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Abstract

7KH DQDO\VLY DQG XQGHEWWDWICRGUK RPDXEGRBEBY LV
FKDOOHQJLQJ WDVN LQ SDWWHUQ UHFRJQLWLRQ DQG FR
GHILQLWLRQ WTIURKN WRBPJXRXV 6HFRQGO\ WKH WD[RC
EHKDYLRXWXVXDOO\ UXGLPHQWDU\ DQG WR WG HQWLIEID MM\GI
FRQVWUXFW HIIHFW LEHKIBIBIREKWHVI LRDWIURZ GV D SURPLQH
7KLUG @F WWKHARIWIXR@DEOH YLGHR IRU FURZG DQDO\VLV L\

,Q RUGHU WR DGGUHVV WKRVH ILRAY OHE\DROKEDWRIN B U L]C
W\SHV LV GHILQHG DFRRWGH® WKH VOIRHY GOV PWDFR QR P\ R
EHKDYLRXU HLJKW W\SHV RI FURZG EHKDYLRXUV DUH GHI
$Q HQKDQFHG ERVWHBOPRMHG LV SURKSRYHGXIR DFEOHYHA
FURZG VLPXODWLRQ KHQFH WR JHQHUDWH FEXMWRPL]DE
SURSRVHG PRGHO FRBUYVPVEHKRY LR O FERD W VRO P BOMX ED
ILQGLQJ DOJRULWKR P QQWHVPRWWRQ KDKHGBQ®&D @RISG O |
VRFLDO7KRMUSHRSRVHG VLP$ORW KR B GLERBEGREDRK. R X U
WKH QHZ WD[RQRP\ IRU WKH WUDLQLQJ DQGNKH\DVIS®IF W
RI IHDWXUH HQJLQHNUULQ RWDAHMNILYRGDMUYBIVVLVWLQJ WK
RI FURZG LQ ERWK ORKHB QG XLOW XSHQ VYWRGHOOHG ZLWK
IJURPUHM YHORERXUUHQFHQ RIVWHU[ PDMR UL LIDHD NW K B R X YK
DSSURDFK IRU HIILFLHQWO\ H[WUDFWLQJ VSDWLDO WH
LQIRUPDW LR® HIRDE URERU EDFNJURXE G WENRVDERQ PGS S U
LV FDSDEOH Rl REWDLQLQJ WKH WH[WXUH @ IKMIO $ RWKWMH P R
GHWHFWLRQ DSSURDMKL AHR DFREHYWLWEKH UHDO

2YHUDOO WKHVH FRQWULEXWLRQV KDYH VXSSRUWHG V
DEQRUPD CEHFKRZERWHFWLQJ SURFHVV 7KLV SURFHVV L\
EHKDYWD{BQRP\ YURYG JHQHUDWLRQ FURZG VHJPHQW
DEQRUERX® YGRWWHFWLRQ ([SHULPHQWYV IRU HDFK FRPSR

UHVXOWYV DQG SURY MWMGSW R B ROVHG \D\ELSE L FOD MK\HRY/I
[l
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&KDSWHU ,(OQWURGXFWLRQ

Chapter 1. Introduction

1.1 ThesisMotivation

,Q UHFHQW \HDUV SXEOLF VDIHW\ KDV LQFUHDVHG L
RYHUZKHOPL®QR ELDZAYKHR| WKH PDMRU FRQFHUQV LV WHUUT
RQ KXPDQ OLIH DQG SURSHUWLHVYHWE® GURK HVERWR QMWD d
RIWHQ LPPHDVXUDEOH ,Q RUGHU WR WDFNOH WKRVH FK
ZRUOGZLGH JRYHUQPHQWY KDYH LQYHVWHG HQRUPRXV
LQIUDVWUXFWXUH DQG WHFKQLTXH\&&MOUFB[DHPSIH KB B MV
EHHQ LQVWDOOHG LQ PDQ\ FRXQWULHY DFURVV WKH JORI
WRXWK®RBEH KVDJH RI VXUYHLOODQFH GDWD IRU PRQLWRUL
HPHUJHQF\ UHVSRQVH )XUWKHUPRUG H YHO/MRXIUFH W HOIHA
VFLHQWLILF UHVHDUFK DQG V\WVWHPV VXFK DV IDFH UHFR

$VDFRQVHTXMMMWHLYH DPRXQW RI YLGHR GDWD LV FRO
VWDQGDUG &&79 FDPHRXOQEGH QHGBWHYDWD SHU KRXU DV
W KR XND®MEU DV D UHD L DM D UBHHGS ID&DGH R | G DIVEG PRX O G
WBRR XJK O\ 7% KQFKLLW LPSUDFWLFDO IRU CHDYH®WHUP V\
DQDOQPRVW FDVHV ViIRHGHRNDIDAR/HORIMY ROV SURFHV VL (
,Q DQRWKHU ZRUG WRR @MWDRLEPHDO TRRIFEHUVOWHULQJ RI
IXVHIXQIRUPDWLRQ IURP WKHVH PDVVLYH YLGHR IRRWD
FRQYHQWLRQPR®EWSBIURIIGINTEHR HYLGHQFH IURP WKH |
E\ XVKRBRGHUDW R U VF VQROWEBHIEEX Q A KWLWHHPHKOX VW L Q J
LQHIILBIQHQMWWRRIH RUGHU WR DGBRENMQ® WBQG MVHKKQL T Xt
DX W RPIDWK H | L OGMHBHIDW LDYQDEO X BHEYCHIIMAMGGH RV R EH H[SORUH

3XE WHF XUHWNDQ FKH GRYBOV D ZLGH UDQJH RI WRSLFV
SXEOLF B@®® LWAH JXCFLWORVQVL F WHIEHK DR OKR D\D QVEXBIDO
LPSDFWLY UHVHDUFK IRFXVHV RQUKOD®HG®RRISKKGLUT XOH
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LPSURYLQJ WKH XRGHBEYRBOMIHGQ DRWLYLWLHY 7KH IXQGI
RI WKLV UHVHDUFK LV WR HIIHFWLYHO\ HIWUWFMW PRGH:
HQYLVDIKEG MRDWQWY DQG FRQWULE XKW DROXVREBGIHVBE LY UHYV
ZRUOG SUREOHP VROYLQJ DQGI DSISQVEP WHRQH QVPEH®K DY X
DXWRKBESQYREPBO YOLARDXMWUN WHP V

1.2 Background

&RPSXWHU 9LVLRQ UROPWRZGE UBHEHDRKEMHK/HU FDWHJIRU
LQWRSOLADMARY VXFK EDW K& QIMHMIHALHY D O*UDB KL FD O
,QIRUPDWLRQ 5HFRQLADERIE D WIS

&%,PLPV WR VHDUFK UHODWLYH LPDJHV ZLWK VLPLODU
WR WKH VHPDQWLF D Q GWIR\Q WIHIMH R | UMK LLIPHDRHQWY RQ U
DQG HIILFLHQF\ WKDQ FR Q YWHKQIMW. RUGIDHHOW ORI HOH WS/ H B I/
V X<F KL VW R J U D P/D P &P FRYOBWK Y HEIWDRD/G H& %6 RIPHF K QLT X H V
DWWWRSXWLOL]H WKH VHP\DQDFLVDHELIRMIAD WQRMXGLQJ JHR
DQG VWUXFWXUH ' VHIJPHQWDWLRQ DQG RENHPFWR UHFRJ
WH QD WXALHH @®W L | L FR U HIRALAEXMR DLINH D DFOVWRFR® RG H U Q
SROLFH®W DO KDV LQYHWKH JIDWHWMGRR ,PDJH 5WWDWHYDO \
FDEH XVHG® YN VWLIYIWDEWWH ZD\ IR VKWGH OW LD DD W LR Q

* 5 LV DOVR ZLGHO\ LPSOHPHQWHG LQ VDIHW\ DQG VH
DSSOLFDWLRQV LQFOXGH ILQJHUSULQW YHKLFOH UHJLV
WHFKQRORJLHV DQG V\WR\RHSW LYRWVHDMS BBISDEOH R1 SU
HYLGHQFH RQ VXVSHFW LGHQWLILFDWLRQ LQ IRUHQVLF
XQLTXH SDWWHUQ VLPLODU WR ILQJHUSULQW (YHQ IRU
ZRUQ GHWDLOV FDQ &UMW®IDQ EXL @K VGH. FiD BVEKQMDLYGIHQ IVQ &
$UXPXJDP SURSRVHG D QRYHO DSSURDFK RQ VKRHSUL
PDWFKLQJ SDUW LDV LWKKR MSKUH QWRIOAFD LR DJH LQ D GDWDEI

SURSRVHG DSSURDFK WKH KIVWEKDH\G WIKRHSEQ B WY LFOHQ E
2
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VFHQH LQYHVWLJDWLRQ

7KH ZLGHO\ LQVWDOOHG &&79 FDPHUDYVY JHQHUDWH PD)\
WKHVH GDWD FDQ EHJISWIWHAQWGE D | BB XHRBARMAIQQV PDLQ
VWUHDP SUDFWLFD®R QY \KXYAIPQ VWROA LIRMISQOWLRQ +RZHYH
DSSURDFK KDV VRPH VLJQLILFDQW GLVBGIFWEOW DRMFMW VIRR
DQG PLVLGHQWLILFDWLRQ ,Q RUEGNUH GVR HDFEKGIULHWYXWHW KBV I
GHYHORSHG WR D XAy R DVWH/E&WK D @G HA\DH HFAW D O
SangHyurandHangBong_ ~~ 7KHVH DSSURDFKBY X@W B JH[\5 O+ K Z MY Bl |
WKH FKDOOHQJH LV VWLOO SURPLQHQW VERQKBYWRMKUGHILC
LV RIWHQ LPSOLFLW DQG DPELJXRXV LQ UHDO ZRUOG
GHWHFWLRQ DFFXUDF\ LV WKH. BURHOKMXWRJ EW H/G &ZHH\V
UHODWLRQV RI WKLV UHVHDUFK

Analysis

ehavior
Analysis

JLIXUH5HVHDUFK ILHOG KLHUDUFK\ EORFNV LQ EOXH FRORU UHSL

+%$FDQ EH GLYLGHG EBKRYL®WLEX DEXK FYUIRZGU

DQDO\WLV 'XH WR WKH GLITHUHQW QDWXUH RI WKHVH W.
GLIIHUHQW ZKLOH DGGUHVVLQJ BHKDI/YDROWX\HW )WKHL
IXQGDPHQWDO FRQFHSW LV W RHXDWRHRRWY DLAGS IY HIUG X \D W KvH
D/ ZDYLQJ KDQG ZDONLQJ DQG UXQQLQJ ,Q WKLV DSSUR
VHSDUDWHG IURP RWKHUV WKHQ GHILQHG IHDWXUHV Dl
PRGHOHG IHDWXUH SDWWHUQV ZLEBKBLYWRREB ODHW XV HRBU |

3
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FODVVLILHUV RU BHKBFIWRRRIHBLRY 2Q WKH FRQWUD
EHKDYOD®RXO\VLV LQGLYLGXDOV DUH RIWHQ WUHDWHG DV
RI FORVH YLFLQLW\ DUH FRQVLGHUHG DV D VLRJOH HQWL
WKHQ SDWWHUQV RU HLIHQYDOXHYVY DUH H[WUDFWHG IUI
DQDO\|JHG WR GHFLGHHKRNYHR YBFSH QIXQW FURZG HQWLW\ E
HIDPSOH RI LOQOGLYEGXDMLRXG\VNURAE LOOXVWIUIXWHG LQ )

D LV WKH UHVXOW RI XVLQW KK K HHIBFRERHRIDSG SURDF
__ ,Q WKLV DSSURDFK D VWDWLVWLFDO PRGHO FDOOH
FODVVLI\ WKH H[WUDAWHE WHRWHUN SSHHFWHK WKH ODEHC(
SDWFKHV DUH ILUVWO\ XVHG WR WUDLQ WKH VHPDQWLF
EHKDYLRAWHANAIPDAHEH FODVVLILHG DFFRUGWOWWRWW KBIC
GLVWULEXWLR@ ,@G )LIXKWRIQ W KSRYMBWHU VXFK DV &DPHO
DQG 6LW 6SLQ DUH GHWHFOWXHE®&HMKDIWWARMDNKBRZG RI SHRSO
(UQHNWRDO ZKHUH WKH LPDJH LV VHIPHQWHG DV IRUHJ
7TKH RSWLFDO IORZ RI WKMHRWRIWRBPQG DV WEGGHROIDUNRY
%DXP DQG 3HWWKIHH+00 ZLOO WKHQ EH DEOH WR GHFLGH LI
DEQRUPDBEHKDIDRA® XU

(8 $QDO\VLV R %RIEDWLERXD® V WL]B\EE&GNLFZRUUDOED HW DO

() $QDO\VLV R4 HKDRAGRXO XV WWONMMINERLBFRWW HW DO
YLIXUH ([DPSOPWHRD YARXO\VLYV RQ %WHKDMIGRDI® &% REKOG WL R X U

4
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1.3 Key Challenges forOnline Crowd Behaviour Analysis

Due to the unique patterns and factors affecting human crowds, the challenges for
crowd behaviour analysis are strikingly different from individual behaviour analysis.
As illustrated in Figurd-3, three main phases must be implemented to obtaiimtide
result for online crowd analysis. In the first phase, raw video data is obtained from
either video camera or simulated footage. Also, som@mmeessing of the raw video
data is applied such as background subtraction as the preparation of theasexfor
WKH VHFRQG SK DNl featurBsZza@fextraotRdzfrom the processed video
data, and further modelled into higrvel semantic features. For the third phase,
features are merged into descriptors to determine whether the anomaly e#igts in
crowd video. Various issues need to be addressed in each phase. This research managed

to tackle 3 key issues in each of these three phases.

Raw Video Data
Obtaining and
Pre-processing

Feature
Extraction and
Modelling

Detected
Anomaly

Crowd Behavior
Recognition

Low-level
Features

Background
Subtraction
-

STV
Construction

High-level
Features

Template
Matching

Classifiers

JLIXUH 7KH SURFHGXUH RI FURZG DQDO\VLYV

In the research of behaviour analysis in computer vision,-veiuige of features and
techniques are explore@he most appropriate feature/technique for the analysis of
crowd behaviour is yet unknowmhereforethe key issue needs to be solved is to find
out the feature or descriptor which have the better performantieearecognition of
crowd behaviourin the early phase of the prograithe research concentrates on the
supportof the second and third phasef the analysis procedur® achieve the
successful detection of abnormal crowd behaviolings is the most crucial challenge
to be tackled.

As the research continuesnother key issue is observed while testing the devised

technique for crowd abnormal behaviakassification ad detectiontthe definition

5
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and categorization of crowd behaviours is implicit and ambigublis. issue greatly
impacs WKH PHDVXUHPHQW RI WKH SUR SRevefo@itWdddsK QLT XHV {
to be addressed to support the first phase cditlad¢ysis procedure.

While training and testing the devised machine learning model for behaviour
classification,another major challenge is encounteredhe benchmarking video
datasets for crowd behaviours are extremiehited in both quantity and quality

Therefore, the third issue is the insufficiency of the crowd video data.

1.4 Project Objectives and thesis Structure

,Q RUGHU WR DGGUHVVY WKH WKUHH PDMRU WRKDOOHQJH
PDLQ RENMHMHWRANHMLVHEOORZV

X (IHFWMWMWWDFWLR Q@ HASGRIDD/NOL BTV[WWRBUHREBKDYLRXU
UHSUHVHEWO WERB FWLYH DLPV WR DFKLHYH WKH IDV
RI WH[WXUH ZLWK WKH PRVW PRWLRQ LQIRUPDWLRQ
SURFHVV RI FURZG EHKDYLRXU DQDO\VLV

x '"HYLVLQJ D QRYHO GHVFULSWRUHFRBRQWILRH) WR GC
FOOLVVFDWLRQ REHEKDPWREWBOKLJIK SHAKRW REQAHFEWLY H
DLPV WR WDFNOH WKH ILUYKL FKDOOMIQH H 61 E R R Y\ H
UHVHDUFK

X \QWKHVLV RHKDDRABMLP XODWLRQ WHFKQLTXH KDV W
RUGHU WH BRRG&G XEBHRY ZLWK GHVLUHG HOHPHQWYV
WKH GHVLIQDWHG FURZG SRSXODWLRQ EHKDYLRXUV

SRQWULRBRXWKRQYVKBYHIEHHKQ)ARGBRZV
1) In the data obtaining phase, an innovative approach is devised to simulate
various types of desired crowd behaviours. This contribution attempts to tackle the

insufficiency of crowd videos with desired behaviours for analysis. Because the
6
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irregular visal expression and varied form of crowd behaviours. Few comprehensive
benchmarking datasets existed with all desired behavioural types. Therefore, generating
crowd video using simulation algorithms become a viable and important strategy.

