SYSTEM AND METHOD FOR MONI TORI NG WATER QUALI TY FI ELD OF | NVENTI ON The
present invention relates generally to a systemand nethod for nonitoring
wat er quakvDtyes/BAGKCGROUND I n wat er treatment and suppl y pCirtsGrevy/obe 33
desirable, e.g. for security reasons, to regularly nmonitor the water for
contam nation. One nethod that is rapidly gaining prom nence in such
drinking water security applications donprises the use of |iving organisns
or enzymatic reactions as toxicity indicators. By nonitoring adverse

bi ol ogi cal effects on test organisnms, it is possible to confirmthe

presence of dpuirayi AND'MEFHED EOR MONITORING WATERQUALITE! anal ysi s

to determn e exact nature o e threat. The key advantages of using

bi o-nmonitoring are its rapid response and its ability to be used at

critical locations, such as at the downstream of a water distribution
system prior to biological processing in a waste-water treatnent plant.
Ther e ar epf P HRIINVENTRORNt Organi sns that can be used to nonitor for
toxicity 1ncluding e.g. bacteria, invertebrates and fish. In early systens,
such n®nitoring of the status of the test organisms is carried out by human

i nspectors. |tyhaspbesit RRLALbA haktedRguaéranptot ar sygemoand- tethad dark i s
tedi ous and subject to error since human al ertness may degrade after a
pr ol onged MBHPEHY WRIRT A¥a6 i odi ¢ nonitoring does not provide real -tine
information for appropriate responses. A conputer vision systemnmay be nore

sui tabl e h <$§ E} ation as the machi ne can provide constant nonitoring
over alo 3‘ 8 time at the same | evel of performance. In one prior
art approach, a video canera is used to visually nonitor the novenents of

R i i
appr oachf tw tégetarlyonpmitos dse wetep fori qoptaphiatione Pneovethedithatiia rapidly ggining
di stribut 'p%}nl\q‘eﬁ& o sﬁf(‘:‘w éﬁnking water security applications comprises the use of living
organisms or enzymatic reactions as toxicity indicators. By monitoring adverse
15  biological effects on test organisms, it is possible to confirm the presence of toxins in
the water supply prior to ’performing further analysis to determine the exact nature of the
threat. The key advantages of using bio-monitoring are its rapid response and its ability
to be used at critical locations, such as at the dbwnstream of a water distribution system,
prior to biological processing in a waste-water treatment plant. There are several
20 - different organisms that can be used to monitor for toxicity including e.g. bacteria,

invertebrates and fish.

in early systems, such monitoring of the status of the test organisms is carried
out by human inspectors. It has been noted that manual monitoring round-the-clock is
25 tedious and subject to error since human alertness may degrade after a prolonged
period, while periodic monitoring does not provide real-time information for appropriate
responses. A computer vision system may be more suitable 'in this situation as the
machine can provide constant monitoring over a long period of time at the same level of
performance.
30
In one prior art approach, a video camera is used to visually monitor the
movements of the fish. A behavioral model based on a set of statistical distributions of

pre-selected movement parameters is computed as a time function. The approach



predi ction paranmeters, and generating a warning nessage when the fish'
observed novements do not correspond to prediction paraneters. However, as
the prediwbi2om/pananeters are dependent on the previ ouslPgTsiBaem0eEk33

behavi or, this approach may not be responsive to situations subject to
different types of fish and different contam nant exposures that have not
been observed and recorded in the hi storical database. In another prior art
approach a nonitoring area is divided into a plurality of small bl ocks

.e. sen I h
bl ock ;5 DhBeiBaN5e selPhiE ot oA Ry AR e 4% Ponor
not. The prediclian baianptesecansd genasgting A wafniag dnesEses esubs fihabssivethal ysi s

Ff fish aﬁ(ﬁ %ﬂerﬂ@tdtoeﬁ& Ods dpl%r;f)r@&@f?& Birafelers!| éwelgr,t & tHeu pleaiction
abeled b novi ng spee etc. In this approach, the flsqht ank tneeds to

be di vi deuarametseraarmﬁﬁmndesﬁ oB 4 PrieMieEslY °§§el‘f‘(ﬁ§'ttlﬁhé¥'°r BiE RPRGAREAIMAY At one
fish. héwe Ed“?it&%h&éhbﬁ&fttt@amef&vweg obﬂsfﬁ@ﬁ@rdﬁfeeermizoﬁt@mr\ed to a
nat ur a sett gin apuraleﬁ%/ g v¥| group. I n one
exi sting SXPOSHIS tfw&ﬂﬂéve F%t bear Qlezery %@dﬁcc’é eidr'gﬂied%{? 8H‘Ea' Bﬁtﬁ'R Favi ng a
substantially narrow width, and contai ni ng a pI urality of fish. A video
canera is directed toward the front si

defined by t heln QHEh pgwcpm%qpécmc of MR or{ngrﬁgea 'ﬂ?tév"&?sf‘tgrﬁ plura Ptgroig&&?r si de
behavi or abiopiy @BPéeefsﬁ\g s)as rowsedtd, colefresvandrtbe (Lenigandervatuerofeaoh bleek ght i n

t ank, d

o e Bebragst SRR gl e fodcie B BHEY R neR or BEL THE plockfegigf [ 01 1Y
t he syst estdupiedoby abfish & lnbaled wach diwdt Lepi amalysis okfists actmt patesn ey e one
fish is parlﬁl %leﬂsbf rﬁal]::léﬁgn?/%,@%shurﬂsé & ka8 Hidtks ”Wo@mé s?ée@oéi ctiPRgd nearer

to the cafg Shactivity 1s ba obal notion
stati sti capproheh, ahaffigts tankmieedbdo baatividddiistova niumberngt mﬂﬁégmﬂﬁ‘tt $iructy&ss: one or

two deads]é%?shh r({oht?lnﬁ‘% bhd G8n. ﬂ%ea ?qu;j' thVSEthbnn@étfeﬁW mMdydhbt b tadcSraftOhs @

nat ur al keepi ng his could lead to the fish not being
abl e 16 rmvmpaneﬂﬂm elnetmral)%ehtlagm whiehua Plityisé fishemar BWin B e’ 1 sh,
resulting in false alarns. Another existing water quality nonitoring system

conprises a receiving tank and
In one existing system, water is passed through a transparent tank having a

substantially narrow width, and containing a plurality of fish. A video camera is directed
toward the front side of the tank, i.e. the larger side defined by the length and height of

20 the tank. The system measures behavioral parameters such as speed, behaviors (e.g. in
terms of height in tank, turns and circular motion), size and number of active fish.
Toxicity is measured as global statistics of these behavioral parameters. However, the
system is not able to resolve occlusions, i.e. situations where one fish is partially or fully
obstructed by one or more fish positiohed nearer to the camera. As the analysis of fish

25 activity is based on glo'bal motion statistics, the analysis may be inconclusive in
instances with just one or two dead fish. In addition, due to the very narrow width, it is
not a natural setting for keeping the fish. This could lead to the fish not being able to
move sufficiently fast, thus may be detected as dead fish, resulting in false alarms.

30 ~ Another existing water quality monitoring system comprises a receiving tank and
a monitoring tank, which may have up to two sections, each containing one fish. A
picture signal from a video camera positioned at one side of the monitoring tank is
inputted into a fish detecting sensor where the picture signal is processed to
continuously detect the position of the fish. A position signal is fed into a computer for



a nonitoring tank, which nmay have up to two sections, each containing one
fish. A picture signal froma video canera positioned at one side of the
noni t or i ngotamkizéBiei nputted into a fish detecting sensorcrserentob@spi cture
signal is processed to continuously detect the position of the fish. A
position signal is fed into a conputer fordeterm ning the actional pattern
of the fish, which is then conpared wdth a fish abnormal actional pattern
stored in advance to check whether the actional pattern observed is

abnor mal Qi Rfing HRWENGAI %ét{elfﬁ‘oitthéﬁ%%hﬁ@ﬁeﬁ%@ﬁ@éwdtvﬂm dfighogtnomhalf i sh

bei ng noni ored d s I'rmted, and the actlon%I attern may not, be accurate as
conpar ed aational rRattemastoredtin jadyancs tRHsherk ¥Npingr the; a5iopa! RIS ARSPSR ™ in a

group. A Neefnding’ RAOMHfoweYes likel fhepéw&d?p@oaﬁhéé,emeamdnmt biofistf deing
nmoni toring water qualit hat seek to addres

_ quality t ddress, at | east one of bove
pr obl ens. MenivreRie limitedc aret denadioppl; pattgn ?‘P&f‘%@%@&?"’aﬁe ?%gorﬁ?aéégg 2

| nvents on,4har Stiny iR WAkh detliralitp yshisamdyaswirmima goupng wat er quality, the
system conprising a container for receiving a flow of water to be '
nonitored, the container containing a plurality of fish and configured such
that a subst ani inabd Yhedefdien®rists am provipfeoasysiet saandouethofl forhesonitasing jweater
accommmodat ed; first i i ng, device.dis e the container for

obt ai ni ngYal ts?tes\?)eﬁooaé@%%atagleg? e fﬁ}esﬁ%;g\?eg%ga%@éhs for identifying

i ndi vidual fish based on foreground object detection. The system may
furth$ conprise a second i magi ng device disposed on a side of the
container for obtaining side view video data of the fish. The system may
further cSWMMARYa confinenent structure di sposed within said container,
the confinenent structure conprising a substantially continuous perineter

wal | for accomodating the fish therein, wherein said confinement structure
i s di mensi onedirf ancortanoeniitiaa firsh aspret sfithe RN INMKENECRIhAER & BioMIded Bup

behavi our sggtertnh‘?r %Baﬁbrpa%t&e&ﬁém}ﬁﬁe pdtdm BB pRiSing @NEdrBainetfos redeiviritat i t
approximates a tield o ) - .
a flow of water to be monitored, the container containing a plurality of fish and
configured such that a substantially 3-dimensional group behaviour of the fish is
accommodated: a first imaging device disposed above the container for obtaining
top view video data of the fish; and means for identifying individual fish based on
foreground object detection.

