward search image Moments of the outward search image
20sThe sumwhthaemesinna values corresponding to sub events centres PAAB2069/052969
2010/004514PCT/1B2009/052969 31 The total sub ev&ft classification vector The moment vectors
rn,"and mof the O'h and 2"d degree

The construction of the sub-event model requires that the locations
and labels of the sub-events within the training data are known.
However, this data is not available, since the fraining data is not
segmented down to sub-event level, there is but a single label per
5 event. Thus, an iterative approach is used to build the sub-event
model. The process begins with an initial mode! constructed under the
assumption of a single sub-event per event, centred at the event’'s
centroid. Using this rough model a new set of sub-events are found
and classified from which the model may be recalculated and so the

10 process continues until the model converges.

The feature vector fconsists of a set of aggregate statistics over the
eﬁtire event. The structure of the feature vector is as follows |
fz[rc . oml owml s ZT:IT
15 Where:
! Duration of the event in frames

{ Length of the compressed event
m, Moments of the inward search image
Momenis of the outward search image

20 s The sum of the maxima values corresponding to sub events

centres



moments of the in and out search images illustrated in figure 15. Each 5Smoment vector has 4
dimensions of the following form m =[m,,,0 m2,0 mo.2. rn,17 Where if ,jan image element at lateral
position x and time  The sub-event classification vector is twelve-dimensional, as there are twelve
sub-event classemithwsmement vectors contribute four components eachrangitivese:asesthe three
scalars, thus the final feature 15vector is twenty-threeadimensional. Referring again to figure 4, the
goal of the classification at 90 is to extract the final "in" and "out"-counts from each feature vector. A
mapping between feature vectors and counts needs to be constructed,

z The total sub event classification vector

The moment vectors m,and m, consist of the O™ and 2™ degree

moments of the in and out search images illustrated in figure 15, Each

5 moment vector has 4 dimensions of the following form

T
m:[mn.n Mo Moa m\.s:l

Where it 7, represents an image element at lateral position x and time

m=TEL
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The sub-event classification vector is twelve-dimensional, as there are
twelve sub-event classes, the moment vectors contribute four
components each and there are the three scalars, thus the final feature

15 vector is twenty-three dimensional,

Referring again to figure 4, the goal of the ciassification at 90 is to
extract the final “in” and “out”-counts from each feature vector. A

mapping between feature vectors and counts needs to be constructed,



WO 2010/004514PCT/1132009/052969 32 which constitutes a regression problem. An artificial neural
network 92 is used to implement this mapping. The neurat network learns this mapping from a large
set of tagged events by optimising the regression error. A Standard Multi-layer Perception (MLP) is
used, with Savsingte/meden layer using sigmoid activation functions and ptitpBtdas/eszegith linear
activation for regression. The training of the MLP is es¥&ntially an optimisation problem, minimising the
output error with respect to the edge weights, for this 10 a conjugate gradient descent algorithm is
used. The training data takes the form of a set of feature vectors and corresponding count labels.

However, before training, the features are whitened, normalisin t?]e.f ature space t it covariance,
wcf]\ m. En gl’iil :cé*aef i r?e E 8'?[

. . icH constiiutes a regresst ﬂgr’O {a | H?H!'q WOrk. .
SO Improving the chance 0 convergence to’an absaolute minima normalizing projections are

L5incorporated back o 0g 15t YR RBNNR O 6 EUFALASMONS AURLIIS Haliecy, 1twil be

appreciated that the output of the neural net cou ed to count people moving through the region
and any one of the 20¢lirecfion Aaid dirgelon BShAWRIRIGUER gwdVR) optimising the
2010/004514PCT/1132009/052969

regression error. A Standard Multi-layer Perception (MLP} is used, with

5 a single hidden layer using sigmoid activation functions and output

fayer with linear activation for regression.

The training of the MLP is essentially an optimisation problem,
minimising the output error with respect to the edge weights, for this
10 a conjugate gradient descent algorithm is used. The training data takes
the form of a set of feature vectors and corresponding count labels,
However, before training, the features are whitened, normalising the
feature space to unit covariance, so improving the chance of
convergence to an absolute minima. The normalizing projections are
15 incorporated back into the first fayer weights of the neural network

after it is trained.

It will be appreciated that the output of the neural net could be used
to count people moving through the region and any one of the

20 direction A and direction B shown in figure 2.