2) In the featurexdraction phase, a STT extraction approach based on information
entropy is introduced to effectively obtain texture information from the STV. The
feature extraction is often the most time consumptive phase in the behaviour
recognition process. This contution attempts to obtain the STT with most motion
information with the least time consumption based on the core concepts of information
entropy and Gabor filtering.

3) In the behaviour recognition phase, a novel crowd behaviour descriptor based
on GLCM isdevised to classify abnormal behaviours such as congestion and panic
dispersing of a crowd. The devised descriptor is proven to outperform classic pattern

filter techniques such as TAMURA (Tamuwetal, 1978.

In addition, an enhanced Social Force Mo@&#FM) is devised to predict the
LQGLYLGXDOTV GHVWLQDWLRQ LQ WKH FURZG :KHQ SHGFH
are mixed in a crowd, it is inherently difficulty to identify the belonging of each
pedestrian before the crowd is separated into twstets. Inspired by the concept of
ERLGV PRGHO DQ LWHUDWLYH DSSURDFK LV GHYLVHG W
through an enhanced SFM.

TKIWWUXFWXUH DQ @& K DQBHQWN REBWRRZYV

X &KDSWHU RITHUV D FRPSUHKHQVLYH OLWHUDWXUH |
V\VWHPVY DQG WKHLU WKHRUHWLFDO IRXQGDWLRQV

x &KDSWHU H[SORUHV WKH QDWSOUWHRR WLKHGF BR DGVH
GHILZBERQRKLFK OHDGV WR MHIHKKDOWMIPIBDPRQ RI W
PRGHWERZG EHKDYLRXSIURQB R HWL V

X &EKDSWHHQ PRYHV RQ WR WDFNOH WKH FURZG PRWL|

LVVXH E\ GHWHYWQUH IHDWXUH H[WUDFWLRQ SLSHOLC
7
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HQWWRKHRU\ 7KH XOWRPDRKLKHRB WKH HIILFLHQW DF
PRWLRQ LQIBRPIDWYRQYLGHR IHHGYV

X &KDSVRHWKHGWHKHY KM YHO GHVFUNEBWIRYHYEDO/BB RQ
RFFXUUHQFH&DIDWDLGWEH DEQRUPDO EHKDYLRXU UHF
FODVVLILFDWLRQ

Xx &KDSWHU LQWURGXFHV DWKIDB\EG UTRGWAKRBIRDE PR G H C
DQG WKRUR® E HKHDQ H BRMAKIIQ LV P

X ,Q &KDSWHU B (831 HLYCHIDVBPWE R QB XFWHG RQ WKH S
DSSURDFKHV RI WH[WXBHHKBYWRRBWIHRRRIJRURIZIRQ DQC
VIQWKHVLYV

X &KDSWHUGH\RQPHBEDLIVFK D Q WX B WKW HAR UN
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Chapter 2. Literature Review

,Q WKLV WKIMHS WHODWLYH NQRZOHGJHVDRIHLBB YH HY(H& Y L
JXUWKHWPIRKRBLTXHY IRU EHKDYLRXU UHFRJIQLAMKIHRQ XVLQ.
FURZG EHKDYLRXU VIQWKHVLYV VLPXODWLRQ DSSURDFKHYV
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2.11lmage Feature Engineering

9LGHR IHDWXUHV DUH XYOLHAWRGPB®BOER CUWRXEW SDW
GHWHFWWRHK YV JH/HDYB®RRDWXUHY DUH XMX BVa®!\ \PORFGH O C
PDQQHIPDDN | HD WXVHMXO LYW.WRGXFH WKH FRQYHQWLRQDC
ZKLPKIHHTXHQWO\ H[SORLWN® XGLFHRPSXWHU YLVLRQ

$V LOOXVWUDWHRQYHQWIRDDO LPDJH HB P WX WHYHVR Q V
ZKLFK DU EDNRGRWERDYHXDSHVIPQ@G V SBWDOD W X UHV
UHVSHFSROMIMY\HG IHDWXUEBEDNY®G TH PWXUHA DIDUHH | B0 REXQUGH V
ZKLFK GHVFULWHVWKHD REMHDFWWHUQ LQ WKHEDRDIG 'LIIH
IHDW X U HE DWH{ & ¥ HFBLMWARE DV H 8 LRGOQ M DO DIPBR XOG RQO\
EMGHVFWELED G HIQRQJIRERUH@YN ESIK\DHSG | HID@VEK U KV WEK H U
FDWHJRUERKQG R R WRIQEW XR® D O/ &R QW RY HVEGH\W X UEH W K H
ER X Q G IDWDRIIJ HW J LIR@M® OVG H Y WX IUFHHG GIQWRDLRD W@RXQ ILOOLQ
DUHD 6SDADVBIORQ GHYVF U REH W QUKD EDRQUOE RWZHHQ P

VHIPHQWHG®EPDJH 7KHVH WHIRIMDLAIRQXMW LRGEF FRQWDLQL

HWF 68HB®DIQR QVO B BAIDIV LEEY FOAP@EIHWQ RRQU P DAMKIHR Q
IRUPHU HPSKDVL]HV RQ WKH WAHDIBWLNIX RED D WISRQY CE BW

ZKLBH WDRFXRRQVWKH GLVWDQFHWKPG DQJOH EHWZHHQ

Color Color e
. Color Sets Coherence
Histogram Moment
Vector

L . Structural
Statistical | Geometrical )
Modelling

Fourier

Color
Correlogram

Color-based

Texture-based

Boundary
L Shape
Characteristic P
Image Features Tisrmiai Deors
Shape-based
>hape-basec Shape Wavelet
- Factor Deor
Regional

Spatial-relation Relative Absolute
Relation Relation

JLIXUH7D[RQRRP\LPDJH |HDQNXRIPHSIXWHU YLVLRQ
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2.1.1Colour-based features

&RORDINHG |HDW X WH\D OK HHIOREDIDV  Z KIIE[H DWHGRIWHQ
6LQFRICEDWV HG IBDWXWNVWHQVLWLYH WWR RAUKH G WIDQWLHR R | DADOGL
WKHQ®B®RKRZ JRRG SHUIRUPDQFH RQ FDSWXULQJ WKH ORF
LPDJH GDWDEDVH LV WRR ODUJHED VR0 JH D W& HAMDINXQ Q .
XQZDWHE WV

7KRRORU +LYWRMKIHD PRVW [UHTXHQW G M \XF/UHLED DWW/ KR H
GLVWULEXWLRQ RI FRORU YDOXHV LQ WKH LPDJH :LWK DC
LUUHOHWBQY FBEMXXWHG WR GHVFULEH LPDJHV ZKLFK [
VHIPHQWMWMIBNEKDIHU 6LQMRIAW LQFOXGH WKH ORFDO GL
DQG V8QWULIPDIWARIRQY AMSDEOH Rl GHVFULELQJ D VSHFL
WKH LPRBAKEUHRKDXH 5*% BQ® XUABDXRIQ +69P FRWOR U
D URMl WXN\OH GT XMCROQ MR O\R U KLVWRIHDW DEBURDEK WR DFKLH
PDWFKLQJ XVLQJ FRORU KLVWRJUDP L\L QZWKE D}QEWRJUDP
0:E ZKLUFKH WZR H[WUDFWHG BEQRV KEKMEREIASDRW ZLWK
GLVWDQFH RI& PDOH B WMHFMELLRHY HQ W H & HL @ PET BIDSAGULRY/

WKH KLJKHU VLPLODULW\ RI WZR LPDJHV
p

&/l &@;LI1  /+0:/ :E&D:E;
b

7KEERORUVGB®SUR[LPDWLRQ Rl FRORU KLVWRJUDP ,Q RU
WKFHRORULPDWUDQVIRUPHG LQWR +69 7KH WUDQVIRUPHG
LQGH[HG ZLWK TXDQWLILHG FRORU FRPSRQHQWYV 7KH
WUDQVIRUPHG LQWR D&RIPGDWHGQWR[EERDRBVWKLVWRJIUDP
IHDWXUH FRQWDLQV VSDWLDO UHODWLRQ EHWZHHQ VHJP
LRELQDU\ YDOXHD @HQMRIG MOUHHG WR LPSURYH WKH LQGH]
EHQHILFLDO LQ WREHFIPCH R IVEIVWU JH

,Q RUGHU WR DYRLG WKH &X UKG@EHFWRWULR DWW ORYH 5 WRRH/
IHDWXRDRU ORFHRWRISWKHGU HVHCHWF DB $SQLPDJIH LV
GHVFULEHG XVEAQIDWKE Qi FNHARHWKUHH FREWRUV LQ

PDSZKLFK FDQ EH WKROM\WRZHQ@ JL QT XDIWWQ R Q
11
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S . 6
&L i 2 F 835°G
0 Y@ab

s. C —3
QL%I%g@F%@

‘KHU2Jy LOGLFDBAHFR®RRISRQHRVEIHH DQ®WKH QXPEHU
RI SL[HOV LQ7WKHPRPBEDMWYV R| DQ¥ SBRIRBRQR@PD S
GHULYGLPHQVLRQDO KLVWRJUDPWLHFYWHRD GN\D (RMOMIAHZRIT FR
PRPHOUWWKH ORZ GLPHQVLRQ IHDWXUH 7KLV IHDWXUH LV
LQGH[LQJ UDQJH LQ SUDFWLFH

(6anda HolotQ& & 0 & & 62

TKBRORU &RKHUHQHINIBHPDWR DL QBWWHEPSW WR RYHUFRP
GLVDGYDQWDJH RI ODFNLQJ VSDWLDO GLVWULEXWLRQ RI
XVLQJ D WKUHVKROG SL[HOV LQWBERF Kk GROWRHHBLIQHDRERH G
FRKHUHQFH SL[HOV LV OBVHHIL WIOVQDW K UFHRK\RIGEGH UW K LC
RWKHDXRBRQYHUJHG GWDWXEDQH WKH QXPEHU RI FRQYHL
QRERQYHUJHGERLEHQ VWIKH REWDLQHG FROROEEKHUHQFH

UAKEGUA WL EL P

2.1.2 Texture-based Features

7KH WH{WXHG |HDW X VIFY) OW HBIXZOARME®®Y ,W GHVFULEHV W]
SDWWBWIUBRHW LQ WKH LPDJH 7KBVHBEE0 FXBO/MDXVULHRVQ RRIW\WM R [ |
YDULRXV SL[HOV VQ RWWWEHDMMHBIWXRIHY DUH URWDWLRQ
DOBUHHVLVWDQFH WR QRLVH GXH WR WKHLU VWDWLVWLI
WH[VEBVHG IHDWXUHYV LV WKH FDOFXODWLQJ UHVXOWYV
UHVROXWLRQ FKDQJHV $OVRWWKE® EKOQ JRIQIIVILEKWLIQH F
HIWUDFWLRQ RNWHA/W XVEEWIHOGC WRKNENHX BEBDVVLILHG DV 6 WDW
*HRPHWQ &5DON IBXOPMAXGU D O

12
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7KHMUHAHYHORERXUUHQF M/ @OWWLD W\SLFDO VWDWLVWL
+DUDBWFDO 5SHODWLRQVKLSY EHWZHHEYEBOIKEROXGY LY |
XVHG WR ERFFEUDHRFH PDWUL[ DQG WKHQ NH\ IHDW
+RPRJHQHLW\ (QWURS\ DQG &RRIR H@EDWE RN VDHHQRRBIHO @
DUH H[SORLWHG LQ WKH IROORZLQJ FKDSWHU RI WKLV
DSSURDPAKR/ UDFW WKH ZLGWK DQG RULHQWDWLRQ RI WH
VSHFWUXP IBQPFIVIRQ RI

+LVWRJUDP RKZUDEGLHI@QRWKHU ZLGHO\ LPSOHPHQWHG
'DODO DQG 7ULJWVLVY PRGHOOHG E\ FDOFXDWMR®J WKH
KLVWRJUDP RI+2RABOWRDHHLY IUHTXHQWO\ XVHG LQ SHG
6XSSRUW 9HFWRU GREK\LIH DEID IDBL@IANH LWV KLJK SHUIRL
RQ GHVFULELQJ WK HMWKBBMURIFRERBFSWRFHVY,QV LOOXV\
WKH SURFHVV LPDJH*UHARORQVRRSPIHEGLG WRRIGHIIGF KQWR F
FHOO WKH RULHQWHG JGEGQNBMNOF XODWRIEQBE IGHK LY H C
GLPHQVLRQ@PRW.KFIWRVOLGLQJ PHQGRZWKMW K2* Rl WKLV Z
ZLOO EH QRUBIGLPH® DR Q D 6L B HY B U L\SWIRW XWU\M I/ FID@F O X G
/%32MDHOM DO +DDILROD DQG -P@BEY7/RZH

JLIXUH([WUDFWLRQ SURFHVV RI +2* IHDWXUH

7KH JHRPHWULFDO IHDWXUH LV EDVHG RQ WKH DVVXPS
EH FRPSRVHG ZLWK [1XQGDPH@HHU WIH]®/ XSTHV WElH BH GBW\
JHRPHWULFDO 9RIWRVXRIH &KH AWNKER KRG/ I8 ID/PIGR 0RO O HW W
S$QRWOISBWRRY¥KQJ SDUDPHW  WUWURFWRXDVJIHO PRGHO DV WKH

13
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7KH FRQYHQWLRQDO DSSURRRQR L WIRYDOH5DR)GHRE O) LD ¢
+HHW DO ODUNRY 5DQGRE) )AHDE DQGEEV 5DQGRP )LHOG
.RUDOR6A QDL

,Q WKH UHOMHDHWF KDRI D FBOOHG +2* ' GHVFULSWRU LV
ZKLEK LV PRGHOOHG ZLWK WKHP SRUID® WRDEH Q7 KIS DAL D Q
IRU WKBHKPFIXR RDWFKLQJ WR DGGUHVV WBHKBYREXOWHP RI
LQ D ODUJH GDWDVHW

2.1.3 Shapebased features

6KDEBVHG |HD@HEUMYVGHR QVQRXEHIJDRGD O &HRIWHRXHIV
IHDWBUHVRIWHQ H[\ERMFCHHIEU BV WAHULVWLF GHWHFWLRQ I
+RXJK 7UDRWIRUFRQYHQWLRQDO OLQH ERKPIGDWG GBWH F\
3HWHU 7KBURFHVV RI +RXJK WUDQVIRUP LV ,QOWXWWUDWH
SURFHVV HGJH SRLQWWYV\HBRPWWRAWRG JH. WKHHNVKH &DQQ\ H

1H[W D WDIG@HLRIPRGHOOHG IBWY WDBK\WRUPWQJ WR WK
FRRUGLQWMWHYWHUVHFWLRQ RJ FQP RES\R . QIGEE B VERX Q\GKOHU
OLQH

JLIXUH +RXJK 7UDQVIRUP %RXQGDU\ '"HWHFWLRQ

7TKHRXULHU 6KDSHVHNVGRWKXHWFROWRXU LDEKWRBHD QG
ODUN  ([SORLWLQJ WKH FORVXUH DQG SHULRGLFLW\ W
ERXQGDU\ GHVFULEHVY WKH VKDSH RI REMHFW 7KH FXUY
DUH GHURFPHGKH WVDEGHMRUPSWRUYV

JRU UHIJLRQDO IHDWXUHYV VKDSH IDFWRUV VXFK DV DI

14
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UHSUHVHQWDWLRQ DQG PDWFKLQJ RI VKDSHVY +RZHYHU
EDVHG RQ WKH LPDJH VHIJPHQWDWLRQ 7KH DFEFXUDF\ RI
SHUIRWPRIQ¥KDSH IDFWRUV

7KH LPDJH LQGH[LQJ RU XQGHBDWHD® GH QW EWDNW & KO M
FRPPRQ SUREOHPYV IDFNLQJ RI PDW/RZHED 8 WWXH® B WL F
RQ GLVIRUPHG REMHFWYV OLEPDNWGE K LHODVKEXH\B DHBIQ G V K
VEMHREMHJYDWLRQ

2.1.4 Spatialrelation Features

$VDERYW® WHKH WSDODWIRQ IHDWXUH UHSUHVHQWYV WKHF
UHODWLRQV EHWZHHQ REMHFWY LQ WKH LPDJH VXFK DV
HISORLWDWLRG@OCRDWLRQWLHDIDW XUHV FDQ LPSURYH WKH ¢
UHFRIQLWYRQ WKAHAWH IHDWXUHV DUH VHRBRKD®ILYPHI VRR WK
WKH LP@JIJSUDEWLIFH QRW VXIILFLHQW WR H[SWHKN WKH L
VSDWHDOWLRQ IHDWXUH 2WXWHIIHDWXAWHY VKRXOG EH

,Q RUGHU WR H[WWHDBAW MRKH |5 DIWX UGV RR @ H JP 8§ WR DV
LPDJH LQWR UHJLRQV WKHQ H[%WDDBIEKEDWWIH/QDQG FUE
$QRWKHU DSSURDFK LV WR GLYLGHLWERW D®DJH LQWR XQL