20
The system may further comprise a second imaging device disposed on a

side of the container for obtaining side view video data of the fish.

The system may further .comprise a confinement structure disposed within

25 said containér, the confinement Structure comprising a substantially continuous
perimeter wall for accommodating the fish therein, wherein said confinement
structure is dimensioned for accommodating the substantiaily 3-dimensional group

behaviour of the fish.

30 The perimeter wall may be configured such that it approximates a field of

view of said first imaging device.

The perimeter wall may be substantially translucent.



view of said first inmaging device. The perineter wall nmay be substantially
translucent. A portion of the perineter wall facing said second inmagi ng
devi ce nmaWyoReobebanti ally transparent, while a renai nPAF/SGEW00013df t he
perimeter wall is substantially translucent. The confinenment structure may
further conprise a substantially opaque cover nenber disposed to cover the
substantially transparent portion of fhe perineter wall for reducing
reflection of the fish in said top view video data. The system may further

conprise a | ghibRgnARRAL HeHimeRWAIOICH §ad ooidimagihg tante ahdy beven
background lig

for the first i1 maging device, Th i ghti.ng, ap atus may
conpr i se subsiagtiallys daneearants pyRitey 2 FBRINNG PO c?gn{hgi Rg?mgtﬁ& ‘&é@in'é for
di ffusi ng Jos@Rtialfy/tRsi2ent | ght source di sposed between the |ight source and
the container. The system may be configured to mnimze external light from

entering the systemduring operation. The nmeans for identifying individual

fish npy be arfipnap@iné@ent faeluré raydltisdreneatrite neybstantialyljpaqte covsol vi ng
clustered foreground objects may conprise WelolgeY i j|c- means
Cl Ust or | rgerBer MEPORSchigIFgue" BF SUPT P DL, TepeRreich ot B BEARERE el

si | houet t R FRRICRE refltibApf thedishiimsaje tofaview video data.3, .. . ; deterni ning a best
k based on a mninumvalidity score for fitting the /c-nunber of ellipses

to each blob. The system may further conprise neans for_determnni % a
nunmber of i nacthe eystérahmayThethey serepriseag ligbtinchappaset cPaEguied s PI¥IdCappl yi ng

a stimulus to the fish i h ferdindgtihy geliceh exceeds a first
t hr esm-)ll ds?%??ré'aﬁégvﬁn}ascgggugg rﬂné@ﬁfgthgyﬁtém érlaiy/ further conprise a
conmmruni cation device for sending an alarm signal, the alarm signal being

generated if tﬁ e E@%Sra {ardt%aﬁltaﬂl ¥Bmbisd adighessiFca dRpESHHridermsdiote af t er
t he stinmulus has ena;? I ed. . _

container and means for diffusing light from the light source disposed between the

light source and the container.

15
The system may be configured to minimize external light from entering the

system during operation.

The means for identifying individual fish may be arranged for resolving

20 clustered foreground objects.

Resolving clustered foreground objects may comprise performing hierarchical
k-means clustering to fit k-number of ellipses into each contiguous biob in a
silhouette map of the top view image data, k=1, 2, 3,...; determining a best k based

25  on a minimum validity score for fitting the k-number of ellipses to each blob. .

The system may further comprise means for determining a number of

inactive fish.

30 The system may further comprise means for applying a stimulus to the fish if
the number of inactive fish exceeds a first threshold to reduce false a]arms.



The stinmulus may conprise a sound. The system may further conprise nmeans to
determ ne an activity level of the plurality of fish as a group behaviour,
t he acti WOR09Rel16bei ng det ermi ned based on one or nor @CHRSGAYrOOUS3
consisting of overall group speed, notion trajectory and randomess
measure. The system may further conprise neans to determi ne a group
distribution of the fish as a group behaviour. The system may further
conprise means to determ ne a social interaction of the fish as a group

behavi our, thepaagisgly indeRabkr eBmpRida cmaumtatnh dadesl fansamingan mor e of
a group consistin ofml evel of proxi mt%élfmat the fi.sh ﬁre %\V\féf’@‘geﬁg to one
anot her, alambeignalf thelalamesiana! SRIRG@eRE AT fHeHHMPRT QUIACHER L& SRz e
clusters. %&:oﬁg%@mgftwm@sﬁma@@%d baspappliedf the present invention there
IS provi cfe a nethod of nonitoring water quality, the method conprising the

steps of receiving a flow of water to be nonitored in a container, the
cont aisner contyHendtiflilgs Mhy eahpiise @#bodndsh and configured such that a
substantially 3-di nmensi onal group behaviour of the fish is acconmodat ed,;
obtai ning top view video data of the fish; and identifying individual fish
based on f or egrHakydtedhneytiudistrachnmise néansite detsdmingyar aetivifglevebabinese
perform ng hierarchical /c-ne : ke fk = &lhi pses
into eachPU@|vi ‘%J%Esasb? 85°Hpnbe3%§’i‘1%h§ﬁ%t Clg\ﬂﬁlﬂ%Q%fﬂemdeg?%ﬁiggv? Ts?ra e dat a,
A= 1, 2, &he or maletafrargriupgcansistisg df avarsddgroHP $PAH MAHeR A13jestary 3eore for
fitti t he /c-nunbgr L% ellipses to each blob. The nethod may further
conprlise ?Bﬂ?’f/‘f‘ﬁ%ﬁ@% Ifulus to the fish if a nunber of inactive fish
exceeds a first threshold to reduce fal se al arnms. The nmethod nmay further

conprise det erm@%%@%%Hrgqu$&%Im@jns_ttBQieltérHﬁrﬁé &lgyof disiribbtiasofa gr oup
Vity l'eve

behavi our, the ac / bei ng determ ned based on one or nore of a
group contiedishrag sogroup bebavioyr oup speed, noti-on trajectory and randommess
nmeasure.

15 The system may further comprise means to determine a social interaction of
the fish as a group behaviour, the social interaction being determined based on one
or more of a group consisting of level of proximity that the fish are swimming to one
another, numbér of clusters formed by the fish and dominance of these clusters.

20 In accordance with a second aspect of the present invention there is provided
é method of monitoring water quality, the method comprising the steps of receiving a
flow of water to be monitored in a container, the container containing a plurality of
fish and configured such that a substantially 3-dimensional group behaviour of the
fish is accommodated: obtaining top view video data of the fish; and identifying

25 individual fish based on foreground object detection.

The method may further comprise performing hierarchical k-means clustering
to fit k-number of ellipses into each contiguous blob in a silhouette map of the top
view image data, k=1, 2, 3,..,; determining a best k based on a minimum validity

30 score for fitting the k-number of ellipses to each blob.

The method may further comprise applying a stimulus to the fish if a number

of inactive fish exceeds a first threshold to reduce false alarms.



The nethod may further conprise determning a group distribution of the
fish as a group behaviour. The nethod nmay further conprise determning a
soci al i nveraizeriéof the fish as a group behavi our, th&CIEE2009/00¢188r acti on
bei ng determ ned based on one or nore of a group consisting of |evel of
proximty that the fish are swnmng to one another, nunber of clusters
formed by the fish and domi nance of tRese clusters. BRI EF DESCRI PTI ON OF
THE DRAW NGS Enbodi nments of the invention will be better understood and
readi |y appar efif o8& fuRh&l mhptiss idetdrmiriing Be astivity flevamof ihe diaralitpwi ng
witten description, way of exanple onlO . a\r}% i n.co(g'})unc Lon W trh t he

dr awi ngs, ofifishvats atgroym éah@“qt(rajhei actiyity, lgve é%'f’? QTP 8 Y or

moni t or i ng MAtRr 5 AR)ubt YoRGiSEHEd gt Jolralfngredgngdeade nipotioetrdjectbiyguand 1(b) is
a top view of the Systemof Figure 1(a). Figure 1(c) is a side view of the
syst em of FAPHQMP@SSIMEFSUTE gure 1(d) is a front view of the system of Figure
1(a). digures 2(a)-2(c) show exanple enbodi ments of a confinement structure

for use in the systemof Figure 1(a). Fi ) (d)- . ihews of a
moni t ori ng ar eBNUBPHIARY @gﬁ?r ﬁ%ﬁ%ﬁ)ﬁs{e ci%t%u%d'ﬁﬁ é %@’“‘E?’Ls%ﬂbz@ig@l(’ E%Zf}gc)
respecti vgéygFéL?m@as(oa)_ shows a top view of a nonitoring area using a
rectangul ar confinenment structure having a transparent side face according

to an exanpl e enbodi nent. Figure 3(b) shows a side view of a nonitoring
area using a rees methddanay furftienenmptise detetnining shasiaigntgractign opiiechiih si de
face according to,an ex ' pelflgHEiEmM & basedbrPisHembleve Vi ew
of th Scoﬁ?Fr?g?féon?éﬁﬂ%gﬁﬁégoﬁghﬁgéﬁghg a) that has been nodified to

mni m ze behlgeoud consistiografilens! pbpreKimity shabithe Bifoaig sEMMIng to one another,

number of clusters formed by the fish and dominance of these clusters.
15 BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will be better understood and readily apparent

to one of ordinary skill in the art from the following written description, by way of

example only, and in conjunction with the drawings, in which:

20
Figure 1(a) is a perspective view of a system for monitoring water quality
according to an example embodiment.
Figure 1(b) is a top view of the system of Figure 1(a).
25
Figure 1(c) is a side view of the system of Figure 1(a).
Figure 1(d) is a front view of the system of Figure 1(a).
30 Figures 2(a)-2(c) show example embodiments of a confinement structure for

use in the system of Figure 1(a).

Figures 2(d)-2(f) show top views of a monitoring area using the confinement

structure of Figures 2(a)-2(c) respectively.



Figure 3(d) is a top view of a nonitoring area using the confinenent
structure of Figure 3(c). Figure 4 shows results of foreground object

det ect i orwOvew9/1dnl16xt ended period accordi ng to an exanpPETESGRYINEAS .
Figures 5(a)-5(d) show diagrans illustrating steps in a blob splitting
process according to an exanple enbodi nent. Figure 6(a) shows results of
the counting nmethod according to an ex@npl e enbodi nent at various franes.
Figure 6(b) shows a chart conparing perfornmance of the counting nethod
according to an exanpl e enbodi nent with a conventional method of counting
nunber of blobs. Figure 7 shows a block diagramillustrating a nethod for
anal ysi ng act i Figuge G(a)t shawspegtam ¥iew ohra MANGedrg APansige? (reEENaWabper at or

accor di ng cBRﬁ&%&%aémgﬁlr@mQﬂbnﬁnﬁanéaaM%i& ifSced aBEdraiNg! ioCanli @fripre of a
conput er system according to an exanpl e enbodi nent. Figure 9 shows i nages

obt ai ned &mbgdimentent points over an interval, the corresponding foreground
detectson results and nunber of inactive organi sns counted, according to an

exanpl e enbodi ment. Figures 10(.a) and 10(b) show graphs.of c rative
overal | school FQ&’@%@@V%’W"‘&%@U%‘%O‘{'@W@%%dﬁ%@%é'geg‘?ragnlﬁ‘"{ aa'%rcqe%%garr%l'e
enbodi mentgonfiieher Sstiubirg Hvihg( B) trameparerngide faces acowtlingntat paj @@Mpie es of
the fish between Frane 2,001 and Franme 2,250 of Figure 10. Figures 11(c)

and (d) smpoéiéiﬂ?f&rative notion trajectories of the fish between Frane
19, 751 and Frane 20,000 of Figure 10. Figures 12(a) and (b) show graphs of

Corrparé tive ranc gcim%ggcj \}?ng\?ese(lﬁ?rp%t%ﬁ\%/ Glewt Qfath@%%nggerg%@ru&ﬁl‘ﬁrlsﬁg@hré: s@yre 10.

Fi gure>13 sho e confrnenment structure rating a
centre ‘that has been modified to minimize reflection according to an example embodiment.

Figure 3(d) is a top view of a monitoring area using the confinement structure
of Figure 3(c).
15 |
Figure 4 shows results of foreground object detection over an extended

period according to an example embodiment.

Figures 5(a)-5(d) show diagrams illustrating steps in a blob splitting process

20 according to an example embodiment.

Figure 6(a) shows results of the counting method according to an example

embodiment at various frames.

25 Figure 6(b) shows a chart comparing performance of the counting method

according to an example embodiment with a conventional method of counting number of
blobs.

Figure 7 shows a block diagram illustrating a method for analysing activity of test

30 organisms for“t;igger'ing an alert to an operator according to an example embodiment.

Figure 8 is a schematic diagram of a computer system according to an example

embpdiment.



nonitoring region according to an exanpl e enbodi ment. Figures 14(a) and
14(b) show graphs of conparative probability of avoi dance behavi our over a
peri od ofwehkoa12206000 franmes accordi ng to an exanpl e ewrbwgicaEPioooiBs gur es
15(a) shows a top view of the nonitoring area of the confinenment structure
with one cluster of fish fitted according to an exanpl e enbodi nent. Figure
15(b) shows the sanme top view as FiguBe 15(a) with two clusters of fish
fitted according to an exanpl e enbodi ment. Figures 16(a) ‘and 16(b) show
graphs of co f I r iR@Randthef about
20, 000 franegpé%@%r di h%"v%om% egeridab%lhéyggbda%@rrrgn %%TgYéEE%ﬁDE%CRI PTq‘ ON Sone
portions Cﬁrreshmchj’tgsforegmmdrdemn@hfeﬁdtsl Fvknupker of iactiva Prgagisms cpwnted ¢ | y

pr esent ed nd functional or synbolic representations
of oper at?‘%ﬁg&ﬁt%g%ga@#g%ﬁgbg'ﬁggﬁput er nmenory. These algorithmc
descriptions and functional or synbolic representations are the nmeans used

by thase skil 'ﬁguﬂegwb(% a%ﬁ@ﬁbﬁ%ﬁ&ﬁ@ﬁdpﬁg oﬁ&érﬁpér@tnléodﬁ)eﬁall sobedl sphédovervel y t he
0]

substance of theéir vvor to ers skil rg] art. An algorithmis here,
and generabqu}'zo8%&@%@@(9'%05“%?"{‘988@ - sequence of steps |eading
to a desired result. The steps are those reqw ring physical manipul ations
of physical quantities, such as el ectri.cal, .. netl 0 nal s
capabl e of bei Figurep Jr @ and (&) ﬂrcto@(?ara%?faoﬁ%rb a]ggﬂ%esééﬂgg%@adopﬁéeg

mani pul at ggkmd Mbesandmame 2,258l of Figateatted ot her wi se, and as apparent fromthe
following, it will be appreciated that throughout the pr esent

speci {9 cation, discussions utilizing terns such as "conputi sg

"det ecting", "Higuesnii()red,(d)' showntdmgitative geation dtejestpries 'of et f |be2w¢ﬁ@'

"out puttl Pgaéf‘%ﬁéﬁwﬂ]dle% 8&?3@](0@8% gurrehI% action and processes of a conputer

system o that mani pul ates and transforns data
represented as physi cal quantities within the conputer systeminto other

data similarlygs FIoRRsC tod ®Bfs g.lasﬁé of lLGHSrsthvBSraMiidritieds iisrRBTNE €T

system or ot he t9on 5fora transm ssion or display devices.
15  the about 20,000 frames of anure 10.

Figure 13 shows a top view of the confinement structure illustrating a centre

monitoring region according to an example embodiment.

20 Figures 14(a) and 14(b) show graphs of comparative probability of avoidance
behaviour over a period of about 20,000 frames according to an example embodiment.

Figures 15(a) shows a top view of the monitoring area of the confinement
structure with one cluster of fish fitted according to an example embodiment.

25
Figure 15(b) shows the same top view as Figure 15(a) with two clusters of fish

fitted according to an example embodiment.

Figures 16(a) and 16(b) show graphs of comparative size of majority cluster data

30 over a period of about 20,000 frames according to an example embodiment.



The present specification also discloses apparatus for perform ng the
operations of the methods. Such apparatus may be specially constructed for
t he requiwedo@mpdses, or nmay conprise a general purpos@&CESGRUOSHISS ot her
devi ce sel ectively activated or reconfigured by a conputer program stored
in the conputer. The al gorithns and displays presented herein are not
inherently related to any particul ar Snputer or other apparatus. Various
general purpose nachi nes nay be used with progranms in accordance with the
t eachi ngs [ nyely, the construction of nore specialized
apparatusDEﬁAﬁﬁﬁ¥8£#¥$%g?$%qU|red met hod steps nmay be appropriate. The
structure of a conventional general purpose conputer will appear fromthe
description bel edo’?tu&@dbf Q. de%&f‘ptneﬁ SR fEIRAR far@%txbmlyabmmpmulyl citly
di scl oses a conpu program in that it would be apparent rson
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similar electronic dev:ce that manipulates and transforms a a represen ed as physical
quantities within the computer system into other data similarly represented as physical

quantities within the computer system or other information storage, transmission or

20 display devices.

