
I A S S eri e s

B a n d  /  V ol u m e  6 1

I S B N 9 7 8 - 3 - 9 5 8 0 6 - 7 6 3 - 9

I A S S eri e s

B a n d  /  V ol u m e  6 1

I S B N 9 7 8 - 3 - 9 5 8 0 6 - 7 6 3 - 9

A rti fi ci al I nt elli g e n c e Fr a m e w o r k f o r Vi d e o A n al yti c s: 
D et e cti n g P u s hi n g i n Cr o w d s

A h m e d Ali a

6 1

AI 
Fr

a
m
e

w
or

k 
fo

r 
Vi

d
e
o 

A
n
al

yt
i
cs

A
h

m
e
d 

Ali
a

I
A
S 

S
er

i
es



S c hrift e n d e s F or s c h u n g s z e ntr u m s J üli c h
I A S  S eri e s B a n d  /  V ol u m e  6 1





F or s c h u n g s z e ntr u m J üli c h G m b H
I n stit ut e f or A d v a n c e d Si m ul ati o n (I A S)
Zi vil e Si c h er h eit sf or s c h u n g (I A S - 7)

A rti fi ci al I nt elli g e n c e Fr a m e w o r k f o r  
Vi d e o A n al yti c s: D et e cti n g P u s hi n g i n Cr o w d s

A h m e d Ali a

S c hrift e n d e s F or s c h u n g s z e ntr u m s J üli c h
I A S  S eri e s B a n d  /  V ol u m e  6 1

I S S N 1 8 6 8 - 8 4 8 9   I S B N 9 7 8 - 3 - 9 5 8 0 6 - 7 6 3 - 9



Bi bli o gr a fi s c h e I nf or m ati o n d er D e ut s c h e n N ati o n al bi bli ot h e k. 
Di e D e ut s c h e N ati o n al bi bli ot h e k v er z ei c h n et di e s e P u bli k ati o n i n d er 
D e ut s c h e n N ati o n al bi bli o gr a fi e; d et ailli ert e Bi bli o gr a fi s c h e D at e n 
si n d i m I nt er n et ü b er htt p: // d n b. d - n b. d e a br uf b ar.

H er a u s g e b er  F or s c h u n g s z e ntr u m J üli c h G m b H
u n d V ertri e b:  Z e ntr al bi bli ot h e k, V erl a g
 5 2 4 2 5 J üli c h
 T el.:  + 4 9 2 4 6 1 6 1 - 5 3 6 8
 F a x:  + 4 9 2 4 6 1 6 1 - 6 1 0 3
 z b - p u bli k ati o n @f z -j u eli c h. d e
 w w w.f z -j u eli c h. d e /z b
 
U m s c hl a g g e st alt u n g:  Gr a fi s c h e M e di e n, F or s c h u n g s z e ntr u m J üli c h G m b H

Tit el bil d:  J üli c h S u p er c o m p uti n g C e ntr e, F or s c h u n g s z e ntr u m J üli c h G m b H                                    

Dr u c k:  Gr a fi s c h e M e di e n, F or s c h u n g s z e ntr u m J üli c h G m b H

C o p yri g ht:  F or s c h u n g s z e ntr u m J üli c h 2 0 2 4

S c hrift e n d e s F or s c h u n g s z e ntr u m s J üli c h
I A S S eri e s, B a n d /  V ol u m e 6 1

D 4 6 8 ( Di s s. W u p p ert al, U ni v., 2 0 2 4)

I S S N 1 8 6 8 - 8 4 8 9
I S B N 9 7 8 - 3 - 9 5 8 0 6 - 7 6 3 - 9

V oll st ä n di g fr ei v erf ü g b ar ü b er d a s P u bli k ati o n s p ort al d e s F or s c h u n g s z e ntr u m s J üli c h ( J u S E R)
u nt er w w w.f z -j u eli c h. d e / z b / o p e n a c c e s s.

 T hi s i s a n O p e n A c c e s s p u bli c ati o n di stri b ut e d u n d er t h e t er m s of t h e Cr e ati v e C o m m o n s Attri b uti o n Li c e n s e 4. 0 ,  
 w hi c h p er mit s u nr e stri ct e d u s e, di stri b uti o n, a n d r e pr o d u cti o n i n a n y m e di u m, pr o vi d e d t h e ori gi n al w or k i s pr o p erl y cit e d.

https://creativecommons.org/licenses/by/4.0/


M ai n R e s e a r c h Fi el d. T his t h esis pri m aril y c o ntri b ut es t o t h e fi el d of Arti fi ci al
I nt elli g e n c e.

K e y w o r d s. Arti fi ci al I nt elli g e n c e, M a c hi n e L e ar ni n g, D e e p L e ar ni n g, C o n v o-
l uti o n al N e ur al N et w or ks, I nt elli g e nt D at a A n al yti cs, I m a g e a n d Vi d e o Pr o c ess-
i n g, I nt elli g e nt S yst e ms, I nt er n et of T hi n gs, A ut o m ati c P us hi n g D et e cti o n, Cr o w d
D y n a mi cs.

i





A c k n o wl e d g e m e n t s

T h e j o ur n e y of c o m pl eti n g t his t h esis w o ul d n ot h a v e b e e n p ossi bl e wit h o ut t h e
i n cr e di bl e s u p p ort fr o m m a n y p e o pl e. First a n d f or e m ost, I wis h t o e x pr ess m y
pr of o u n d gr atit u d e t o m y s u p er vis or, Pr of. Dr. Ar mi n S e yfri e d. His v al u a bl e
g ui d a n c e, r el e ntl ess s u p p ort, a n d e n c o ur a g e m e nt h a v e b e e n t h e b e a c o n t h at lit
m y p at h t hr o u g h o ut t his P h D j o ur n e y. H e h as n ot o nl y h o n e d m y r es e ar c h s kills
b ut h as als o f ost er e d a s pirit of i n d e p e n d e n c e a n d t e a m w or k i n m e. I w o ul d
f urt h er m or e li k e t o t h a n k Pr of. Dr.-I n g K arst e n V oss, Pr of. Dr. A nt oi n e T or d e u x
a n d Pr of. Dr. M att hi as E hr h ar dt f or t h eir willi n g n ess t o b e m e m b ers of m y
e x a mi n ati o n c o m mitt e e.

I w o ul d li k e t o t h a n k Dr. M o h ci n e C hr ai bi, a n e x c e pti o n al l e a d er a n d fri e n d, f or
t e a c hi n g m e l ess o ns o n d e ali n g wit h c h all e n g es a n d b ei n g str o n g a n d c o n fi d e nt i n
w or k a n d lif e. F urt h er m or e, his g ui d a n c e a n d f e e d b a c k h a v e n ot o nl y e n h a n c e d m y
r es e ar c h a n d c o m m u ni c ati o n s kills b ut als o h el p e d i n t h e c o m pl eti o n of t his t h esis.
M or e o v er, I a m gr at ef ul t o Dr. M o h a m m e d M ar e e f or his fr uitf ul dis c ussi o ns,
v al u a bl e i nsi g hts, a n d c o ntri b uti o ns t h at si g ni fi c a ntl y b e n e fit e d m y t h esis.

I a m t h a n kf ul t o Pr of. Dr. A n n a Si e b e n, H el e n a L ü g eri n g, a n d E z el Ü st e n
f or d e v el o pi n g t h e m a n u al r ati n g s yst e m a n d a n n ot ati n g t h e p us hi n g b e h a vi or
i nst a n c es i n t h e vi d e o e x p eri m e nts. T h eir c o ntri b uti o ns w er e i n dis p e ns a bl e a n d
l ai d t h e f o u n d ati o n al gr o u n d w or k f or t his j o ur n e y. I als o w a nt t o e x pr ess m y
gr atit u d e t o Dr. M ai k B olt es a n d T o bi as S c hr ö dt er f or t h eir v al u a bl e dis c ussi o ns
r e g ar di n g usi n g P e Tr a c k s oft w ar e a n d vi d e o a n al ysis t e c h ni q u es. F urt h er m or e, I
a m gr at ef ul t o Dr. D a vi d H a e ns el, Dr. A d el T a w e el, Dr. J uli a n e A dri a n, Dr.
F a di M o hs e n a n d Dr. A n as T o m a f or s e v er al v al u a bl e dis c ussi o ns. A n d s p e ci al
t h a n ks g o t o Ar n e Gr af f or e ns uri n g t h e a v ail a bilit y of t h e ess e nti al t o ols n e e d e d
t hr o u g h o ut t his j o ur n e y a n d f or e ffi ci e ntl y r es ol vi n g n u m er o us t e c h ni c al iss u es.

I wis h t o c o n v e y m y d e e p est a p pr e ci ati o n t o all m y c oll e a g u es at t h e W u p-
p ert al U ni v ersit y a n d I nstit ut e f or A d v a n c e d Si m ul ati o n- 7, F ors c h u n gs z e ntr u m
J üli c h. Y o ur assist a n c e, n o m att er h o w s m all, h as pl a y e d a pi v ot al r ol e i n t h e
s u c c ess of t his j o ur n e y, a n d I d e e pl y a p pr e ci at e y o ur c o ntri b uti o ns. A d diti o n-
all y, I a m hi g hl y t h a n kf ul t o Dr. C ar ol e B a b el ot a n d Mrs. Y v o n n e T hi es f or
t h eir e x c e pti o n al a d mi nistr ati v e s u p p ort, w hi c h f a cilit at e d t h e s m o ot h r es ol uti o n
of n u m er o us a d mi nistr ati v e h ur dl es. M or e o v er, I a m gr at ef ul t o t h e H el m h olt z
AI c o ns ult a nt t e a m at F ors c h u n gs z e ntr u m J üli c h f or t h eir i nsi g htf ul dis c ussi o ns
a b o ut c utti n g- e d g e al g orit h ms i n Arti fi ci al I nt elli g e n c e.

I w o ul d li k e t o e xt e n d m y si n c er e t h a n ks t o t h e G er m a n Fe d er al Mi nistr y of E d-
u c ati o n a n d R es e ar c h f or f u n di n g t his P h D j o ur n e y wit hi n t h e P al esti ni a n- G er m a n
S ci e n c e Bri d g e pr oj e ct fr a m e w or k ( B M B F: f u n di n g n u m b er 0 1 D H 1 6 0 2 7). I als o
e xt e n d m y gr atit u d e t o W u p p ert al U ni v ersit y f or gi vi n g m e t h e o p p ort u nit y t o
u n d ert a k e m y P h D st u di es. Si mil arl y, I a p pr e ci at e t h e F ors c h u n gs z e ntr u m J üli c h
f or all o wi n g m e t o writ e m y t h esis wit hi n t h e I nstit ut e f or A d v a n c e d Si m ul ati o n.

All t his w o ul d n ot h a v e b e e n p ossi bl e wit h o ut t h e s u p p ort of m y wif e, A m al
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Al d ar a ws h e h, w h o h as al w a ys b e e n b y m y si d e. T o g et h er, w e m a d e t his j o ur n e y
s u c c essf ul a n d e nj o y a bl e. I c a n n ot t h a n k h er e n o u g h. L ast b ut n ot l e ast, I w o ul d
li k e t o a p ol o gi z e t o m y ki ds, O d a y a n d S h a m, f or t h e m o m e nts w h e n m y w or k
t o o k a w a y fr o m o ur ti m e t o g et h er, es p e ci all y wit h t h e bi g c h a n g e of m o vi n g t o
G er m a n y. D es pit e t his, t h e y b ot h h a v e b e e n a m a zi n g, a dj usti n g w ell a n d d oi n g
gr e at i n t h eir s c h o ols. I a m s o pr o u d of b ot h of t h e m a n d gr at ef ul f or t h e str e n gt h
t h e y’ v e gi v e n m e.
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A b s t r a c t

I n t h e m o d er n er a, d at a h as b e c o m e m or e c o m pl e x, p osi n g a d diti o n al c h all e n g es
t o c o n v e nti o n al d at a a n al ysis m et h o ds. T his is w h er e Arti fi ci al I nt elli g e n c e c o m es
i nt o pl a y, s p e ci fi c all y D e e p L e ar ni n g al g orit h ms. T h es e al g orit h ms c a n a n al y z e
s u c h d at a a ut o m ati c all y, q ui c kl y, a n d a c c ur at el y. M or e o v er, t h e y c a n e x pl or e
c o m pl e x r el ati o ns hi ps b et w e e n v ari a bl es a n d i d e ntif y n o n-li n e ar p att er ns h u m a ns
m a y n ot p er c ei v e. L e v er a gi n g t his p ot e nti al, D e e p L e ar ni n g h as r e c e ntl y b e c o m e
pi v ot al i n a n al y zi n g c o m pl e x d at a, s u c h as vi d e o d at a, arisi n g fr o m h u m a n cr o w ds
t o e n h a n c e s af et y. D es pit e c o nsi d er a bl e a d v a n c e m e nts, s o m e c h all e n gi n g pr o bl e ms
i n cr o w d d y n a mi cs still n e e d t o b e s ol v e d e ffi ci e ntl y a n d a ut o m ati c all y.

O n e of t h e criti c al c h all e n g es is assisti n g or g a ni z ers a n d s e c urit y f or c es i n mit-
i g ati n g t h e s pr e a d of p us hi n g b e h a vi or a n d its ris ks i n d e ns e cr o w ds. I n s u c h
cr o w ds, s o m e i n di vi d u als c o ul d st art p us hi n g e a c h ot h er t o r e a c h t h eir d esti n a-
ti o ns f ast er, li k e g ai ni n g q ui c k er a c c ess t o a n e v e nt. I n d e e d, s u c h b e h a vi or oft e n
i n cr e as es t h e cr o w d’s d e nsit y, p ot e nti all y p osi n g a t hr e at n ot o nl y t o p e o pl e’s
c o mf ort b ut als o t o t h eir s af et y. I n r es p o ns e t o t his c h all e n g e, t his c u m ul ati v e
t h esis e n c o m p ass es f o ur p u bli c ati o ns, e a c h pr o p osi n g a n i n n o v ati v e, a ut o m ati c,
a n d i nt elli g e nt a p pr o a c h t o gl e a n vit al i nsi g hts fr o m cr o w d d at a. T h e g o al is t o
pr o vi d e or g a ni z ers a n d s e c urit y t e a ms wit h t h e n e c ess ar y k n o wl e d g e t o all e vi at e
t h e p us hi n g b e h a vi or a n d its ass o ci at e d ris ks, t h er e b y e n h a n ci n g cr o w d c o mf ort
a n d pr e v e nti n g p ot e nti al lif e-t hr e at e ni n g sit u ati o ns.

I n p u bli c ati o n I, a n o v el Arti fi ci al I nt elli g e n c e- b as e d a p pr o a c h is pr o p os e d t o
i d e ntif y t h e p at c h es or r e gi o ns c o nt ai ni n g p ers o ns w h o e n g a g e i n p us hi n g wit hi n
vi d e o r e c or di n gs of cr o w ds. T h e a p pr o a c h ai ms t o assist i n u n d erst a n di n g t h e
c a us es a n d t h e ris ks of s u c h b e h a vi or o n t h e cr o w d. T his a p pr o a c h c o m bi n es
a D e e p L e ar ni n g o pti c al fl o w m o d el, a n d a C o n v ol uti o n al N e ur al N et w or k t o
a n n ot at e t h e p us hi n g p at c h es i n t h e i n p ut vi d e o. W hil e t h e first pr o p os e d a p-
pr o a c h d o es n ot m e et r e al-ti m e d et e cti o n r e q uir e m e nts, p u bli c ati o n II i ntr o d u c es
a n e w cl o u d- b as e d Arti fi ci al I nt elli g e n c e a p pr o a c h t o d et e ct p us hi n g p at c h es wit hi n
li v e c a m er a str e a ms c a pt ur e d fr o m d e ns e cr o w ds. S u c h a p pr o a c h e n a bl es ti m el y
a n d a ut o m ati c d et e cti o n, f a cilit ati n g e arl y i nt er v e nti o n b y or g a ni z ers a n d s e c u-
rit y f or c es t o pr e v e nt sit u ati o ns fr o m es c al ati n g d a n g er o usl y. F or t his p ur p os e,
t h e a p pr o a c h utili z es a C o n v ol uti o n al N e ur al N et w or k, a G P U- a c c el er at e d D e e p
L e ar ni n g o pti c al fl o w m o d el, a cl o u d c o m p uti n g e n vir o n m e nt, a n d li v e c a m er a
t e c h n ol o g y.