2.2 Video Features

'LITHUHQWH DWRRFEWWLQHG [URP YV WBRVMHOWPOUHY RIWHQ
LQYROYH WHPSRUD D QQIRYPOWWRE WHPSRUDPROQDG VSDV
PXOWRBROVHFXWLYH |UDE H\R Ul IDWIRQ H BWIHMEQY Q DW X U H
RI IRRMWSRODHFH HDFK YLGHRIYIDU ERPERVK QR IV RPIHZHK\D W
HTXLY D@ WQW W RERMMHQWLRQDO LPWIW DGIIDWE WAR PRIGIS
PR G H O OYLIQ/JIS B IV WBHILDQ W 1D FDYRFZO | H D WEDUWHIN® WK GHR XV XDOO
FRQWD IOHKHYK QWM RUPDWLRQ VXFK DV VHPDQWLF H[SUHV\
EDVHG IHDWXUHV H[KLELW KLJKHU HIILFLEHKED YAKRKY XW L
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&KDSWHU ILWHUDWXUH 5HYLH

XQGHUVWDQGLQJ DQG UHFRJQLWLRQ

$V LOOXVWUDWH @ LIEDYHXUHDW X B 8 D VRRY WHEGZE H
EDVHG IHDWSOMMPORWGDO IHDWXUHV %HFDXVH WKH PDL
UHVHDUFK LV WRKDQRIBXUR IVEKRDE P FKROWRHOPIMHG IHDW XU
6RF)ROFH LYGRIWMR WKLV FDWHJRU\ DV ZHOO

Video-based
Features

Spatial- )
Flow-based P Semantic
Temporal
Features ) Features
Features
) . Spatial .
Optical Particle P Social
Temporal
Flow Flow Force
Texture

JLIXUH7D[RQRP\ RI 9LGHR %DVHG )HDWXUHYV

2.2.1 Flow-based features

7KH PRVW IUHTXHQ\EDVHGV LORFMAMD @HDRRRA
UHSUHVIK WWDQW PR VEHRVZ RH@® BWZHRFWR QVH F/X\WDYH YLGHI
DQG .DQDGHWWRIWHQ H[SWHBYRBQWY.RQDO PRWLRQ YHFW
LQFRUSRUDWHYV WHH\CHURFMWLRDORQIH WR LWV PRWLRQ
RSWLFDO IORZ LV ZLGHO\ XVHG DV BHKDFHHRHFIMW WU R Q Q
PRWERQHG VHIPHQWDWLRQ JOREDO PRWLRQ FRPSHQVDYV

7KHPRGHOOLQJ RI RSWLFDWKLUREZ DLWV EBYN ERWQ H V V
&RQVLVWKE®DHE QLW XBHMWKRYPRIYY WZR FRQVHFXWLYH IUDP
FRQVWDIQMS RV LV WHKOMILBEKHHUHQFH EHWZHHQ WZR FR
IUDPHV VKRXOG EH VPDOO HQRXJK WR BQBXDWLWKH PR
&RQVLVMWHEQAF\DWRYWWXDWKERULQJ SL[HOV VKRXOG KDYH

8QGHU LGHDO VLWXDWLRQ VIXSWRVHG) D WIKGHGF DWW K
VSDWLDO SRVLWLRQ RI WKLV KDQG LV PRYLQJ IURP RQH S
RI WKH QH[W IUDPH $W WKH VDPH WLPH EULJKWQHVYV
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&KDSWHU ILWHUDWXUH 5HYLH

XQFKDQJHG ZKLFK FRXOG EH H[SUHVVHG DV (TXDWLRQ
B:TAMP L B.TE @AJE @ #PE @,P
. KHBH.V WKH E U@ IKQ@WBYW¥ WKH VSD@ PNOWKKL WLLRH
GLIIHUHQFH EHW ZHFHQ WWGAR) JUWD R HWK H B DAUGPRAUR I [(5® GWL R Q
UHPRY HRSE DIQE X&' LR Q
BOEBQERB@PET
%\ GLYL@RQJERWK VLGHV ZH REWDLQHG (TXDWLRQ

@ _@Uu
oFB%GEBLr\ BQEBRERL
'KHU®IDQBRDUH RSWLFDOT DDRZELDERWILRQY 7KH PDLQ \
DSSURDFKHW IVGE\DRIBINKHR USF K X G- P HW K R GV KQFD V
.DQDGHPHWKRG

D+RUGFKXQN PHWKRG
7KH6 PHWKRGQ DQG B6FKXMEDSWYV DQ VPRERWKLR-DO

FRQV WD DEWBKHWROBWQBFKRN FRQVWUDLQW DVVXPHV \
GLIIHUHQFH EHWZHHQ SL[HO DQG LWV QHIQKEERUV LV OL]
EHFRPHV DQ RSWLPL]DWLRQ SUREOHP RI WKH REMHFWLY|

IEJu RQEBREBF EAGEJERER,@T@U
%\ WUDYHUVLQJ HYHU\ SL[HO RQ WKR D@BWR ILQG D
PLQLPL]H WKH REMHFWLYH IXQFWLRQ ,WV ILUVW WHUP
VHFRQG WHUP LV WKH VPRRWKQHV&HEURYDWHD MP@R 1% Q D\S
FDQ EH REAKDER H®XEG B QW

KRQEBREBOR E&:cSQ Lt
KBQEBREBOB E& (PR L r

E/XFDYPQDGH PHWKRG
7KH /. PHWKRG PDGH DQ DGGLWLRQDO DVEKPSW.ERQ Wk

RSWLFDRADRDQG .DQBIGEARUGLQJ WR WKH EULJKWQHVV FI
ZH FDQ REWDL Q( WXIHWIRRODWR ZL Q J
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&KDSWHU ILWHUDWXUH 5HYLH

4-eu s
Lg,é>Lgé@?Lﬂ;
W oe> G uea %

KHU$8aJ DUH SL[HOV LQ WKH ORFDO ZLQGRZ 7KH HT?
UHSUHVH®W.HG &Y SMPBWLSO\LQJ WKH sNUBQREWWILWLRQ
HH#7L# > 1 WKH LQYHUWHGHPDWANM [ \RKH /. ZROWLEBO IORZ
##70H >

F3SURSHBWRBWLFDO IORZ
7TKRSWLFDO IORZ H[KLELWYV KL JKEBEHKDMYIHBERIQDWILRKE Ut

$IWHU IXUWKHRQUEVHBMARYRIDY IROORZLQJ SDWWHUQV R
%HDXFKHPLQ DQG %DKHRWHDVRQ RI LWVEHKEBFUWRXBIQHYV
UHFRJQLWLRQ LV WKH I\ D3SHDQMH MHR VMBSADKEHP@® WK DR
FDSWXULQJ WKH PRVSERR UDA REFBWQRRQ VSDWNRDWKLIWL
OHDGV WR EHK/MIIETBWNDHHCRYE M HFW GHIVWSFWER @ FKLHYHG
XVLQJ RSWILERW PO RIHRYG @ (RRQ PR Y LZQ W RIBERGMWY B [WXDO RU
HQYLURQPHQWDO LQIRUPDWLRQ

7KH MBU GLVDRIRBQWPDEY IRDW LW POD\WERWWZRUN
FRQVUDLQWYV D V) RAW D@NVED EHE IRRRULHY HFE B\ 0@ RME UW D O FRR W L R (
FDXVHREBHBWH WR LEARBLYEMROIFQXVWUDWHG WEHLJIXU}
W D RIBHMW FVWH [WXUH LV XQLIRUPHG WEAIR\G RWKVB® R X UFBIOL V
RE MAHFOMO QR WL QMHUSRBMM. FPOHIORZ 2QZWHKE WW K HUL KW
VRXUFH LV PRYLQJ DQG REMHFW PHPEWQJINYEWLWH @ K H
UHIOHFWLRQV DL WHIVERIW L P S O LHH/QW KEQRISWWL RDW LA R Z
FROQGUWIRD WRWIYRQ@RFLW\ LV WRR KLJK FRAWHEWLRQDC
PD\ EH IDOO8QURUWREMMWDAVKW LQ XLYIIKG M R DRIFLW\
FRPPRQSODFH
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&KDSWHU ILWHUDWXUH 5HYLH

)L\;XUH D ORYLQZ]LE\DKWS(WWLFD,CGWWQZEVRISWLFDO IORZ
9DULRXYURDREDVHG IHDWXUHY DUH SURSRVHG E\ UHVH
UREXVWQHVV REZRSKKLE RGO X®HVH&WHIVR [D\D ) O7RID FN O HW
6HXQJ DQG .XMQG 3DUWLFIOB QGR&K DK
+RZHYHU L@ SBURBRYD O DO HORILIGEG @B HUWXUW SUREOHP
DQ@WKEBHQWRBWLFDO IORZ KDV WKH FERFN®XWDMWFBIEORI F
FRQVXPSWLRQ ZKLFK PDGHWWBH@®BFSSVRQUWLDWH IRU UHD

2.2.2 SpatiatTemporal Features

JOREDVHG IHDWXUHV FDQ EH XWLOL]JHG WR GHWHFW G
XQVWUXFVBHOHG WLFRZG VFH@HLY WY SQHY HIQQWHDWLRQ VX
IORZ ZRXOG QRW SURYLGH HQRXJK PRWLRSDWORUPDWL
7HPSRUDGMHDUMXKVHG WR GWRRPREM @\EMWR W PDIOHL VBH ILFLH Q
UHODWHG PHWKRGYV JHQHUDOO\ FRQVLGHU WSOHVRERW LR Q
WHPSRUDO GLVWULE X\8L REDWEBKWNGR RHEOO R RIBE PFHW U L F
FXEBFDDMIHP SRUDO |HRWBKMHM KBPBFH LQ PRWLRQ XQGHU
WR WKHLU VW UR Q Jingaddzfijid, 2&§V LY @ GS R @ EIDNHH I REZD W X U H V
WKH WHPSRUDO LQIRUPDWLRQ LV SUHVHUYHG

D6SDWHPFPGRUDO 9ROXPH
7TKBESDWHPGOGRUDO 9ROXP H SOMIPRERIACHQWURGXFHG E\

$GHOVRQ DQG %MHKHIBQRFHVYV RI PRGHOOLQJ WKH 679 LV |
,Q WKH ILUVW VWHS D VHW RI FRQVHFXWLYH YLGHR IL
UHWOPH YLGHR VWUHDP 7KHVH IUDPHV ZLOO EH VWDFN

VHOHFWLRQMNIQW KAFAHNWBIRBHR Q WIKGHRFORIQIWKKH UHTXLUHPH
19



&KDSWHU ILWHUDWXUH 5HYLH

IRU WKH V\VWHP (D RK UBNDWPHOFRRBGPEMWH VL]H RI VHOHFW
G D ARV KIH) WL U R UUD BR U W2LQRFH RV KW H IUDPHY DUH VHOHE
EH VWG&/RNHWKHU WR YHQISMDUKE MPEMEHQJ WR WKH VHOH!
ZLGWK KHLJKW DQG QXPEHU RIPIDPRH\DUWKB VL]H RI WKL

7KH 679 BD@FNYLHZHG DV D VWUHWFKLQJ RI ' SL[HOV
ILOOLQJ WKH HQWLUH ' VSDFH 7KHUHIRUISDWK®J6W®R KR C
WKH GUAPRHQVLRQDOESKWWHRRIAVRY )RU H[DPSOH WKH 6
FRQWDLQV WHPSRUDO LQIRBP S\WNHGRIYWNERQN WUDMHFWR

JLIXUH7KH 679 PRGHOOLQJ DQG 677 HIWUDFWLRQ

679 LV ZLGHO\ XWLWHHKR G Q U GUDRAYWUHHSDKBWN VD O
LOQWURGXFHG D WHFKQLTXH IRU WKH UHFRYHU\ RI WKH JH

D VWDWLF VFHQH XVH@JDMKH[6DRLWWQB79 WR DFEKLHYH
VHIPHQWBM MRIORGHWHE OHDUQLQWKH PHZRUNROXWLRQ QH\
ZLVBK9 G Bd\eDal, 2012 D Q\8 KHZ\RWHD P  QZHWRIRW NF I-OK DOYR{Z

DOVR EHHQ EDVHG RQ 679 IHDWXUHYV

E6SDWHPGRUDO 7H[WXUH
$V VWDWHG LQ SIOREDRX\G V HBPWIRRK@MUIRUPDQFH ZKHQ

WHRRWYRQRFLW)\QROKRIU WR H[WUDFW WKH WHPSRUDO LQ
ZD\ \BKM D QORGP D\ HR @ & DE RMH G710 H

7KH WNZWWHKHQ 679 LV QDHPER BBOWHDWXUH 677 ZKLF
EH XVHG WR H[WUDFW SDWWHUQV IRU PREMBDYLRISDWLL

20



&KDSWHU ILWHUDWXUH 5HYLH

DQDOSFERUGLQJ WR WIRHG UHAXHONMP BQWU\]LQD @B SURDFK¢
HIWUDFWHG LROU FFDMMKGINEFDH/ AIIGH SURFHVY RI ' 677 H[WUDF
LOOXVWUDWHS6Z7QEQRANM.BABRBQJ KRULJRQWDO RU YHUWL
(DFKOLFH ZLWK RQH SL[HO LQ WKL RO HS/RADSSENRB FRE W D L
WIRFKLHYH WEBW-R0 X RWU W RWIPRS@HPHQW EDFNJURXQG VXE
IUDPH WIKGI®MHRUHJUKX[ORAYW. QWHUHWWHG REMHFW

,Q SUDBWY REDWIVHE WG HWHEFW WIKHH V MUY B M UPKR\QY
ZLSHV DQG ZDYLQJ KDQGVIXHMQ.D® 77 KD W SSHIURDFK LUV
H[W U D BWKLBAVE R Q Y R @& H G LAMDWKL YITH O\BKMHUF ERY ROYHG UHV X C
IXUVBKHREHVVHG ZLWK WKH ZPERKH WHB R PRRVIRQAHR@WY R F
VSDWILHDTXHQF\ FKDQQHO H QF HIGRRISHEHD KDE QRAERY IVIHJ W& U H
IHDWXUKN )Y@PWBRWDUNRYEBQHGJLP DJH ROH DPS-EQUWR D WK
DSSOLHG RQ WKHVH WHFHWRRM MRS H WH SR L Q H

2.2.3Semantic Features

%\ IXUWKHU H[S ORI IHDI W R W>XOREZY VP QWIRFEXVULHD O | C
FDEBH PRGHUMHFRUSRUIMWMAIQKLI®HY HO L Q IRKHP PR VR\Q
ZLGHO\ DGDSWHG VHPDQWLF |H D BKKBHYL\R GURHK G OHHGY H D U F
S6RFLDO IRWERAL RODIRWXUH RI GHVEFHKEYIEHRR AG W V

Goal

VRN
fa Obstacle
Agentj |
N
«——— Agenti
f of 4
.
~a
fji

JLIXUH$FFHOH WBLBIWKRYLYH DQG 2EVWDFOH $YRLGDQFH )RUFHV

7KH 6RFLDO )RUFH DRGHIR SRHH® ELQJ DQG 3WWHU
21



&KDSWHU ILWHUDWXUH 5HYLH

DVVXWKRW JHRWWRZG LV DOZD\V LQIOXHQFHG E\ VHYHUD
S O D @GQHY/GV L QDA VR B RV FOL@GE \RE DWW BB G HDWQ BKBIWR X G FH V

G HW H U PLLEVAW\D K M DRVFDMILRHIBWOD @ HR E W DX.\QLMIGK DW LR Q

Of BEl BEI B

KHUBBLQGL AMXWHY QDO VRFLDO IRUEH DLRAIFHDEY WR \8 KB
DFFHOHUDWKR BKI RBBIRH WHKNEW V L K HDRIW. IQH G HVAMMWEKDW LR Q
FRQVWDQW BpRLUQEWOMWHRNFL WK HDWWUDFWLRQ ZKQEKUHS X O
GHULYBYRWROOLVLRQ EHBMXGIE &, PUGQMFD VRHY VWDK-KD H
DYRLGDQEHWEHR® 8PQWDFOGHVWULDQ

ByFDBEH H[SUHVVHG D VZKHWHID QRQD UH F ROAMWBRQW UR O
WKH PDJIRIBY NGHY WKH VXPPDWLR@HR IUDERAQMW W KH
GLVWDQFHEER®H LHREQWKH QRUPDOL]HG VG IFWHRW WRQF R & W L
HISRQHQWLDO IXQWWKBRAD JQDIULROWARGYWZRIHQWY DUH
JHWWLQJ WRR FORVH@AY WBH JFR (PUBJLZUWRAGKHDRH D IDVW
UHGXFWERQEBEHREWWDFOH DERILG OQBPH YORIGHRRWHHQY W R
REVWDXPKI DV ZDOOV