The present specification also discloses apparatus for performing the operations
of the methods. Such apparatus may be specially constructed for the required purposes,
or may comprise a general purpose computer or other device selectively activated or

25 reconfigured by a computer program stored in the computer. The algorithms and
displays presented herein are not inherently related to any particular computer or other
apparatus. Various general purpose machines may be used with programs in
accordance with the teachings herein. Alternatively, the construction of more specialized
apparatus to perform the required method steps may be appropriate. The structure of a

30 conventional general purpose computer will appear from the description below.

In additidn, the present specification also implicitly discloses a computer
program,-in that it would be apparent to the person skilled in the art that the individual
steps of the method déscribed herein may be put into effect by computer code. The



The nethod and system of the exanple enbodi nent can be inplenmented on a
conputer system 800, schematically shown in Figure 8. It may be inplenented
as sof t waWe,20eehl1as a conputer program bei ng execut ed RCTIHGAVWNGO1EDput er
system 800, and instructing the conputer system-800 to conduct the nethod
of the exanpl e enbodi ment. The conputer system 800 conprises a conputer
nmodul e 802, input nodul es such as a kelboard 804 and nouse 806 and a
plurality of out put devices such as a display 808, and printer 810. The
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fnown Itlo t he p:arsgn ski Ihl ed in the relevant art. The application programis
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a C|0r r efpcﬁéﬁl’bﬂﬂﬁaddﬁlfparaﬂélGétaelethal;dequandallyvsumf a aordputer wognaagmayl beistee®30. The
application ram.is read and cont | e e n
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System 1 %&Hlﬁ?? gtgtgbll for %8 %%ntﬂ,\ncli kH"Qgér?erQ’bu%@éfB&ﬁplﬂgP?Hé BEputbsred8sHis |
medium may also include a hard-wired medium such as exemplified in the Internet
system, or wireless medium such as exemplified in the GSM mobile telephone system.
15  The computer program when loaded and executed on such a general-purpose computer

effectively results in an apparatus that implements the steps of the preferred method.

The method and system of the example embodiment can be implemented on

a computer system 800, schematically shown in Figure 8. It may be implemented as

20 software, such as a computer program being executed within the computer system
800, and instructing the computer system 800 to conduct the method of the example

embodiment.

The computer system 800 comprises a computer module 802, input modules
25  such as a keyboard 804 and mouse 806 and a plurality of output devices such as a
display 808, and printer 810.

The computer module 802 is connected to a computer network 812 via a
suitable transceiver device 814, to enable access to e.g. the Internet or other
30 network systems such as Local Area Network (LAN) or Wide Area Network (WAN).

The computer module 802 in the example includes a processor 818,. a
Random Access Memory (RAM) 820 and a Read Only Memory (ROM) 822. The

computer module 802 also includes a number of Input/Output (I/O) interfaces, for



unit 2 divided into a top section 3, a mddle section 4, a |lower mddle
section 5, and a bottom section 6. The entire system 1l nmay be covered
duri ng opsoabewneti®e prevent any external |ight from ent ecisg2idooosiBer eby
ensuring consistent background lighting that is independent of external
lighting conditions. Means of ventilation (not shown) nmay be provided to
enabl e any hot air within the system #1to be di ssi pated. Such neans of
ventilation include air vent, fans, etc., which should al so be properly

covered t%%ﬁ S in a%é@h.tb't@&is{vlﬁg%bg,n&?d I/69nicacs $56 8Mhk kelBSarkop
section 3 R8s a Oop rmagi ng device 7, e.g. a surveillance canera, an
aut omat i c8@4o0d di spenser, a m xing chanber and the inlet pipe (not shown)
that supplies water froma source into a container 8. A custom zable
confinement structure 9 (to be described in detail @fel owé_‘uis di sposed
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found 1T n aquariuns but nmay not be rel evant and i ndeed obstructive to the

moni t ori ndtsystem of the exanple enbodinment. A plurality of fish to be
nonitored are provided within the confinenment structure 9. The confi nenent

structure 9 conprises a substantlabl onti huo erinet
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anywher e ‘actdmplishbe using RAMBR20Nn 3 as | ong as they do not obstruct the view
of the top inmaging device 7. An outlet pipe (not shown) is also provided
for ensuring a continuous flow of water during nonitoring. The top imaging
devi ca57 may bWithdiefereret toy Figuasntal-(dphy syelam ¥ for mepiterfiou¥ateh gu '_tt\é | ens
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unit 2 divided into a top section 3, a middle section 4, a lower middle section 5, and a
bottom section 6. The entire system 1 may be covered during operation to prevent any
external light from entering it, thereby ensuring consistent background lighting that is
20 independent of external lighting conditions. Means of ventilation (not shown) may be
provided to enable any hot air within the system'1 to be dissipated. Such means of
ventilation include air vent, fans, etc., which should also be properly covered to prevent
external light from entering the system 1.
25 'fhe top section 3 houses a top imaging device 7, e.g. a surveillance camera, an
automatic food dispenser, a mixing chamber and the inlet pipe (not shown) that supplies
water from a source into a container 8. A customizable confinement structure 9 (to be
described in detail below) is disposed within the container 8 in order to separate the
aquatic organisms from accessories such as air stones, filter, thermostats, etc that are
30 commonly found in aquariums but may not be relevant and indeed obstructive to the
monitoring system of the example embodiment. A plurality of fish to be monitored are
provided within the confinement structure 9. The confinement structure 9 comprises a
substantia"y continuous perimeter wall for accommodating the fish therein, wherein

and is dimensioned for accommodating a substantially 3-dimensional group



The m ddl e section 4 is separated fromthe |ower m ddle section 5 by nmeans
of a separator 10. The separator 10 serves as a |ight diffuser to prevent
excess | iyht20dyidmient eri ng t he confi nenent structure ar @TISGEMHOIIGH. | t
can be made of e.g. a large piece of light diffuser, or constructed using
two pieces of acrylic sheet with a piece of semtransparent paper

sandwi ched between them The containerlZ is disposed in the middle section
4 and rests on top of the separator 10. A speaker 16 is di sposed adj acent
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may b RreY V\/neel s, rollers, or any simlar mechanismfor ease of
rel ocation. Video data can be obt ained from both the top i magi ng device 7
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matt c| earsection 4 and rests on p of the separator 10. A speaker 1 ispose jacent to
external face of the container 8 to provide stimulus, e.g. a sound, to confirm whether a
stationary fish is resting or dead (to be discussed in detail below).
20 _
A side imaging device 11 is mounted at a side of the enclosure 2 and is capable
of capturing the side view of the fish within the confinement structure 9. The physical
location and lens of the side imaging device 11 can be adjusted so that its field of view
covers a region of the confinement structure 9 below the water surface. The lower
25 middle section 5 houses a light box 12, which can be constructed e.g. by using
fluorescence tubes. The length of the fluorescence tubes used is dependent on the size
of the container 8, and the number of such tubes required is dependent on the surface
area of the region to be illuminated. For a typical aquarium size of one foot by two feet,
two fluorescence tubes of length two feet may be used. The bottom section 6 can be
30 used to house various power switches, and as a place for storage. The enclosure unit 2

may be mounted on wheels, rollers, or any similar mechanism for ease of relocation.

Video data can be obtained from both the top imaging device 7 and the side

imaging device 11 (Figure 1(b)) in the example embodiment. It is desirable that



acrylic, such that inner surfaces are matted or treated i I m

to reduce any potential reflection of the fish on the ?nhgrasﬁlr;nal:gg mlagner
one enbodvorody/metie a rectangul ar-shaped confinenment st mcrtsu;mm%&n(sfi gure
2(a)), due to perspective, the view observed by the top inaging device 7 is
limted by the boundary at the top of the confinement structure 13, as
shown in Fi gure. 2(d), and the fish mald appear relatively small. | n1 sone

si tuations, is preferable to observe the fish at a higher detail |evel.
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structure 15 may be genera r
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device 11 are used, a side face of the confinenent structure directly in

front of $R&side imaging device 11 needs to b
e transparent for the
I mgi ng device 11 to see the fish. In such enbodlnentg a rectangula?Ide
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angle to a vertical direction, while Figure 2(c) shows a confinement structure 14 having
its sides disposed at a larger angle to the vertical direction. Both confinement structures
approximate a field of view of the imaging device 7, with confinement structure 14 being
identical to the filed of view for a particular static set-up. As can be seen from Figures
20 2(e) and 2(f) respectively, the effect of perspective is largely eliminated in both cases.

. The top imaging device 7 is able to zoom in and the fish 22 appear larger as compared
to the view in Figure 2(d), hence more details can be observed. In addition, while the
confinement structure 14 is ideal in providing the highest detail level, it requires that the

~ specifications of the lens, location of the top imaging device 7, angle of confinement
25  structure sides, etc. remain constant. As such, confinement structure 15 may be

generally preferred as it allows slight adjustments to camera lens, camera position, and

is therefore a more flexible design.

In embodiments in which both the top imaging device 7 and the side imaging

30 device 11 are used, a side face of the confinement structure directly in front of the side
imaging device 11 needs to be transparent for the side imaging device 11 to see the fish.

In such embodiments, a rectangular confinement structure as shown in Figure 2(a) may

be preferred as the confinement structures shown in Figures 2(b)-2(c) may result in

distorted images captured by side imaging device 11.