T h e first t w o a p pr o a c h es f o c us o n i d e ntif yi n g p us hi n g b e h a vi or at t h e p at c h
l e v el, w hil e p u bli c ati o n III i ntr o d u c es a n e w Arti fi ci al I nt elli g e n c e- b as e d a p pr o a c h
t h at d et e cts p us hi n g i n d e ns e cr o w d vi d e os at t h e l e v el of i n di vi d u als ( mi cr os c o pi c
l e v el). B y e x a mi ni n g i n di vi d u al i nt er a cti o ns m or e cl os el y, t his a p pr o a c h pr o vi d es
n e w i nsi g hts i nt o tr a nsf erri n g s u c h b e h a vi or t o n ei g h b ors. T h e pr o p os e d a p pr o a c h
c o m bi n es a n o v el V or o n oi m et h o d wit h a C o n v ol uti o n al N e ur al N et w or k t o l o c ali z e
i n di vi d u als i n v ol v e d i n p us hi n g wit hi n t h e gi v e n vi d e o f o ot a g e.
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Fi n all y, p u bli c ati o n I V pr o p os es a n i nt elli g e nt, o nli n e, a n d l o w- c ost G P S- b as e d
d at a s yst e m f or r e al-ti m e vis u ali z ati o n of cr o w d d y n a mi cs d uri n g o p e n a n d l ar g e-
s c al e e v e nts. S u c h vis u ali z ati o n h el ps t o a v oi d or miti g at e d e ns e cr o w ds, t h us
r e d u ci n g t h e li k eli h o o d of c o n diti o ns t h at c o ul d i n cr e as e p us hi n g b e h a vi or a n d its
e ff e ct o n cr o w ds. F or t his p ur p os e, t h e s yst e m e m pl o ys a c ust o m m o bil e a p pli c a-
ti o n, s m art p h o n e G P S r e c ei v ers, a w e b- b as e d pl atf or m, a n d a d v a n c e d vis u ali z ati o n
t e c h ni q u es.
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Z u s a m m e nf a s s u n g

I n d er h e uti g e n Z eit w er d e n D at e n i m m er k o m pl e x er, w as k o n v e nti o n ell e D at e n-
a n al ys e m et h o d e n v or z us ä t zli c h e H er a usf or d er u n g e n st ellt. A n di es e m P u n kt k o m-
m e n k ü n stli c h e I nt elli g e n z u n d i ns b es o n d er e D e e p L e ar ni n g Al g orit h m e n i ns S pi el.
Di es e Al g orit h m e n k ö n n e n D at e n a ut o m atis c h, s c h n ell u n d a k k ur at a n al ysi er e n.
D ar ü b er hi n a us k ö n n e n si e k o m pl e x e Str u kt ur e n z wis c h e n d e n V ari a bl e n u nt er-
s u c h e n u n d ni c ht-li n e ar e M ust er er k e n n e n, di e M e ns c h e n e v e nt u ell ni c ht w a hr n e h m-
e n. D ur c h di e N ut z u n g di es es P ot e n zi als ist D e e p L e ar ni n g i n j ü n gst er Z eit z u
ei n e m z e ntr al e n El e m e nt b ei d er A n al ys e k o m pl e x er D at e n a us M e ns c h e n m e n g e n
g e w or d e n, u m di e Si c h er h eit z u v er b ess er n. Tr ot z d es b e a c htli c h e n F orts c hritts
gi bt es i m B er ei c h d er Gr u p p e n d y n a mi k i m m er n o c h ei ni g e S c h wi eri g k eit e n, di e
e ffi zi e nt u n d a ut o m atis c h g el ö st w er d e n m ü s s e n.

Ei n e w es e ntli c h e H er a usf or d er u n g b est e ht d ari n, Ver a nst alt er u n d Si c h er h eit-
s kr äft e d a b ei z u u nt erst ü t z e n, di e A us br eit u n g v o n G e dr ä n g e u n d di e d a mit v er-
b u n d e n e n Risi k e n i n di c ht e n M e ns c h e n m e n g e n ei n z u d ä m m e n. I n s ol c h e n M e n-
s c h e n m e n g e n k a n n es v or k o m m e n, d ass ei ni g e P ers o n e n a nf a n g e n, si c h g e g e n-
s eiti g z u s c h u bs e n, u m i hr Zi el s c h n ell er z u err ei c h e n u n d si c h b eis pi els w eis e
s c h n ell er e n Z u g a n g z u ei n er Ver a nst alt u n g z u v ers c h a ff e n. T ats ä c hli c h er h ö ht
ei n s ol c h es Ver h alt e n j e d o c h oft di e Di c ht e i n ei n er M e ns c h e n m e n g e, w as ni c ht
n ur d as W o hl b e fi n d e n d er M e ns c h e n b ei ntr ä c hti gt, s o n d er n a u c h i hr e Si c h er h eit
b e dr o ht e n k a n n. Als R e a kti o n a uf di es e H er a usf or d er u n g u mf asst di es e k u m ul a-
ti v e Pr o m oti o n vi er P u bli k ati o n e n, di e j e w eils ei n e n i n n o v ati v e n, a ut o m atis c h e n
u n d i nt elli g e nt e n A ns at z v ors c hl a g e n, u m wi c hti g e Er k e n nt niss e a us D at e n v o n
M e ns c h e n m e n g e n z u g e wi n n e n. D as Zi el ist, I nf or m ati o n e n f ü r Ver a nst alt er u n d
Si c h er h eits kr äft e b er eit z ust ell e n, u m Dr ä n g el v er h alt e n u n d di e d a mit v er b u n d e-
n e n Risi k e n ei n z us c hr ä n k e n u n d s o d e n K o mf ort f ü r di e B es u c h er z u er h ö h e n u n d
p ot e n zi ell l e b e ns b e dr o hli c h e Sit u ati o n e n z u v er hi n d er n.

I n P u bli k ati o n I wir d ei n n e u er A ns at z b asi er e n d a uf k ü n stli c h er I nt elli g e n z
v or g est ellt, d er i n Vi d e o a uf n a h m e n v o n M e ns c h e n m e n g e n A bs c h nitt e o d er B er e-
i c h e i d e nti fi zi ert, i n d e n e n P ers o n e n dr ä n g el n. D er A ns at z s oll Ver a nst alt er d a b ei
u nt erst ü t z e n, z u v erst e h e n, w a n n, w o u n d w ar u m Dr ä n g el n a uftritt, d a mit si e
M e ns c h e n m e n g e n a n g e n e h m er u n d si c h er er g est alt e n u n d st e u er n k ö n n e n. Di es er
A ns at z k o m bi ni ert ei n a uf D e e p L e ar ni n g u n d ei n C o n v ol uti o n al N e ur al N et-
w or k, u m B er ei c h e i n d e m Vi d e o z u m ar ki er e n, di e Dr ä n g el v er h alt e n e nt h alt e n.
D a di e erst e v or g est ellt e M et h o d e d e n A nf or d er u n g e n ei n er E c ht z eit- Er k e n n u n g
ni c ht g er e c ht wir d, b ef asst si c h P u bli k ati o n II mit ei n e m n e u e n cl o u d b asi ert e n
k ü n stli c h e I nt elli g e n z- A ns at z, d er B er ei c h e mit Dr ä n g el v er h alt e n i m K a m er a- Li v e-
Str e a m v o n di c ht e n M e ns c h e n m e n g e n er k e n nt. Ei n e s ol c h e M et h o d e er m ö gli c ht
di e r as c h e u n d a ut o m atis c h e Er k e n n u n g s o wi e ei n fr ü h z eiti g es Ei n gr eif e n v o n Ve-
r a nst alt er n u n d Si c h er h eits kr äft e n u n d v er hi n d ert s o ei n e g ef ä hrli c h e Es k al ati o n
d er Sit u ati o n. Z u di es e m Z w e c k n ut zt d er A ns at z ei n C o n v ol uti o n al N e ur al N et-
w or k, ei n G P U- b es c hl e u ni gt es D e e p L e ar ni n g o ptis c h er Fl uss M o d ell, ei n e Cl o u d-
C o m p uti n g- U m g e b u n g u n d ei n e Li v e- K a m er a- Te c h n ol o gi e.
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Di e erst e n z w ei A ns ä t z e zi el e n d ar a uf a b, Dr ä n g el v er h alt e n i n d e fi ni ert e n Teil-
b er ei c h e n z u i d e nti fi zi er e n, w ä hr e n d P u bli k ati o n III ei n e n n e u e n k ü n stli c h e I nt elli g-
e n z- b asi ert e n A ns at z ei nf ü hrt, d er Dr ä n g el n i n Vi d e os v o n di c ht e n M e ns c h e n m e n-
g e n a uf E b e n e d er I n di vi d u e n er k e n nt ( mi kr os k o pis c h e E b e n e). I n d e m di e i n-
di vi d u ell e n I nt er a kti o n e n g e n a u er u nt ers u c ht w er d e n, li ef ert di es e M et h o d e n e u e
Er k e n nt niss e z u m Ver h alt e n i n di vi d u ell er P ers o n e n u n d d er e n Wir k u n g a uf i hr e
n ä c hst e n N a c h b ar n. D er v or g est ellt e A ns at z k o m bi ni ert ei n e V or o n oi Z erl e g u n g
d es Bil d es a n h a n d d er P ositi o n e n d er P ers o n e n mit ei n e m C o n v ol uti o n al N e ur al
N et w or k u m di e I n di vi d u e n, di e dr ä n g el n, a uf d e m Vi d e o m at eri al z u l o k alisi er e n.

A bs c hli e ß e n d wir d i n P u bli k ati o n I V ei n i nt elli g e nt es, k ost e n g ü n sti g es, G P S-
b asi ert es O nli n e- D at e ns yst e m f ü r di e E c ht z eit- Vis u alisi er u n g v o n Gr u p p e n d y n a mi-
k e n f ü r gr o ß e Ver a nst alt u n g e n i m Fr ei e n v or g est ellt. Ei n e s ol c h e Vis u alisi er u n g
tr ä gt d a z u b ei, di c ht e M e ns c h e n m e n g e n z u v er m ei d e n o d er z u e nts c h ä rf e n u n d
d a mit di e W a hrs c h ei nli c h k eit v o n Z ust ä n d e n z u v erri n g er n, di e Dr ä n g el v er h alt e n
u n d d ess e n A us wir k u n g e n a uf M e ns c h e n m e n g e n v erst ä r k e n k ö n nt e n. Z u di es e m
k o m bi ni ert s et zt d as S yst e m ei n e s el bstst ä n di g e nt wi c k elt e m o bil e A n w e n d u n g,
S m art p h o n e G P S- E m pf ä n g er, ei n e w e b b asi ert e Pl attf or m u n d h o c h e nt wi c k elt e Vi-
s u alisi er u n gst e c h ni k e n.
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Li s t of P u bli c a ti o n s a n d A w a r d s

J o u r n al P u bli c a ti o n s i n cl u d e d i n t hi s T h e si s

I. A h m e d Ali a , M o h a m m e d M ar e e, a n d M o h ci n e C hr ai bi. “ A H y bri d D e e p
L e ar ni n g a n d Vis u ali z ati o n Fr a m e w or k f or P us hi n g B e h a vi or D et e cti o n i n
P e d estri a n D y n a mi cs. ” S e ns ors 2 2, n o. 1 1 ( 2 0 2 2): 4 0 4 0. h t t p s : / / d o i . o r g /
1 0 . 3 3 9 0 / s 2 2 1 1 4 0 4 0 .

II. A h m e d Ali a , M o h a m m e d M ar e e, M o h ci n e C hr ai bi, A n as T o m a, a n d Ar mi n
S e yfri e d. “ A Cl o u d- b as e d D e e p L e ar ni n g Fr a m e w or k f or E arl y D et e cti o n
of P us hi n g at Cr o w d e d E v e nt E ntr a n c es. ” I E E E A c c ess ( 2 0 2 3). h t t p s :
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III. A h m e d Ali a, M o h a m m e d M ar e e, M o h ci n e C hr ai bi, a n d Ar mi n S e yfri e d. “ A
N o v el V or o n oi- b as e d C o n v ol uti o n al N e ur al N et w or k Fr a m e w or k f or P us hi n g
P ers o n D et e cti o n i n Cr o w d Vi d e os. ” C o m pl e x & I nt elli g e nt S yst e ms ( 2 0 2 4).
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i n O p e n E n vir o n m e nts. ” B e h a vi o ur & I nf or m ati o n Te c h n ol o g y 4 1, n o. 8
( 2 0 2 2): 1 7 0 9- 1 7 2 3. h t t p s : / / d o i . o r g / 1 0 . 1 0 8 0 / 0 1 4 4 9 2 9 X . 2 0 2 1 . 1 8 9 6 7 8 1 .

O t h e r J o u r n al P u bli c a ti o n s

V. A h m e d Ali a , a n d A d el T a w e el. “ E n h a n c e d Bi n ar y C u c k o o S e ar c h wit h
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C h a p t e r 1

I n t r o d u c ti o n

1. 1 O v e r vi e w

T h e a v ail a bilit y of c o m pl e x d at as ets is m or e wi d es pr e a d t h a n e v er, es p e ci all y t h at
e n c o m p assi n g i m a g es a n d vi d e os. E ffi ci e ntl y a n al y zi n g a n d i nt er pr eti n g t his d at a
o p e ns u p n e w k n o wl e d g e a n d s ol vi n g m a n y r e al- w orl d pr o bl e ms. S u c h d at a of-
t e n i n v ol v e i ntri c at e a n d n o n-li n e ar r el ati o ns hi ps t h at ar e di ffi c ult t o st u d y wit h
tr a diti o n al a n al yti c al m et h o ds. Arti fi ci al I nt elli g e n c e ( AI), a n d m or e s p e ci fi c all y,
D e e p L e ar ni n g ( D L), h a v e r e v ol uti o ni z e d t h e fi el d of c o m pl e x d at a a n al yti cs [ 1].
T h es e a d v a n c e m e nts ar e pi v ot al i n d e v el o pi n g i nt elli g e nt a n d a ut o m ati c a p pli c a-
ti o ns t h at t a c kl e c o m pl e x iss u es i n v ari o us d o m ai ns, i n cl u di n g fi n a n c e [ 2], h e alt h-
c ar e [ 3], tr a ns p ort ati o n [ 4], a gri c ult ur e [ 5], e n er g y [ 6], e d u c ati o n [ 7], a n d cr o w d
s af et y [ 8]. Wit hi n t his br o a d s c o p e, t his t h esis f o c us es o n d e v el o pi n g a n i n n o v a-
ti v e a n d a ut o m ati c AI- b as e d fr a m e w or k f or a n al y zi n g vi d e o d at a c a pt ur e d fr o m
cr o w ds t o h el p i m pr o v e cr o w d s af et y.

1. 2 B a c k g r o u n d a n d M o ti v a ti o n

Wit h t h e r a pi d d e v el o p m e nt of ur b a ni z ati o n, cr o w d e d pl a c es h a v e b e c o m e c o m-
m o n, s u c h as r eli gi o us ar e as, tr ai n t er mi n als, c o n c ert v e n u es, s p orts st a di u ms,
s h o p pi n g c e nt ers, a n d t o urist attr a cti o ns. I n s u c h d e ns e cr o w ds, p us hi n g b e h a vi or
c o ul d b e a s af et y ris k [ 9, 1 0, 1 1]. P e o pl e m a y st art p us hi n g f or di ff er e nt r e as o ns.
1) S a vi n g t h eir li v es i n e m er g e n ci es or t e ns e s c e n ari os. 2) Gr a b bi n g a li mit e d
r es o ur c e, s u c h as g ai ni n g a c c ess t o a cr o w d e d s u b w a y tr ai n [ 1 2]. 3) A c c essi n g a
v e n u e m or e q ui c kl y; f or i nst a n c e, i n cr o w d e d e v e nt e ntr a n c es, s o m e p e d estri a ns
st art p us hi n g ot h ers t o e nt er t h e e v e nt f ast er [ 1 3]. T h e f o c us of t his t h esis is t h e
p us hi n g t h at o c c urs i n cr o w d e d e v e nt e ntr a n c es d u e t o t h e a v ail a bilit y of p u bli c
r e al- w orl d e x p eri m e nts a b o ut s u c h e ntr a n c es. I n t his c o nt e xt, L ü g eri n g et al. [ 1 3]
d e fi n e d p us hi n g as a b e h a vi or t h at p e d estri a ns us e t o r e a c h a t ar g et (li k e a c c ess-
i n g a n e v e nt) f ast er. T his b e h a vi or i n v ol v es p us hi n g ot h ers usi n g ar ms, s h o ul d ers,
el b o ws, or t h e u p p er b o d y, as w ell as utili zi n g g a ps a m o n g n ei g h b ori n g p e o pl e t o
n a vi g at e f or w ar d q ui c kl y.

I n f a ct, s u c h b e h a vi or oft e n i n cr e as es t h e cr o w d’s d e nsit y, p ot e nti all y p osi n g a
t hr e at n ot o nl y t o p e o pl e’s c o mf ort b ut als o t o t h eir s af et y [ 1 4, 1 5, 1 6, 1 1]. T his
is p arti c ul arl y tr u e w h e n n u m er o us i n di vi d u als e n g a g e i n p us hi n g. Miti g ati n g t h e
s pr e a d of p us hi n g b e h a vi or a n d r e d u ci n g t h e ass o ci at e d ris ks h el ps e n h a n c e t h e
c o mf ort a n d s af et y of cr o w ds. T h e f oll o wi n g ar e us ef ul t e c h ni q u es i n a c hi e vi n g
t his p ur p os e [ 1 3, 1 7]:

1. U n d e r s t a n di n g p u s hi n g d y n a mi c s. I d e ntif yi n g s u c h b e h a vi or i n cr o w ds
c a n h el p t o k n o w w h er e, w h e n, a n d w h y s u c h b e h a vi or o c c urs, as w ell as

1



1. 3. C H A L L E N G E S O F A U T O M A TI C P U S HI N G D E T E C TI O N

u n d erst a n di n g its i m p a ct o n t h e cr o w d. T his k n o wl e d g e c a n f a cilit at e t h e
d e v el o p m e nt of e ff e cti v e cr o w d m a n a g e m e nt str at e gi es a n d i m pr o v e p u bli c
s p a c e d esi g ns, t h er e b y r e d u ci n g t h e i n ci d e n c e of p us hi n g a n d its ris ks i n
d e ns e cr o w ds.

2. Ti m el y p u s hi n g i d e n ti fi c a ti o n. R e al-ti m e d et e cti o n of p us hi n g b e h a v-
i or o ff ers a criti c al a d v a nt a g e. It all o ws or g a ni z ers a n d s e c urit y f or c es t o
i nt er v e n e at a n e arl y st a g e b ef or e p us hi n g s pr e a ds a n d sit u ati o ns b e c o m e
d a n g er o us. M ai nl y w h e n u n e x p e ct e d p us hi n g i nst a n c es o c c ur, a n d c urr e nt
str at e gi es pr o v e i ns u ffi ci e nt f or t h e c urr e nt sit u ati o n.

3. A v oi d a n c e of hi g h- d e n si t y a r e a s. P us hi n g b e h a vi or is m or e li k el y t o
aris e i n ar e as of hi g h d e nsit y, p arti c ul arl y wit hi n m o vi n g cr o w ds. M a n a gi n g
cr o w ds a n d r e d u ci n g ar e as wit h hi g h d e nsit y h el p miti g at e t h e li k eli h o o d
of s u c h b e h a vi or a n d t h e ass o ci at e d ris ks. R e al-ti m e vis u ali z ati o n of cr o w d
e v ol uti o n is cr u ci al f or assisti n g or g a ni z ers a n d s e c urit y t e a ms i n s u c c essf ull y
m a n a gi n g cr o w ds a n d r e d u ci n g o v er cr o w d e d ar e as.