B - #A%B0070gy

SURFHVV RI PREIHDIOLRUFH LV LOOXKWL® \WHBRWLRQXU
IORZ RSWLFDO IORZ LV H[W UDFMGHVIARPDWK R RWU DUH O R AL
ZLWK SHGHVWULDQ GHW HKMBER (D® &P EHO R R GIHUORTFHE V
XVLQJ WKH HDWRMIGKFW G
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&KDSWHU ILWHUDWXUH 5HYLH

JLIXUH3URFHVV RI PRGHOOLQJ 6RFLDO )RUFH

7KH PRGHOOHGLYXRHGDDVIRMWBWXUHYV LQ WKH WUDLQLQJ
RI WKH PDFKLQH OHDUQLQJ PRGHO VXFKVRWORYYR WV KHHF
SHGHWEUKDLRN{XUHW DO 7KWHVHDUFKIRQ OHXOVR
HISHRARFLDO |IRPARFFVWDLWKVWLFDO PRGHO WR GHWHFW WKI
YLGHR

2.3 Techniques forBehaviour Recognition

7KH WHFKQEH KB YLIRB®RJI FDWLRIY GLYLGHGEUQWRKWMYZR PDI
FRQY H QMARORF GHIW D QEDWRILEH FRQYHQWLRQDO DSSU
XVH VHOHFWHG YLGHR IHDWXUHV WR WUDLQ WKH PDFKL
EHKDYWRSHW 2Q WKH RSSRVLWIG HWS HO F /RBIGFRIGEN SW R
QXPEHU RI YLGHR GDWD WR WKH FRQYROXWLRQ QHXUDO ¢
PRVW HIILFLH@ODKHDWRHHYLYHGHRBPO®OKIUQH OHDUQLQJ K
EHWWHU SHUIRUPDQF H D S/KUDRDLRKRHI/M F B Q\MRXQWDIDY R P H
FROQOYHQWLRQDO DS$PEBDRKHG VHGKHDYTD MHNFMOROU KD H
VLIJQLILFDQW HHK B Yt IR KR JFOQHFIWRLCR Q LOQWURGXFHV W|
SURFHGXUH RI FRQYHQWLRQDO B'% SUKRHD Bk W6 DIV RR QVK H |
WKHW FRQYEHKWYRRBRIQLWLR QVEBOVRDWKDMHFEWRULHYV
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JLYHYWURGXFWLRQ WR WKH GHHS OHDUQLQJ DSSURDF

2.3.1General Procedure of Conventional approach

%HKDYSHRPRUQLWLRQ LV HVVHQWLDOO\ D FODVVLILEDWL
7KH JHQHUDO SURFHGXUH RI FR QMDQWKWRIQ BDRIRSBUR D F K
IXVLRQHDQBODNVLILEFDWLRQ DV LOOXVWUDWHG LQ )LIJXUH

Feature Feature Feature
. . e Result
Extraction Fusion Classification

JLIXUH *HQHBWIRFHGXUH RI &RQYHQWLRQDO $SSURDFK

a) )JHDWXUH ([WUDEWLRQ

,Q RUGHU WR HHM KW LI F B @/\XIURHYD O V S DWRLFD DPIDZHR UP D\
IUDPMWRMHPSRUDO LQIRUPDWLRQ IURP YLGHR VHTXHQFH |
PRGHOOLQJ PHW K RE®\DHOUWEK WRRIIMELER/GIDAV H J ROR FHD® DV
DQE®FDO DSSURDREDYO DHEBRURDLFGHOUNLE R | UDEDP H QDAL W \
HIWUQEFWREDO IHDWXUGR ZQ WKW DDMWREBX RH SRLQW GHWH
QHLJKERULQJ IHDWXUH FDOFXODYLREDSSY® DIFHHVX D) HL
LQVHQVLWLYH WR ORFDO RFFOXVWHU IRYE DR H V 2KH IV K
FRUUHODWHG WR WKH QXRERD Q! D § SRRRAEMQSWVLIDMY RQ |
VHIPHQW RI WKH YLGHR VHTXHQFH X5 W WEMFQRID W X U
GHWHFWLRQ EDFNJURXQG WUDFNLQJ DQG UWWRRIORI LQW
DSSURDFKHV LV WKH VXIILFLHQF\ Rl HQ@URIGLOUH QVRHPL
UHOLDQFH RQ WKH DFFXUDF\ RI KXPDQ GHWHFWLRQ DQG

7KH IHDWXUH SRLQWY DUH PRVW ZLGHOEHKIORIRWHG IH
UHFRJQLWLR QR MRIPLHW V MADWESDH P B U HQ W H U HB/AWW3 3RLQW V
SURSEVNGQ &XERLG SUBRBRDHG BD ORWLRQ (QHUJ\
,PDJBI(, ORWLRQ +LVWRU\S PDIRVHRBEEFEN DQG 'DYLV
DQG +2%2)SURSRV MO\ DO
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&KDSWHU ILWHUDWXUH 5HYLH

b) JHDWXUH )XVLRQ

7KH FRQWRXU ERXQIGIDWRLGX FBWQRRP SDWLEOH WR H
RWIKHQFH WKH\ XVXDOO\ KDYH GLIIHUHQW GIDPHDRMWRQV [
EH XWGQUHFEMNEAHH QJ PREHB®OBEU WR DFTXLUH IHDWXUH
DGDSWLYHQHVV DQG HIILEFLHQF\ WKH IHDWXUH IXVLRQ S
IHDWXUH [IXVLRDOHPRRGL®KH UHGXQGDQW LQIRUPDWLR
DEFXUEBMKRIWERXHWUVWDQEG VRIBHRPFKHY RI IHDWXUH IXVLR
WiktDJ Rl JHBWRQEVKHU IARMRIYWUDFWHG IHDWXUHV VX
FRQWRXU DQG RSWLFDOOBRHECD LHD @& X LLIQWHGY B IDKRIIVWGX OR ¥
DUH GHILQBE YDHO P HIEQ\GRMIKWA/ L ILHG IHDW XUHYD HDYUHOGH ILQ
VHPDQWLA QHWWIXW KWW VHDUFK
z %DJ RI )HDWXUH

“J Rl )HDWXUH %R) L VYIDOOARO QO HGUMBRE RVHG E\
/IDJHEBIMNDO ZKLFK LV RULJLQDWHG IURP WKH %DJ RI :R
6LPLODU WR OLQJXLVWLEV WKH NH\ IHDWXUHV FRXOG EH
WKH YLVXDO ZRUGHBQXVA@MIVWKH MU WR FOXVWHU WKH It
DUH FRHG/D&HRIQH FODVV 7KH FHQWHU RI WKH FOXVWHU L
HDFK YLVXDO ZRUG LV WKH FRGHERRN ZKRIVWR/MWKHV W
GLIIHUHQFHY EHWZHHQ WKH WH[W DQG YLVXDO IHDWXUH\
VLRH FRGHERRN ZHLJKW FDOFXODWLRQ RI YLVWROQ@RUG |
PDMARKDOOHQJHY WR EH WDFNOHG

TKHFRQVW U X B\ LIR® (RVXWH RUBHWURBWREHYHO IHDWXUHYV
H[W U D FWIORQYM@BERGS HER RN H V BD\ERGGE. VR B WERIGX VSQHIU V
ILQDFCDVVLILHU W UDLIVXIDQ@Y : RAIGOM WHKLHY IURP WKH FRGHE
z JLVKHU 9HFWRU

JLVKHU 9HFQ\RRIKHNMKR B F K GIUTRSR VIHOR ENQW DQG &KULVWI

6LPLODU WIRW%2Y DOVR FDSDB@H PROIORKHKIDHIREU W K H

PDWULFHV ZLWK QRUHWHPS OBHQUMK YLGHR IHDWXUHV |
GLIIHUHQW OHQJWK ZLOO JHQHUDWH IHDWXUH PDWULFHYV
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QHXUDO QHWZXRUNDRWRRODWKH IHDWXUH PDWULFHV QHI
XQLIRUPHG&HYRIBSSURDGRWKH VSDWLDO UHODWLRQVKLS E
OHYHO IHDWXUHV DQG WKH FRPSXWDW L RERD®HFRBR/S OH[LV
WR EH UHWUDLQHG ZKHQ D QHZ FODVV LV LQVHUWHG 7K
E\ XVLQJ ([SHFWDWLRQ OW KL I6],pTV GRY PMKR BMWIROR QHVDOH |
ZHLLIQWP HDQ DQG FPEOYNHMOISBWLDO GAMMVINXMVEX W LR Q

2.32 The State-of-the-art Conventional approach

L'7 KDV WKH EHVW BHKDRURRBRRFGLWLRQ DPRQJ FRQYF
DSSURDFKHV ZKLFKDQ/J SURSRB¥YKBLB\ WKLV MAFWLRQ
RULJLQDOHQHBIVEBDRMHAFWR WICGHVDR ®XF HEGDPSOH WR H[SOD
GHWBL@NW DO 7KH SURFHGXUH )NJXOE$FWRDGIHG MR
WKH JHQHUDO 'BURFHERWHKWH SRLQWY DUH ILUVWO\ VDP
SURFHVV 1H[W WKH WUDMHFWRULHV DUH H[WUDFWHG |
DURXQG HDFK WUDMHFWRU\ LV PRGHO/MRIURE WIKPSRMOLEF
JORZ2) DQBRWLRQ %RXQRBIUDP+LYLQDOO\ WKH QRUPDOL]
HQFRGHG IHDWXUHV DUH FODVVLILHG IRU WKH DQDO\]LQ.

JLIXUH SBURFHGXUHBHKID'YURKRBJIJQLWLRQ

Trajectory

a) ' HQ YHHD W X U H 6 DFPLSIDAL D J
7l '7 HIWUDFWV GHQVH IHDWXUH SRLQWV LQ PXOWLSC
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RSWLFDOXIOQREZSOH VSDWLDO VFDOHV HQVXUH WKH IHDW X
VSDWLDO VFDOHV 1H[W IHDWXUH SRLQWY DUH WUDFNHG
LV LQYDOLG ZLWK IHDWXUH SRLQWV RI PRWLRQOHVV EI
DGDSWHG WR UHPRYW KHDRZXRIRIWIARLG WROHOWE KEJHH W KRDHGY V H
DV (TXDWLRQ

6LrarsHI= Tl EX&a&Y;

KHU®&;, DUH WKH PRGHOOHG RSW LEAORO LIFCER# IHD W X U H
LQGLFDWHY WKH |0RW KRR U QRDWGMHO DER QN ER @/ HY QB K H
PDJQLW X GWKBHORMLIFD O7 & HUMPBWMUR®HQW LQGLFDWHYV
DSSURS OXBHWMHK DKSHUR BE V V

b) 7JUDMHFWRU\ '"HVFULSWRU
$VVXPH WKH VSDWLDO SRVLWLRQ@RI: T8 HL MW VBB W HISOI
SRVLWWRHVQ II¥P®G EH H[SUHVVHG DV (TXDWLRQ
255 L i Tosddos; LT AL E:/ USg; s,

'KHUS${ L :Q&R:; LV WKH GHQVH RSWLFR® Q®BRZ/ REWDLQHG |
DQ DYHUDJH ILOWHU 7KH WUDMHFWRU)\ RJDP HNDRRXWDHG SR
EH H[SUHMW&LGAMRLA %HFDXWKH VKLIWLQJ RI TWBHIWRUH SRL
WUDFNRQUXIQWHO ZKEQMIRUH VDPSOLQJ SURFHVV LV FRC
IUDPHV UHSHDWHGO\

) XUWKHUPRUH REWDLQHG WUDMHFWRU\ FRXOG EH X\
GHVFULSWRU $VVXPW KD OW QDWH{BW R YAZIHECE . Yo s ;
ZKHUML (2.5 F2; L :Tos FTdbsFUY; 7KH GHVFEX®WRAH REWDLQH
E\ UHJXODUL]JLQJ ZLWK (TXDWLRQ

iézgéé é(',2<;>A?5;

& L%
A ® &%

c) ORWLRQ DQG '6WBXESWXKR YV
7KH '7 DQG L'7 IXUWKHU H[SOR2Z)W 2HD QGIWHWVRLQFOXG L
UHSUHVHQW WKH PRWLRQ $ORQJ WKHDREWY LZQAK W UTHVF
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OHO SL[HOV DUH PRGHOOHG DV D 679 1HHM HNKH 679 LV
JUILZXHUHLY WKM YULKs DORQJ VS DWIL\D @&/ Kfi$ VEIHIE DO®R Q J
WHPSRUDO VSDFHO LQItd0 Q& WL n 1H[W +2* +2) DQG 0%+
DUH H{WUDFWHG IURP WKHVH YROXPH EORFNYV
z +2* ++2* LV WKH KLVWRJUDP* RHYRDIOGL HOWJI R | TAKKH E L
QXPEHU LV VHW DV WKXV tWKBuGZAIPKQVLRQ RI +2* L
z +2)++2) LV WKH KLVWRJUDP RI RSWLFDO IORZ LQFO
GLUHFWLRQ LQIRUPDWLRY VH\E sSRAPHEHU RELQV DUH
LGHQWLFDO WR +2* WKH H[W UYDD ERIGWR/HXRKBE HRW W K
SLIHBVYFK LMWKKBSKROG 7KH GLPBQVI{R®RI +2) LV
z 0%+0%+ LV WKH +2* IHDWXUH RQ WKH RSWLFDO IOR?
WZR GLUHBQGREWXYV LWV GLEWRY{tRQ LV
7KHVH IHDWXUHV DUH QRRPPOL]HG ZLWK WKH /

d) JHDWXQUARGLQJ DQEDRQBRQVLIL
)RU HDFK YLGHRDUHRXMQEHDMHFWRULHY FRXOG EH HJ
IHDWXUHV%?27) )XN.HNL DQG 3HWRQDQFRGH WKHVH IHDWXUH
ERRN LV WUDLQHG ZLWK IHDW X UH2 @ FHM W QB R G HLGV V
IHDWXUHV DUH FODVVLILHG E\ 690 ZLWK WKH 5%) NHUQH(
WKH UHFRHRQDRYH® X U
7KH IUDPHZRUN RGHQWLFDO WR '7 WKH LPSURYHPHQV
RSWLPL]DWLRQ RI RSWLFDO IORZ DQG IHIDMEXHI®FNQRRG L
VLIJQLILFDQWO\ LPSURYHG 7KH DFFXUDF\ LQFUHDVHV IU
.LVKRUH DQG OXEDQ@®NUR WR RQ +0'%XHYBW
DO

2.33 Behaviour Recognition using Deep Learning-ramework

$VKM IDVWPRGHRWMGOGRBES OHDUQLQJ &RQYROXWLRQDO 1H
EHFRPHVY WKH PDLQ VWUHDP FODVVLILFOWPERWHS RURD FK
SHV1IHWYV ZRXAMKSHUIRUPV WIODMWH RPKYXP?0QQRYGWHLRQ
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WR DFKLHYH WKH IXWHRSRUDSDIWDWX DY WKUHH PDLQ E
E\ UHVHDUFKHUAR BWIWAEKDBQHD QG $QGARIGYROXWLRQ

HW DO DQ&I11/RQJ 6 KRUW OHP&UNG670 7DWBIN DO

7KH VWUXFWXUH RI GHHS OHDUQLQJ DSSURDFKHV RQ FR

JLIXUH

Deep C3D
Learning
CNN+LSTM

JLIXUH 7D[RQRP\ RI '"HHS /HDUQLQJ $SSURDFKHV

7KH JHQHUDO SURFHGXUH RI 'HHS /HDUQLQJ FRQVLVWYV
SURFHVVLQEXQB®WIZRUNGHILQLWLRQ Rl FODOXQEWER®LRQ
GHILQLWLRQ RI RGWDROLEDOGWWBYYLQJ SURFHVV 7KH S
LOOXVWUDWHG DV )LIXUH

“lassification
Pre Network O otimizer Train an d
fu ction & Testing
processing building efining Valid
Loss

JLIXUH *HQHUDO SURFHGXUH RI GHHS OHDUQLQJ

a) ' DWBDBURFHVVLQJ

,Q WKLV SKDVH HWKB OXRWH G/ BW WV D IQYH @/J DANBY WHIVOL G
VHEWWK UDQGRP GLOQWH LVEKK GRIG S \ORMOUFHL OB QVXPLQJ WD
SDUDOOHO FRPSXWLQJ LV UHTXLUHG 7KH SDUDOOHO FR
PRGHO SDUDOOHOLVP 7K3HJRBBNILGQ D EDMWFHKORV B DLW DVRQ
GHYLFHV LQ RUGHU WR DFKLHWH FRKI XS\DIPRIG @EKGIL VP |

SDUDOOHOLVP LV WR SURFHVYV GLITHUHQW PRGHOV RI D ¢
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RUGHU WR UHGXFH WKH WUDLQLQJ<INQPPLWUDHDFK LWHUD
7HQVRUDORBWQDO DQG 3\WRWRHOUVXSSRUW GDWD SDUDOC
D QMGH Q VR W)ORZRRBINWO SDUDOOHOLVP