14 Figure 3(a) shows a top view of a nonitoring are [

confinement structure having a transparent sidg facg ;zgg?d?néefgaggular
exanpl e ewbadiwmetic Figure 3(b) shows a side view of a mwomisGandiongoias ea
using a rectangular confinenent structure having a transparent side face
according to an exanpl e enbodi ment. As shown Figure 3(a), since the side
face 18 is transparent, reflections 34 may be seen by thé top i magi ng
device 7, potentially msleading the systeminto over estimating the nunber
of fish within the confinenent structure. On the other hand, as shown in

Figure 3(b), no reflection is seen by the side | - : _
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ig;)ro?hmatlon of the field of view for the top inmaging device 7 (Figure
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15  Figure 3(c). In the example embodiment, reﬂectiong can be minimized by tilting only

the transparent side face. As can be seen from Figure 3(c), side face 20 of confinement

structure 19 is disposed at an angle to the vertical direction that is close to that of the

viewing angle of the top imaging device 7. In addition, an opaque cover 21 may be

placed at the top of the confinement structure 19. From Figure 3(d), it can be seen that

20 reflections are aimost completely eliminated. It will be appreciated that in a preferred
embodiment, the features of the opaque cover 21 may be employed with a confinement

structure 14 or 15 (Figure 2), to maintain an approximation of the field of view for the top

imaging device 7 (Figure 1b).

25 The system for monitoring water quality further comprises a computer system
800 as described ébove. Output from the top imaging device 7 is fed to the computer
system 800 for further processing. System 1 further comprises communication and/or
networking means to send an alert signal and/or video output to a remote location, e.g.

_ to a monitoring office. It should be understood by a person skilled in the art that the

30 system also comprises miscellaneous components such as a power supply, connecting

~ cables, etc. for proper functioning.

With various components of system 1 set up and connected, the monitoring can
be carried out automatically. In a first step of the monitoring process, foreground



to a nmonitoring office. It should be understood by a person skilled in the
art that the system al so conprises m scell aneous conponents such as a power
supply, ocwoneevizegecabl es, etc. for proper functioning. PAOfISG20RDOGS
conponents of system 1l set up and connected, the nonitoring can be carried
out automatically. In a first step of the nonitoring process,

f oregroundobj ects, e.g. fish, are detdéted based on background nodeling and
subtraction. As appreciated by a person skilled in the art, foreground in a
scene is characterized by a relatively |large deviation fron1background
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l'inear pr Béf?&} Ee&rding. to an example embodiment. The fish used for monitoring in the
example embodiment comprise about 20 fish. However, it would be appreciated by
one skilled in the art that a different number of fish can also be used. The detection
results at various frames, as shown by different time marks, are consistent with the
20 actual number of fish present in the images. Tracking of each individual object is
performed by associating a current centroid of the respective blob to a projected centroid
established based on a history file. The projection of centroids is performed by means of
e.g. a Kalman filter or linear projection.

25 In the next step of the monitoring process, detected foreground objects are
counted. Connected component labeling is applied in an example embodiment to group
detected foreground pixels into components based on pixel connectivity, for object
counting purpose. Pixels from the same blob are given the same label, and each blob is
given a unique identity (ID). For a crowded scene, a higher level of complexity may be |

30 involved due to occlusions, i.e. events where silhouette masks of close foreground
targets may overlap, resulting in formation of one or more contiguous blobs such that
foreground objects may be clustered.
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15  problem can be formulated to maximize a posteriori given by:

I' =argmax P(C' | T, M")
 —argmax P(M' |TH)P(IT T (1)
r .

Further, the goodness of fitting 7/ to Mt may be measured by finding a solution

y! in the image lattice space that gives: i) a good coverage that includes as many

20 considered foreground pixels but fewer background pixels, and ii) minimal overlapping
between any two ellipse-shaped models for ensuring visibility of each ellipse.

Figures 5(a)-5(d) show diagrams illustrating steps in a blob splitting process

of the example embodiment. In an initialization step of the process, the blob M is

25 split into k smaller blobs. Hierarchical k-means clustering is performed on a data

matrix comprising coordinates of foreground pixels. Let the number of cluster centers

be k. As the clustering step comprises minimizing a function of spatial distances

between cluster centers and foreground pixels, the step may yield cluster centers

converging to the respective centroids of k objects, i.e. fitting k ellipses centered at the

30 obtained cluster centers. A Euclidean distance may be used in the initialization step,
thus giving an initial fitting with round-shaped models 502 as shown in Figure 5(a).
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P(M' Irt)mim,and )
i=1 Ar;g '
P T, M"Y e 9| K =k, (3)
25 where Af,fg and Af give the background and foreground pixel counts within the

area defined by }/: respectively, A;iv gives the foreground pixel counts within the

overlapping area of ellipse i and other ellipses, k' denotes the number of objects in the
current frame and k'’ denotes the number of objects formed in the previous frame

associated to M in the current frame. Parameter ¢ serves as an empirical weight such
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15
In order fo select the best value of k, the above steps of initialization and
selection of best combination of ellipses are repeated for a range of k values, where the
validity scores for the respective of k values is recorded, and the best k value is one that
gives the minimum'validity score.
20

Figure 6(a) shows results of the counting method according to the example
embodiment in which 20 fish are being monitored at various frames. Figure 6(b) shows a
chart comparing performance of the counting method according to' the example
embodiment with a method of counting the original number of blobs, i.e. without applying

25 the blob splitting. As can be seen from Figure 6(a), example occlusions 602, 604, 606
are successfully resolved and the count number remains steady at the various frames.
Further, from Figure 6(b), the counting method of the example embodiment, as
represented by line 612, provides relatively consistent results over time and shows little
fluctuation in the count number, while the conventional method, as represented by line

30 614, gives significantly more false counts and greater fluctuation. It has been found in an
example experiment that the counting method of the example embodiment has a mean
error of 0.31 and a standard error of 0.6093 while the corresponding values for the
conventional method of counting number of blobs are 2.48 and 0.6540 respectively.
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alarm rate. In the example embodiment, about 20 fish are used, and a two-stage
verification scheme is implemented. A set of events {E;, ..., Ex} is denoted as events of

20 ‘interest. For example, E; represents the event where at least 5 inactive fish are
detected.

Starting with i = 1, in the first stage, within each observation window Wy, if event E;
occurs, a TRUE value is inserted as the last element in the observation window Wg; and
25 the first element in the observation window Wg; is removed (step 706a); otherwise, a
FALSE value is inserted as the last element in the observation window W and the first
element in the observation window Wg is removed (step 706b). At step 708, an
occurrence percentage Pg; for event E; is computed for the observation window We;.

30 in the example embodiment, two thresholds, Tgjvaic and Tgiaenr, Where Tgjvaig <
Teinet are used. At step 710, a verification scheme is activated if Pg > Tgivaia, i.€. the
occurrence percentage for event E; exceeds the lower threshold. Otherwise, the process
restarts to step 702. For the verification scheme, a sound may be generated from the
speaker 16 (Figures 1(b)-1(d)) for alerting the fish, which are known to be sensitive to
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It will be appreciated by a person skilled in the art that the values for the above
thresholds can be set appropﬁétely to optimise the responses in steps 710 and 712. An
example range is about 0.75 to 0.85 in one embodiment.

20 '

Experiments have been conducted to verify the system and method of the
example embodiment. Figure 9 shows images 902 obtained at different points over an
interval, the corresponding foreground detection results 904 and number of inactive fish
counted from one of the experiments. In the example experiment, the monitoring starts

25  with 20 live fish. It is followed by adding 5 dead fish while removing 5 live fish each time
until the numbers of live and dead fish in the container become 5 and 15, respectively.
As can be seen from Figure 9, the total number of foreground objects detected, as
represented by line 906, remains constant over the entire interval. The number of
inactive fish counted, as represented by line 908, show step-wise increases
30 corresponding to each time the dead fish are added and live fish removed, indicating

that the system is responsive to changes.

As an alternative or in addition to the counting of inactive fish as described
above, the system of the example embodiment is also capable of early detection of
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15 F= (X7 @

(xS’yS)

where F; is the representation fish i, (xx, i) is the coordinate for the k™ pixel
occupied by the fish and S is the total number of pixels occupied by the fish.