R e c e ntl y, s o m e r es e ar c h ers h a v e att e m pt e d t o u n d erst a n d p us hi n g b y m a n u-
all y o bs er vi n g a n d i d e ntif yi n g s u c h b e h a vi or a m o n g vi d e o r e c or di n gs of cr o w d e d
e v e nts. F or e x a m pl e, L ü g eri n g et al. [ 1 3] pr o p os e d a m a n u al r ati n g s yst e m t o u n-
d erst a n d w h e n, w h er e, a n d w h y p us hi n g a p p e ars. T h e s yst e m utili z es t w o tr ai n e d
ps y c h ol o gists w h o m a n u all y c at e g ori z e p e d estri a n b e h a vi ors o v er ti m e i n t o p- vi e w
vi d e os i nt o t w o m ai n c at e g ori es: p us hi n g a n d n o n- p us hi n g. H o w e v er, t his m a n u al
r ati n g pr o c e d ur e is ti m e- c o ns u mi n g, t e di o us, a n d pr o n e t o err ors i n s o m e s c e n ar-
i os. A d diti o n all y, it r e q uir es tr ai n e d o bs er v ers, w hi c h m a y n ot al w a ys b e f e asi bl e,
a n d it d o es n ot c o p e wit h r e al-ti m e d et e cti o n r e q uir e m e nts. T h er ef or e, t h e a ut o-
m ati c a p pr o a c h es c a p a bl e of i d e ntif yi n g p us hi n g i n vi d e o r e c or di n gs a n d r e al-ti m e
c a m er a str e a ms ar e h el pf ul i n m a n y r es p e cts.

Fr o m a c o m p ut er s ci e n c e p ers p e cti v e, t h e vis u al a n al ysis of t h e cr o w d f alls
wit hi n t h e r e al m of c o m p ut er visi o n. D L al g orit h ms, p arti c ul arl y C o n v ol uti o n al
N e ur al N et w or k ( C N N) ar c hit e ct ur es, h a v e d e m o nstr at e d si g ni fi c a nt s u c c ess i n
v ari o us c o m p ut er visi o n t as ks, i n cl u di n g f a c e r e c o g niti o n [ 1 8], o bj e ct d et e cti o n [ 1 9],
a n d a b n or m al b e h a vi or d et e cti o n [ 2 0]. Te c h ni c all y, p us hi n g i d e nti fi c ati o n is cl os el y
r el at e d t o t h e t as k of a b n or m al b e h a vi or d et e cti o n i n vi d e o cr o w ds. T y pi c all y, b e-
h a vi or is c o nsi d er e d a b n or m al w h e n s e e n as u n us u al u n d er s p e ci fi c c o nt e xts. T his
i m pli es t h at t h e d e fi niti o n of a b n or m al b e h a vi or d e p e n ds o n t h e sit u ati o n [ 2 1]. T o
ill ustr at e, r u n ni n g i nsi d e a b a n k mi g ht b e c o nsi d er e d a b n or m al b e h a vi or, w h er e as
r u n ni n g at a tr a ffi c li g ht c o ul d b e n or m al [ 2 2]. S e v er al b e h a vi ors h a v e b e e n a u-
t o m ati c all y a d dr ess e d i n cr o w ds, i n cl u di n g w al ki n g i n t h e wr o n g dir e cti o n [ 2 3],
r u n ni n g a w a y [ 2 4], s u d d e n p e o pl e gr o u pi n g or dis p ersi n g [ 2 5], h u m a n f alls [ 2 6],
s us pi ci o us b e h a vi or, vi ol e nt a cts [ 2 7], a b n or m al cr o w ds [ 2 8], hitti n g, a n d ki c k-
i n g [ 2 9]. T o t h e b est of o ur k n o wl e d g e, n o pr e vi o us st u di es h a v e a ut o m ati c all y
i d e nti fi e d p us hi n g f or f ast er a c c ess i n h u m a n cr o w ds. As a r es ult, t his t h esis pri-
m aril y f o c us es o n d e v el o pi n g a p pr o a c h es f or a ut o m ati c all y d et e cti n g p us hi n g i n
vi d e o r e c or di n gs a n d li v e str e a ms of d e ns e cr o w ds.

1. 3 C h all e n g e s of A u t o m a ti c P u s hi n g D e t e c ti o n

T h e a ut o m ati c d et e cti o n of p us hi n g b e h a vi or i n vi d e os or li v e c a m er a str e a ms of
d e ns e cr o w ds r e pr es e nts a n o v el r es e ar c h a n d a d e m a n di n g t as k. T h e c h all e n g es
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of a ut o m ati c p us hi n g d et e cti o n st e m fr o m m ulti pl e f a ct ors, w hi c h ar e:

1. Di v e r si t y i n p u s hi n g b e h a vi o r. S u c h b e h a vi or h as v ari o us f or ms, v ar yi n g
i n i nt e nsit y a n d n at ur e, n ot j ust a m o n g di ff er e nt i n di vi d u als b ut als o wit hi n
t h e s a m e p ers o n o v er ti m e. A d diti o n all y, t h e si g ni fi c a nt si mil arit y a n d o v erl a p
b et w e e n p us hi n g a n d n o n- p us hi n g b e h a vi ors c o m pli c at e t h e di ff er e nti ati o n
t as k.

2. C r o w d d e n si t y. I n d e ns el y cr o w d e d s c e n es s u c h as e ntr a n c es of l ar g e-s c al e
e v e nts, m ulti pl e p e o pl e oft e n o v erl a p, l e a di n g t o fr e q u e nt o c cl usi o ns. C o n-
s e q u e ntl y, b o d y p arts i n v ol v e d i n p us hi n g c a n b e c o m e i n visi bl e. T his m a k es
t h e a n al ysis c h all e n gi n g b e c a us e e xtr a cti n g i n di vi d u al i nt er a cti o ns is r e q uir e d
f or i d e ntif yi n g p us hi n g b e h a vi or.

3. F e a t u r e r e p r e s e n t a ti o n. O n e of t h e m ai n c h all e n g es is t h e l a c k of k n o wl-
e d g e a b o ut t h e r el e v a nt f e at ur es t h at r e pr es e nt p us hi n g b e h a vi or. Wit h o ut
a c c ur at el y d et er mi ni n g t h es e f e at ur es, it w o ul d b e i m p ossi bl e t o cr e at e r eli-
a bl e a ut o m ati c m et h o ds f or s u c h d et e cti o n.

C o nsi d eri n g t h e c h all e n g es m e nti o n e d a b o v e, it’s cl e ar t h at t h e pri m ar y o bst a cl e
t o a ut o m ati n g p us hi n g d et e cti o n is i d e ntif yi n g a n d e xtr a cti n g r el e v a nt f e at ur es of
p us hi n g fr o m d e ns e cr o w ds.

1. 4 P r eli mi n a r y C o n c e p t s

T his s e cti o n pr o vi d es a n o v er vi e w of t h e f u n d a m e nt al c o n c e pts utili z e d i n t his
t h esis.

Wit hi n t h e r a pi dl y e v ol vi n g fi el d of A I , w hi c h is d e di c at e d t o cr e ati n g s yst e ms
t h at c a n e m ul at e h u m a n i nt elli g e n c e f u n cti o ns s u c h as l e ar ni n g, r e as o ni n g, a n d
pr o bl e m-s ol vi n g [ 3 0], s u b fi el ds h a v e aris e n, i n cl u di n g M a c hi n e L e a r ni n g ( M L )
a n d D L . M L e m p o w ers c o m p ut ers t o l e ar n a n d a d a pt usi n g d at a, eli mi n ati n g t h e
n e e d f or e x pli cit pr o gr a m mi n g [ 3 1]. I n c o ntr ast, D L is a s p e ci ali z e d br a n c h of M L
t h at e m pl o ys arti fi ci al n e ur al n et w or ks wit h t hr e e or m or e l a y ers t o si m ul at e t h e
h u m a n br ai n’s str u ct ur e a n d f u n cti o n, all o wi n g t h e l e ar ni n g of c o m pl e x p att er ns
fr o m l ar g e d at as ets wit h o ut n e e di n g d at a pr e- pr o c essi n g as cl assi c al m a c hi n e l e ar n-
i n g al g orit h ms [ 3 2]. A m o n g t h e v ari o us D L t e c h ni q u es, C N N , i ns pir e d b y t h e
a ni m al vis u al c ort e x or g a ni z ati o n, a c hi e v e d r e m ar k a bl e s u c c ess i n visi o n-r el at e d
t as ks [ 3 3]. T his s u c c ess is attri b ut e d t o C N Ns’ u n m at c h e d a bilit y t o a ut o m ati-
c all y l e ar n f e at ur e r e pr es e nt ati o ns fr o m d at a wit h o ut h u m a n s u p er visi o n [ 3 4]. T h e
r el ati o ns hi p b et w e e n AI, M L, D L, a n d C N N is s h o w n i n Fi g. 1.

A t y pi c al C N N ar c hit e ct ur e c o nsists of r e p e at e d bl o c ks of c o n v ol uti o n a n d
p o oli n g l a y ers, f oll o w e d b y o n e or m or e f ull y c o n n e ct e d l a y ers. T h e c o n v ol uti o n
a n d p o oli n g l a y ers ar e r es p o nsi bl e f or f e at ur e e xtr a cti o n. I n c o ntr ast, t h e f ull y
c o n n e ct e d l a y ers m a p t h e e xtr a ct e d f e at ur es t o t h e fi n al l a y er, w hi c h c o nt ai ns a
n e ur o n f or e a c h p ot e nti al c at e g or y i n cl assi fi c ati o n [ 3 5]. R e c e ntl y, m a n y a d v a n c e-
m e nts h a v e b e e n m a d e i n C N N ar c hit e ct ur es, a m o n g w hi c h t h e E ffi ci e n t N e t
f a mil y [ 3 6, 3 7] st a n ds o ut. It e n c o m p ass es v ari o us ar c hit e ct ur es t h at o ut p erf or m
e xisti n g C N Ns r e g ar di n g a c c ur a c y a n d e ffi ci e n c y (s m all er a n d f ast er) a cr oss dif-
f er e nt cl assi fi c ati o n t as ks.

R e c u r r e n t All- P ai r s Fi el d Tr a n sf o r m s f o r O p ti c al Fl o w ( R A F T ) is o n e
of t h e m ost p o w erf ul D L- b as e d m et h o ds f or d e ns e o pti c al fl o w esti m ati o n, a t as k of
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Artifi ci al

I nt elli g e n c e

M a c hi n e

L e ar ni n g

D e e p

L e ar ni n g

C o n v ol uti o n al
N e ur al

N et w or k

Fi g ur e 1: R el ati o ns hi p b et w e e n AI, M L, D L a n d C N N.

esti m ati n g p er- pi x el m oti o n b et w e e n vi d e o fr a m es. R A F T, a c o m p ositi o n of C N N
a n d r e c urr e nt n e ur al n et w or k ( a cl ass of D L) ar c hit e ct ur es, h as b e e n tr ai n e d o n t h e
SI N T E L d at as et [ 3 8], r es ulti n g i n a n e ffi ci e nt a n d g e n er al m o d el t o esti m at e d e ns e
o pti c al fl o w e ffi ci e ntl y. T his pr e-tr ai n e d m o d el is a pr o misi n g f or a p pli c ati o ns i n
d e ns e cr o w ds d u e t o its a bilit y t o r e d u c e t h e i m p a ct of o c cl usi o ns o n o pti c al fl o w
esti m ati o n [ 3 9].

1. 5 S t a t e- of- t h e- A r t C N N- b a s e d A p p r o a c h e s

As pr e vi o usl y dis c uss e d, a ut o m ati c i d e nti fi c ati o n of p us hi n g b e h a vi or i n vi d e os
f alls u n d er t h e d o m ai n of c o m p ut er visi o n, s p e ci fi c all y i n t h e t as k of a b n or m al b e-
h a vi or d et e cti o n. T h e lit er at ur e pr es e nts v ari o us a ut o m ati c a p pr o a c h es t o d et e ct-
i n g a b n or m al b e h a vi or i n vi d e os, c at e g ori z e d i nt o tr a diti o n al- b as e d a n d l e ar ni n g-
b as e d m et h o ds [ 4 0, 4 1]. T h e m ai n i d e a of t h e first gr o u p is t o us e s o m e m e as ur es
t o disti n g uis h b et w e e n n or m al a n d a b n or m al b e h a vi ors. F or e x a m pl e, a hi g h v al u e
i n t h e e ntr o p y [ 4 2] or t h e s p e e d [ 4 3] m a y i n di c at e t h e pr es e n c e of a b n or m al b e-
h a vi or i n cr o w ds. H o w e v er, t h es e a p pr o a c h es ar e i n e ffi ci e nt f or c o m pl e x b e h a vi ors
d u e t o t h e di ffi c ult y of d es cri bi n g t h e m a c c ur at el y b y r ul es [ 4 1]. T o a d dr ess t h es e
li mit ati o ns, l e ar ni n g- b as e d a p pr o a c h es, es p e ci all y t h os e h ar n essi n g t h e p o w er of
C N Ns, h a v e b e e n d e v el o p e d. T h es e al g orit h ms l e ar n dir e ctl y fr o m d at a, a v oi di n g
m a n u al r ul e-s etti n g, a n d h a v e s h o w n n ot a bl e a d v a n c e m e nts i n t h e ar e a.

A c ust o mi z e d C N N- b as e d m et h o d t o i d e ntif y a b n or m al a cti viti es i n vi d e os w as
pr es e nt e d b y T a y et al [ 2 1]. T h e a ut h ors tr ai n e d a c ust o mi z e d C N N f or f e at ur e
e xtr a cti o n a n d l a b eli n g usi n g n or m al a n d a b n or m al s a m pl es. I n a n ot h er st u d y,
Al a fif et al. [ 4 4] pr o p os e d t w o m et h o ds of i d e ntif yi n g a b n or m al b e h a vi ors i n s m all
a n d l ar g e-s c al e cr o w d vi d e os. T h e first m et h o d e m pl o ys a c o m bi n ati o n of a C N N
m o d el a n d a r a n d o m f or est cl assi fi er t o d et e ct a n o m al y b e h a vi ors at t h e o bj e ct
l e v el i n a s m all-s c al e cr o w d. I n c o ntr ast, t h e s e c o n d m et h o d utili z es t w o cl assi fi ers
t o r e c o g ni z e a b n or m al b e h a vi ors i n a l ar g e-s c al e cr o w d. T h e i niti al m o d el, fi n ds
t h e fr a m es c o nt ai ni n g a b n or m al b e h a vi ors, w hil e t h e s e c o n d cl assi fi er, Y o u O nl y
L o o k O n c e ( Y O L O v 2), pr o c ess es t h os e fr a m es t o i d e ntif y a b n or m al b e h a vi ors
e x hi bit e d b y i n di vi d u als. T h e e ff e cti v e n ess of t h es e t e c h ni q u es r eli es h e a vil y o n
utili zi n g C N Ns t o l e ar n f e at ur es fr o m l a b el e d d at as ets c o nt ai ni n g b ot h n or m al a n d
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C H A P T E R 1. I N T R O D U C TI O N

a b n or m al b e h a vi ors. A l ar g e tr ai ni n g d at as et of n or m al a n d a b n or m al b e h a vi ors
is n e c ess ar y t o cr e at e a n a c c ur at e a n d a d a pt a bl e C N N m o d el. H o w e v er, o bt ai ni n g
s u c h a d at as et is oft e n u n att ai n a bl e f or v ari o us a b n or m al b e h a vi ors, i n cl u di n g
p us hi n g b e h a vi or. T his c h all e n g e aris es b e c a us e l a b eli n g d at a is e x c e pti o n all y
ti m e- c o ns u mi n g a n d m a y r e q uir e s p e ci ali z e d k n o wl e d g e. F urt h er m or e, s e c uri n g a
si g ni fi c a nt n u m b er of vi d e os t h at e x hi bit t h es e b e h a vi ors c a n b e di ffi c ult [ 2 2].

I n or d er t o o v er c o m e t h e s h ort a g e of l ar g e d at as ets c o m prisi n g n or m al a n d a b-
n or m al b e h a vi ors, s o m e r es e ar c h ers h a v e utili z e d o n e- cl ass cl assi fi ers wit h d at as ets
c o nsisti n g o nl y of n or m al b e h a vi ors. It is e asi er t o o bt ai n or cr e at e a d at as et
t h at c o nt ai ns o nl y n or m al b e h a vi ors t h a n a d at as et t h at i n cl u d es b ot h n or m al
a n d a b n or m al b e h a vi ors [ 4 5, 4 6]. T h e f u n d a m e nt al c o n c e pt b e hi n d t h e o n e- cl ass
cl assi fi er is t o e x cl usi v el y l e ar n fr o m n or m al b e h a vi ors, t h er e b y est a blis hi n g a
cl ass b o u n d ar y b et w e e n n or m al a n d u n d e fi n e d ( a b n or m al) cl ass es. F or e x a m pl e,
S a b o kr o u et al. [ 4 5] e m pl o y e d a pr e-tr ai n e d C N N f or e xtr a cti n g m oti o n a n d a p-
p e ar a n c e i nf or m ati o n fr o m cr o w d e d s c e n es. S u bs e q u e ntl y, t h e y utili z e d a o n e- cl ass
G a ussi a n distri b uti o n t o c o nstr u ct t h e cl assi fi er usi n g d at as ets c o m pris e d of n or-
m al b e h a vi or. Si mil arl y, i n [ 4 6, 4 7], t h e a ut h ors d e v el o p e d o n e- cl ass cl assi fi ers b y
utili zi n g a d at as et of n or m al s a m pl es. I n [ 4 6], X u et al. e m pl o y e d a c o n v ol uti o n al
v ari ati o n al a ut o e n c o d er t o e xtr a ct f e at ur es, f oll o w e d b y t h e us e of m ulti pl e G a us-
si a n m o d els t o d et e ct a b n or m al b e h a vi or. M e a n w hil e, i n [ 4 7], a pr e-tr ai n e d C N N
m o d el w as utili z e d f or f e at ur e e xtr a cti o n, wit h o n e- cl ass s u p p ort v e ct or m a c hi n es
b ei n g us e d t o i d e ntif y a b n or m al b e h a vi or. A n ot h er st u d y b y Il y as et al. [ 4 8]
utili z e d a pr e-tr ai n e d C N N a n d a gr a di e nt s u m of t h e fr a m e di ff er e n c e t o e xtr a ct
si g ni fi c a nt f e at ur es. F oll o wi n g t his, t hr e e s u p p ort v e ct or m a c hi n es w er e tr ai n e d o n
n or m al b e h a vi or t o d et e ct a b n or m al b e h a vi ors. G e n er all y, t h e o n e- cl ass cl assi fi er
is c o m m o nl y us e d w h e n t h e t ar g et b e h a vi or cl ass or a b n or m al b e h a vi or is i nfr e-
q u e nt or p o orl y d e fi n e d [ 4 9]. H o w e v er, p us hi n g b e h a vi or is n ot r ar e, p arti c ul arl y
i n hi g h- d e nsit y a n d c o m p etiti v e sit u ati o ns. F urt h er m or e, t his t y p e of cl assi fi er
r e g ar ds n e w n or m al b e h a vi or as a b n or m al.