7KH RUGLQDWRFIBVYWLQJ RI WKH YLGHR GDWD LQFO
QRUPDOL]OWLRE@@®EI 7KH H[SDQVLRQ SURFHVV Rl WKH G
7KH H[SDIQVDRRLHYHG E\ IOLSSLQJ FRORU MLWWHULQJ
VKLIWLQJ RI WKH LPDJH

b) IHWZRUN %XLOGLQJ

7KH QHWZRUN EXLOGLQJ SURFHVV LQFOXGHV QHWZRU!
LQLWLDOL]DWLRKDQQGLRYHUILWWLQJ

JRU WKKDYULHRKRIJQLWLRQ IURRH POHR GOWKMH LV WR LQFI
WHPSRUDO GLPHQVLR @KHWARRWKH@EMWHVERD® LPDJH UHFR
QHWZRUN D UFKLWHFQHKW BRBK IDG/RBWHIG DQG $QGUHZ
*RRJ/HIHW DQ&KIHWYAWWD® )RU WKH SDUDPHWHU LQLWLE
SUMUDLQLQJ WKH ;DYLHU RU .DPLQJ LQLWLDOL]DWLRQ |
GURSRXWDSIHRESWWG WR HQKDQFH WKH JHQHUDOL]DWLRQ

c) &ODVVLILEFDWLRQ )XQFWLRQ DQG /RVV GHILQLWLRQ

7KH FODWRWQL DG O6WIHJUH VMU R GH SOARGHMHERIORMDIOH SULP DU\
LVWRH VXSHUYLVEIGRYHDUHARMPXQB LV PDQKBW®IOG H3H WIKVH C
UHVXOW RI WKH IRUPHU RQH LV GLAVEQWWHXRXDVIVMAMWDQE
7KHUHIRUH WKH FODVVLILEDWLRQ IXQFWLRQ FRXOG EH
2UGLQDU\ UHJUHVVLIQE@ XEBFMWORQU 5HJUHVVLRQ /RJLVV
6RIWGBIJUHVADLQRIYY DO 6LQFEHKMRMLIRIKRIQLWLRQ EHORQJV
PXOMDEEHO FODVWRIMWGMILR WLRD LV PRVW ZLGHO\ DGRS)\

/RVV GHVFULEHV WKH GHYLDWLRQ EHWZHHQ FODVVLIL
JRDO RI WUDLQLQJ SURFHVV LV WR DFXLPHIQH WKH JRRE D O
5HIJXODU /RVV IXQFWLRQV LQFOXGH OLQI(8XBDOHPDRQEFT XD L
O0DODK +LQJH {R@VW DO DQG &URVV (QVWHRSDORVV
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TKBRURMW URYYV IXQFWLRQ LV RIVRH MIEIQURIMWHRBQ Q WKH

7KH PDLQ VWUHDP RSWLPL]JHUV DUH O6WRFKDVWLF
6* ORPHQWXP 6* 1IHVWHUR%ROMRWPRROWEBPIUDG $GDGHOW
5063URS DQGL$GHBRQ-GIPP\  7KH $GD/RXDOX\ DGRSWHG DV
RSWLPL]JHU E\ GHIDXOW

d) 7UDLQAMALGDWGRTHVWLQJ
,QW ISHK DR/IHW U D MWMXLIHQ GDWD LV | HW 68 UNDRY IMKKB PREGLMO R1 P L Q
EDWRKW HDFK LWHUDWLRQ WKH OHDUQLQJ SDUDPHWHUYV
YDOXHV DU UMKWX SBBBH R YDOIRUPWOIERL GHGHPRGHO L
YDOLGDWHG ZLWK W KHJ WOHOYLHELCD/DIK BNY GUEDENBLMRHRW LW H U D W L
GLYLGHGIROWKD S SURKFHKSKDVH RI WHVWLQ B GWKR WKN W L
WUDLQHG PRGHO WR YHULI\ LWV JHQHUDOL]DWLRQ FDS
UHSUHVHQWHG ZLWK WKHDRRQTRBLRQ PDWUL[ 7RS

e) $SSOLFRWLHRKDWIRKRIQLWLRQ XVLQJ 'HHS /HDUQLQJ

Q WKH UH¢BBUF®ORIBO DQ HQIRUF&H® #RIGHO LV
SURSR%HE GIKRHVP R W/H 8 B VREKM IFRRO O H G 6 R FHLIDRX /66770
FHOO LV BIUVRKIBRGPDWLRQ RI SRBRPHL KK BREUHL@KHY B O/61V
VWDWH LQIRUPDWLRQWHNQWRRL BZRLKKGEIHWXWBWMWKH ODW
RI WKH SHGHWYWUODQPH® @R SUHGLFW WKH GLVWULEXWLRC

.DL LQWURGXFHG DQ HQKDQFHG VWUXFWXUH RI &11 QI
1HWZRUN )RLIDQG ;LDRJDQY WKH RUGLQDU\ &11 IHDWXU
LPDJH SDWFKHVY DUH H{WUDFWHG WR W URDU®L&EIH\PRGH O
LV WKDW WKH FRPSXWDWMR@HODRMRSTLYLWRURW KBIH P
FRQQHFWHG OD\HUV ®HISHNBINDROBBWEBWQ BRI DVW OD\HU IR
SUHGLFWLRQ RQ WKH VHIJPHQWDWLRQ PDS 7KH )&11 FOD
VHIPHQWDWLRQ WKDQ FRQYHQWLRQDO &11
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2.4 Crowd Simulation and Synthesis

7KH YLGHR BDOWMDVYLEABHQ D WRXJK FKDOOHQJH LQ WKE
EHKDYRRRO\VLY 7KH H[SHFWHG IHDWXUHHKRDYLRKHWR IR
DQDO\VLV LQFO>GHIHERQSKM WKEK D DICR YMDRMD U L H G
FDPHUD SHWUMBHAWNLKHOHVY LWLOWWRDIBR® O WFR/UWKHH G H
FURZG YLGBORIHQ 8MLMA DFWRUV WR SHUIRUP WKH GHVLUH
DSSURDFK KRZHYHU ZKHQ W KD FHIQO/RXW Y VWLD KV LRROW HQ

,Q RURS PG UKLV WK HUH T X EH K B YZ\RREBR G H ® 0 HEJ
VLPXODWVIRVLIWK® KL\&URYEDUPKODWLRQ KBRMHMW/ DG Y DG
WR DFKLHYHEWKBD YAIRXIK YGE GHR TXDOLW\ DQG ORZ FRVW
VLIJQLILFDQW FXDOB-O@IHY PVRW K HF K QBEWRIGV MQGHRI IHUV | U
WKH LOORJLADZELFRYEGRHIRWORZ WKH FRPWRQVVWIOFMMLRQ
WD[RQRP\ RI FUR ZBKWQLPDXOINUWL B R GXIFH G

2.4.1 Taxonomy of Crowd Simulation Approacleson Spatial Scale

$FFRUGLQJ WR WKH GLIITHUHQW V SIDVWHH Q HOAHDUDHOVO \ F L
FDWHIJRUWKBFUWRWRRS RV AREELFURVBEBSURDFKHYV

DODFURVFRSLF 6LPXODWLRQ

7TKRDFURWIRPRACGPRQRMOWUDWHY RQ FY RAKAY IDC WRIMD HKY
WKH PRGHOOLQJ RIWVWIKIKDHMNIQRXRKRHF REMHFWLYH UDWKHU
EHKDYLRXUQGLYLGXDOV 7KH FRUH FRQFHSW RI WKLV DS
VLPXODWLQJ WKH SK\WVLFDO LQWHUDFWLRQ DPRQJ VZD!
SVIFKRORJLFDO LQWHUDFWLRQV EHWZBBY DL/GR YH CRADW
DSSURDFKDIS\D BMKCH W\ R EVH R X IDRKKQYHW KD DUJH FURZG VF
GHQVLW\ 7KH PDLQ GLVDGYDQWDJH LV WKH LQVXIILFLHQ\
LQGLYLGXDOV

E OLFURVFRSLF 6LPXODWLRQ

7KH PLFURVFRSLF DSSURDFK LV RRWWMDALFXH®V POR3G
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VLPXODWLRQ GXH WR LWV VLIJQLILFDQW FDSDELOLW\ R
LQGLYLGXDOV 7KH PRVW UHSUHVHQWDWLYH DSSURDFKF
EHKD YAREHO %\ VSHFLILFDEMHX\DRRIRMHKDOKL (DEOGBYH. GRFD O
PRWLRQ SDWWHUQF¥H KBWRISIORY OFGJ EHG JHEAYKBDWHPX OP WHG
FURZG VLIH DQG FRPSXWDWLRQDO WLPH DUH UBFULILFHC
WKH SULFH

7KH GHWDLOHG PRGHOOLQJ SURFHGXWHRWGRRLDO )RU
RI IHDWXUH H[WUDFWLRQ 7KH FRQFHSW RI VRFLDO IRUF
ZKHQ DIJHQW LQWHUDFW ZLWK RWKHUV DPRQJ WKH FURZ(
PRGHO SUR&BVHEL ERU WKH ELUG IORFN VLPXODWLRQ ,C
IXQGDPHQWDO UXOHV DUHIBRY HPGHQAV W R G- ROWWRWHIGIHQ'
7KH ILUVW 6HSDUDNWKMH DXYQRH AVQRKMHRBHFKDQLVP ZKLFK
FROOLVLRQ ZLWK QHLIXERUMG,QV)LIXOMHQFHG E\ WKUHH
LWV SHUFHSWLRQ DQG D UHSXOVLYH IRUFH LV GHULYHC
HQVXUHVY WKH IORFN RI ELUGY WR KDYH DQ LGHQWLFDO F

E VKRZV L@WNVUMHFWIERIQ LV VOLIKWO\ SXOOHMMG OHIW XQ
DYHUDJH GLUHFWLRQ ZLWKLQ WKH SHUFHSWLRQ 7KH &F
FRKHUHQW WR WKH IORFNF $ WNKKIREZIQUIGQLM.- BXWHOHG WR WK
RI QHLJKIEFRAWDWL VWHG ELUGY PDSSHG ZLWK %RLGV UXOHV Z
UHSXOVLYH IRUFH RI 6)0 LV GHULYHG IURP WKLV FRQFHS

JLIXUH 5XOHV REHRKROLYAR®XPUWRGHO
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&RQFHSW EDY¥HGQWSSURDFK LV VLPLODU WR 6)0 ZLWK \
DIJHEDWHG DSSURDFK HDFK DJHEWD DVR PRSSHG ZHVK G
LQWHUDFWLRQ KDQGOLQJ DPRQJ DJHQWW UW KE&NF P RIGRI®
PDNLQJ FRDQGOLRQ DQG HWF 7KH FURZG PRGHOOHG RQ
WKH ORIQP SDWK ILQGHYL VENGIDDHEPDROGHO LV FDSDEOH R
FRPSOLFDWHG HQYLURQPHQW E DY HVEK B SSRIEW BB VAL O &Y KHR
PRUH UHVR XU D SWKRDOF RMAK HUGM WX RWBE QW IIRMQ WKH VLP:
FURZG LQ KLJK GHQVLW\

FOHVRVFRSLF 6LPXODWLRQ

7KH PHVRVFRSLIFVVRL@ XBBWRRGK ZKLFK KDV WKH SHUIR
PDFURVFRSLF DQG PLFURVFRSLF DSSURDEXMNVUD MW LR QN
EHWZHHQ LQGLYLGXDO DW FHUQUDH K RVHYZHED LW KHIOLG KDHA
FRPSXWDWLRQEE AURIGYMLPXODWLRQ XVLQJ FHOOXODU
PHVRVFRSLF %G%H MK $GOHU

7KH FHDRW®GBDANDF GHW IR LADWH P Z RIQAHK RWWHKRIU L F D O
IUDPHYRUMKH FRPSOBEHNDMIWRPQDAWIGHILQLWLRQ RI FHC
DXWRPDW L\$\DWXFIIRZ Rl EORFNGLIPHOXWRR@ ® VSDFH |
EORFN LV GHIL@@FX FW @O FHRXO G VEYHDMIH VHD FRI LWHUDW LF
HYHU\ FHOO XSGDWHV LWV VWDWH DFFRUGLQJ WR VWDW!

7KH XQLTXH SDWWHUQ RI HDFK FEHAO@ X O CPD DX WIRFPVID RUDV |
7KHPRWLRQ GLPHRQVWK® FHOO IRU H[DPSOH RQH GLPH
GLPHQVLRQDO G RRAY HDFFHK VWO @ HV &KDQJLQJ UXOHV IR
7KH LQLWLDO) VI HORD XAHDWDW HV W KEHH Q O X O D W DR@AR RD
(DFK FHOO KD¥EWRRNY WBDKEKRQPWHIKERULQJ UX4QRVY DUH DV
HDFK ZKLWH FHOO LI LWV OHIW QHLJKER WY HWALAN WK
WKLV FHO @ KEWHWHWIRUH LQGLFDWHYV WKH V\VWHP EHFRPH
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Iteration

[nitial State K4

1 o0

2 o000

3 00

4 o0 00O

5 o0 00O0O® O

6 o0 00O0OQO

7 0 000OCGOFS O

8 o0 000O0OGOSS
Final State JCICIC I N NI NI N )

JLIXUH 6DPSOH LWHUDWLRQV RI D FHOOXODU DXWRPDW

%\ H[SDQGLQFHOKHXODU DXW R\WPKCHN M\ MDEWRXVHG WR
VLPXODWH BHKDFLUREE & HDDHDMEDW L D ORS R X BIWHIR Q
SHGHVWIHOQ GHKIVBIR XX OH BMKNHURDQHW\ RI VLPXODWL
7KH PHVRVFRSLF DSSURDFK LPSURYHV WKH YLVXDO UHD
PDFURVFRSLF +RZHYHU VLQFH HDFK FHOO FDQ DOZD\V E
WKH PHVRVFRS LW DSSWRBAK DWEO IRU WKH KLIJK FURZG GH

7K S DWWRIRIDVRQ EHWZHHQ WKH PDFURVFRSLF PHVRYV
DSSURDFKHV LV OZKWHG QBPMEBRXOG EH REVHUYHG IUR
WKH VHOHFWLRQ RI WK&VDSO S PRDFWIROWFR LFSDRPEFRDFK IR
WKH DEVHQFHHRDNWERDOMHUBNORRO ZLOO KDPSHU WKH Y
8VLQJ PLFURVFRSLF DSSURDFK IRU VLPXODWLRQ WKH WL
SUDFWLFH 8VLQJ PHWRVRRSIOR DI SERRDK KE KQEHUL® Y  7KH
PRGHOV DUH H[SDRRPG WP IGVHYE DS SURDFK ZKLFK FDQ HI
WKH FURZG LQ KLJK GHQVLW\

ODFURVFRS OHVRVFRSL OLFURVFRS
&URZG 'HQV +LJIK OHGLXP IRZ
6RFLDO ,QWH 1RQH 1RQH <HV
IRQWHUP *R 1RQH 1RQH <HV
7LPH &RQVXP IRZ IRZ +LJIK
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/DEOH3DWWHUQ &RPSDULVRQ EHWZHHQ PRGHOOLQJ DSSUR

2.42 Hybrid Crowd Simulation Models

7KH K\EULG FURZG VLPXODW LR QAMWHF K B Q FYXUHD\O DQ ®IHYFLH3
DV =EQMHB\HEDVHG DQG EBVKGQWIKMV¥H DSSURDFKHV
PDFURVFRSLF DQG PLFURVFRSLF PRGHOV DUH DGRSWHG
a) %OREBNKBSSURDFK

) R B O REFINVIMSES U RADKHRKR WD JH LV GLYLGH G LKHMRHRXTWIL RQH
RI PDFURVFRSLF DQG PLFURVFRSLF DSSURDFKHV IRU HEC
VLWXDPRMLEQRFNV ZLWK VLPSOH HQYLURQPHQW WKH PDF!L
UHGXFH UHVRXUFH FRQVXPSWLRQ )RU EORFRYVALWWKVFRP
RI GLYHUVH SREWKIDNLRMXIHOWFURVFRSLF DSSURDFK LV D
WKH PRUH DFFRU DB DL XODWMEMSOSYRDWKG DV )LIXUH

JLIXUH 6WUXFWXUHERVHEORBESURDFK

$V VKRZQ LQ )LODXMFHQDULR RI FURVV URDG LV VLPXODYV
EORAN.FK FRQWDLQV PR UHNVKIHBPMF UR WHRUTLFWIREW/R D FK L\
RWKHU EORFNV ZKLFK KDV OHVV OLNHOLKRRGLRI FROOLYV
DGRSWHG WR SURYLGH DKLVQRR®BOIORIZ VRARWKIFRMOX UH LV
UHVHDURPKHRQ® DO WR VLPQOMDFENDMNVLRQ VFHQDULR E\ XVL(
EDVHG PLFURVFRSLF PRGHO DQG FRQOWVQEXPNVRDYUREDR
DSSURDVKPXY\OKIHWLRQ VSHHG LQ QRUPDO EOREFNV LQFUHDYV