20
Further, in the example embodiment, features such as position and size, as
represented by a pair of coordinates (P,, P,) of the centroid of each fish in the image and
the total number of pixels S being occupied by each fish in the image respectively, can
be computed based on the above coordinate information.
25

Activity Level

The activity level of the fish school in the example embodiment can be
determined by how fast the fish swim and the complexity of their swimming path. The
30 speed of each fish in the confinement area can be calculated by taking the displacement
of its position between consecutive frames. The overall group speed can be computed
by:

v=3 J.O—-(P.(-D) +(P,() - Pt - 1))’ ()



where F1 is the representation fish /, xtoy is the coordinate for the /c"
pi xel occupied by the fish and Sis the total nunber of pixels occupied by
t he fish.wbunddasitei n the exanpl e enbodi nent, features putlscasoposissi on and
size, as represented by a pair of coordinates (Px, Py) of the centroid of
each fish in the image and the total nunber of pixels S being occupied by
each fish in the image respectively, @an be conputed based on the above
coordinate information. Activity Level The activity |level of the fish
school in the exanpl e enbodi ment can be determ ned by how fast the fish
swimand the conplexity of their swinmng path. The speed of each fish in

t he confi nemenwhese &xt)ca Aye) cepresehtathek angd )tamrdlgatlem@f thesprisitiosreémtfisbf it s

Ponput oq @g‘gg‘??%ﬁ%‘?{@e%”éfb*@s%ﬂ???)fT%gf‘) 151 309 £ft LR RRERIE Aniy
r epr esent caohdinatesaofthg pesitiondif thetsagedishahkr 7c|on of a fish (as represented

by itsycentroid) at Frame f, and Px(t- 1) and Py(t-1) represent the x and y
coordi nates of the position of the sanme fish at Franme t-1. Figures 10(a)

and 10(b) shovigwrapA8(adfand HE()saew graphsiridhe gprall sehnol ép%%’rfpfélcoﬂ'ﬁﬂk ( Tank
A) and a LARtThANK) (a-lﬁng t@%tltaanSGQﬁlUB’)aré/spe@M@[y, aNeHtabdG 90800 RS

according to T exanp mbodi ment. The conditions, e.g. size of
conf i neme?Rcosting,de 1Ak exP’F@'ﬁt P'ﬁB°d"P9'?9te B ferdiansore g sike (&eronfiBermentt or hot h

tanks ar esth@ﬁlﬂé ' I@ﬁﬁng @}ﬁ)@%?tnuHﬁéF oft fith 0&@5 eétc | for b thagtaré @dﬁﬁtléaTaéﬂée;B) i's
cont am nat e

t t F
60" T sl ndie chuSth B B oo i Soie, SBL F i LT
3t ?]EJI e aI pl?rlnﬁ)hl?ef\dléi& ﬂaw:enee(otltTedn deverent thatr tﬁur'si)eEd afrehSBSW in ThihsAI S
ifferent from r t he oW r tive.
hyper act i WWeﬁfr Veg’e# ﬁ{tee{é'e%%hﬁladetsﬁ@ &8&‘[2” SL%TOETiEE[a"}eogdgaﬁ Tﬁ"?ﬂ?r e
| et har gi caiffergniftdre theaemmslfﬁ Tahk Bowvesre thedist shay rélatiliedgperadivity after beings i n
SWimmi ng | In};)eo into E% t%rh'l? an gtraT\]rtCtglsw?rR %oe}@lé}ﬁéljgfgglly} &é%ewﬂf?et. A tower speed

15 may indicate difficulties in swimming imposed by the chemical contamination in the

water.

The results can be verified by analysing the motion trajectory (i.e. swimming
path) of the fish. Figures 11(a)-(d) show diagrams displaying the swimming paths of e.g.
20 20 fish over about 250 frames for the two tanks at two instances. Figures 11(a) and (b)
show the motion trajectories of the fish in Tank A and Tank B respectively between
Frame 2,001 and Frame 2,250 according to an example embodiment. Figures 11(c) and
(d) show the motion trajectories of the fish in Tank A and Tank B respectively between
A " Frame 19,751 and Frame 20,000 according to an example embodiment.
25
As seen in Figure 11(b), the messy and complex trajectory in Tank B seem to
indicate an erratic behaviour, which may correspond to the rise in speed between Frame
2,001 and Frame 2,250. As the fish start to swim slower between Frame 19,751 and
20,000, a less dense trajectory, which mostly occupies the sides of the tank, can be
30 seen in Figure 11(d). On the other hand, as shown in Figures 11(a) and (c), the fish in
Tank A swim in a more controlled and regular manner,

Furthermore, in the example embodiment, based on the obtained motion

trajectory, a randomness measure of fish activity can be computed by:



The results can be verified by analysing the notion trajectory (i.e.

swi mm ng path) of the fish. Figures 11(a)-(d) show di agrans displ aying the
swi ni ng weth@/xb116. g. 20 fish over about 250 franes forcrlse2bommoddnks at
two instances. Figures 11(a) and (b) show the notion trajectories of the
fish in Tank A and Tank B respectively between Frane 2,001 and Frane 2, 250
according to an exanpl e enbodi nent. Fi2ures 11(c) and (d) show the notion
trajectories of the fish in Tank A and Tank B respectively between Frane
19, 751 and Frane 20,000 according to an exanpl e enbodi nent. As seen in
Figure 11(b), the nessy_an c.ong)l ex trajectory in Tank B seemto indicate
an erratic beha&widoiiess Mé’girﬁéﬁg—réorrespond to the rise in spee@®between
Franme 2,001 and Frame 2,250.Y¥ As the fish start to swi mslower between Frane
19, 751 and 20, 000, a | ess dense trajectory, which nostly occupi es the sides
of the tank, d¥erethessizenofitraiguteiymaybeepmputed kaged en the argasavered b ABWN i n

Fi gures Idkeflge®dlioh thjectdifoldr 8fhiven tikRDk A swimin a nmore controlled and
regul ar manner. Furthernore, in the exanpl e enbodi nent, based on the
obtained notion trajectory, a randommess neasure offish activity can be

conmput ed by: SiFgured 12GEREEE () hoWaRakhINe Stfe rAndbIATedsthdasiezr Pank Aaingct or y
may be copputed based on .the ;ea cove[yed Ry an aver age rmtl)oA;rﬁtrﬁhectory
over a gi QPHE'.QUTQSQW%)Sa"PZ@ yespRefver)acs SwggPéﬁng‘a & ¢EoedREYHiess
measur e f&in B'@%Kenf\fr@mlj Fibards ;m(aj ahd glt:z(tgsthaiO(bha) achivie) ]Eebél ofetheefishi meﬂgy ) .
according to an exanmpl.e enbodi t.. It can be se om Fj gures a) an
150y T heorfananaied Poeer @oak Ebye sher end Abrs, S 16 Therh B iiag SRR Pk ey
(Tank B) (TankhApwhkich assmsioroe moreatonsistefitan t hat in the control tank (Tank A)
whi ch seens to be nore consistent. School Distribution The distribution of

a fish school is determned in the exanpl e enbodi ment by the popul ati on of
fish in differ@amollistributoh t he confinenment structure. First, the nonitoring

15 The distribution of a fish school is determined in the example embodiment by the
population of fish in different parts of the confinement structure. First, the monitoring
area of the confinement structure is split into more than one region. This is followed by
the calculation of occupancy Q in each region, which may be represented by the
percentage of the size of fish in that region over the total fish size for the whole

20 confinement structure:

r

28,

0=L1—x100% 7

>

25 =l
where S; is the size of fish j located in the region, and r the number of fish located
in the same region, while S; is the size of fish i and n the total number of fish in the
confinement structure.
30 Avoidance behaviour has been observed in fish where water in the container is

contaminated. Hence, the system of the example embodiment makes use of Q to
determine if there is any region in the confinement structure where the fish are trying to
swim away from or attracted to. Also, fish are observed to swim along the sides of the

- confinement structure when there is an alteration in the water condition in some cases.



area of the confinenent structure is split into nore than one region. This
Is foll owed by the cal cul ati on of occupancy Q in each region, which may be
repr esentWe 2b8p/Rhdoper cent age of the size of fish in thB CTSEZIYHOOB2r t he
total fish size for the whole confinenment structure: where S, is the size
of fishy located in the region, and rthe nunber offish |ocated in the sane
region, while S, is the size of fish 24and n the total nunber of fish in

t he confinement structure. Avoi dance behavi our has been observed in fish

uher e VAl flind Bdifle CABBAMBRL tieeGBRY B BRkifhed G Rrnd (e FerforHy Sleal e

exanpl e enbodi nment es use of t rmne If there is any Tegion in
t he confi Ntrfesita eentre cegigneangifeside kBIONf j sh are trying to swim away from or
attracted to. Also, fish are observed to swimalong the sides of the
confinement structure when there is an alteration in the water condition in
sone cases. | n figEe Raihome ifB0tRIOhE, MOHIOTNG Gremel tBafoBtnemEnt sedrtyy
|5: plitts diéﬁﬁ%g@&r{tr@rré@% /& &;éoﬂdmng .%ngx.aﬁnp(‘eeéﬁ\b@ir’]fl@ﬂjhﬂ@ ca’ﬂfﬂe 8eén flemr egi on.
i gure shows a top view of a _nonitorin reg . of .the confinenent

St PGt ur oF GER: 1 g RUEKAY PeWeeh s FRIS ERTHR RGO (TP S BRI GG ment . As
Cﬁn bedsewla fecemglel tht]’tﬁe(lj:ﬁmbé@atb@uﬂﬁalbynt@i‘s\ﬂw&cnwc?(Bﬂﬂl'\éeeﬁt@i‘eglmnR and
the side pegion is marked e.g. by g rectangl and .t unber stated at the
centre i skt E%r @@&Pb’hﬁ'&?"? H'eWh@b%éﬁt/? 8‘?&‘«?3?%1.%%5‘ SEB /S g%sﬁﬁﬁqzn I{rlenc?rhrles vi ew,
about 8% mdgiohlRe Fudhex| fof eadh fednze tHesoadepacy edlue is ¢dnepaceziib rachresige!d,nT, Ror
Further, fqr each.fra the oc ep} o a threshold, T,
for di er AFRITIANG F“{%ﬁ%ﬁ%%%ﬂ@?é’&%?%aéﬁlﬁ pli) @g‘ﬁgﬁcg%Pé Pb(t), woul d
increase. U-a)Pb(t- )+a ,Q<T Pb(t) =\ " " " (8) [ {\- )Pb(t-\) ,QTr } where
a is the weight b?f _edthajridtrel)amd, ,Pblt) and Pb(t-1) are the cgnputed
probabilities e _b)pgg_b— 1 rgspect ively. The nonitori néjg)of group
distribution in the tonfinement structure may help to

where a is the weight of each frame and, Pb(t) and Pb(t-1) are the computed

probabilities at Frames t and {-1 respectively.