T o o v er c o m e t h e li mit ati o ns of C N N- b as e d a n d o n e- cl ass cl assi fi er a p pr o a c h es,
s e v er al st u di es h a v e c o m bi n e d m ulti- cl ass C N N wit h o n e or m or e h a n d cr aft e d f e a-
t ur e d es cri pt ors [ 4 8, 2 0]. As a n e x a m pl e, D u m a n et al. [ 2 2] utili z e d t h e tr a diti o n al
F ar n e b ä c k o pti c al fl o w m et h o d i n c o nj u n cti o n wit h C N N t o d et e ct a n o m al o us
b e h a vi or. T h e y e xtr a ct e d dir e cti o n a n d s p e e d i nf or m ati o n usi n g t h e o pti c al fl o w
m et h o d, a n d C N N a n d t h e n utili z e d a c o n v ol uti o n al l o n g s h ort-t er m m e m or y
n et w or k t o c o nstr u ct t h e cl assi fi er. Si mil arl y, H u et al. [ 5 0] e m pl o y e d a c o m-
bi n ati o n of t h e hist o gr a m of gr a di e nt a n d C N N f or f e at ur e e xtr a cti o n, w hil e a
l e ast-s q u ar es s u p p ort v e ct or w as us e d f or cl assi fi c ati o n. Al m a zr o e y et al. [ 5 1] f o-
c us e d o n utili zi n g t h e L u c as- K a n a d e o pti c al fl o w m et h o d, pr e-tr ai n e d C N N, a n d
f e at ur e s el e cti o n m et h o d ( n ei g h b or h o o d c o m p o n e nt a n al ysis) t o e xtr a ct r el e v a nt
f e at ur es. T h e y t h e n us e d a s u p p ort v e ct or m a c hi n e t o g e n er at e a tr ai n e d cl assi fi er.
I n a di ff er e nt st u d y [ 5 2], Z h o u et al. i ntr o d u c e d a C N N- b as e d m et h o d t o i d e ntif y
a n d l o c at e a b n or m al a cti viti es. T his a p pr o a c h i nt e gr at e d tr a diti o n al o pti c al fl o w
m et h o d wit h C N N f or f e at ur e e xtr a cti o n a n d utili z e d a C N N f or cl assi fi c ati o n. Di-
r e k o gl u [ 2 0] utili z e d t h e L u c as- K a n a d e o pti c al fl o w m et h o d a n d C N N t o e xtr a ct
r el e v a nt f e at ur es a n d i d e ntif y “ es c a p e a n d p a ni c b e h a vi ors 1 ”.

I n s u m m ar y, h y bri d- b as e d a p pr o a c h es c o ul d b e m or e s uit a bl e f or a ut o m ati c all y
d et e cti n g p us hi n g b e h a vi or d u e t o t h e li mit e d a v ail a bilit y of l a b el e d p us hi n g d at a.

1 F or a d diti o n al d et ail s r e g ar di n g t h e t e r m “ p a ni c b e h a vi or ”, pl e a s e r ef er t o R ef. [ 5 3].
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1. 6. O B J E C TI V E S

N e v ert h el ess, m ost of t h e r e vi e w e d h y bri d- b as e d a p pr o a c h es f or a b n or m al b e h a vi or
d et e cti o n m a y b e i n e ffi ci e nt f or d et e cti n g p us hi n g, si n c e 1) T h e d es cri pt ors us e d i n
t h es e a p pr o a c h es c a n o nl y e xtr a ct li mit e d ess e nti al d at a fr o m hi g h- d e nsit y cr o w ds
t o r e pr es e nt p us hi n g b e h a vi or. 2) S o m e C N N ar c hit e ct ur es c o m m o nl y utili z e d
i n t h es e a p pr o a c h es m a y n ot b e e ff e cti v e i n d e ali n g wit h t h e i n cr e as e d v ari ati o ns
wit hi n p us hi n g b e h a vi or (i ntr a- cl ass v ari a n c e) a n d t h e s u bst a nti al r es e m bl a n c e
b et w e e n p us hi n g a n d n o n- p us hi n g b e h a vi ors ( hi g h i nt er- cl ass si mil arit y), w hi c h
c a n p ot e nti all y r es ult i n mis cl assi fi c ati o n.

1. 6 O b j e c ti v e s

Gi v e n t h e c h all e n g es a n d m oti v ati o ns pr e vi o usl y dis c uss e d, t his t h esis pri m aril y
ai ms t o d e v el o p a n a ut o m ati c AI- b as e d fr a m e w or k f or d et e cti n g p us hi n g b e h a vi or
i n vi d e o r e c or di n gs a n d li v e c a m er a str e a ms of d e ns e cr o w ds. T his fr a m e w or k
is b as e d o n c utti n g- e d g e t e c h n ol o gi es, i n cl u di n g s u p er vis e d d e e p l e ar ni n g al g o-
rit h ms, vis u ali z ati o n t e c h ni q u es, cl o u d c o m p uti n g, a n d t h e I nt er n et of T hi n gs.
T h e d e v el o p m e nt of t h e fr a m e w or k c o nsists of t hr e e p h as es:

1. T h e first p h as e i ntr o d u c es a n a p pr o a c h c o m bi ni n g d e e p l e ar ni n g ( D L) a n d
vis u ali z ati o n t o i d e ntif y t h e r e gi o ns or p at c h es w h er e p us hi n g o c c urs i n cr o w d
vi d e os ( p u bli c ati o n I). N ot a bl y, e a c h r e gi o n c o v ers a n ar e a b et w e e n 1 a n d 2
s q u ar e m et ers o n t h e gr o u n d.

2. W hil e t h e i niti al a p pr o a c h is n’t d esi g n e d f or r e al-ti m e d et e cti o n, t h e s e c o n d
p h as e ( p u bli c ati o n II) i ntr o d u c es a cl o u d- b as e d D L a p pr o a c h f or r e al-ti m e d e-
t e cti o n. T his a p pr o a c h ai ms t o a n n ot at e r e gi o ns c o nt ai ni n g p us hi n g b e h a vi or
i n li v e c a m er a str e a ms of d e ns e cr o w ds at a n e arl y st a g e.

3. W hil e t h e i niti al p h as es f o c us o n r e gi o n- b as e d d et e cti o n, t h e t hir d p h as e
( p u bli c ati o n III) i ntr o d u c es a V or o n oi- b as e d C N N a p pr o a c h t o i d e ntif y i n di-
vi d u als e n g a g e d i n p us hi n g wit hi n cr o w ds ( mi cr os c o pi c l e v el). T h e a p pr o a c h
l e v er a g es vi d e o r e c or di n gs of cr o w ds a n d p e d estri a n tr aj e ct or y d at a t o pr o vi d e
n e w i nsi g hts i nt o t h e i nt er a cti o ns b et w e e n p e d estri a ns i n t h e cr o w d.

I n a d diti o n t o t h e pri m ar y o bj e cti v e, t his t h esis als o pr es e nts a n i nt elli g e nt,
r e al-ti m e, o nli n e, a n d l o w- c ost G P S- b as e d d at a s yst e m ( p u bli c ati o n I V). T his
s yst e m o ff ers r e al-ti m e vis u ali z ati o n of cr o w d d y n a mi cs i n o p e n e n vir o n m e nts.
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1. 7 C o n t ri b u ti o n s

T his t h esis is b as e d o n f o ur p u bli c ati o ns, w h er e t h e c o ntri b uti o ns of e a c h ar e o ut-
li n e d b el o w:

P u bli c a ti o n I :

1. I ntr o d u ci n g t h e first AI- b as e d a p pr o a c h, t o o ur k n o wl e d g e, d e di c at e d t o a u-
t o m ati c all y i d e ntif yi n g p us hi n g r e gi o ns i n vi d e o r e c or di n gs of cr o w ds.

2. I nt e gr ati n g E ffi ci e nt N et V 1 B 0- b as e d C N N [ 3 6], R A F T [ 3 9], a n d c ol or w h e el
vis u ali z ati o n [ 5 4, 5 5] wit hi n a u ni q u e a p pr o a c h f or p us hi n g b e h a vi or d et e c-
ti o n.

3. Pr o p osi n g a p at c h- b as e d m et h o d t o a u g m e nt d at a a n d a d dr ess t h e cl ass i m-
b al a n c e iss u e i n vi d e o d at as ets.

4. G e n er ati n g t h e first p u bli cl y a v ail a bl e d at as et i n t his r es e ar c h d o m ai n, c o n-
sisti n g of p us hi n g a n d n o n- p us hi n g p at c h es.

5. I ntr o d u ci n g a f als e r e d u cti o n al g orit h m t o e n h a n c e t h e a c c ur a c y of t h e a p-
pr o a c h.

P u bli c a ti o n I I :

1. Pr o p osi n g t h e first AI- b as e d a p pr o a c h, t o o ur k n o wl e d g e, f or a ut o m ati c a n d
e arl y d et e cti o n of p us hi n g r e gi o ns i n li v e c a m er a str e a ms of cr o w ds.

2. I nt e gr ati n g a n a d a pt e d E ffi c e nt N et V 2 B 0 [ 3 7], a G P U- a c c el er at e d pr e-tr ai n e d
R A F T m o d el [ 3 9], t h e c ol or w h e el m et h o d [ 5 4, 5 5], a cl o u d c o m p uti n g e n-
vir o n m e nt, a n d li v e c a m er a t e c h n ol o g y t o d e v el o p a n a p pr o a c h t h at c a p a bl e
f or e arl y d et e cti o n of p us hi n g r e gi o ns i n cr o w ds.

3. Cr e ati n g a n o v el p at c h- b as e d p us hi n g d at as et t h at e n c o m p ass es m or e c o m-
pl e x s c e n ari os.

4. C o n d u cti n g a c o m pr e h e nsi v e p erf or m a n c e c o m p aris o n a cr oss fift e e n C N N ar-
c hit e ct ur es usi n g t h e g e n er at e d d at as et.

P u bli c a ti o n I I I :

1. I ntr o d u ci n g t h e first a p pr o a c h, t o o ur k n o wl e d g e, f or a ut o m ati c all y i d e ntif y-
i n g p us hi n g i n vi d e o r e c or di n gs of cr o w ds at t h e mi cr os c o pi c l e v el.

2. Pr es e nti n g a n o v el f e at ur e e xtr a cti o n t e c h ni q u e t o c h ar a ct eri z e mi cr os c o pi c
b e h a vi ors, es p e ci all y p us hi n g, i n cr o w d vi d e os.

3. D e v el o pi n g a n e w d at as et wit h mi cr os c o pi c p us hi n g a n d n o n- p us hi n g s a m pl es.

P u bli c a ti o n I V :

1. I ntr o d u ci n g a s yst e m t h at c oll e cts p e d estri a n tr aj e ct ori es e v er y s e c o n d, esti-
m ati n g h ori z o nt al a c c ur a c y t o d e pi ct t h e m a ps a c c ur at el y.

2. Pr es e nti n g a n o v el d at a pr o c essi n g m et h o d wit h t e m p or al st or a g e of c urr e nt
p e d estri a n p ositi o ns t o i m pr o v e t h e d at a vis u ali z ati o n p erf or m a n c e.

3. Pr o vi di n g a c c ess t o o nli n e a n d r e al-ti m e vis u ali z e d m a ps d e pi cti n g p e d estri a n
m o v e m e nts a n d ti m el y h e at m a ps f or s p otti n g cr o w d e d ar e as.

4. O ff eri n g a n ar c hi v e of c oll e ct e d G P S d at a i n v ari o us f or m ats ( S Q L, J S O N,
C S V) f or i nt er est e d r es e ar c h ers.

7



1. 8. E T HI C A L C O N SI D E R A TI O N S

1. 8 E t hi c al C o n si d e r a ti o n s

1. T h e vi d e o s of e x p e ri m e n t s u tili z e d f o r d a t a s e t g e n e r a ti o n: T h e e x-
p eri m e nts w er e c o n d u ct e d a c c or di n g t o t h e g ui d eli n es of t h e D e cl ar ati o n of
H elsi n ki, a n d a p pr o v e d b y t h e et hi cs b o ar d at t h e U ni v ersit y of W u p p ert al,
G er m a n y. I nf or m e d c o ns e nt w as o bt ai n e d fr o m all s u bj e cts i n v ol v e d i n t h e
e x p eri m e nts.

2. A cl o u d- b a s e d A I a p p r o a c h f o r e a rl y d e t e c ti o n of p u s hi n g a t h u m a n
c r o w d s: T o pr ot e ct i n di vi d u als’ pri v a c y, t h e a p pr o a c h a p pli es a bl urri n g
t e c h ni q u e t o t h e a n n ot at e d fr a m es b ef or e st ori n g t h e m i n t h e cl o u d.

3. A n o nli n e, i n t elli g e n t, a n d l o w- c o s t G P S- b a s e d d a t a s y s t e m: T o s af e-
g u ar d us ers’ pri v a c y, t h e m o bil e a p pli c ati o n c oll e cts o nl y t h e s m art p h o n e’s
l atit u d e a n d l o n git u d e c o or di n at es, ass o ci ati n g t h e m wit h a n a n o n y m o us I D.

1. 9 T h e si s S t r u c t u r e

T h e t h esis is or g a ni z e d i nt o t w o p arts, as s h o w n i n Fi g. 2:

1. Fi r s t p a r t: c o nsists of t hr e e c h a pt ers. C h a pt er 1 pr o vi d es t h e b a c k gr o u n d
a n d m oti v ati o n, c h all e n g es i n a ut o m ati c p us hi n g d et e cti o n, st at e- of-t h e- art
C N N- b as e d a p pr o a c h es, m ai n g o al a n d o bj e cti v es, et hi c al c o nsi d er ati o ns, a n d
c o ntri b uti o ns. T h e n, C h a pt er 2 pr o vi d es a n o v er vi e w of e a c h p u bli c ati o n i n
t h e t h esis. S u bs e q u e ntl y, C h a pt er 3 dis c uss es t h e li mit ati o ns of t h e w or ks
pr es e nt e d i n t his t h esis a n d hi g hli g hts p ot e nti al ar e as f or f urt h er r es e ar c h
dir e cti o ns i n t h e f ut ur e.

2. S e c o n d p a r t: lists t h e f o ur r es e ar c h arti cl es i n t his diss ert ati o n’s c o nt e xt.
T h e p u bli c ati o ns h a v e b e e n r ef or m att e d f or c o nsist e n c y wit h t h e t h esis f or-
m at. I m p ort a ntl y, t his t h esis n ot o nl y p uts f or w ar d v ari o us n o v el a p pr o a c h es
b ut als o str o n gl y a d v o c at es f or R es e ar c h S oft w ar e E n gi n e eri n g ( R S E) pri n-
ci pl es, e m p h asi zi n g o p e n-s o ur c e d e v el o p m e nt, r e pr o d u ci bilit y, a n d t h e F AI R
( Fi n d a bl e, A c c essi bl e, I nt er o p er a bl e, a n d R e us a bl e) pri n ci pl es. All m et h o d-
ol o gi es d e v el o p e d i n t his w or k, al o n gsi d e t h e a c c o m p a n yi n g s o ur c e c o d es us e d
f or b uil di n g, tr ai ni n g, a n d ass essi n g t h e m o d els, t h e tr ai n e d m o d els, a n d t h e
d at as ets, ar e o p e nl y a c c essi bl e o n Git H u b at t h e f oll o wi n g li n ks:

P u bli c a ti o n I: h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s / D L 4 P u D e

P u bli c a ti o n I I: h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s / C l o u d F a s t - D L 4 P u D e

P u bli c a ti o n I I I: h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s / V C N N 4 P u D e

P u bli c a ti o n I V: h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s / G P S d a t a C o l V i s
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C H A P T E R 1. I N T R O D U C TI O N

C h a pt er 1:
I ntr o d u cti o n

C h a pt er 2:
S u m m ar y of
 P u bli c ati o n s

C h a pt er 3:
Di s c u s si o n a n d O utl o o k

P u bli c ati o n III:
A V or o n oi- b a s e d

C o n v ol uti o n al N e ur al
 N et w or k A p pr o a c h

P u bli c ati o n II:
A Cl o u d- b a s e d D e e p
 L e ar ni n g  A p pr o a c h  

P u bli c ati o n I:
A H y bri d D e e p L e ar ni n g

 a n d Vi s u ali z ati o n A p pr o a c h

P u bli c ati o n I V:
 I nt elli g e nt, O nli n e, a n d
L o w- C o st G P S- b a s e d

 D at a S y st e m

A ut o m ati c p u s hi n g
d et e cti o n wit hi n

r e c or d e d vi d e o s at t h e
p at c h l e v el

R e al-ti m e a ut o m ati c
d et e cti o n of p u s hi n g at
t h e p at c h l e v el wit hi n
li v e c a m er a str e a m s

A ut o m ati c p u s hi n g
d et e cti o n wit hi n

r e c or d e d vi d e o s at t h e
mi cr o s c o pi c l e v el

R e al-ti m e
 vi s u ali z ati o n of cr o w d
d y n a mi c s d uri n g o p e n
a n d l ar g e- s c al e e v e nt

Fir st  
P art

S e c o n d  
P art

Fi g ur e 2: A n o utli n e of t h e t h esis str u ct ur e.
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C h a p t e r 2

S u m m a r y of P u bli c a ti o n s

I n t h e c o nt e xt of t his t h esis, w hi c h f o c us es o n AI a n d Vi d e o A n al yti cs, f o ur arti cl es
h a v e b e e n p u blis h e d. T his c h a pt er o ff ers a s u m m ar y of t h e m et h o d ol o gi es, o bj e c-
ti v es, a n d r es ults d eli n e at e d i n e a c h p u bli c ati o n. T h e f ull t e xts of t h e p u bli c ati o ns
c a n b e f o u n d i n s u bs e q u e nt c h a pt ers at t h e e n d of t his t h esis.