RI WKH YLVXDO UHDOLVP LQ LPSRUWDQW EORFNYV
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+RZHYWKLY NLQG Rl DSSURDFK PXVW KDQGOH WKH WU
PDFURVFRSLF DQG PLFURVFRSLF PRGHOOHG EORFNV :KL
EORFN WR WKH PLFURVFRSLF EORFN DJHQWY DUH VHSE
GLVDJJUHJDWKRQHSBRFHRY RQ WKH FRQWUDVW GLUHFWLR
LV LPSOHPHQWHG WR PHUJH DJHQWV LQWR D FURZG IORZ

$GGLWLRKHOPRQFHSW H{ED/QBG I LLVQL R GHZHWDHDU FK R |

,Q WKH UHVHDUFK DWSHRMIFKHR/ IDFURRQVWD QW O\ OfF

EDVHG RQ IHDWXUHV Rl WKH FURZG VXFK DV WKH IORZ V!
EORFKVV DSSURDFK SURY VKN VLR O ZLMEEH E@IRAR\O
RY HUD @& 8 NGRADIL O V
b) /D\HEIWWKBSSURDFK

JRU OPDWW G DSMKHRDVERXODWLRQ LV LPSOHPHQWHG LQ Y
OD\WWKH JHQHUDO FWREZWGPISRWKOIRQGELQJ FROOLVLRQ DY
LQWHUDFWLRQV DUH TOHD P00 B W K& L\OH SPIDFEREBR OLF DS
SURYLGH WKH JHQHUDO IORZ LQIR URPH WLRXYOPIWLRE K6 WX
IHHG WR WKH PLFURVFREHFPQPURY FPR/SDP QRSXWFDOFXOD
DFWLYLWLHV VXFK DV VRFLDO LQWMD\W ERQ RE &DW & HGK HJ E
PDFURVFRSLF OD\HU 7KHEDWHBFI/X®JWHRRF KV KR X@OE\HAH L O
JLIXUH

JLIXUH $ WKHHU VWUXFWXUH RI K\EULG FURZG VLPXODWIL

$V VKRZQ LQ )LWXWBH LUVW OD\HU XVHV PDFURVFRSLF D.
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JHQHUDO PRWLRQ IORKEHRLQWHU DFFRMREZEQ DPRQJ DIJHQWYV
DYRLGDQFH DUH VLPXODWHG ZLWK WKH PLFURVFRSLF DS
PRGHOOHG LQ WK HJHVHDULBKYMWD @ WWKKH REVWDFOH OD\I
VLPXODIWHKCEO O XODU DXWRHRRBWRWHSIDRWERQ OD\HU LV VI
VRFLDO IRUFHQ BFUBRAMX HORZ LV VIE B XEMMIFDERRK X O HV
&RPSDULQE WRFIWKIE WEKMHVAWUXGERWINWEDYRLG GHWDLOF
PRGHOOLQJ LQ PLKH ODRRSLELWKXSURDFK 7KHUHIRUH WKH
ZLODBHKWOVLIQLILFDQWO\ LPSDFWHG E\ WKH LQFUHDVHPHQ

c) 6HT X H GWLUXE BXUHRED F K

6LPLODU WHEMWHGHEHDSRHNRDFK WKH VHTXHQWLDO VWUXF
WKH FRQFHSUWQR IEWBRRGWUWRMFRSLF DQG PLFURVHRSIW DSSU
WKH WUDQVIHUULQJ LV WHPKKRUWFL®R 2D WK HW MWKLID®D &S DWW
PDFURVFRSLF DSSURDFK WR REWDLDKWKH RROYMDIOW PIRG
ZLOO EHWWSCOQ@QMUHBHUWDLQ FULWHULD VXFKLWY WKH FKD
VHTXHQWLDO VWUXFWXUOE VDWW IEMMREEGK FRXOG EH

Ada

> Change of =>'>'
Velocity/

> > > Density 'V'

JLIXUH 6HTXHQWLDO 6WUXFWXUHG 6LPXODWLRQ $SSURDF

$V VKRZQ LQ )LZKHE® WKH GHQVLW\ DQG YHORFLW\ GLV\
FURZG LV VLPX PDWHRVFRBK FVKRIGHOOLQJ DSSURDFK $I1W
SDWWHUQ LV GHWHFWHG WKH PLFURVFRSL® WWKSURDFK
UHVHDUFKQBW DO WKH VWDEOHQHVV RI WKH FURZG LV X
GHWHUPLQH PKBWRBEKWHKKHR X O BK B HP D/ENR U W/ GRS RINHER] V
DSSURDPKKHWLRROKDY EHWWHU SHUIRUPDQFH RQO\ LI W
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WKH VLPXODWLRQ LV XQVWDEO M RHWHUHIA GRRI\DW \ RAL W & HE B

VLPLODU DV WKH PLEKRQFPREBHFFDRIGROHFRVLW\ LV KLJIK

d &RPSDULVRQ EHWZHHQ +\EULG 6LPXODWLRQ $SSURDFKF
JURP WKH SHUV SHIFWALYHDKRN WDRAS K\EULG DSSURDFK k

EHVW SHUIRUP D@®ZH WHRY ROHKHRIWP PBR¥HG RQ WKH DVVXPSV

WKH VLWXDWLRQDRIUHMERI ERRPANKHYSHUVSHFWLYH RI VED

DSSURDFK ZLWK KLJKH U WLADSGDOHENEDAKADDARLEPRXOD. B MEHDR/Q

ROO\ H[FHSWLRQ LWKBHUBRISREBGRKQRO 7KLV VHTXHQWLDO

VWUXFW XU G DLW WRFKLP XODWH DIJHQWYV ZLWK LQW!]

2.5 Chapter Summary

Q VXPPWKLY FKDSWHU UHYLHZHG WKH PRVW ZLGHO\ XW
IRU WKH EHKDYLRXU DQD G KH. V PO i RORBX W HGHWRL VHRW X U H
LQWURGXFHG 7KHQ WKH PDLQ VWUHDP WHFKQLTXHV IRU
LQFOXGK QIR ERWLGXDO DQG FIURYGOEHWEHYRXBEXQLTXHV |
VLPXODWLRQ DUH LQWURGXFHG LQFORGVRY AIRESE FPDFUR)
K\EULSSSURDFKHYV
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Chapter 3. Crowd Analysis andBehaviour
Modelling

,Q WKLV WKIHS B/UHLUMDW | RUDW K £ W KUHH \& IRV IBKH 11LHD[ MVG
D WD[RQRP\ RHKLDWASHN LV LQGXFHGNBKFFRYEDQJ | WRWXKI
D QG ADKAHH J R U WY BY'WVLBR\GHBHIL VY U HOHDWHHDM BB VW KHUPRUH WK
NHRRGHOMOHERXIQRUXHVFK RI WEKHK BWRSRIWHGA. QWURGXFHG
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&KDSWHU &URZG $QDO\VLWD QRGHBIOL YR

3.1 Crowd Behaviour Definition

%\ GHIL@EWRREG LV D FROOHFWIL\RK RE PLKDMINYEEGK D O V
SK\VLFDO LQWHUDFWIRIQW VY WHKUFBKFRI RMREEHDO SV\FKROR
JHQ HEWHIX® YRURW KH HQW L QR FOURZIB\G RBIW F (VEMKKD Y Q BK YL G X [
$V WKH VL]H Rl WURKG LQBUMNDENDO ZLO ® EBOLBURXZIGQFH
EHKDYERKUVRRWK B H U YRQDW D Q G KAHR QOVRIERDEH KD RZBX U
ZLO®IEHAWHRE YHUVD

7KEHKDYRRRQ LQGIQYAGKD® GHWHUPLQHG E\ ERWK SK\
SV\FKRORJLFIXH IDFWRENMO IDFWRUWHAR®GVLY® ®RBDICH IRB
Z K LB W H WKL 1B F W X D O PRGWLYR.@ JRD OV HIRRIMM AW B S D W K
ILQGLQJ D\ZIROLWKPH U DGUHL B RRFFGIV BMRUPMN K H LQGLYLGXDO
WRZDUG WKH GHVWLQIFR KR WHHH \ORRFFLIDAS HRLREHN Z K L F K
LQWHUPEWHWREKRORJLF BDQI IFBRUN W K HE FSHD WIIRX®
PRGHDRLQGKDIOG VXFKHDWIIGAL XV Rl FRRIRUWARFJIRDXH IRUFH
GHILQLWKIRQWHVHBHWEKRKRU DQG $O@WURW XK MWW JH G
SV\FKRORJLFDO VWDWHBRRRIU DNVK H. QFEIRAREDOHW JHQF H
FRQWDJL DI DWWGDRWKH VXEPHUJHQFH \DV@QIMGH Y MGEXD @ RIWL
FRPSOHWHO\ GHWHUP L QK GOEN WRREQNF R REFVPREZERUDULO\
UHPRYHG ,Q WKH FRQWDJLRQ@ QQ@GMYH. CW R PR W URG SDOY
E\ LWV QHLJKERUMV WL RIG VW DIVERWOW K ILQG/LRZ Q XRM V F LR

7KH JORERDYRPRURZG LV GHWHUPLQHG/ERKWIXMHLR XV |D
FROOHFWLRQ fRE HKIGWIIRO@X MR W H[W)XROPDWLRQ R
HQYLURDPHOQBEFO DWV L | L FDWALHRKD RL BB AKDOOHQJILQJ WD
ZLWK OLWWOH FRER/MHSVAD &XIE WRPELQDWLRPXRIL YIDQUG R X
PRGHOV

3.2 Crowd Behaviour Taxonomy
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&KDSWHU &URZG $QDO\VLWD QRGHBIOL YR

7KH UHVHOREK\HRK DQG 5RBVUXWHRMWR EG KD YLRXH
FRP SRR/IE B VELHK D YDICR 3D W MHH GGV LRJE. DWELRFR D DICR SDWW H U Q V
GHSHQGV RQ W KAFK AFRIRADAHY® QIQIR L Q W32 EMNRMEFIVDS H V
RIEDVERKD YLRREOXGUDYILW HYRIIMRQRFM D G H UDKE S
R Q J H\DVIHR Q@ Hb L GHIGL QLNVME R QW WHEYHDRVID YRIGRQAUL VW WR 1 PRW LR
ZLWK KLJK YHORFLW\ DQBEH L ¥HRRNWL. RIQDLAE MEIRRWDJH
RFFXSQMmUJH DKUHH DLEHKKD YARQVLVWY RI [UHTXHQWO\ DQG
FRQWDFW EHWEH HSDHDKIDYBLIRYK W KH K KO OKSBIBIRBWRIR Q DV
ZHO O DS/DGVR | BHO REEMIK D YLIVR X UFEJHRKZ IBYRLKROXULD F W P X © VHIGS BH
D J HQ MWW K L GEHHKVD IXFZIRGIUO H D BH K/ YIMS R Q R W KEEHHK BY RE B U
W\SH ZKLFR BRIHAIGMKY/GRPLQDQWDRRWD RQ RYOSVRMHBY OR Z
JROORZHOU ODHPBORRQVWDQW URIWVKID RO DG KH
FRQJHEWK B QURXBRYY HDSDMARIBRD YHPRWILWQ DFFRPSDQLH
ELQFUHDVLQJ TXHXLQJ WLPH

+DPLGUH]D DQG DIQIRMW B W HFDRWE EYQL WD UL R XXL&BWDVHW
ERWKKDYDL®E WHPWWB)RQH EDVLF W\EHKRYLBUMZ GHILQHG
L Q F O X\GKLRQUIP\BND R M W DYFROLKE (SR @ BFY S H UVIKMFR Q JHVW LR Q
6L HP RO/DLRIQODMRIMU R G X F HIR LBFDHNE L QA BUW® Q G
HXWUYROWKHUPRUN P I'SKiHE DRWKRYDRBBRWLRQ W\SH ZLWI
VSHFYFIHQDULRY )RU H[EPSOWHRXE SBOQPULRY VXFK D
HDUWKRUDNHRUL\S\WY BWREIDERG UHSUHVHQWDWLRQ PRGHO
IXUWSKHHY HG | U E Pl KADKBL®RE tH PRR\PEER@ DW LR QV

Q WKH URIB/RIOMIMKDO HLJHQYDOXHV H[WUDFWHG IURP |
H[SORLWHG WR FODVVEH K DY RUR B & B WMVREM EDGVHIRUL]H
D¥ORFNRQERW W Ol QHFEBRX QWDEQKHDBGRQ WK RERRGO
SDWWHUQV

7KH IROORZLQOLADEVMVKH GLIITHUHQW WEHRDRPR)RU YDUL
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&KDSWHU &URZG $QDO\VLWD QRGHBIOL YR

S5HVHDUFK D[RQRP\

SXUVXLW HYDVLRQ )LIJKW 3@IOG

6RPD\HK DQG 5REHI
&RQJHVWLRQ

3K\WLFDO 1RUPDO 6WDWH 2EVV
+DPLGUH]D DQG -DY 'LVSHUVLQJ )LIJKW DQG &RQJIHVW

+DSS\ ([FLWHG 6FDUHG 6DG

6ROPBW DO %ORFNLQJ /DQH %RWWOHQHFN
ORPERLVVH &DVXDO &RQYHQWLRQDO ([SUH
%HUORQJKL 6SHFWDWRU 'HPRQVWUDWRU

7TDEOH &URZG 7D[RQRP\ LQ YDULRXV UHVH

%\ LQYHVW LW BIWHHMWK R | FHMKRYYA R KRIQ RKQGDPHQWDO
KXPDQ FMHRISDIRSHWEHI RSRYHBMEDYDPKG WKHLU VXLWDELO
YLGERVHG D QBRRVGVY\Y K BV R XSDOVNWY KIEHK D YILRXID X G
ER W W O HRO)HEFW D L QIKQALG O BMJLE VS H U FRQJIH V \RLRQ Q J
DY RLGDI)@H WEEE KIZKHLOREDO YLV XD@HSDYOWMHWOYDR HG D

YJLIXUH

JLIXUH 7D[RQRP\ RIYHIRYYEL R XU

a) %RWWORRQOIWD DQIGHOHRBEQ IJHVWLRQ
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&KDSWHU &URZG $QDO\VLWAD QREGHBIOD YUR

7KH ERWWOHQHFN X DKUDROZD VRIFH/PO WV R K FHELW UDUQRZG
EHKD YR RXHQ VAWK VHYHUDO SIOMQRPNQOQJ XKIEFKHLQFOXG
ID V WNOLR Z HIWF K EQR J J LODQ@ &V F L O OHDIW\E RIQH VHHI | H FAB & H
H[SORLWH G WWKRH HYLD/OO0 MVR¥H B 10 DRDR ORI \WB! PRSI BWKW H U
V\O R ZHHIW AAV@ G L Y L OXIBH@WRQ F R Q/J MKW 6 R MVUVIROHTHX H Q W
FROOLVORQUBIGRGV IR 2PHWREW U D PAKRIY BORF LW WLKWHORZ
HQWLUH JDWKHULQJ RIDDAMKG Q RFKIHE LHIODAODHDYYWR Q@ PH  )RU WK
UFKEQRJJHHFW ZI1BOQWNUDWH DQ RPQEKUQW KK DRHOXHQF
UHSXOVLYH IRUFH)RD ROKIHO HBGM R Q1 W K HI RIHSKRW L Y H
DSSURSKDRWAAG SKHEQRBH@DMHHQ DEBOWVYLFDQWO\ LPSD
WKH YLVXD®&HMHS@XERPHQD DUH LOOXMWW R W RGVKE U LKXQ
WHKRXQWDEQREBIGD YLLIR X)W Y A UWFHGP RW BV FH E RZKW B Q HF N
VKDUHV WKH VLPLOBH ¥RDX B U VEDRVYNIENVKREVERW WHORHD H F N
,Q WKLV EHKDYLRXU VLQFH WKH HQWUDQFH LV KHDYLO\
DUH VHYHUHOGK HPBWRWHGURP WKH HQWUDQFH WKH SHGI