15 The monitoring of group distribution in the confinement structure may help to
identify avoidance behaviour, which the fish may exhibit when there is a disturbance in a
certain region of the confinement structure. In the example embodiment, the probability
of avoidance behaviour is calculated over a specified number of frames, with each frame
having the same weightage, and the probability would increase if the percentage of fish

20 found in the monitored region is less than a certain level, i.e. if most of the fish school is
swimming along the sides of the confinement structure, the probability of avoiding the
centre region will increase as Q for the centre region is less than T.

Figures 14(a) and 14(b) show graphs comparing of the probability of avoidance

25  behaviour for a control tank (Tank A) and a test tank (Tank B) respectively over a period

of time (about 20,000 frames) according to an example embodiment. As can be seen

from Figures 14(a) and (b), there is a significant difference in the results obtained from

the two tanks. The probability of avoidance behaviour in Tank B remains high even when

the fish in Tank A seem to be settled down in the new environment. This may indicate

30 that the contaminant in Tank B affects the distribution of the fish school within the tank
as the fish seem to be swimming away from the centre region.



i dentify avoi dance behavi our, which the fish may exhibit when there is a

di sturbance in a certain region of the confinenent structure. In the
exanpl e ewbadewmentls t he probability of avoi dance behavi 8GH/SG00&4PEIIS at ed
over a specified nunber of frames, with each frane having the sane

wei ght age, and the probability would increase if the percentage of fish
found in the nonitored region is | ess25han a certain level, i.e. if nost of
the fish school is swimrmng along the sides of the confinenment structure,
the probability, |hﬁ&9&ﬁh”g the centre region will increase as (for the
centre region is less than T. Figures 14(a) and 14(b) show graphs conpari ng
of the probability of avoi dance behaviour for a control tank (Tank A) and a
test tank (TanidRoclPRResdiblY 8én®HRITisA n§ eQidfifdd ihithEBe mBSuRER frames)
according to an exanpl e enbodi ment. As can be seen from Figures 1l4(a) and
(b), ther®y Pne & @PgMET Mif lewe!rof Braxreily that the dsh gt swimmis 191998 @neihsM t he t wo

tanks.s T%emum%bbt Hibster8formeai bYanRE Bsto 8drd8i M ddrindritkof Bhdse MRistess, ingh even
when the fish in Tank A seemto be settled down in the new envi ronment .

This may ¥ ﬁ(ﬂ%s&f‘%e PHeRderHR &P nant in Tank B affects the distribution
of the fish school wthin the tank as the fish seentto be sw mm ng away
fromthe centret{1| gl onISoc Int |ortt1 TE? SOCI tl nteraction anong the
fish my be defith2§<ample fie 8‘3’3% @Eﬁ e mggn%ﬁgs ging,jppod s Léseg? t he

| evel of formetorntgustdriay iteletiohs sh magesmj e fisp. Tioe pmeesmmbm uset biethaunber of
clustgys for he fish o, N f r and the
presefice %qorﬁéla%&gttamgd fﬁazn &h% O@o%ﬂaop fhh% fcgh W"lce?l éfwb sﬂqg ?oci a\"?rﬁﬁt the

hi er ar chi caxitre/of theesthsolca dester is rfngmedt 'Fttfchurtsban s‘éduste'spmyﬂ@emoo linestasingng
iteration kes use of the coordi nates
obt ai ned r}tfgﬁqn Hﬁﬂg@g méﬂ?edfeeﬂlﬂwea_? ﬁetgﬁy fish is too far fromthe
centre of the school a cluster is forrred The nunber of clusters may keep
on increasing bt QlrinBi SHvRRAAAL RIS BEntROBGhE IcRRRr itS MBt: -
The di stance Bgﬁag%ﬁﬁﬁﬁgaﬁgn r0|§# eve#& fi1sh aqh ﬁ% centrg 0 the
clust®r it belbﬁtwqt@lwthwamwf@dé%ﬁt tfed |ength, i .e.

JP =N +(P,~N,) <T,
- The density of the fish is more than a specified percentage, i.e.

z”;s

D=—>p

20

where N is the cluster centre, A is the area of the convex hull representing a
cluster, ¢ is the number of fish belonging to the same cluster, and T¢c and B are pre-

25 defined thresholds respectively.

Figures 15(a) shows a top view of the monitoring area of the confinement

structure with one cluster of fish. Figure 15(b) shows the same top view as Figure 15(a)

with two clusters of fish. As can be seen from Figures 15(a) and 15(b), the number of

30 clusters (i.e. when the iteration stops) for the same image is dependent on the values of

the thresholds, e.g. the density threshold in Figure 15(a) is lower than that in Figure
15(b).



- The density of the fish is nore than a specified percentage, i.e. where N
is the cluster centre, Ais the area of the convex hull representing a

cl uster, WO28041el1aunber of fish belonging to the sane @CH&SGEN/08¢01d3 Tc and
b are predefined threshol ds respectively. Figures 15(a) shows a top view of
the nonitoring area of the confinement structure wth one cluster of fish.
Fi gure 15(b) shows the sane top view & Figure 15(a) with two clusters of
fish. As can be seen from Figures 15(a) and 15(b), the number of clusters
(i.e. when th ﬁ,agr@s t he

val ues of the%t"ﬁg{s sgé}ssaw%ﬁe gﬁ%@%}g’{l F\érrgﬁg% %ﬁf’ﬁqlﬂgﬂéﬁ@&i@é&) IS

| ower t hain thehexample smggd@emtslesbqowweg then%ZQ:PfL%QGQf gusgiele Whﬁ‘ééqu't/?léntn'aj ority
cluster 't@th@%uﬁtc&%‘?%e wt@@fém@m blibgltd fheldifhePXasiBl anerddBitH thay

conputing the size every cluster, ich is equivalent to the sumof size
S of the 'piggH $iFRis B\@ndﬂ*ge"?e asHibe Jrgierit| The size ofiae majnteclugier is thee | ar gest

size is thewbd Aepdr8htase ke f?ﬁ?dl QéHoszuzeTcWér sispécifidd Aunberef Parhés/foEthast er is
then plotted as a percent ag{ he total school size over a specified

number of ishrik RefB CP@FO'?H%C’*P'? §’H'“?W B3 control and contamninated tanks.
Figures Figure 16(a) and 16(b) show graphs conparing the size of the

maj ority cluster fo t Tank and a t t ta (Tank

espect ] vel y- duaires Fistra dueband B HiaEdiersbo e et s7e B ORI o an
exanpl e egraeh fmemtontfﬂnfang [(AgksA)sdmalva n‘eblabnk (Tank B} respettively dver & patiechofnat ed
wat er ends scattere di orit

or uot 14 o Bl oGri) pieRiine BarimpR e BB R B iR w8 R 0 Y
appr eci at ’dad fisly sehqoé inscomtamhinated avaten ter’rds tabe ndratscatiered, asgmaabé adicates! and/ or
nodi fi cat| t [ in the specific
enbodi nmen )g%"gﬁ R?ye%%??ls%g %ﬁ%ﬁeq&atllrﬁ{ Q@aqg’é%ggg’gb@whe i nvention as

broadly descri bed. The present enbodlnents are, therefore, to be considered

inall respects mﬁnfbé% Bﬁ'c}é%écfﬁi' 2 er@8fl sKifibd in°Hb!drf ot Fuflefd ¥ ahiatidhsSy St €M

for nmonitoring he” system conpri si ng
15 and/or modlﬂcatlons may be made to the present invention as shown in the specific

embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to

be illustrative and not restrictive.