2. 1 P u bli c a ti o n I:

A H y b ri d D e e p L e a r ni n g a n d Vi s u ali z a ti o n Fr a m e w o r k f o r P u s h-

i n g B e h a vi o r D e t e c ti o n i n P e d e s t ri a n D y n a mi c s

Wit hi n cr o w d e d e v e nt e ntr a n c es, p us hi n g b e h a vi or c a n e asil y aris e, p ot e nti all y
p osi n g a t hr e at n ot o nl y t o p e o pl e’s c o mf ort b ut als o t o t h eir s af et y, es p e ci all y
w h e n m a n y p e o pl e st art p us hi n g e a c h ot h er t o r e a c h t h eir g o als f ast er [ 1 1, 1 5,
1 0, 5 6, 9]. B y i d e ntif yi n g i nst a n c es of p us hi n g i n cr o w d vi d e os, a d e e p er u n d er-
st a n di n g of w h e n, w h er e, a n d w h y s u c h b e h a vi or o c c urs c a n b e a c hi e v e d [ 1 3].
T his k n o wl e d g e is ess e nti al t o cr e ati n g e ff e cti v e cr o w d m a n a g e m e nt str at e gi es a n d
b ett er d esi g ni n g p u bli c s p a c es, t h us e n h a n ci n g cr o w d s af et y. H o w e v er, m a n u all y
i d e ntif yi n g p us hi n g i n cr o w d vi d e os is c h all e n gi n g b e c a us e it is ti m e- c o ns u mi n g, t e-
di o us, pr o n e t o err ors, a n d n e e ds tr ai n e d e x p erts [ 1 3]. T h er ef or e, t his p u bli c ati o n
pr o p os e d a h y bri d d e e p l e ar ni n g a n d vis u ali z ati o n fr a m e w or k t h at ai ms t o assist
r es e ar c h ers i n a ut o m ati c all y i d e ntif yi n g p us hi n g b e h a vi or i n vi d e o r e c or di n gs of
cr o w ds.

T h e pr o p os e d fr a m e w or k c o m pris es t w o m ai n c o m p o n e nts: M oti o n I nf or m ati o n
E xtr a cti o n a n d P us hi n g P at c h A n n ot ati o n. T h e first c o m p o n e nt c o m bi n es t h e
c ol or w h e el m et h o d [ 5 4, 5 5] a n d o n e of t h e m ost e ffi ci e nt d e e p o pti c al fl o w m o d els
f or cr o w ds. S u c h a c o m bi n ati o n is r es p o nsi bl e f or esti m ati n g a n d vis u ali zi n g t h e
cr o w d m oti o n fr o m t h e i n p ut vi d e o. T h e d e e p o pti c al fl o w esti m at or r eli es o n
t h e pr e-tr ai n e d C P U- b as e d R A F T m o d el [ 3 9] t o c al c ul at e t h e o pti c al fl o w v e ct ors
f or all pi x els b et w e e n t w o fr a m es. T h e n, t h e c ol or w h e el m et h o d is us e d t o i nf er
a n d vis u ali z e t h e m oti o n i nf or m ati o n fr o m t h e esti m at e d o pti c al fl o w v e ct ors.
S p e ci fi c all y, t h e c ol or w h e el firstl y c al c ul at es e a c h v e ct or’s m a g nit u d e a n d dir e cti o n
at e a c h pi x el. Aft er t h at, it vis u ali z es t h e c al c ul at e d i nf or m ati o n t o g e n er at e
m oti o n i nf or m ati o n m a ps. I n t h es e m a ps, c ol or i n di c at es t h e dir e cti o n of pi x el
m o v e m e nt, w hil e t h e c ol or’s i nt e nsit y d e n ot es t h e m a g nit u d e or s p e e d of t h at
m o v e m e nt. F urt h er m or e, e a c h m a p’s pi x el p ositi o n mirr ors m o v e m e nt l o c ati o ns
wit hi n t h e cr o w ds, a n d e a c h m a p r e pr es e nts a s p e ci fi c ti m e s e g m e nt fr o m t h e
i n p ut vi d e o. N e xt, e a c h m a p is di vi d e d i nt o s e v er al p at c h es t o h el p t h e fr a m e w or k
i d e ntif y t h e r e gi o ns t h at c o nt ai n at l e ast o n e p ers o n t o e n g a g e i n p us hi n g ( at t h e
p at c h l e v el).

T h e s e c o n d c o m p o n e nt, P us hi n g P at c h A n n ot ati o n, is r es p o nsi bl e f or l o c ali zi n g

1 1



2. 2. P U B LI C A TI O N II: A C L O U D- B A S E D D E E P L E A R NI N G F R A M E W O R K

t h e p at c h es t h at c o nt ai n p us hi n g p ers o ns, a n n ot ati n g t h e p at c h es, a n d g e n er ati n g
t h e a n n ot at e d vi d e os. T his c o m p o n e nt m o di fi es a n d tr ai ns E ffi ci e nt N et V 1 B 0-
b as e d C N N [ 3 6] t o b uil d a r o b ust cl assi fi er. T his cl assi fi er i d e nti fi es r el e v a nt f e a-
t ur es fr o m t h e p at c h es a n d c at e g ori z es t h e m i nt o p us hi n g a n d n o n- p us hi n g l a b els.
B esi d es t h e cl assi fi er, a f als e r e d u cti o n al g orit h m w as d esi g n e d i n t h e P us hi n g
P at c h A n n ot ati o n c o m p o n e nt t o e n h a n c e t h e cl assi fi er’s pr e di cti o ns. Fi n all y, t h e
c o m p o n e nt o ut p uts t h e a n n ot at e d vi d e o s h o wi n g t h e p at c h es c o nt ai ni n g at l e ast
o n e p ers o n e n g a g e d i n p us hi n g.

I n or d er t o tr ai n a n d e v al u at e t h e cl assi fi er a n d t h e fr a m e w or k, fi v e vi d e os of
r e al- w orl d e x p eri m e nts, al o n g wit h t h eir gr o u n d tr ut h d at a of p us hi n g, h a v e b e e n
us e d t o pr e p ar e t h e fi n al d at as et. T h e fi v e vi d e os w er e s el e ct e d fr o m t h e d at a
ar c hi v e h ost e d b y t h e F ors c h u n gs z e ntr u m J üli c h [ 5 7]. T h es e vi d e os ar e i d e nti fi e d
b y t h e e x p eri m e nt n u m b ers 1 1 0, 1 5 0, 1 7 0, 2 7 0, a n d 2 8 0. E a c h e x p eri m e nt’s s et u p
mi mi cs a str ai g ht e ntr a n c e wit h a si n gl e g at e. Firstl y, m a ps ar e e xtr a ct e d fr o m
t h e vi d e os. E a c h m a p is t h e n di vi d e d i nt o s e v er al e q u al p at c h es, a n d e a c h p at c h
di m e nsi o ns o n t h e gr o u n d r a n g e d b et w e e n 1. 2 a n d 1. 7 m et ers. Aft er t h at, b as e d
o n t h e gr o u n d tr ut h d at a, t h e p at c h es t h at c o nt ai n at l e ast o n e p ers o n e n g a g e d
i n p us hi n g ar e cl assi fi e d as p us hi n g; ot h er wis e, t h e y ar e l a b el e d as n o n- p us hi n g.
T h e fi n al d at as et i n cl u d es 2 3 6 4 p us hi n g p at c h es a n d 1 7 2 2 n o n- p us hi n g p at c h es of
m a ps.

Fi n all y, e x p eri m e nt al r es ults s h o w t h at t h e pr o p os e d fr a m e w or k a c hi e v e d 8 8 %
a c c ur a c y.

2. 2 P u bli c a ti o n I I:

A Cl o u d- b a s e d D e e p L e a r ni n g Fr a m e w o r k f o r E a rl y D e t e c ti o n of

P u s hi n g a t C r o w d e d E v e n t E n t r a n c e s

W hil e t h e e arli er fr a m e w or k w as d esi g n e d t o i d e ntif y p us hi n g p at c h es i n vi d e o
r e c or di n gs of h u m a n cr o w ds, p u bli c ati o n II i ntr o d u c e d a n e w cl o u d- b as e d D L
fr a m e w or k f or e arl y i d e ntif yi n g p us hi n g p at c h es wit hi n s u c h cr o w ds. A ut o m ati c
a n d ti m el y i d e nti fi c ati o n of s u c h b e h a vi or w o ul d h el p or g a ni z ers a n d s e c urit y f or c es
i nt er v e n e at a n e arl y st a g e b ef or e sit u ati o ns b e c o m e d a n g er o us. F urt h er m or e, s u c h
ti m el y i d e nti fi c ati o n c a n ai d i n ass essi n g t h e e ffi ci e n c y of i m pl e m e nt e d pl a ns a n d
str at e gi es, all o wi n g f or e arl y d et e cti o n of v ul n er a biliti es a n d p ot e nti al i m pr o v e-
m e nt p oi nts.

T h e ar c hit e ct ur e of t h e cl o u d- b as e d D L fr a m e w or k c o m pris es t hr e e m aj or c o m-
p o n e nts: Pr e pr o c essi n g, M oti o n D es cri pt or, a n d P us hi n g D et e cti o n a n d A n n ot a-
ti o n. T h e first c o m p o n e nt ai ms t o c a pt ur e a li v e c a m er a str e a m of cr o w ds, pr o c ess
it, a n d t h e n dis pl a y it o n a w e b cli e nt i n r e al-ti m e. At t h e s a m e ti m e, it c oll e cts
o nl y t h e d at a r e q uir e d f or d et e cti o n p ur p os es fr o m t h e li v e str e a m. Si m ult a-
n e o usl y, t h e s e c o n d c o m p o n e nt, M oti o n D es cri pt or, ai ms t o e xtr a ct t h e cr o w ds
m oti o n c h ar a ct eristi cs at t h e p at c h l e v el fr o m t h e c oll e ct e d d at a. M or e s p e ci fi-
c all y, t his c o m p o n e nt esti m at es t h e m oti o n dir e cti o n, m a g nit u d e, a n d ass o ci at e d
s p ati o-t e m p or al i nf or m ati o n fr o m t h e cr o w ds a n d a c c or di n gl y vis u ali z es t h e m as
m oti o n m a ps. T his c o m p o n e nt i nt e gr at es a r o b ust d e e p o pti c al fl o w m o d el ( G P U-
b as e d pr e-tr ai n e d R A F T m o d el [ 3 9]) wit h t h e c ol or w h e el m et h o d t o a c c ur at el y
a n d r a pi dl y g e n er at e t h e m a p p at c h es e v er y t w o s e c o n ds fr o m t h e li v e str e a m.
Fi n all y, t h e P us hi n g D et e cti o n a n d A n n ot ati o n c o m p o n e nt utili z es t h e a d a pt e d
a n d tr ai n e d E ffi ci e nt N et V 2 B 0- b as e d C N N m o d el [ 3 7] t o a n al y z e t h e m a ps a n d
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d et e ct p us hi n g p at c h es a c c ur at el y. N ot a bl y, it dir e ctl y a n n ot at es t h e r e gi o ns t h at
c o nt ai n p us hi n g b e h a vi or o n t h e li v e str e a m o n t h e w e b cli e nt. Si m ult a n e o usl y,
t h e c o m p o n e nt st or es t h e a n n ot at e d d at a i n t h e cl o u d st or a g e, w h er e t h e st or e d
d at a is bl urr e d, e ns uri n g t h e pri v a c y of i n di vi d u als is m ai nt ai n e d. M or e o v er, t h e
fr a m e w or k us es li v e c a pt uri n g t e c h n ol o g y a n d a cl o u d e n vir o n m e nt t o pr o vi d e
m or e p o w erf ul c o m p ut ati o n al r es o ur c es, h el p c oll e ct vi d e o str e a ms of cr o w ds i n
r e al-ti m e, a n d pr o vi d e e arl y-st a g e r es ults.

A n e w d at as et h as b e e n cr e at e d t o tr ai n a n d e v al u at e t h e cl assi fi er a n d t h e
o v er all fr a m e w or k u n d er v ari o us s c e n ari os. T his d at as et w as g e n er at e d usi n g a
n e w vi d e o c all e d E ntr a n c e 2 [ 5 8], i n a d diti o n t o t h e pr e vi o usl y utili z e d vi d e os l a-
b el e d 1 1 0, 1 5 0, 2 7 0, a n d 2 8 0 [ 5 7]. N ot a bl y, E ntr a n c e 2 h as a s et u p wit h a 9 0 ◦

c or n er a n d t w o g at es. Li k e t h e pri or fr a m e w or k, t his d at as et c o nt ai ns m a p p at c h es
c at e g ori z e d as p us hi n g a n d n o n- p us hi n g. T h e fi n al d at as et c o m pris es 2, 2 5 7 p us h-
i n g m a p p at c h es a n d 1, 6 8 4 n o n- p us hi n g m a p p at c h es. A d diti o n all y, t o e v al u at e
t h e o v er all q u alit y of t h e pr o p os e d fr a m e w or k, m e as uri n g its c o m p ut ati o n al ti m e
is als o r e q uir e d. F or t his p ur p os e, t o si m ul at e a c q uiri n g t h e a ct u al i n p uts, w e
cr e at e d a li v e vi d e o str e a m of t h e cr o w d e d e v e nt e ntr a n c es usi n g vi d e o r e c or di n gs
of e ntr a n c es a n d a virt u al c a m er a o n a w e b cli e nt. I n t his c o nt e xt, w e c h a n g e d
t h e c a m er a’s i n p ut t o t h e vi d e o r e c or di n gs. T h e n, t h e cl o u d- b as e d fr a m e w or k w as
e x e c ut e d t o dis pl a y t h e li v e c a m er a str e a m o n t h e w e b cli e nt a n d dir e ctl y a n n ot at e
p us hi n g p at c h es o n t h e li v e str e a m. Si m ult a n e o usl y, t h e c o m p ut ati o n al ti m e h as
b e e n c al c ul at e d f or e a c h c o m p o n e nt i n t h e fr a m e w or k.

T h e e x p eri m e nt al fi n di n gs i n di c at e t h at t h e pr o p os e d fr a m e w or k d et e ct e d p us h-
i n g p at c h es fr o m t h e li v e c a m er a str e a m of cr o w d e d e v e nt e ntr a n c es wit h 8 7 %
a c c ur a c y r at e wit hi n a r e as o n a bl e ti m e d el a y.

2. 3 P u bli c a ti o n I I I:

A N o v el V o r o n oi- b a s e d C o n v ol u ti o n al N e u r al N e t w o r k Fr a m e-

w o r k f o r P u s hi n g P e r s o n D e t e c ti o n i n C r o w d Vi d e o s

W hil e t h e first t w o fr a m e w or ks f o c us e d o n i d e ntif yi n g p us hi n g b e h a vi or at t h e
p at c h l e v el, p u bli c ati o n III i ntr o d u c e d a n o v el fr a m e w or k f or d et e cti n g s u c h b e-
h a vi or wit hi n vi d e o r e c or di n gs of cr o w ds at t h e mi cr os c o pi c l e v el. A n al y zi n g t h e
d y n a mi cs of p us hi n g b e h a vi or at t h e mi cr os c o pi c l e v el c a n yi el d m or e pr e cis e i n-
si g hts i nt o cr o w d b e h a vi or a n d i nt er a cti o ns, s u c h as k n o wl e d g e i nt o tr a nsf erri n g
s u c h b e h a vi or t o n ei g h b ors. T his a c c ur at e u n d erst a n di n g h el ps cr e at e m or e e ff e c-
ti v e cr o w d m a n a g e m e nt str at e gi es a n d i m pr o v es t h e d esi g n of p u bli c s p a c es a n d
e v e nts, l e a di n g t o s af er a n d m or e c o mf ort a bl e cr o w ds. A d diti o n all y, it c a n b e
ass ert e d t h at p at c h-l e v el d et e cti o n is n ot f a cilit ati v e f or m o d eli n g p ur p os es. F or
a m o d el t o a c c ur at el y r e pli c at e p us hi n g b e h a vi or, it is i m p er ati v e t o c o m pr e h e n d
t h e p h e n o m e n a at t h e i n di vi d u al l e v el. T his a p pr o a c h all o ws f or t h e d e v el o p m e nt
of m or e r eli a bl e a n d a c c ur at e m o d els.