YHORFLW\ DQG YLFH YHUVD

Faster is Slower é g Arching Clogging

Repulsive Force  Desired Force Frame 1 Frame 2 Frame 3

- > >

vibration

JLIXUH 6 XEKHQRPHQD LQ %RWWOHQHFN DQG )RXQWDLQKHI

b) IDQSIYRLGDQBH&URVVLQJ
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&KDSWHU &URZG $QDO\VLWD QRGHBIOL YR

JRERWWOHQHFEN \DEDRCH DGJH\OWRLVE R RNIRIBY M/ RIGRY V L Q J

XV X FRR@\V L DWHWQRMYV P RYRBHIRMIWH GLUHFWLRQV ,Q WKHYV
WZR DJNEWKLEKD SURERBIOD NN REGILUHDIHGHVWULDQV ZLOC
WR DYRLG FROOLVLRQ ,Q RUG HX OMRURRKOH Y#H RQK K B QHG I0HL
PHFEKDQP\DFS S HE KIMRI QKWH YLV XD R K GHEl 6 ERXEHG XWLOL]HG
DVFWLWHULRQ RI WKH N EMQEDRWLVR.Q J X B & QW WIDP HD JHQ W V
GLUHFWLRQ ZLOO JUDGXDOO\ IRUP D ODQH XQGHU WKH L
DV LOOXVWUDWHG LQ )LIXUH

J)LIXUH /DQH (RHRWRZG

7KH DYRLGDQFH LV D VSHFLDRHEDBHSR G BWD\W H LIIRQY MP\R G
FURZG IDOOV WKH IROORZLQJIDSRGGE WWKH. B QG 8 VR EHY W
LQIOXHQFH RI LQOWHUDFWLRQ IRUFH 2QFH SDVVHG E\ W
DIJDLQ XQGHU WKH LQIOXHQFH KA URMVHQ D EW LIRAV RR D PHS B ¥
RI ODQHQH UDHMAKYIVAARHU GLIIHUH @Y CEHW WKWMLIR@DID X HQ F|
LQWHUDFWLRQ IRUFH WKH SHGHVWULDQNBLHBONHWKLELW F
) 5LQJ &LUFOLQJ

JRW KHQU [FQUSF CELHXID WL RX HRIW\PO IR ¥X®I® WD LQREEMHEW
LQGLYZGWHE® LRDHEILQG FW LRRVWABHHVHQWDMWBWHRRI WKL
E HK D YLLRKK\WUF U LEINGMER | ®RIGRDY DO KHQ WKH FURZG GHQV
LV KLJK RMKHVDIPGN GA D\BHE®WWRY K H 5 L Q JE & IKUDFYR IR X U
DW WKH URXQGDERXW LQ KLJK GHQVLW\ ZRXOG HDVLO\ W

d 3DQLF 'LVSHUVLQJ
9LGHRV ZLWKEHRBYURKRW IUHTXHQWO\ H[SORLWHG WR
SUHGLFWLRQ DQG DODUPLQJEHWXODNHRGEFHW BDDRPWDWO FURZC
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&KDSWHU &URZG $QDO\VLWAD QREGHBIOD YUR

FURZG FRQMWRHFHQBHEW YL RXEE QEF/ S H U WIDZY QRWP DO O\
EH VHJPHQW M B EMHW RAHDARN | RWR @/P\DVD DHIRHH U J K D W0
RFFXWDWQHER G LY L G XDHGM VIVKIDLYBHMID/G \ P R WAVRIQH V IREIR Q G
DEQRUPDO VWD ZH OSHGHSYL DIBRWP GUKVHVXVREQFH ,Q

W KY. W DY Bl U LRXY W LSAHUDORLE R D DICR »SID \& MOHAVGIBHL J JHQGH G
SRVVEEPREGWOIH X O W DTKHRE YOG L] Q AUMRIESHH! | L EXBOQMD L Q H
SURFHYYRQAKSUF RRE B K D YLLIVE ¥ W DFFROKE D R B HH [ D RISIO®!

D SHUVR@ \WRIBVUREPR DPRD BHBHCDW RXM@GD DWWHPSW W
DYRLG WKH IDOOHQ SHUVRQ

e) +\EUWOGWLRQ

,Q UBDIRML[WRUIPXORBRHKDYWRSEBWH. G HRE\VHWOWRH/GV R
UHVHDEE®F HORVQU DWK B J WOPHG FURZGEHBEQ REWBFWLRQ
+RZHYHU LQ WKH SHUVSHFWLY KR E EHHMKXPWERXNB AWEQHPH
FDSDELWY (WKL JKHVW GHP DVERG L VWL VARP MK LV WHWHHD U F K
K\EULDW L FQ RRAGIKRPXUL WUHDWHIQ LQGHSH@Q@E&BAHAW W\SH
VXPPDUL]J]HV WKH LEGWKBRBXKERWRMEK MFIWNRZIBEWD WHUQY DQG SRVYV
VFHQDULRY WR WDNH SODFH

&URZ%GHKDYLRX SDWWHUQV JRRVDJH

YDVWHU ,V 60F
YRWWOHQHF| (QWUDQFH
$UFKLQJ &ORJ|

)DVWHU ,V 60F
JRXQWDLQKHI ([LW
$UFKLQJ &ORJ\

5LQJ &LUFOL( ORYH DURNQWDLQ SRXQGDERXW

7ZR 6WDJHV
SDQLIFEVSHUVLQ SXEOLF DUHD
(VEDSH IURP GI

&RQIHVWHG 2VFLOODWLR 6WDLUZD\
&URVVLQJ /IDQH &URVYV URDG
2EVWDBNFR®HGDQH 6HSDUDWH )O :DON SDWK
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&KDSWHU &URZG $QDO\VLWAD QREGHBIOD YUR
/IDQH /IDQH :DON SDWK
+\EULG +\EULG &RPSOH[ 6FHQ

/DEOH &URZEHKDWLRRGBG FRUUHVSRQGLQJ SDW

3.3 Chapter Summary

In this chapterthe definition of the crowd is introduced as the foundation of the
research of crowd behaviour analy$iext, taxonomies of crowd behaviour types are

introduced. Based on these taxonomies, a novel taxonomy of crowd behavious types

proposed according their key visual features. Thietails ofvisual features aralso

discussedIn the experiments, crowd behaviours in the taxonomy are simulated and

utilized for detection and classification.
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

Chapter 4. Spatial Temporal Texture Feature
Extraction

,Q WKLV MKIMKWRUHWLFDBDVROHQHDRSSURDFK LQYRO)
H[WUDFWLRQ ISURMHOAVLQWURGXFHGSURRHQVD FR B USHNVG RQK
LWXYQFWLRQDO PRGXPHAM DON B[S O DEHPHE E DOAGAVYRA DADICH
GHYLVHG IUDPHZRUN LV SURYLGHG
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

7KH PRGHOOLQW RUWFRYDENS FRQVHFEXWURRLIGBRH YV
ZLWKRXW LOOGRRMWLLRGRUPDIWLIRIM RUGHU WR IXWDWKHU H[S
' 67 FEORMNKHWH[WXIRUURI[DBEGH WYRRWR@® H[WUDFWHG
IURP+REZHYHU WKH PRWLBEY 9 ROWEHNAWADMERLYGHB\
OD BRUWRIREZ 9G\QDPLF LQIRUPBWWRHP ADQ \ESDQVH RU HY't
H[LVWHUHRRUHMRA H SWHR BVQ M VBRI KE W H[W X UHE X Q\WB R PR V W
PRWLRQORUPDWLRQ IURP WKH 679 7 HKBIUPWIHY WEKHD CPGRIQLIRH
LQIRUPDWLRQ IURP W KD ENRILVBRIKPIBFER R VY R ROXPHW U LF
SLIHYKH EXLOGLQJ EQRPWERNWEIOFILEHW FRQWDLQV PRW
LQIRUPDWLRQ +RZHYHU WKLV DSSURDFK LV YRIQ\ WLPH F
WKH WHBIDU |RURDQEHYWHWHO® WKNVHWDLUFK QQRYDWHG DSSUR
SURSRVHG WR HIIHFWLYHO\ DFTXLUH WKH WH[WXUH ZL
SURFHGXUH RI WKLV DSSURDAK LV LOOXVWUDWHG LQ

Information
Gabor
Filtering Entropy
Evaluation

JLIXUH7KH SURSRVHG 67D HIWRDFKVLRQ

7KH GHDSBW®DFK H[SORLWY WKH FRQFHSW RI LQIRUPI
H[WUDFWHG WH[WXUH VOLFH ZLWK PRVW DEXQGDQW LQI
PRWLRQ WUDMWKKHD BRQWLQXRXVO\ HYROYLQJ 6¥9 WKH L
REW DALQWIG D tDERKBI 677 ZLWK WKH KLIKHVW HQWURS\ YD¢
WDUJHAKIBFR ZLO O EIR W [ SIORLDWWHEGM [W KD F RVQ RRZ WOKIHV W D J +
RWKHU KDQG W®D E CIHHVE/WRBIARIH VEBIWERODO LQIRUPDWL]
DDHIILFZEQ@WRP SORWR WKH R SSDIVIFIEO AX@BWRRE HQWLUH
679 EORFN

4.1 BaselineOperation for STT selection
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

7KH SURSRVHG 677 H[WUDFWLRQ DSSURIRRKC D\YYRQYH
HQOWUR S\ D @ISF NI EROEQVG DTIKVHLRIGER U EDFNJURXQG VXEWUDI
WRDQGOH WKH ®QQRXNHMWKHBNWUDFWHG 677 IRU D PRUH
HVWLP DW®QRRQU PIMMA BRB\Y D VROLG WK H R UMHYADLOGDIDWI R X Q G |
WKH TXDVKHVH [REDDFWH G

4.1.1Information Entropy

7KH FRQEMHKRW PRMMWMBRS\ LV DOVR UHIHUUK® QYREEKDQQR
.0 WKH WKHRU\ RI WKHUPDO G\QDPLF WKH HQW
LQIRUPDWLRQ HQHUJ\ ORVVHV ,Q WKH ILHOG RI LQIRUP
SUREDELOLW\ XVXDOO\ FRQWDLQV PRUH LQQRUPWWYLIRQ $
HQWURS\ SWRIFRUM WKH LQIRUPDWLRQ HQWURS\ VKRXO(

HQWURSB\GHILQLWLRQ RI LYIRUWDPWIHRQYH@WY R\
a
* o LFl 22T HKE T
(igs
ZKHUHLY D UDQGRPLWIKSRDEIOHFHOH RXWREPODELORW\ IXQFWIL

7KH LQIRUPDWLRQ HQWURS\ EHFRPHV ODUWIHW BNVWKH X

PRUH LQIRUPDWLRQ LV UHTXKHHLIG VRR FPIWIHR QWH B V8 OR & L \

SURSHUWLHYV DV IROORZV

a) ORQRWRQLFLW\ 7KH HYH@WW\L WKVKQREZHU $QREWEDWLR
H[WUHPH FDVWKHRXGG BHVHYV 6ILURPHWKMHLWDY WRQILUPHG
JHUR QXPEHU RI LQIRUPDWLRQ LV LQYROYHG )URP WKH
QRQH RI WKH XQFHUWDLQWIWY UHPRYHG IURP WKLV HY

b) IRQQHJIJDWLYLW\ 7KH LQWR ERDQH.FOQVH QM URISKE FODH LW
WR LQFUHDVH WKH XQFHUWDLQW\ E\ REWDLQLQJ WKH L

) &XPXODWLYHQHVV 7KH RYHUDOO XQFHBPRWA®WHRI P:
H[SUHVVHG DV WKH WHIPRE QY E R QMRDYHEIWNK\DIQ GL
$ RFFXUUHG VLPXOWDQHRXVO\ ZKHUWEWEH\ DUH LQGC
L: L# @&:; L$; WKHQ LQIRUPDWHAR Q HEO W URBS\
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

7KH LPSOHPHQWRWPRMIUWRIRS\ LV IXUWKHU H[SDQGHG V
IQIRUPDWLRQ PHDVXUHP H QDMWY & MRKNILAHP D B M MU R K U
HQWURS\ FRQW D LLGM RAUFPUDKN-E B YILIRMU \  JRDOF R DWMWLRR Q
REWDLQ WKH 677 ZKWXKPRWVLBRRUAROQVNLRQ HQWURS\ YDO)

, QN KSHKKDVHDRZI YLGHRSERWB VY KB 1677 % CILAMHG KRUL]JRQWDC
DQG YHUWLFDO FXWV DORQJ WHPHH O LWDAHKBHE QBIP 80 IRXY G
DSSOLFDWLRQ FKHFXPRSMAPHGNYVEIMIHFWO\ ZLWK FRPS
ZRUNORDG VR D EDODQEB FMHBNEM O/ RYEMI R@VEUBE G

WKH LQIRUP D W DREG HQRK@PSMHIEO O V S @ DWZIQWDKOW KU
HQWURS\ Y DWQKG HIRWHE DNV X U H R [MRPERWRFRPODWLRQ HQWUF
RI HDFK 677 LW LV ILUWN\SH/WSIBHRY HR BP 6 8 UBRAD O H

Y D O X\MKIB\QY L G HGEIL@WKR; GHQRWHYV WKH QXPEHU RI SL[HOV
WKH UDQHMFDIOHERHTY,HBSBHQRWHY WKH SUREDBLPR®HN RI SL]J
OHYH®@ 677:; GHQRWHYV WKH L Q MRUHP S WRYRH3\OWDDLAD BARKSH
IRUPSR/IHXG R GIRGMHL Q J

[ « STT % Obtain STT .
I « ToGrayScale(I) % Transform to Gray Scale Image -
hist « zeros(1,256) % Set histogram array with 256 bins.
(w, h) = size(I) % Obtain the width and height of image .
Form=1:w % For each pixel in the image «
Forn=1:h.
i =1I(m,n) % Obtain this pixel’s gray scale value
hist(i) = hist(i) + 1 % Accumulate this bin by 1+
End.
End.
hist(i) = hist(i)./(m * n) % Transform to probability .
H=0 % Information Entropy -
For k = 1:length(hist) % For each bin+

H = H — hist(k) * log, (hist(k)) % Accumulate the entropy of each bin.
End.
return H % Return Information Entropy «
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

JLVWLQBVHXGR &RGH Rl &DOFXODWLQJ ,QIRUPDWLRQ (QW!

JLIXUHH[KLELWY VHYHUDO VDLEBROWH H VIR ERELRIM L R/E& H

HOWURS\ YDOXHV 7KH DV VXPSORRMD MWW G QVRMHVEKERUM K H
LPDJH ZLWK PRUH FRPSOLFDWHG SDWWHUQV KDV KLJK

7KHUHRRQUFAD Q KXWWD VDR HMMHKQ VBZFLIFBQWDLQLQJ PRUH PR
L QIR U PSRV H Q MRPES[@\HWWKXHUH SDWWHUQYV

. P EZ

= B B

JLIXUH,PDMWZLWK FRUUHVSRQGLQJ WPIRXHDWLRQ (QWURS\

4.1.2Boundary Detection with Gabor Filter

7KH *DERU WWDRNWER DW L\WPKR LR U L H 5 HVIBRVQY OR U P
,Q WKH ELRORJLFDO SHUVSHFWLYH WKH GZHLMKDO QLK R
LPDOM VLWIROWKH UHDFWLRQ RI WKH VLQJOH YLVLRQ FHOC
LV VHQVLWLYH RQ WKH SURFHVVLQJ Rl YLVXDO GDWD D¢
7KHUHIRUH WKLY DSSURDFK KDV EHHQ ZLGHO\ H[SORLWH
DQ@MANJIJURXQG VHEHVBDDNFWQBQOHKHIWIRSRVHG D KLHUDUFK
DSSURDFK RI EDFNJURXQG VXEWUDFWLRQ EDVHG RQ ERW
WKH *IWDRWIRUPHG PDM LY REIG HHDWRK DS GUHVVY VRPH GL
WKH FRQYHQWLRQDO EDFNJURKRGWVEE WY FMPRQ/ \D S\SR |
XWLOL]H WHKHX HQ'FH\ FLUFXODU *DERU WUDQVIRUP WR DFKL

a) 'HILQLWLRQ RI *DERU )LOWHU
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

% GHILQLWLRGLPHIQW LW QBNGI UQHE® UIIX\Q FREVRDLQHG  E\
PXOWLSO\LQJ WKH *DXVVLDIVBQFWILRQ D QGRWMIHYS D W LD
6KHQ DQG %DKHLOWHVUWKORXHK HQWRUHPBEPBIPHQW WK
FROQYRQRWIWRDFWLFDO WKH *DERU ZLQGRZ IXQFWLRQ LV F
PRWLRQ SDWWHUQV D ONRHUBBIQO G IEWH IF YBIURYY VHKCH DV (T XDV

é0'> .‘IO'

) aassTA L,A?T...‘:tél;ET;

' KHUH WBHQRWHY WKH VL]H Rl ZLRRARZ BXEBFQRWRBVD OR G
WKH VL]H Rl ZLQGRZ DY QVHWLIROXBORQLD WKH UDQJH EHW
FOTDQGT/KH YDAXH RIQ WKH U DRDIUD EGIWERE Ba@) D U H
WHKHYSDUDPHWHUV WR GHWHUPL QM WKKHIRBWHIRYP RI Nt