20



a container for receiving a flow of water to be nonitored, the container
containing a plurality of fish and configured such that a substantially

3- di mensigQ2009g2elp behavi our of the fish is accommpdat 8€7T/S&26G19r089133 magi ng
devi ce di sposed above the container for obtaining top view video data of
the fish; and nmeans for identifying individual fish based on foreground
obj ect detection. 2. The systemas cl&/med claim 1, further conprising a
second i magi ng devi ce di sposed on a side of the container for obtaining
side viewyafpe data of the fish. 3. The systemas clained in clains 1 or
2, further conprising a confinenent structure di sposed within said
container, the confinenent structure conprising a substantially continuous

perineter wallq for paaempsiahoiidrihg Watdrdualifyethtishsteh@niiridingai d confi nement
structure is dinensioned for accommodating the substantially 3-dinensional
group behavi ot CORR{NGE TPf sLeiving fn dow, af Wates 40 dieymasifored. é'P%iCHP@,'“%er ein
the pe&yi ngdrgdiningld plusli fisildrRdcsifighrddhduichi thatod putsstantalle S-dBméhgbskl of  vi ew
of said first Iﬁgﬂ‘ﬁl ng) evfiﬁche. 5. The stéa_tem as claimed in claim4, wherein
the peri n@PHp bERFYoYrof HREFITIOHaEAs| ucent . 6. The system as cl ai ned
in claim4, whefistimagipgrdevice difpdsed sisiventaé eontsirdr férachtamirgaiop dewond

i magi ng deai C isf u iﬂanti ally transparent, while a renai ning portion of

t he peri e 93881 eSS0 B ant i al | y translucent. 7. The system as cl ai ned
in claim®6, wreeansvot lentifgimbiimividual fish bas¢dior faregrotwed olyjectpletextion.a
substgntial |y opaque cover menber disposed to cover the substantially

transparent portion of the perineter wall for reducing reflection of the
fish in said tdp vilhe systteo adalaimed ciive & \furthancespeibiagreeskedond angginge of t he

above cl ajlgee 3i§56§é‘arorﬁ9%%i ozitﬁ‘& cBntain@ Fdr UbtAMRG SRk URevr 9RREL GHELEF thg Provi de
ackgroun

substantially even b
fish.

15 3. The system as claimed in claims 1 or 2, further comprising a
confinement structure disposed within said container, the confinement structure
comprising a substantially continuous perimeter wall for accommodating the fish
therein, wherein said confinement structure is dimensioned for accommodating the
substantially 3-dimensional group behaviour of the fish.

20

4. The system as claimed in claim 3, wherein the perimeter wall is
configured such that it approximates a field of view of said first imaging device.

5. The system as claimed in claim 4, wherein the perimeter wall is
25 substantially translucent.

6. The system as claimed in claim 4, wherein a portion of the perimeter
wall facing said second imaging device is substantially transparent, while a
remaining portion of the perimeter wall is substantially transiucent.

30

7. The system as claimed in claim 6, wherein the confinement structure
further comprises a substantially opaque cover member disposed to cover the
substantially transparent portion of the perimeter wall for reducing reflection of the
fish in said top view video data.



light for the first imaging device. 9. The systemas clainmed in claimS§,
wherein the |ighting apparatus conprises a |light source di sposed underneath
t he cont avoenosaneéiigeans for diffusing light fromthe |i gotr/ssaowmerds sposed
between the light source and the container. 10. The systemas clained in
any one of the above clains, wherein the systemis configured to mnimze
external light fromentering the syste# during operation. 11. The system as
claimed in any one of the preceding clains, wherein the neans for
identifying individual fish is arranged for resolving clustered foreground
obj ects. 12. The systemas clained claim11l, wherein resolving clustered
foreground obj&cts 'ﬂ@rrpysitsnasas paaifmedinngnii @rea ot Hne adbolve - claianss foithest eri ng

to fit /(g ' tte map
of the toco PRy TRy PRertdLayBaEY GURblR Sl LlafoRpRINE. 1 178
m ni mum vight&rithe Brsbimagingrdévieet i ng t he knunber of ellipses to each bl ob.
13. The systemas clainmed in any one of the preceding clains, further

conpri sing nmeans for determ ni nP a nunber of inactive fish. 14. The system
as clai med in 2l ai Mhe3systernt #feclaimagrin Klaig fewmherain theyighinagpparstusiul us t o

the fish bémbﬂ%s@l_ﬁﬁl?éoﬁée H&%B&éd’ﬁnéérﬁébtﬁ’ﬂﬁ‘@@&ﬁauﬁerf échFItneBHé g% liHudingo T educe
fal se al arns e systemas clainmed in claim14, further conprising a

comuni ca'EQfBlffoﬂbt\r/‘F&Ehtf%Hr@eqi%mﬁdéﬁh’é?%tﬁ?é'gwurcet"‘H@ the gPRREIEGNal  bei ng

generatedi f the nunber of inactive fish exceeds a second threshold after

age S ;né: ﬁstﬂ ‘st Ieﬁ{]ﬁ a§ l ! e@grqlég@ ;R%&@eeé? t% Cblove caclimlsnwﬁclar%lm t e:l'4 or

system is configured to minimize external light from entering the system during

operation.

11.  The system as claimed in any one of the preceding claims, wherein
16 the means for identifying individual fish is arranged for resolving clustered
foreground objects.

12. The system as claimed claim 11, wherein resolving clustered
_ foreground objects comprises:
20 » performing hierarchical k-means clustering to fit k-number of ellipses into
éach contiguous blob in a silhouette map of the top view image data, k=1, 2, 3,...;
determining a best k based on a minimum validity score for fitting the k-

number of ellipses to each blob.

25 13. The system as claimed in any one of the preceding claims, further
comprising means for determining a number of inactive fish.

14. The system as claimed in claim 13, further comprising means for
applying a stimulus to the fish if the number of inactive fish exceeds a first threshold
30 to reduce false alarms.

15. The system as claimed in claim 14, further comprising a

communication device for sending an alarm signal, the alarm signal being generated



17. The systemas clained in any one of the preceding clains, further
conprising neans to determne an activity level of the plurality of fish as
a group bebaviwusiiet he activity | evel being determ ned lpassd2am/00083 0r nore
of a group consisting of overall group speed, notion trajectory and
randommess neasure. 18. The systemas clainmed in any one of the preceding
clains, further conprising neans to dé®erm ne a group distribution of the
fish as a group behaviour. 19. The systemas claimin any one of the

precedin a| . r.Lsl i i

i nt eract igigrflﬂeo*1 mtﬁﬁgi # |Hs %g\éecggrgre gg%)éage%‘a;\%?%nu&r ?}lrgﬁ{éﬁigg?gfﬁl n e?lg%:thlagn bei ng
det er mi nekkenapptiedn one or nore of a group consisting of level of proximty
that the fish are swnmng to one another, nunber of clusters forned by the
fish and dom nance of these clusters. 20. A nethod of nonitoring water

qual i ty, the i hodheoRystersi ag claireedtie aims: 14 feli whergin thawstimuliat er to
be DM t OfdesbrisBs @ RAfal ner, the container containing a plurality of fish
and configured such that a substantially 3-di nensional group behavi our of
the fish is accommodat ed; obtaining top view video data of the fish; and

identifying ingividgal sfdteh 42a68%hedNinf e BHE W dhe Rr&sedindetieRis, @thet 1. The

nmet hod as clained claim?20, further con‘qri ?i g?:é%gierfor nt\g%‘ hi er ar chi cal

/ c- means SAURISHIG M§aps 19 determing s activily Teye i°g urgliy @ o PY4Bus bl ob

in a sil hssreiioar,nthe Adtivity evied peinb adeterfmgel Based ohsnk or rhored of .a group

determnin a.besg k based on adm' inﬁm?\/?zlidiaé score for fitting the e

numbet’ of CBIS|SHRE gLoYRsaL dioyP5PERd: otop HiRIeRle N £89 RN ISR 'S S ai s 20 or 2

1, further conprising applying a stinmulus to the fish if a nunber of
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comprising means to determine a group distribution of the fish as a group behaviour.

15 19. The system as claim in any one of the preceding claims, further
comprising means to determine‘ a social interaction of the fish as a group behaviour,
the social interaction being determined based on one or more of a group consisting
of level of proximity that the fish are swimming to one another, number of clusters
formed by the fish and dominance of these clusters.

20

20. >A method of monitbring water quality, the method comprising the
steps of:

receiving a flow of water to be monitored in a container, the container
containing a plurality of fish and configured such that a substantially 3-dimensional

25 group behaviour of the fish is accommodated;

obtaining top \)iew video data of the fish; and
identifying individual fish based on foreground object detection.

21.  The method as claimed claim 20, further comprising:
30 performing hierarchical k-means clustering to fit k-number of ellipses into
each contiguous blob in a silhouette map of the top view image data, k=1, 2, 3,..,;
determining a best k based on a minimum validity score for fitting the k-
number of ellipses to each blob.



conprising determning an activity level of the plurality of fish as a
group behaviour, the activity |level being determ ned based on one or nore
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randommess neasure. 24. The nmethod as clained in any one of clains 20 to
23, further conprising determ ning a %boup di stribution of the fish as a
group behaviour. 25. The nethod as cla@’min any one of clains 20 to 24,
further conprising determning a social interaction of the fish as a group
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5 23. The method as claimed in any one of claims 20 to 22, further
comprising determining an activity level of the piurality of fish as a group behaviour,
the activity level being determined based on one or more of a group consisting of
overall group speed, motion trajectory and randomness measure.

10 24. The method as claimed in any one of claims 20 to 23, further
comprising determining a group distribution of the fish as a group behaviour.

25. The method as claim in any one of claims 20 to 24, further comprising
determining a social interaction of the fish as a group behaviour, the social
15 interaction being determined based on one or more of a group consisting of level of
proximity that the fish are swimming to one another, number of clusters formed by the
fish and dominance of these clusters.