T h e n e w fr a m e w or k e m pl o ys a c o m bi n ati o n of D L al g orit h m a n d V or o n oi Di-
a gr a m t e c h ni q u e t o a d dr ess t h e c o m pl e x t as k of mi cr os c o pi c-l e v el d et e cti o n of
p us hi n g b e h a vi or i n cr o w d vi d e os. A d diti o n all y, it us es p e d estri a n tr aj e ct or y
d at a as a n a u xili ar y i n p ut s o ur c e. T h e fr a m e w or k c o m pris es t w o m ai n c o m p o-
n e nts: Fe at ur e E xtr a cti o n a n d L a b eli n g. T h e first c o m p o n e nt ai ms t o e xtr a ct
d e e p f e at ur es fr o m e a c h i n di vi d u al’s b e h a vi or, w hi c h t h e L a b eli n g c o m p o n e nt c a n
us e t o cl assif y p e d estri a ns as p us hi n g a n d n o n- p us hi n g. T h e Fe at ur e E xtr a cti o n
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c o m p o n e nt c o nsists of t w o m o d ul es: V or o n oi [ 5 9]- b as e d l o c al r e gi o n e xtr a cti o n
a n d E ffi ci e nt N et V 1 B 0- b as e d d e e p f e at ur e e xtr a cti o n. I n t h e first m o d ul e, a n e w
V or o n oi- b as e d m et h o d w as d e v el o p e d f or d et er mi ni n g t h e l o c al r e gi o ns ass o ci at e d
wit h e a c h p ers o n i n t h e i n p ut vi d e o o v er ti m e. S u bs e q u e ntl y, t h es e r e gi o ns ar e f e d
i nt o E ffi ci e nt N et V 1 B 0- b as e d C N N i n t h e s e c o n d m o d ul e t o e xtr a ct t h e d e e p f e a-
t ur es of e a c h p ers o n. E a c h l o c al r e gi o n e n c a ps ul at es t h e cr o w d d y n a mi cs ar o u n d a
si n gl e p ers o n, r e fl e cti n g p ot e nti al i nt er a cti o ns b et w e e n t h at p ers o n a n d his n ei g h-
b ors. T his r e gi o n pl a ys t h e pri m ar y r ol e i n g ui di n g t h e pr o p os e d fr a m e w or k t o
f o c us o n mi cr os c o pi c b e h a vi or. O n t h e ot h er h a n d, t h e s e c o n d c o m p o n e nt e m-
pl o ys a f ull y c o n n e ct e d l a y er wit h a Si g m oi d a cti v ati o n f u n cti o n t o a n al y z e t h e
e xtr a ct e d d e e p f e at ur es a n d a n n ot at e t h e i n di vi d u als i n v ol v e d i n p us hi n g wit hi n
t h e vi d e o.

T h e fr a m e w or k w as tr ai n e d a n d e v al u at e d o n a n e w d at as et cr e at e d f or t his
p ur p os e. T h e d at as et c o nsists of a tr ai ni n g s et, a v ali d ati o n s et f or t h e l e ar n-
i n g pr o c ess, a n d t w o t est s ets f or t h e e v al u ati o n pr o c ess. T h e s a m pl es of t h es e
s ets ar e eit h er p us hi n g or n o n- p us hi n g l o c al r e gi o ns. I n t his c o nt e xt, t h e p us hi n g
r e gi o n m e a ns its p e d estri a n c o ntri b ut es t o p us hi n g, w hil e t h e n o n- p us hi n g s a m-
pl e i n di c at es t h at its i n di vi d u al f oll o ws t h e s o ci al n or m or q u e ui n g. T h e d at as et
w as cr e at e d fr o m si x r e al- w orl d vi d e os s el e ct e d fr o m t h e d at a ar c hi v e h ost e d b y
F ors c h u n gs z e ntr u m J üli c h [ 5 7, 5 8]. T h e tr ai ni n g, v ali d ati o n, a n d t h e first t est s et
us e fi v e s p e ci fi c vi d e os of e x p eri m e nts ( n a m e d 1 1 0, 1 5 0, 2 7 0, 2 8 0, a n d E ntr a n c e 2)
f or g e n er ati n g t h eir s a m pl es. M or e o v er, t h e s e c o n d t est s et e m pl o ys a vi d e o of e x-
p eri m e nt n u m b er 5 0 [ 5 7] f or its s a m pl es. T h e fi n al d at as et c o nt ai ns 3, 3 8 4 p us hi n g
l o c al r e gi o ns a n d 8, 9 9 4 n o n- p us hi n g l o c al r e gi o ns.

T h e e x p eri m e nt al fi n di n gs d e m o nstr at e t h at t h e pr o p os e d fr a m e w or k a c hi e v e d
a n a c c ur a c y of 8 5 % o n t h e first t est s et a n d 8 2 % o n t h e s e c o n d t est s et.

2. 4 P u bli c a ti o n I V:

O n t h e E x pl oi t a ti o n of G P S- b a s e d D a t a f o r R e al- ti m e Vi s u ali z a-

ti o n of P e d e s t ri a n D y n a mi c s i n O p e n E n vi r o n m e n t s

I n a d diti o n t o t h e a b o v e st u di es, p u bli c ati o n I V i ntr o d u c e d a n i nt elli g e nt a n d
l o w- c ost G P S- b as e d s yst e m f or o nli n e a n d r e al-ti m e vis u ali z ati o n of p e d estri a n
d y n a mi cs at o p e n e n vir o n m e nts usi n g G P S d at a. T his s yst e m ai ms t o miti g at e
p us hi n g b e h a vi or a n d ass o ci at e d ris ks b y h el pi n g r e d u c e d e ns e ar e as t h at c a n
e asil y l e a d t o p us hi n g, es p e ci all y i n l ar g e a n d o p e n e v e nts. It pr o vi d es r e al-ti m e
vis u ali z e d m a ps t h at c a pt ur e o n g oi n g p e d estri a n m o v e m e nt, as w ell as h e at m a ps
t o tr a c k cr o w d e d ar e as. T h es e m a ps e m p o w er e v e nt or g a ni z ers a n d s e c urit y t e a ms
t o r e g ul at e cr o w d fl o w e ff e cti v el y, t h er e b y m ai nt ai ni n g l o w- d e nsit y c o n diti o ns.
F urt h er m or e, it e n a bl es att e n d e es t o fi n d l ess cr o w d e d ar e as, f urt h er all e vi ati n g
cr o w d d e nsit y.

P u bli c ati o n I V i ntr o d u c e d t h e s yst e m b as e d o n a c ust o m m o bil e a p pli c ati o n, a
b uilt-i n G P S s e ns or i n s m art p h o n es, a w e b- b as e d s yst e m, a n d vis u ali z ati o n t e c h-
ni q u es. N ot a bl y, t h e or g a ni z ers, s e c urit y t e a ms, a n d att e n d e es c a n c o n v e ni e ntl y
vi e w t h e m a ps o nli n e vi a a w e b br o ws er. T h e s yst e m c o m pris es fi v e m ai n c o m p o-
n e nts:

1. M o bil e- b a s e d D a t a A c q ui si ti o n. A c ust o m m o bil e a p pli c ati o n i nst all e d
o n cli e nt s m art p h o n es i d e nti fi es t h eir l o c ati o n usi n g b uilt-i n G P S s e ns ors
i n t h eir s m art p h o n es. T h e a p pli c ati o n t h e n tr a ns mits t his G P S d at a t o a
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d e di c at e d w e b s er v er i n r e al-ti m e, pri oriti zi n g us er pri v a c y b y o nl y c oll e cti n g
l o c ati o n d at a (l atit u d e a n d l o n git u d e) wit hi n t h e e v e nt ar e a.

2. P r e- P r o c e s si n g of G P S D a t a. T his c o m p o n e nt filt ers i n c o mi n g l o c ati o n
d at a b as e d o n t w o crit eri a: w h et h er t h e d at a f alls wit hi n t h e e v e nt’s g e o-
gr a p hi c al b o u n ds a n d its a c c ur a c y wit hi n a fi v e- m et er.

3. D a t a R e p o si t o r y C o m p o n e n t. T h e r e c ei v e d d at a is st or e d i n t w o s e p ar at e
d at a b as e t a bl es ( ar c hi v e a n d li v e). T h e ar c hi v e t a bl e s er v es as a c o m pr e h e n-
si v e r e p osit or y f or all l o c ati o n d at a, w hil e t h e li v e t a bl e m ai nt ai ns o nl y t h e
c urr e nt l o c ati o ns f or r e al-ti m e vis u ali z ati o n.

4. P o s t- P r o c e s si n g of G P S D a t a. T his c o m p o n e nt k e e ps t h e li v e t a bl e u p-
t o- d at e b y st ori n g o nl y t h e c urr e nt l o c ati o ns of a cti v e att e n d e es. It als o
pr e p ar es t h e d at a i n J S O N f or m at f or t h e fi n al c o m p o n e nt.

5. R e al- ti m e Vi s u ali z a ti o n. T his l ast c o m p o n e nt vis u ali z es t h e r e al-ti m e
l o c ati o n d at a o n a w e b br o ws er usi n g p oi nt m a ps a n d h e at m a ps. P oi nt
m a ps dis pl a y t h e i n di vi d u al c urr e nt l o c ati o ns of att e n d e es, w hil e h e at m a ps
c at e g ori z e r e gi o ns wit hi n t h e e v e nt b as e d o n cr o w d d e nsit y: hi g h, m e di u m,
a n d l o w.

T o ass ess t h e pr o p os e d s yst e m, a pr ot ot y p e w as d e v el o p e d a n d h ost e d o n a
w e b s er v er, al o n g wit h a m o bil e a p pli c ati o n d e v el o p e d f or A n dr oi d O S. T h e pr o-
t ot y p e w as t h e n t est e d usi n g b ot h r e al- w orl d a n d si m ul ati o n e x p eri m e nts. T h e
r e al- w orl d e x p eri m e nt w as c o n d u ct e d i n a n o p e n ar e a of 3 7, 0 0 0 s q u ar e m et ers, e m-
pl o yi n g m ulti pl e s m art p h o n es wit h t h e i nst all e d a p pli c ati o n t o c oll e ct a n d tr a ns mit
r e al-ti m e p e d estri a n l o c ati o n d at a t o a w e b s er v er. T h e m ai n o bj e cti v es of t his
e x p eri m e nt ar e t o: 1) E v al u at e t h e s yst e m’s a bilit y t o a ut o m ati c all y c oll e ct p e d es-
tri a ns’ p ositi o n d at a. 2) M e as ur e t h e a c c ur a c y of t h e c oll e ct e d G P S- b as e d d at a
i n o p e n ar e as. 3) C al c ul at e t h e c o m p ut ati o n al ti m e of e a c h c o m p o n e nt wit hi n t h e
pr ot ot y p e. O n t h e ot h er h a n d, a s eri es of si m ul ati o n e x p eri m e nts w er e c arri e d
o ut t o m e as ur e t h e s yst e m pr ot ot y p e’s c o m p ut ati o n al e ffi ci e n c y a cr oss a r a n g e of
p ositi o n c o u nts, fr o m 1 0 0 t o 5, 0 0 0.

T h e e x p eri m e nt al r es ults r e v e al e d t h at t h e pr ot ot y p e: 1) S u c c essf ull y c a pt ur e d
9 8 .8 % of t h e p e d estri a ns’ c urr e nt p ositi o ns at o n e-s e c o n d i nt er v als. 2) A c hi e v e d
r e al-ti m e d at a c oll e cti o n i n a n o p e n e n vir o n m e nt wit hi n f o ur m et ers of h ori z o nt al
a c c ur a c y, p air e d wit h r e al-ti m e vis u ali z ati o n c a p a biliti es.

R e m ar k a bl y, t h e s yst e m o ff ers r e al-ti m e vis u ali z ati o n of cr o w ds i n o p e n ar e as
wit h o ut r e q uiri n g s p e ci ali z e d e q ui p m e nt or s e ns ors, m a ki n g it c ost- e ff e cti v e a n d
hi g hl y s c al a bl e f or l ar g e v e n u es. T his m e a ns t h at t h e s yst e m is a n e ff e cti v e s ol uti o n
f or h el pi n g m a n a g e cr o w ds a n d mi ni mi z e p us hi n g b e h a vi or a n d its ris ks i n l ar g e
o p e n ar e as w h er e c a m er a c o v er a g e is c h all e n gi n g d u e t o si z e or o bst a cl es.
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Di s c u s si o n a n d O u tl o o k

Wit hi n t h e s c o p e of t his t h esis, a c utti n g- e d g e AI- b as e d fr a m e w or k h as b e e n d e v el-
o p e d t o a n al y z e vi d e o r e c or di n gs a n d li v e str e a ms of cr o w ds, e x pli citl y t ar g eti n g
t h e d et e cti o n of p us hi n g b e h a vi or. T h e pr o gr ess m a d e i n t his t h esis n ot o nl y hi g h-
li g ht e d c ert ai n li mit ati o ns of t h e c urr e nt w or k b ut als o i ntr o d u c e d o p e n t o pi cs a n d
s u g g esti o ns f or f urt h er r es e ar c h dir e cti o ns i n t h e f ut ur e. T his c h a pt er dis c uss es
s o m e of t h es e li mit ati o ns, t o pi cs, a n d s u g g est e d s ol uti o ns.

T h e c urr e nt d e e p l e ar ni n g m o d els us e d i n t h e first t hr e e p u bli c ati o ns h a v e
s h o w n e n c o ur a gi n g r es ults. H o w e v er, t h eir tr ai ni n g a n d e v al u ati o n r eli e d o n li m-
it e d d at as ets c oll e ct e d fr o m a m a xi m u m of s e v e n r e al- w orl d vi d e o e x p eri m e nts
c a pt ur e d b y st ati c a n d t o p- vi e w c a m er as, p ot e nti all y l e a di n g t o a n o v er fitti n g is-
s u e. T o e n h a n c e t h e m o d els’ g e n er alit y, e m pl o yi n g tr a nsf er l e ar ni n g t e c h ni q u es
a n d e x p a n di n g t h e d at as ets wit h a d diti o n al s c e n ari os c o ul d b e us ef ul.

I n p u bli c ati o n III, t h e pr o p os e d V or o n oi- b as e d C N N a p pr o a c h c urr e ntl y r eli es
o n p e d estri a n tr aj e ct or y d at a t o i d e ntif y i n di vi d u als i n v ol v e d i n p us hi n g b e h a vi or
wit hi n t h e i n p ut vi d e o. H o w e v er, s u c h d at a is oft e n u n a v ail a bl e i n r e al-lif e s c e-
n ari os. T o a d dr ess t his li mit ati o n, w e pl a n t o i nt e gr at e Y O L O v 8 i nt o t h e e xisti n g
a p pr o a c h. T his i nt e gr ati o n r e q uir es a n a n n ot at e d d at as et f or p e d estri a n h e a ds i n
d e ns e cr o w ds t o tr ai n t h e Y O L O v 8 m o d el. S u c h a m o d el ai ms t o h el p e xtr a ct
e a c h i n di vi d u al’s l o c al r e gi o n wit hi n t h e vi d e o, eli mi n ati n g t h e n e e d f or tr aj e ct or y
d at a.

At t h e s a m e li n e, t h e a p pr o a c h pr es e nt e d i n p u bli c ati o n III c urr e ntl y pr o c ess es
o n e fr a m e p er s e c o n d t o i d e ntif y p us hi n g b e h a vi or at t h e mi cr os c o pi c l e v el. Utili z-
i n g a s e q u e n c e of fr a m es h as t h e p ot e nti al t o c a pt ur e m or e c o m pr e h e nsi v e f e at ur e
s ets r el e v a nt t o p us hi n g b e h a vi or c o m p ar e d t o a si n gl e-fr a m e a p pr o a c h. T o a c hi e v e
t his, w e pl a n t o i nt e gr at e Y O L O v 8, C N N, a n d L o n g S h ort- Ter m M e m or y ( L S T M)
m o d els i nt o a u ni fi e d a p pr o a c h. T his e n h a n c e d a p pr o a c h ai ms t o e xtr a ct r el e v a nt
f e at ur es fr o m a s e q u e n c e of fr a m es i n t h e i n p ut vi d e o, t h er e b y i m pr o vi n g t h e d et e c-
ti o n of p us hi n g b e h a vi or at t h e mi cr os c o pi c l e v el. I n s u c h a s u g g est e d a p pr o a c h,
C N N a n d L S T M c a n b e tr ai n e d usi n g t h e c urr e nt l a b el e d p us hi n g d at a, w hil e
Y O L O v 8 r e q uir es a n a n n ot at e d d at as et f or p e d estri a n h e a ds i n d e ns e cr o w ds.

D e e p L e ar ni n g ( D L) al g orit h ms, p arti c ul arl y C N N m o d els, h a v e s u c c essf ull y
d et e ct e d p us hi n g b e h a vi or i n cr o w d vi d e os. H o w e v er, t his d et e cti o n c a p a bilit y
r eli es o n l a b el e d d at as ets r e q uir e d f or tr ai ni n g t h e m o d els. M a n u all y est a blis hi n g
gr o u n d tr ut hs fr o m r e al- w orl d vi d e o e x p eri m e nts f or p us hi n g d at as ets is c h all e n g-
i n g. As a s ol uti o n, w e r e c o m m e n d e q ui p pi n g e a c h e x p eri m e nt p arti ci p a nt wit h
s p e ci ali z e d s e ns ors t o g at h er d at a t h at c a n ai d i n g e n er ati n g t h e gr o u n d tr ut hs
a c c ur at el y.

T h e pr o p os e d G P S- b as e d d at a s yst e m i n p u bli c ati o n I V w as d esi g n e d t o w or k
e x cl usi v el y wit h A n dr oi d- b as e d s m art p h o n es. T o e xt e n d t h e s yst e m’s r e a c h t o a
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br o a d er a u di e n c e usi n g di v ers e m o bil e pl atf or ms, d e v el o pi n g a n i O S- b as e d m o bil e
a p pli c ati o n is r e q uir e d. A d diti o n all y, f urt h er e x p eri m e nts ar e ess e nti al t o e v al u at e
t h e s yst e m’s p erf or m a n c e. F urt h er m or e, t h e s yst e m h as li mit ati o ns i n i n d o or s et-
ti n gs d u e t o t h e i n h er e nt c o nstr ai nts of G P S t e c h n ol o g y. H o w e v er, b y i nt e gr ati n g
t his s yst e m wit h AI a n d vi d e o s ur v eill a n c e, w e p ot e nti all y a ut o m at e a n d e n h a n c e
t h e i d e nti fi c ati o n a n d vis u ali z ati o n of cr o w d l e v els i n o ut d o or a n d i n d o or ar e as,
al o n g wit h p us hi n g d et e cti o n i n t h os e ar e as.

I n g e n er al, ti m el y a n d a c c ur at el y d et e cti n g u n m ar k e d p e d estri a n h e a ds i n d e ns e
cr o w d vi d e os is cr u ci al f or pr a cti c al vis u al a n al ysis. T h er ef or e, d e v el o pi n g pr e-
tr ai n e d, a d a pt a bl e m o d els f or r e al-lif e s c e n ari os i n v ol vi n g d e ns e cr o w ds is ess e nti al.