JLYHV WKH GHIDQGWLRQ RI

TLT?KCRAUOEJaA
UL U?KCRATOEJa

7KH ILYH SDARSPEANBHQRWHYV WK H2 UDLHHQOMHIMW WKQ 3K D!
21IVHW 6WDQGDUG 'HYLDRVMLW® HD Q) 1B USQABEH A MQBDWIHRRF H R |
FKDQWIHVH SDUDPHWHUV LV %0 QR ¥ Wi DWHGIMK HL ¥ OOK H
8 WKH F\FOH RI NHUQHO EHFRPHW KD B DK H Q%\DFMKLIREY RY N W
URWDWH %\ FKWRBLQH WOHENH WZHWBDKVLQH DQGKRVLQH IX(
UOFRQWUROV WKH HFOLSVH VIODIR R SQHIHDNDHAUHXHH0O ZIXW I W |
|ODW VKDSH

53



&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

JLIXUH7KHQIOXHQFH WR EDPERRIRQ NHIQ YHIBOMXHPH R/IH U V

b) % RXQGDU\ '"HWHFWLRQ
,Q WKLV VHFWLRQ WKH WHFKQLTXH RI ERXQGDU\ GHWH
7KH S UR FHREQWIHWRMIKBIVHY LQFOXGLQJ *DBRUHOHBOQAIDUSEH O

%RXQGDU\ 'HWBOIFMPRO 615G UH V VIHRD Q8 BW GRED X VW UDWH
LOLIXUH

Prelimina .
Original Gabor Kernel Bzundr;r;'y Non-Maximum Edge Detected
i i i Bounda
Image Selection Detection Suppression Reconnection ry

JLIXUH 3URFHGXUH RI %RXQGDU\ '"HWHFWLRQ ZLWK *DERU )

,Q WKH \BERMHMOHFWLRQ SKDVH D FROOHFWLRQ RI *DE
JHQHUDWHG E\ VHWAMDLGREI$SWKH HFDSHUBLFSROH WKHBE YDOXHV |
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

D WHDW DQG 7TEBDYHD VKMEDRIDQGr 7KHUHIRUH

D FROOHFWNRQQHOWKXQFWLRQ LV REWDLQHG DV LOOXVWL

,Q WHOLPERXMBBIWHFWLRQ SKDVH WKH LPDJH LV ILUV
WKHHYFDOH FRORUPDS WKHQ FRQYROXWHG ZLWK HDFK N
WKH SUHOLPLQDU\ ERXQGDU\ DORQJ HDFK RULHQWDWLRQ

Q WRHPD[LPXRSSUHVVLROKISKEFBOH OHYHO RI HDFK S|
FRPSDUHG ZLWK LWV QHLJKER QW DWW RREY [ RMKGIO GENVH F W L
FRQVHUWWOREDO PIRWRXRIZLVH LW ZLOO EH VHW DV ]JHUR

Q WHGHHHFRQQHFWLRQ SKDVH WKH SURFHVVHG LPDJHV
UHPDLQLQJ SL[HOV ZLOO EH UHFRQQHFWHG LQWR ERXQG
QHLJKERUV LQ RUUHDMDIOMLRQ®XH WRZHU WKDQ WKH W
UHPRYHG |UR®DWK H EGRBHIE BWMAHFWHG ERXQGDU\ LV LOOX

N [IE
N I
AEND

JLIXUH 5HVXOWYV Rl HDFK SURFHVVLQJ SKDVH LQ *DERU ERXQUC

) ((WUDFWLQUQRBWLRQ
$V SUHYLRXVO\NKFAO®APHAGWK PRUH PRWLRQ LQIRUPDWLH
KLJKHU LQIRUPDWLRQ HQWURS\ +RZHWHOL N VWRDSWLFEGE
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

D QXPEHQ WU RKHWMMRERIQWDLQLQJ PRUH EDEFNJURXQG LQ
KDYH KLJKHU HQWURISWKVRBQHWKRIWRAB LQIRUPDWLRQ
SURSRVHG 677 VHOHFWLRQ PHFKDQLVP EDVHG RQ HQWUR!
RI 677 WKH *DER bik% REBREGIDXYWLOL]HG DV D EDWRJURXQG
H[WUDFW WKH IRUHJUFRX®W PLROVLRIQO OQERUP[BWDLQHG LQ \

4.2 Implementation of Effective STT Extraction

$V LQWURGXFHG RRXWWHSRHE HFDMHG RQ WKH EDVHOLQH
D QG DFKHAHYHHFWLYH 67 W H PW QI FORHYRXQMIGL V W K A VDLRRIQ F
RI WKLY SURFHGXUH LV H[SODLQHG 7KH FRQWHQWYV DUF
SURYHVY WKH DVVXPSWLRQ WKDW 677 ZLWK PRUH PRWLRC
DOVR UHYHDRO\. QKA X VD YWH H QBAHUFR\S\ MY GWLIPDWHAR @ KH L V)
E\ LPSRUWLQJ WKH *DERU %RXQGDU\ 'HWHFWRU 6HFW!
%RXQGDU\ '"HWHFWRU W R HDFHKENWY® W EHWWHU 677

4.2.1Inaccurate Entropy Estimation in STT

W SWR YBGIXUHNVKIIPDM H6 7 ZL WK PRUH FRP SORIFMDMHG SDW
KPHKLIKHU LHYBWLDESH MRWLRQ LQIRUPDWLRQ UDQGRPO\ G
H[WUDFWHIGH6§77 ZLWK PRUH PRWLRQFRRS SIRWHWH W\R RQUH D °
S D W VS ULGDVO X V)W WDOWHH\GL L GH W UDBRM &' KH VDPH 679 DQG W
FRUUH V $IRO\GLRID VEMMX® G HV F HDIGH RULEER®H SDWWHUQV L
WKH SH@HWWDMBIGWRUWMDOIOY 6VRH 677 XIKWEKH BDMW WHEER
KDRLJKHU HQWURS\
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

JLIXUH (QWURS\ YDOXHV RI UDQGRP 677V

,Q RUGHU WR YDOLGDWH WKLV REVHUYDWLRQ WKH S
DSSOLHG RQ PRUH YLGHR GDWD O6HYHQ YLGSORI IRRWDJH\
LYV DGREWHEEHWDLOHG LQIRUPDWLREKBEWHULV/ZQWURGXF
DUHWUDFWHG YHUWLFDO DQG KRUL]JRQWDO IURP HDFK P
HQWURS\ LV LOOXVWBRWSHGLVYOQQYOIMNWRHO\ VHOHFWHG 67
801 DQG 8KDYH WKNKIOLEHERPRWLRQ SDWWHUQV 677V IURF
801 DQG 801 KDV KLJK HQWURS\ KRZHYHU WKH\ FRQWD
LQVWHDG RI WUDMHFWRULHV

JLIXUH 6HOHFWHG 677V IURP 9DULRXYVY 9LGHR )RRWDJHYV
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

%\ IXUWKHU DQDCG\FMQI\ WKIB HRWFRG W77 BIKRIGKFBIQLQ JC
HYHQ KLJKHW KD@DWW R $WM HIFGORUAVAY D W H BAHMH )OQ LBV D U H
JHQHUDWMHGEBHWFKLQJ WKH VWDWLF EDFNDBRRX QGK S LWHPWH Z
D[LYKH H[LVWHQFH RI WKHVH OLQHV OHDGV 7WR WKH LQ
LQW X LW LWHRWIKRXKU K V Z L\U KL B H.LRRAKH VHS$U LYWIWY LR XV O\
LQWURGXFHGILOWKHU*DERADSDEOH RI GHKW H{WUDF WLKRQ ER
PRWLRQ&RX\WBBITXLY D O HQVE WWRD WM H G DBR U ,JQ) RXIQW R |
VHFWLROSSURDFK Rl EDFNJURXQG VXEWUREWAR® XVLQJ

JLIXUH7KH SDUDOOHO OLQHV LQ 677 ZKLFK LQIOXHQFH WKH HQ

4.2.2Improved STT selectionstrategy usingGabor Filter

$V H[SODLQHG LWKHIJXWHBWLE EDFNWRRXQRBQRVIO SDRO R
OL@VWKH RWKIRRWDREG WU DNWRIFFHROR Q® BQY RW.HQWD WL
FDQ EH UHFDOOHG WKDW WKH *DERU ERXQGDU\ GHWHFW
YDULRXV RULHQWDWLRQV WR GHWHFW HGJHV DORQJ DC
KRULJRQWDO SDUDOOHO OLQHV ZLOO DOVRELEMtGHWHFWH
WDW FDPRNHG IURP WKH :N MUKQW K HF QBHDHAMR® R W L R Q
WUDMHEWRULHM UQ FOV A GO WN LIRIKESX RMHY ERXQGDU\ GHWH
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

DSSURDKHK LPSURYHG ERX@GEPW\FRIQWHGWWRHWG FDV D EDFN

VXEWUDFWRU $RER WEIHQ 8.7MERJ R&/KIFG VHOHFWLRWKBISSURDF
LQIRUPDWLRQ HQWURS\ LV FDOFXODWHG DQG WKH 677 Z

EDFNJURXQG QGERWEHOMWSB SHRYMBOBE®URDER XVWUDWHG
LQLIXUH

Entropy

JLIXUH 7KH SURFHGXUH RI ,PSURYHG 677 VHOHFWLRQ DSSU

7R YHULI\ WKH HITHEWLYHQHVYV ZLW KV K¥H HE AH\Z] B R K VG ¢
VXEWUDFWLRK WH VWWHOIBBYGWZNHA B @ M & IBLQ\FtW RRIQ* D E R U
ILOWHQ MXIH ILUVW LRSOBERG\YDORMSED WHG HRORWJIWLPHV
HDFK GLQBPWORQL 6: :1:( 6(DQKY 7KH ILOWHUHG 677 DORQ.
GLUHFWQARVMWYUDWHIQLUXUH D VKR ZRWU WK DIOIEUH

E WRXUHH VKRZV WKH UHVXOWYV DQIRIXUHJ WR1 GLUHI
JLIXUHM VKRZV WKH UHVXOWVY DORQJ 6: 1: 6( 1( GLU}
UHVXOWYV DU H DREHWIDQAMMBEHWKHWU DV WKH ILQDO WDUJHW
WKANVMKH SDUDPHWHUV KB WHOM @MMRR M WD\WQ GD U G
'HYLDWVY. R/GIW BHR DQGJ M
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

JLIXUH *DEROWHWHMXOWY DORQJ HLIKW GLUHFWLRQV

7TKHH[SHULRHQMW VD URQNMGGRERWS V | BREP &/IX\H & X/ BHW
DO 7KH VHOHFW ID® GR I\ VDMISH R DXRPWL J X U H
&RPSDULQJ W RLWHERDM M V WROMEWG) Y HWLRQH WIKGHQWLILHG
677 Rl 801 FRQWDLQV PRUH PRWLRQ WUBRZHFMRIU BRA YVD Q C
RI 801 801 DQGDSWH VWLOO QRW VDWLVIDFWRU\

,Q WKH VHFRQG LW BNEHHURHDWDIVRERVR R QQ BL FN t
DUH UHPRY HN HWRM @/ KIR®E 6 H F\WRLRED FIDERRIX Q G XIXEW UDFW L
EH DSSOMKE DR@GDO L Q WAHXIRMODNOLREGIML [ G T KUHHPWKLCRQW
SURYRGWH.JQLILFDQW &P SIURK GIWETMNBR G W Iy CRFO/BICR
W H [ WWXKBIW DIRM KB HR CFURZE KXISD YL@XO\V LV
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

1

"_-=
B =00 -

PR
T

1]

JLIXUH &RPSDULVRQ %YHWZHHQ 5HVXOWYV ZLWK HLJKW DQG VL]

4.2.3Computational Efficiency

7TKIBHYLVHGVWWBHWGIFRQLTXH LVLERS DLEF®®W0O\QJ WKH
FRPSXWDWLRQDO WLPH RQ SDWMWHRSW LHF[MOU DFRVZL R@ FSRURGALE
WKH QDWXEMVRIGISRY W DI$C IH{ BVIFKDUFWI IR B O RILBBFK IUDPH
FDOFXODWHG 7KHHPDRLPRHE®IPE O BWDHPDYK HUH
GHQRWHY WKH Z LGP GH QFRW K ¥ QIR GPGE IH Q RKAW R \W\DKOH
IUDPH QX PKHIUSRVVLEOH FRPSXWDWLRQDEDRRBPSORK W\ |
1:37: ,Q FROQWMKHVSWURSRVHG 677 H[WUBTFYMHHRODRFURD FK R
RIWH[WXUH GDWD IURP VHYHUDO VDPSOLQJ ORFDWLRQV
SL[HOV W RD®H G ¥Q©X0 MHERISFDVHE VIR DQG WKH SRWHQW
FRPSXWDWLRQDO FRPEOHLAAHZYEBKPNMYRXOO H[KLELW
GLIIHUHQW XQLTXH SDWWHUQV LQ WKH 677 LI WKH 677 ZL
SURSRVHG W NFKSD WDEBHBKRG HOOHG DHD WIXIQHI W W R U V
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&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH (

EHKD YRR O \WLK/H LIGROEORZFHVNVHUHQW IURP WKH FKDQJH G
SDQERHKDYEBXHG RQ WKH RSWLFDO IORZ WKH UHFRJQL\
EHKDYUIRXBRQDFKIHYHG ZLWK WKH FOBDWWIHO@WRQHM PF

4.2 4 Exploiting the STT for Panic Detection

6LQFH WKH H[WUDFWHG 677 XVL@LBRWRERYH® RSSPDRDLIR
LWV LGHDO IFRRIG HEDWMBBUED YU RKRJ Q OWWRQV N HFDNPLSROH
DSSOLFDWLRQ RI 677 IRU FURZG SDQLFWR \HJ KUKFILWY JWAKHH\
67TV SROBWWUH

J)LIXUH ORWLROQRUPDWLRQ LQ WKH 677

JLIXUHLOOXV@H)WWB FVDBDG H G E\ DHKWWWHPSH 7 FRQVLVW YV
RI QRUPDO DQG SDQLF VWDWHYV ,Q WKH QRUPDO VWDWH
FRUUHVSRQGLQJ WH[WXUH LQ 677 LV VSDUVH DQG WKH
SDQLF RFFXUV SHGHVWULDQV EHJLQ HYW XRIRIY I HFLRPK \K L
FRQGHQVH D @ G PRRHWNBSBNQLF GLVSHUVRRGHG®HWHFWL]
HVWDEQRVUKHEGHOV BWKIHR OW LWR W KHIHV FDOHVDD® X H
DFFXPXODWHG ,I WKH GLIIHUHQFH EHWZHHQ WKH DYHUL
WLPH LV JUHDWHU WKDQ D WKUHVKROG WKVUMXGRPH ZLC
FR®H WKLY DOJRULWKP IFRQ VEHQH[SUHVVHG DV
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&KDSWHU

6SDWHPORUDO 7TH[WXUHREBDWXUH (

+Z 566
+Z 6K)N=U52=HA
6Z %KIOP=JP
D&P, L O EMA
#Lr
6 EL saP
[ gLr
60 FL saD
/ gL | yE £ EE
o]
#LH#HE/
o]
#L# P
6 EL P&P
[ gLr
6 FL séD
l gL I gE £ BF
o]
+d ygF#P6
e fZ
o]

2EWDLQ 677
7UDQVIRUP WR *UD\ 6FDO
$VVLIJQ D FRQVWDQW YDC
2EWDLQ WKH KHLJKW DQ

)RWKH VYHYWW DWYWH

&DOFXODWH WKH VXPPDW

&DOFXODWH WKH DYHUDJ
JRWKHIUDPW
&DOFXODWH WKH VXPPDW

WKH GLITHUHQFH LV ODU.
5HWRQ®@&PDO\

/ILVWLQBVHXGR &RGH RI 3DQLF '"HWHFWLRQ

7TKH SURSRVHG DSSURYDIFGRIREBOEFBDODMD RQLQJ SDQLF GL

EHKD YBR XD O X VWV IUOUMHH & K HF RRQVRRER WNKHHW U B F W HIKCH

VHFRER® XPQ WKRIZFDIJQLWXGH PDS GLOWHW HRBQDB\OWHHE RAL [
WKEBGXPQ WKRZIFVQB8DJIJQLWXFHGRWEBRVWKH PRWLRQ PDJQLWX
DUH DFFXPRKHHODWRIGPRY PRMUH GUDVWLF WKHODRWBWO® PDJQ

7TKARGEROWY XQGHU W K H LROSILGMBAANE HFWNLRW \KRUL]RQWDO

EDU FRUUHPRRKGIVPWK G L W K BUHHEADUUH IQRES IO H VU V W

IUDPH?

RWUDLQLQJ SKIEVCH) ZFRBKHMHDMRNPDO VWIEDH IDABE®MHWH ZKL

GHWHFWHG DQRPDOLHYV &RPSDULQJ WREWKBY1LBRXKQG WU’

VXFFHVVIXOO\ GHWHFWHG

63



&KDSWHU 6SDWHPSOSRUDO 7THIWXUHRGDWXUH