33 CLAIMS 1.Apparatus for monitoring movement of objects through a monitoring region, the
apparatus comprising: a sensing arrangement sensitive to the presence or 5absence of an
object in each of a plurality of adjacent zones in the region individually; the zones being arranged such
that there arenal teagtoas adjacent rows of zones in a first direction and aClkessbétweadiacent rows of
zones in a direction perpendicular to 10the first directigg; each zone being associated with a
respective zone index; the sensing arrangement being operative to capture time sequential
representations of objects moving through the region comprising sensed data relating to the presence
or 15absence of the objects in each of the zones; a processor arrangement connected to the sensing
arrangement and for $ib&88M&ng the sensed data into a multidimensional pattern of the presence or

absence of the objects in the zones, wherein a first dimension is time
1 Apparatus for monitoring movement of objects through a

monitoring regian, the apparatus comprising:
- a sensing arrangement sensitive to the presence or
5 absence of an object in each of a plurality of adjacent
zones in the region individually;

- the zones being arranged such that there are at least two
adjacent rows of zones in a first direction and at least
two adjacent rows of zones in a direction perpendicular to

10 the first direction;

- gach zone being associated with a respective zone index;

- the sensing arrangement being operative to capture time
sequential representations of objects moving through the
region comprising sensed data relating to the presence or

15 absence of the objects in each of the zones;

- a processor arrangement connected 10 the sensing
arrangement and for processing the sensed data into a
multidimensional pattern of the presence or absence of
the objects in the zones, wherein a first dimension is time

20 and a second dimension is zone index;
- the processor arrangement being configured to segment

the pattern into pattern parts relating to events; and



20and a second dimension is zone index; the processor arrangement being configured to segment the
pattern into pattern parts relating to events; and WO 2010/004514PCT/1B2009/052969 34 a classifier
for classifying the pattern parts with reference to historical data relating to anticipated events. 2.
Apparatus asxadaimechiniglaim 1 wherein the sensing 5arrangement comprisesableastone camera,
which is mounted overhead the monitoring region.  ggApparatus as claimed in claim 1 or claim 2
wherein the sensing arrangement comprises a stereo pair of cameras covering the 10region from
different angles. 4. Apparatus as claimed in any one of claims 1 to 3 wherein the plurality of zones
form an array of immediately adjacent zones and wherein each zone has a first dimension in the first
15direction, a second dimension im thssteotn disesfionmtit: araean parts VAPpEREEES claimed in
claim 4 wherein the sensed data comprises a parameter proportional to a part of the area of the
20zone being occupied by the Obj“@chistorical data relating to anticipated events.

2. Apparatus as claimed in claim 1 wherein the sensing
5 arrangement comprises at least one camera, which is mounted

gverhead the monitoring region.

3. Apparatus as claimed in claim 1 or claim 2 wherein the sensing
arrangement comprises a stereo pair of cameras covering the

i0 region from different angles.

4, Apparatus as claimed in any one of claims 1 to 3 wherein the
plurality of zones form an array of immediately adjacent zones

and wherein each zone has a first dimension in the first

15 direction, a second dimension in the second direction and an
area.
5. Apparatus as claimed in claim 4 wherein the sensed data

comprises a parameter proportional to a part of the area of the

20 zone being occupied by the object.



WO 20101004514PCT/IB2009/052969 35 6.Apparatus as claimed in any one of claims 1 to 5 wherein
the processor is configured to segment the pattern along the time dimension, in regions of the pattern
of inactivity. 57.A method of monitoring movement of objects through a monitoring region, the method
comprising thestepsoofsdividing the region into a plurality of zones, eaclrzenB:b@inggassociated with a
zone index; the zones being arranged such that thereggre at least two 10 adjacent rows of zones in a
first direction and at least two adjacent rows of zones in a direction perpendicular to the first direction;
utilizing a sensor arrangement automatically and time sequentially to sense the presence or absence
of objects 15in each of the zones individually; generating data relating to a multi-dimensional pattern of
the presence or abseffice of Apeasbjestasircdimediesrweinfciistdimensiornieraind®nd a second

dimension is zone index; 20segmenting the pattern into pattern parts relating to events; and
processor is configured to segment the pattern along the time

dimension, in regions of the pattern of inactivity.

5 7. A method of monitoring movement of objects through a
monitoring region, the method comprising the steps of:

dividing the region into a plurality of zones, each zone

¥

being associated with a zone index;
- the zones being arranged such that there are at least two
10 adjacent rows of zones in a first direction and at least
two adjacent rows of zones in a direction perpendicular to
the first direction;

~ utilizing a sensor arrangement automatically and time

sequentially to sense the presence or absence of objects
15 in each of the zones individually;

- generating data relating to a multi-dimensional pattern of
the presence or absence of the objects in the zones,
wherein a first dimension is time and a second dimension
is zone index;

20 - segmenting the pattern into pattern parts relating 1o

avents; and



WO 2010/004514PCT/032009/052969 36 classifying the pattern parts with reference to historical data
relating to anticipated events. 8.A computer readable medium hosting a computer program for
5monitoring movement of objects through a monitoring region, the program executing the steps of:
receiving forrwa sansersarrangement sensed data relating to time sequeptaliepressniations of
objects moving through the region, the sensed data cegprising data 10 relating to the presence or
absence of the objects in each of a plurality of zones, the zones being arranged such that there are at
least two adjacent rows of zones in a first direction and at least two adjacent rows of zones in a
direction perpendicular to the first direction and wherein 15each zone is associated with a zone index;
generating data relating to a-multi-elFsivéientiid @atisrobarspretenetenap denbisiefigsé objects in the
zones, wherein a first dimension is time and a second dimension is zone index; 20segmenting the
pattern into pattern parts relating tgata relating to anticipated events.