R e al- w orl d e x p eri m e nts of cr o w ds ar e oft e n c o n d u ct e d t o st u d y a n d u n d erst a n d
cr o w d b e h a vi ors, w h er e it is p ossi bl e t o e xtr a ct v al u a bl e i nf or m ati o n fr o m cr o w ds
u n d er s p e ci fi c e x p eri m e nt al c o n diti o ns. H o w e v er, t h es e st u di es h a v e li mit ati o ns:
1) T h e r es ults a c hi e v e d u n d er e x p eri m e nt al c o n diti o ns mi g ht di ff er fr o m r e al-lif e
s c e n ari os. 2) S o m e r e al-lif e s c e n ari os ar e c h all e n gi n g t o c arr y o ut e x p eri m e nt all y.
3) R e al- w orl d e x p eri m e nts c a n b e c ostl y. Gi v e n t h es e c o nstr ai nts a n d t h e a v ail-
a bilit y of r e al-lif e cr o w d vi d e os, d e v el o pi n g a ut o m at e d m et h o ds t o gl e a n i nsi g hts
fr o m r e al-lif e cr o w ds t h at h el p u n d erst a n d t h eir d y n a mi cs w o ul d b e b e n e fi ci al.
A d diti o n all y, t h es e m et h o ds m ust pri oriti z e a n d a d dr ess pri v a c y c o nsi d er ati o ns.
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A H y b ri d D e e p L e a r ni n g a n d Vi s u ali z a ti o n Fr a m e w o r k
f o r P u s hi n g B e h a vi o r D e t e c ti o n i n P e d e s t ri a n D y n a mi c s

A h m e d Ali a 1 ,2 ,3 , M o h a m m e d M ar e e4 ∗ , M o h ci n e C hr ai bi1 ∗

1 I n stit ut e f or A d v a n c e d Si m ul ati o n, F or s c h u n g s z e nt r u m J üli c h, 5 2 4 2 5 J üli c h, G e r m a n y.

2 C o m p ut er Si m ul ati o n f or Fir e Pr ot e cti o n a n d P e d e stri a n Tr a ffi c, U ni v e r sit y of W u p p e rt al, 4 2 2 8 5

W u p p ert al, G er m a n y.

3 D e p art m e nt of M a n a g e m e nt I nf or m ati o n S y st e m s, F a c ult y of E n gi n e e ri n g a n d I nf o r m ati o n

Te c h n ol o g y, A n- N aj a h N ati o n al U ni v e r sit y, N a bl u s, P al e sti n e.

4 D e p art m e nt of I nf or m ati o n Te c h n ol o g y, F a c ult y of E n gi n e e ri n g a n d I nf o r m ati o n Te c h n ol o g y, A r a b

A m eri c a n U ni v er sit y, J e ni n, P al e sti n e.

C orr es p o n di n g a ut h ors: m o h a m m e d. m ar e e @ a a u p. e d u, m. c hr ai bi @f z-j u eli c h. d e

A b s t r a c t Cr o w d e d e v e nt e ntr a n c es c o ul d t hr e at e n t h e c o mf ort a n d s af et y of
p e d estri a ns, es p e ci all y w h e n s o m e p e d estri a ns p us h ot h ers or us e g a ps i n cr o w ds
t o g ai n f ast er a c c ess t o a n e v e nt. St u d yi n g a n d u n d erst a n di n g p us hi n g d y-
n a mi cs l e a ds t o d esi g ni n g a n d b uil di n g m or e c o mf ort a bl e a n d s af e e ntr a n c es.
R es e ar c h ers —t o u n d erst a n d p us hi n g d y n a mi cs — o bs er v e a n d a n al y z e r e c or d e d
vi d e os t o m a n u all y i d e ntif y w h e n a n d w h er e p us hi n g b e h a vi or o c c urs. D es pit e
t h e a c c ur a c y of t h e m a n u al m et h o d, it c a n still b e ti m e- c o ns u mi n g, t e di o us, a n d
h ar d t o i d e ntif y p us hi n g b e h a vi or i n s o m e s c e n ari os. I n t his arti cl e, w e pr o p os e a
h y bri d d e e p l e ar ni n g a n d vis u ali z ati o n fr a m e w or k t h at ai ms t o assist r es e ar c h ers
i n a ut o m ati c all y i d e ntif yi n g p us hi n g b e h a vi or i n vi d e os. T h e pr o p os e d fr a m e w or k
c o m pris es t w o m ai n c o m p o n e nts: (i) d e e p o pti c al fl o w a n d w h e el vis u ali z ati o n;
t o g e n er at e m oti o n i nf or m ati o n m a ps. (ii) A c o m bi n ati o n of a n E ffi ci e nt N et- B 0-
b as e d cl assi fi er a n d a f als e r e d u cti o n al g orit h m f or d et e cti n g p us hi n g b e h a vi or at
t h e vi d e o p at c h l e v el. I n a d diti o n t o t h e fr a m e w or k, w e pr es e nt a n e w p at c h-
b as e d a p pr o a c h t o e nl ar g e t h e d at a a n d all e vi at e t h e cl ass i m b al a n c e pr o bl e m
i n s m all-s c al e p us hi n g b e h a vi or d at as ets. E x p eri m e nt al r es ults ( usi n g r e al- w orl d
gr o u n d tr ut h of p us hi n g b e h a vi or vi d e os) d e m o nstr at e t h at t h e pr o p os e d fr a m e-
w or k a c hi e v es a n 8 6 % a c c ur a c y r at e. M or e o v er, t h e E ffi ci e nt N et- B 0- b as e d cl assi-
fi er o ut p erf or ms b as eli n e C N N- b as e d cl assi fi ers i n t er ms of a c c ur a c y.

K e y w o r d s: D e e p L e ar ni n g; C o n v ol uti o n al N e ur al N et w or k, E ffi ci e nt N et- B 0- b as e d
Cl assi fi er, I m a g e Cl assi fi c ati o n, Cr o w d B e h a vi or A n al ysis, P us hi n g B e h a vi or D e-
t e cti o n, M oti o n I nf or m ati o n M a ps, D e e p O pti c al Fl o w

1 I n t r o d u c ti o n

I n e ntr a n c es of l ar g e-s c al e e v e nts, p e d estri a ns eit h er f oll o w t h e s o ci al n or m of q u e u-
i n g or f or c e s o m e p us hi n g b e h a vi or t o g ai n f ast er a c c ess t o t h e e v e nts [ 1]. P us hi n g
b e h a vi or i n t his c o nt e xt is a n u nf air str at e g y t h at s o m e p e d estri a ns us e t o m o v e
q ui c kl y a n d e nt er a n e v e nt f ast er. T his b e h a vi or i n v ol v es p us hi n g ot h ers a n d m o v-
i n g f or w ar d q ui c kl y b y usi n g o n e’s ar ms, s h o ul d ers, el b o ws, or u p p er b o d y, as w ell
as usi n g g a ps a m o n g cr o w ds t o o v ert a k e a n d g ai n f ast er a c c ess [ 2, 3]. P us hi n g
b e h a vi or, as o p p os e d t o q u e ui n g b e h a vi or, c a n i n cr e as e t h e d e nsit y of cr o w ds [ 4].
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C o ns e q u e ntl y, s u c h b e h a vi or m a y l e a d t o t hr e at e ni n g t h e c o mf ort a n d s af et y of
p e d estri a ns, r es ulti n g i n d a n g er o us sit u ati o ns [ 5]. T h us, u n d erst a n di n g p us hi n g
b e h a vi or, w h at c a us es it, a n d t h e c o ns e q u e n c es ar e cr u ci al, es p e ci all y w h e n d e-
si g ni n g a n d c o nstr u cti n g c o mf ort a bl e a n d s af e e ntr a n c es [ 6, 1]. C o n v e nti o n all y,
r es e ar c h ers h a v e att e m pt e d t o st u d y p us hi n g b e h a vi or m a n u all y b y o bs er vi n g a n d
i d e ntif yi n g p us hi n g c as es a m o n g vi d e o r e c or di n gs of cr o w d e d e v e nts. F or i nst a n c e,
L ü g eri n g et al. [ 3] pr o p os e d a r ati n g s yst e m o n f or w ar d m oti o ns i n cr o w ds t o u n-
d erst a n d w h e n, w h er e, a n d w h y p us hi n g b e h a vi or a p p e ars. T h e s yst e m r eli es
o n t w o tr ai n e d o bs er v ers t o cl assif y t h e b e h a vi ors of p e d estri a ns o v er ti m e i n a
vi d e o (t h e b e h a vi or is cl assi fi e d i nt o eit h er p us hi n g or n o n- p us hi n g c at e g ori es).
I n t his c o nt e xt, e a c h c at e g or y i n cl u d es t w o gr a d ati o ns: mil d a n d str o n g f or p us h-
i n g, a n d f alli n g b e hi n d a n d j ust w al ki n g f or n o n- p us hi n g. F or m or e d et ails o n
t his s yst e m, w e r ef er t h e r e a d er t o [ 3]. T o c arr y o ut t h eir t as ks, t h e o bs er v ers
a n al y z e d t o p- vi e w vi d e o r e c or di n gs usi n g p e d estri a n tr aj e ct or y d at a a n d P e Tr a c k
s oft w ar e [ 7]. H o w e v er, t his m a n u al r ati n g pr o c e d ur e is ti m e- c o ns u mi n g, t e di o us,
a n d r e q uir es a l ot of e ff ort b y o bs er v ers, m a ki n g it h ar d t o i d e ntif y p us hi n g b e-
h a vi or, s p e ci fi c all y w h e n t h e n u m b er of vi d e os a n d p e d estri a ns i n e a c h vi d e o i n-
cr e as e [ 3]. C o ns e q u e ntl y, t h er e is a pr essi n g d e m a n d t o d e v el o p a n a ut o m ati c
a n d r eli a bl e fr a m e w or k t o i d e ntif y w h e n a n d w h er e p us hi n g b e h a vi or a p p e ars i n
vi d e os. T his arti cl e’s m ai n m oti v ati o n is t o h el p s o ci al ps y c h ol o gists a n d e v e nt
m a n a g ers i d e ntif y p us hi n g b e h a vi or i n vi d e os. H o w e v er, a ut o m ati c p us hi n g b e-
h a vi or d et e cti o n is hi g hl y c h all e n gi n g d u e t o s e v er al f a ct ors, i n cl u di n g di v ersit y
i n p us hi n g b e h a vi or, t h e hi g h si mil arit y a n d o v erl a p b et w e e n p us hi n g a n d n o n-
p us hi n g b e h a vi ors, a n d t h e hi g h d e nsit y of cr o w ds at e v e nt e ntr a n c es.

A c c or di n g t o a c o m p ut er visi o n p ers p e cti v e, a ut o m ati c p us hi n g b e h a vi or d e-
t e cti o n b el o n gs t o t h e vi d e o- b as e d a b n or m al h u m a n b e h a vi or d et e cti o n fi el d [ 8].
S e v er al h u m a n b e h a vi ors h a v e b e e n a d dr ess e d, i n cl u di n g w al ki n g i n t h e wr o n g di-
r e cti o n [ 9], r u n ni n g a w a y [ 1 0], s u d d e n p e o pl e gr o u pi n g or dis p ersi n g [ 1 1], h u m a n
f alls [ 1 2], s us pi ci o us b e h a vi or, vi ol e nt a cts [ 1 3], a b n or m al cr o w ds [ 1 4], hitti n g,
p us hi n g, a n d ki c ki n g [ 1 5]. It is w ort h hi g hli g hti n g t h at p us hi n g as d e fi n e d i n [ 1 5]
is di ff er e nt fr o m t h e “ p us hi n g b e h a vi or ” t er m i n t his arti cl e. I n [ 1 5], p us hi n g is a
str at e g y us e d f or fi g hti n g, a n d t h e s c e n e c o nt ai ns o nl y u p t o f o ur p ers o ns. T o t h e
b est of o ur k n o wl e d g e, n o pr e vi o us st u di es h a v e a ut o m ati c all y i d e nti fi e d p us hi n g
b e h a vi or f or f ast er a c c ess fr o m vi d e os.

Wit h t h e r a pi d d e v el o p m e nt i n d e e p l e ar ni n g, C N N h as a c hi e v e d r e m ar k a bl e
p erf or m a n c e i n a ni m al [ 1 6, 1 7] a n d h u m a n [ 1 3, 1 8] b e h a vi or d et e cti o n. T h e m ai n
a d v a nt a g e of C N N is t h at it dir e ctl y l e ar ns t h e us ef ul f e at ur es a n d cl assi fi c a-
ti o n fr o m d at a wit h o ut a n y h u m a n e ff ort [ 1 9]. H o w e v er, C N N r e q uir es a l ar g e
tr ai ni n g d at as et t o b uil d a n a c c ur at e cl assi fi er [ 2 0, 2 1]. U nf ort u n at el y, t his r e-
q uir e m e nt is u n a v ail a bl e i n m ost h u m a n b e h a vi ors. T o all e vi at e t his li mit ati o n,
s e v er al st u di es h a v e us e d a c o m bi n ati o n of C N N a n d h a n d cr aft e d f e at ur e d es cri p-
t ors [ 2 2, 2 3]. T h e h y bri d- b as e d a p pr o a c h es us e d es cri pt ors t o e xtr a ct v al u a bl e
i nf or m ati o n. T h e n, C N N a ut o m ati c all y m o d els a b n or m al b e h a vi or fr o m t h e e x-
tr a ct e d i nf or m ati o n [ 2 4, 2 5]. Si n c e l a b el e d d at a f or p us hi n g b e h a vi or ar e s c ar c e,
t h e h y bri d- b as e d a p pr o a c h es c o ul d b e m or e s uit a bl e f or a ut o m ati c p us hi n g b e h a v-
i or d et e cti o n. U nf ort u n at el y, t h e e xisti n g a p pr o a c h es ar e i n e ffi ci e nt f or p us hi n g
b e h a vi or d et e cti o n [ 2 2]. T h eir m ai n li mit ati o ns ar e: ( 1) t h eir d es cri pt ors d o n ot
w or k w ell t o e xtr a ct a c c ur at e i nf or m ati o n fr o m d e ns e cr o w ds d u e t o o c cl usi o ns,
or t h e y c a n n ot e xtr a ct t h e n e e d e d i nf or m ati o n f or p us hi n g b e h a vi or r e pr es e nt a-
ti o n [ 2 2, 2 6]; ( 2) S o m e us e d C N N ar c hit e ct ur es ar e n ot e ffi ci e nt e n o u g h t o d e al wit h
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t h e hi g h si mil arit y b et w e e n p us hi n g a n d n o n- p us hi n g b e h a vi ors ( hi g h i nt er- cl ass
si mil arit y) a n d t h e i n cr e as e d di v ersit y i n p us hi n g b e h a vi or (i ntr a- cl ass v ari a n c e),
l e a di n g t o mis cl assi fi c ati o n [ 2 5, 2 6].

T o a d dr ess t h e a b o v e li mit ati o ns, w e pr o p os e a h y bri d d e e p l e ar ni n g a n d vis u al-
i z ati o n fr a m e w or k f or a ut o m ati c all y d et e cti n g p us hi n g b e h a vi or at t h e p at c h l e v el
i n vi d e os. T h e pr o p os e d fr a m e w or k e x pl oits vi d e o r e c or di n gs of cr o w d e d e ntr a n c es
c a pt ur e d b y a t o p- vi e w st ati c c a m er a, a n d c o m pris es t w o m ai n c o m p o n e nts: ( 1)
m oti o n i nf or m ati o n e xtr a cti o n ai ms t o g e n er at e m oti o n i nf or m ati o n m a ps ( MI Ms)
fr o m t h e i n p ut vi d e o. A MI M is a n i m a g e t h at c o nt ai ns us ef ul i nf or m ati o n f or
p us hi n g b e h a vi or r e pr es e nt ati o n. T his c o m p o n e nt di vi d es e a c h MI M i nt o s e v er al
MI M p at c h es, m a ki n g it e asi er t o s e e w h er e p e d estri a ns ar e p us hi n g. F or t his p ur-
p os e, r e c urr e nt all- p airs fi el d tr a nsf or ms ( R A F T) [ 2 7] ( o n e of t h e n e w est a n d m ost
pr o misi n g d e e p o pti c al fl o w m et h o ds) a n d t h e w h e el vis u ali z ati o n m et h o d [ 2 8, 2 9]
ar e c o m bi n e d; ( 2) T h e p us hi n g p at c h a n n ot ati o n a d a pts t h e E ffi ci e nt N et- B 0- b as e d
C N N ar c hit e ct ur e (t h e E ffi ci e nt N et- B 0- b as e d C N N [ 3 0] is a n e ff e cti v e a n d si m pl e
ar c hit e ct ur e i n t h e E ffi ci e nt N et f a mil y pr o p os e d b y G o o gl e i n 2 0 1 9, a c hi e vi n g t h e
hi g h est a c c ur a c y i n t h e I m a g e N et d at as et [ 3 1]) t o b uil d a r o b ust cl assi fi er, w hi c h
ai ms t o s el e ct t h e r el e v a nt f e at ur es fr o m t h e MI M p at c h es a n d l a b el t h e m i nt o
p us hi n g a n d n o n- p us hi n g c at e g ori es. We utili z e d a f als e r e d u cti o n al g orit h m t o
e n h a n c e t h e cl assi fi er’s pr e di cti o ns. Fi n all y, t h e c o m p o n e nt o ut p uts p us hi n g t h e
a n n ot at e d vi d e o s h o w e d w h e n a n d w h er e t h e p us hi n g b e h a vi ors a p p e ar e d.

We s u m m ari z e t h e m ai n c o ntri b uti o ns of t his arti cl e as f oll o ws:

1. T o t h e b est of o ur k n o wl e d g e, w e pr o p os e d t h e first fr a m e w or k d e di c at e d t o
a ut o m ati c all y d et e cti n g w h e n a n d w h er e p us hi n g o c c urs i n vi d e os.

2. A n i nt e gr at e d E ffi ci e nt N et- B 0- b as e d C N N, R A F T, a n d w h e el vis u ali z ati o n
wit hi n a u ni q u e fr a m e w or k f or p us hi n g b e h a vi or d et e cti o n.