8. A computer readable medium hosting & computer program for
5 monitoring movement of objects through a monitoring region,
the program executing the steps of:

- receiving form a sensor arrangement sensed data relating
to time sequential representations of objects moving
through the region, the sensed data comprising data

10 relating 1o the presence or absence of the objects in each
of a plurality of zones, the zones being arranged such that
there are at least two adjacent rows of zones in a first
direction and at least two adjacent rows of zones in a
direction perpendicular to the first direction and wherein

15 each zone is associated with a zone index;

- generating data relating to a multi-dimensional pattern of
the presence or absence of the objects in the zones,
wherein a first dimension is time and a second dimension
is zone index;

20 - segmenting the pattern into patitern parts relating to

events; and



events; and WO 2010/004514PCT/1B2009/052969 37 classifying the pattern parts with reference to
historical data relating to anticipated events, thereby in use to provide as an output, a count of objects
moving in at least one direction through the region. 5 9.Firmware hosting a computer program for
monitoring mevemwnbahobjects through a monitoring region, the progrartexenutinspie steps of:
receiving form a sensor arrangement sensed data relagng 10 to time sequential representations of
objects moving through the region, the sensed data comprising data relating to the presence or
absence of the objects in each of a plurality of zones, the zones being arranged such that there are at
least two adjacent rows of zones in a first 15 direction and at least two adjacent rows of zones in a
direction perpendicular to the first dassitiongativ whtiesin eath rovefersoogiatetivfitric@izone index;
generating data relating to a multi-dimensional pattern of the presence or absence of the objects in the
zones, data relating to anticipated events,

thereby in use to provide as an output, a count of objects

moving in at least one direction through the region.

g, Firmware hosting a computer program for monitoring movement
of objects through a monitoring region, the program executing
the steps of:

- receiving form a sensor arrangement sensed data relating
10 to time seguential representations of objects moving
through the region, the sensed data comprising data
reiating to the presence or absence of the objects in each
of a plurality of zones, the 2ones being arranged such that
there are at least two adjacent rows of zones in a first
15 direction and at least two adjacent rows of zones in a
direction perpendicular 1o the first direction and wherein
each zone is associated with a zone index;
- generating data relating to a multi-dimensional pattern of
the presence or absence of the objects in the zones,
20 wherein a first dimension is time and a second dimension

is zone index;



20wherein-a first dimension is time and a second dimension is zone index; 38 segmenting the pattern
into pattern parts relating to events; and classifying the pattern parts with reference to historical data
relating to anticipated events, 5thereby in use to provide as an output, a count of objects moving in at
least one diragtiamtiesgh the region.  10. A computer program for maritonngemsysinent of objects
through a monitoring region, the program being configgged to 10execute the steps of: receiving form a
sensor arrangement sensed data relating to time sequential representations of objects moving through
the region, the sensed data comprising data relating to the presence or absence of the objects in each
15 of a plurality of zones, the zones being arranged such that there are at least two adjacent rows of
zones in a first direction and at leastgnwventidipncdat makterof zoe paiterdireationpigpendieular to the first
direction and wherein each zone is associated with a zone index; 20generating data relating to a
multi-dimensional pattern of the preégfigeadf absence of the objects in the zones,

- classifying the pattern parts with reference to historical
data relating to anticipated events,
5 thereby in use to provide as an output, a count of objects

moving in at least one direction through the region.

10. A computer program for monitoring movement of objects
through a monitoring region, the program being configured to
10 execute the steps of:

- receiving form a senscr arrangement sensed data relating
to time sequential representations of objects moving
through the region, the sensed daia comprising data
relating to the presence or absence of the objects in each

16 of a plurality of zones, the zones being arranged such that
there are at least two adjacent rows of zones in a first
direction and at least two adjacent rows of zones in a
direction perpendicular to the first direction and wherein
gach zone is associated with a zone index;

20 - generating data relating to a multi-dimensional pattern of

the presence or absence of the objects in the zones,



39 wherein a first dimension is time and a second dimension is zone index; segmenting the pattern
into pattern parts relating to events; and classifying the pattern parts with reference to historical data
relating to anticipated events, thereby in use to provide as an output, a count of objects moving in at
least one diragtenitivasgh the region. PCT/IB2009/052965

39

wherein g first dimension is time and a second dimension
is zone index;
- segmenting the patiern into pattern parts reléting ta
events; and
5 - classifying the pattern parts with reference to historical
data relating to anticipated events,
thereby in use to provide as an .output, a count of objects

moving in at feast one direction through the region.