3. A n e w p at c h- b as e d a p pr o a c h t o e nl ar g e t h e d at a a n d all e vi at e t h e cl ass i m-
b al a n c e pr o bl e m i n t h e us e d vi d e o r e c or di n g d at as ets.

4. T o t h e b est of o ur k n o wl e d g e, w e cr e at e d t h e first p u bli cl y a v ail a bl e d at as et
t o s er v e t his fi el d of r es e ar c h.

5. A f als e r e d u cti o n al g orit h m t o i m pr o v e t h e a c c ur a c y of t h e pr o p os e d fr a m e-
w or k.

T h e r est of t his p a p er is or g a ni z e d as f oll o ws: S e cti o n 2 r e vi e ws t h e r el at e d w or k
of vi d e o- b as e d a b n or m al h u m a n b e h a vi or d et e cti o n. I n S e cti o n 3, w e i ntr o d u c e
t h e pr o p os e d fr a m e w or k. A d et ail e d d es cri pti o n of d at as et pr e p ar ati o n is gi v e n
i n S e cti o n 4. S e cti o n 5 dis c uss es e x p eri m e nt al r es ults a n d c o m p aris o ns. Fi n all y,
t h e c o n cl usi o n a n d f ut ur e w or k ar e s u m m ari z e d i n S e cti o n 6.

2 R el a t e d W o r k

E xisti n g vi d e o- b as e d a b n or m al h u m a n b e h a vi or d et e cti o n m et h o ds c a n b e g e n er-
all y cl assi fi e d i nt o o bj e ct- b as e d a n d h olisti c- b as e d a p pr o a c h es [ 2 5, 2 6]. O bj e ct-
b as e d m et h o ds c o nsi d er t h e cr o w d as a n a g gr e g ati o n of s e v er al p e d estri a ns a n d
r el y o n d et e cti n g a n d tr a c ki n g e a c h p e d estri a n t o d e fi n e a b n or m al b e h a vi or [ 3 2].
D u e t o o c cl usi o ns, t h es e a p pr o a c h es f a c e di ffi c ulti es i n d e ns e cr o w ds [ 3 3, 3 4]. Al-
t er n ati v el y, h olisti c- b as e d a p pr o a c h es d e al wit h cr o w ds as si n gl e e ntiti es. T h us,
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t h e y a n al y z e t h e cr o w d its elf t o e xtr a ct us ef ul i nf or m ati o n a n d d et e ct a b n or m al
b e h a vi ors [ 2 5, 3 4, 2 4]. I n t his s e cti o n, w e bri e fl y r e vi e w s o m e h olisti c- b as e d a p-
pr o a c h es r el at e d t o t h e c o nt e xt of t his r es e ar c h. S p e ci fi c all y, t h e a p pr o a c h es ar e
b as e d o n C N N or a h y bri d of C N N a n d h a n d cr aft e d f e at ur e d es cri pt ors.

T a y et al. [ 3 5] pr es e nt e d a C N N- b as e d a p pr o a c h t o d et e ct a b n or m al a cti o ns
fr o m vi d e os. T h e a ut h ors tr ai n e d t h e C N N o n n or m al a n d a b n or m al b e h a vi ors t o
l e ar n t h e f e at ur es a n d cl assi fi c ati o n. As m e nti o n e d b ef or e, t his t y p e of a p pr o a c h
r e q uir es a l ar g e d at as et wit h n or m al a n d a b n or m al b e h a vi ors. T o a d dr ess t h e l a c k
of l ar g e d at as ets wit h n or m al a n d a b n or m al b e h a vi ors, s o m e r es e ar c h ers a p pli e d
a o n e- cl ass cl assi fi er usi n g d at as ets of n or m al b e h a vi ors. O bt ai ni n g or pr e p ar-
i n g a d at as et wit h o nl y n or m al b e h a vi ors is e asi er t h a n a d at as et wit h n or m al
a n d a b n or m al b e h a vi ors [ 3 6, 3 4]. T h e m ai n i d e a of t h e o n e- cl ass cl assi fi er is t o
l e ar n fr o m t h e n or m al b e h a vi ors o nl y; t o d e fi n e a cl ass b o u n d ar y b et w e e n t h e
n or m al a n d n ot d e fi n e d ( a b n or m al) cl ass es. S a b o kr o u et al. [ 3 6] utili z e d a n e w
pr e-tr ai n e d C N N t o e xtr a ct t h e m oti o n a n d a p p e ar a n c e i nf or m ati o n fr o m cr o w d e d
s c e n es. T h e n, t h e y us e d a o n e- cl ass G a ussi a n distri b uti o n t o b uil d t h e cl assi fi er
fr o m d at as ets wit h n or m al b e h a vi ors. I n t h e s a m e w a y, t h e a ut h ors of [ 3 4, 3 7] us e d
d at as ets of n or m al b e h a vi ors t o d e v el o p t h eir o n e- cl ass cl assi fi ers. X u et al. us e d
a c o n v ol uti o n al v ari ati o n al a ut o e n c o d er t o e xtr a ct f e at ur es i n [ 3 4]. T h e n, m ul-
ti pl e G a ussi a n m o d els w er e e m pl o y e d t o pr e di ct a b n or m al b e h a vi or. R ef. [ 3 7]
a d o pt e d a pr e-tr ai n e d C N N m o d el f or f e at ur e e xtr a cti o n a n d a o n e- cl ass s u p p ort
v e ct or m a c hi n es t o pr e di ct a b n or m al b e h a vi or. I n a n ot h er w or k, Il y as et al. [ 2 4]
us e d pr e-tr ai n e d C N N al o n g wit h a gr a di e nt s u m of t h e fr a m e di ff er e n c e t o e x-
tr a ct r el e v a nt f e at ur es. Aft er w ar d, t hr e e s u p p ort v e ct or m a c hi n es w er e tr ai n e d
o n n or m al b e h a vi or t o d et e ct a b n or m al b e h a vi or. I n g e n er al, t h e o n e- cl ass cl as-
si fi er is p o p ul ar w h e n t h e a b n or m al b e h a vi or or t ar g et b e h a vi or cl ass is r ar e or
n ot w ell- d e fi n e d [ 3 8]. I n c o ntr ast, t h e p us hi n g b e h a vi or is w ell- d e fi n e d a n d n ot
r ar e, es p e ci all y i n hi g h- d e nsit y a n d c o m p etiti v e s c e n ari os. M or e o v er, t his t y p e of
cl assi fi er c o nsi d ers t h e n e w n or m al b e h a vi or as a b n or m al.

I n or d er t o o v er c o m e t h e dr a w b a c k of C N N- b as e d a p pr o a c h es a n d o n e- cl ass
cl assi fi er a p pr o a c h es, s e v er al st u di es us e d a h y bri d- b as e d a p pr o a c h wit h a m ulti-
cl ass cl assi fi er. D u m a n et al. [ 2 2] e m pl o y e d t h e cl assi c al F ar n e b ä c k o pti c al fl o w
m et h o d [ 2 3] a n d C N N t o i d e ntif y a b n or m al b e h a vi or. T h e a ut h ors us e d F ar n e b ä c k
a n d C N N t o e xtr a ct t h e dir e cti o n a n d s p e e d i nf or m ati o n. T h e n, t h e y a p pli e d a
c o n v ol uti o n al l o n g s h ort-t er m m e m or y n et w or k f or b uil di n g t h e cl assi fi er. I n [ 3 9],
t h e a ut h ors us e d a hist o gr a m of gr a di e nt a n d C N N t o e xtr a ct t h e r el e v a nt f e a-
t ur es, w hil e a l e ast-s q u ar e s u p p ort v e ct or w as e m pl o y e d f or cl assi fi c ati o n. I n a
si mil ar li n e of t h e h y bri d a p pr o a c h es, Dir e k o gl u [ 2 5] c o m bi n e d t h e L u c as – K a n a d e
o pti c al fl o w m et h o d a n d C N N t o e xtr a ct t h e r el e v a nt f e at ur es a n d d et e ct “ es c a p e
a n d p a ni c b e h a vi ors ”. Al m a zr o e y et al. [ 2 6] e m pl o y e d m ai nl y a L u c as – K a n a d e
o pti c al fl o w, pr e-tr ai n e d C N N, a n d f e at ur e s el e cti o n ( n ei g h b or h o o d c o m p o n e nt
a n al ysis) m et h o ds t o s el e ct t h e r el e v a nt f e at ur es. T h e a ut h ors t h e n a p pli e d a s u p-
p ort v e ct or m a c hi n e t o g e n er at e a tr ai n e d cl assi fi er. Z h o u et al. [ 4 0] pr es e nt e d a
C N N m et h o d f or d et e cti n g a n d l o c ali zi n g a n o m al o us a cti viti es. T h e st u d y i nt e-
gr at e d o pti c al fl o w wit h a C N N f or f e at ur e e xtr a cti o n a n d it us e d a C N N f or t h e
cl assi fi c ati o n t as k.

I n s u m m ar y, h y bri d- b as e d a p pr o a c h es h a v e s h o w n b ett er a c c ur a c y t h a n C N N-
b as e d a p pr o a c h es o n s m all d at as ets [ 4 1]. U nf ort u n at el y, t h e r e vi e w e d h y bri d- b as e d
a p pr o a c h es ar e i n e ffi ci e nt f or d e ns e cr o w ds a n d p us hi n g b e h a vi or d et e cti o n d u e
t o ( 1) t h eir f e at ur e e xtr a cti o n p arts b ei n g i n e ffi ci e nt f or d e ns e cr o w ds; ( 2) T h e
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r e vi e w e d a p pr o a c h es c a n n ot e xtr a ct all of t h e r e q uir e d i nf or m ati o n f or p us hi n g
b e h a vi or r e pr es e nt ati o n; ( 3) T h eir cl assi fi ers ar e n ot e ffi ci e nt e n o u g h t o w ar d p us h-
i n g b e h a vi or d et e cti o n. H e n c e, t h e pr o p os e d fr a m e w or k c o m bi n es t h e p o w er of
s u p er vis e d E ffi ci e nt N et- B 0- b as e d C N N, R A F T, a n d w h e el vis u ali z ati o n m et h o ds
t o s ol v e t h e a b o v e li mit ati o ns. T h e R A F T m et h o d w or ks w ell f or esti m ati n g o pti-
c al fl o w v e ct ors fr o m d e ns e cr o w ds. M or e o v er, t h e i nt e gr ati o n of R A F T a n d w h e el
vis u ali z ati o n h el ps t o si m ult a n e o usl y e xtr a ct t h e n e e d e d i nf or m ati o n f or p us hi n g
b e h a vi or r e pr es e nt ati o n. Fi n all y, t h e a d a pt e d E ffi ci e nt N et- B 0- b as e d bi n ar y cl assi-
fi er d et e cts disti n ct f e at ur es fr o m t h e e xtr a ct e d i nf or m ati o n a n d i d e nti fi es p us hi n g
b e h a vi or at t h e p at c h l e v el.

3 T h e P r o p o s e d Fr a m e w o r k

T his s e cti o n d es cri b es t h e pr o p os e d fr a m e w or k f or a ut o m ati c p us hi n g b e h a vi or
d et e cti o n at t h e vi d e o p at c h l e v el. As s h o w n i n Fi g ur e 1, t h er e ar e t w o m ai n
c o m p o n e nts: m oti o n i nf or m ati o n e xtr a cti o n a n d p us hi n g p at c h es a n n ot ati o n. T h e
first c o m p o n e nt e xtr a cts m oti o n i nf or m ati o n fr o m i n p ut vi d e o r e c or di n gs, w hi c h
is f urt h er e x pl oit e d b y t h e p us hi n g p at c h a n n ot ati o n c o m p o n e nt t o d et e ct a n d
l o c ali z e p us hi n g b e h a vi or, pr o d u ci n g p us hi n g a n n ot at e d vi d e o. T h e f oll o wi n g
s u bs e cti o ns dis c uss b ot h c o m p o n e nts i n m or e d et ail.

3. 1 M o ti o n I nf o r m a ti o n E x t r a c ti o n

T his c o m p o n e nt e m pl o ys R A F T a n d w h e el vis u ali z ati o n t o esti m at e a n d vis u ali z e
t h e cr o w d m oti o n fr o m t h e i n p ut vi d e o at t h e p at c h l e v el. T h e c o m p o n e nt h as
t w o m o d ul es, a d e e p o pti c al fl o w esti m at or a n d a MI M p at c h g e n er at or.

T h e d e e p o pti c al fl o w esti m at or r eli es o n R A F T t o c al c ul at e t h e o pti c al fl o w
v e ct ors f or all pi x els b et w e e n t w o fr a m es. R A F T w as i ntr o d u c e d i n 2 0 2 0; it is a
pr o misi n g a p pr o a c h f or d e ns e cr o w ds b e c a us e it r e d u c es t h e e ff e ct of o c cl usi o ns
o n o pti c al fl o w esti m ati o n [ 2 7]. R A F T is b as e d o n a c o m p ositi o n of C N N a n d
r e c urr e nt n e ur al n et w or k ar c hit e ct ur es. M or e o v er, R A F T h as str o n g cr oss- d at as et
g e n er ali z ati o n a n d its pr e-tr ai n e d w ei g hts ar e p u bli cl y a v ail a bl e. F or a d diti o n al
i nf or m ati o n a b o ut R A F T, w e r ef er t h e r e a d er t o [ 2 7]. T his m o d ul e is b as e d o n t h e
R A F T ar c hit e ct ur e wit h its pr e-tr ai n e d w ei g hts al o n g wit h t hr e e i n p uts, w hi c h ar e
a vi d e o of cr o w d e d e v e nt e ntr a n c es, t h e r ot ati o n a n gl e of t h e i n p ut vi d e o, a n d t h e
r e gi o n of i nt er est ( R OI) c o or di n at es. T o a p pl y R A F T, firstl y, w e d et er mi n e t h e
b o u n di n g b o x of t h e e ntr a n c e ar e a ( R OI) i n t h e i n p ut vi d e o V . T his pr o c ess is
b as e d o n us er- d e fi n e d l eft –t o p a n d b ott o m –ri g ht c o or di n at es of t h e R OI i n t h e
pi x el u nit. T h e n, w e e xtr a ct t h e fr a m e s e q u e n c e F = { f t | t = 1 , 2 , 3 , . . . , T } wit h
R OI o nl y fr o m V , w h er e f t ∈ R w × h × 3 , w a n d h ar e t h e f t wi dt h a n d h ei g ht,
r es p e cti v el y, 3 is t h e n u m b er of c h a n n els, t is t h e or d er of t h e fr a m e f i n V , a n d T
is t h e t ot al n u m b er of fr a m es i n V . Aft er t h at, w e r ot at e t h e fr a m es ( b as e d o n t h e
us er- d e fi n e d a n gl e ) i n F t o m e et t h e b as eli n e dir e cti o n of t h e cr o w d fl o w t h at is
us e d i n t h e cl assi fi er, w hi c h is fr o m l eft t o ri g ht. T h e r ot ati o n pr o c ess is ess e nti al
t o i m pr o v e t h e cl assi fi er a c c ur a c y b e c a us e t h e cl assi fi er will b e b uilt b y tr ai ni n g t h e
a d a pt e d E ffi ci e nt N et- B 0 o n t h e cr o w d fl o w fr o m l eft t o ri g ht. N e xt, w e c o nstr u ct
fr o m F t h e s e q u e n c e of cli ps C = { c i | i = 1 , 2 , 3 , . . . } a n d c i is d e fi n e d as

c i = { f (i− 1) × (s − 1) + 1 , f(i− 1) × (s − 1) + 2 , . . . , f(i− 1) × (s − 1) + s } , ( 1)
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D e e p O pti c al Fl o w E sti m at or MI M- P at c h e s G e n er at or

 

2 8 x 2 8 x 8 0

F al s e R e d u cti o n a n d A n n ot ati o n

M oti o n I nf or m ati o n E xtr a cti o n

P u s hi n g P at c h e s A n n ot ati o n

  V, R OI, n, m, a n gl e  

R A F T

Fr a m e s e q u e n c e D e n s e di s pl a c e m e nt fi el d

W h e el
Vi s u ali z ati o n

P
at

c
h
es

F al s e
R e d u cti o n

Fr a m e A n n ot ati o n

A n n ot at e d

Fr a m e s
C o n v, 3 x 3

M B C o n v 1, 3 x 3

M B C o n v 6, 3 x 3

M B C o n v 6, 3 x 3

2 2 4 x 2 2 4 x 3

1 1 2 x 1 1 2 x 3 2

1 1 2 x 1 1 2 x 1 6

5 6 x 5 6 x 2 4

5 6 x 5 6 x 2 4

2 8 x 2 8 x 4 0

2 8 x 2 8 x 4 0

2 8 x 2 8 x 8 0

M B C o n v 6, 5 x 5

M B C o n v 6, 5 x 5

M B C o n v 6, 3 x 3

M B C o n v 6, 3 x 3

M B C o n v 6, 5 x 5

M B C o n v 6, 5 x 5

M B C o n v 6, 5 x 5

M B C o n v 6, 5 x 5

M B C o n v 6, 5 x 5

M B C o n v 6, 5 x 5

M B C o n v 6, 5 x 5

M B C o n v 6, 3 x 3

7 x 7 x 1 9 2

M B C o n v 6, 3 x 3

2 8 x 2 8 x 8 0

1 4 x 1 4 x 1 1 2

1 4 x 1 4 x 1 1 2

1 4 x 1 4 x 1 1 2

7 x 7 x 1 9 2

7 x 7 x 1 9 2

7 x 7 x 1 9 2

C o n v, 1 x 1

G A P 2 D

7 x 7 x 1 2 8 0

F C, Dr o p o ut

1 x 1 2 8 0

F C

1 x 6 4

1 x 1

0

7 x 7 x 3 2 0

1

Cl a s sifi c ati o n P art

A d a pt e d Effi ci c e nt N et- B 0- b a s e d Cl a s sifi er

I n p ut s

P u s hi n g a n n ot at e d vi d e oO ut p ut

Cli p s

O ut p ut

Fi g ur e 1: T h e ar c hit e ct ur e of t h e pr o p os e d a ut o m ati c d e e p l e ar ni n g fr a m e w or k. n a n d m ar e
t w o r o ws a n d t hr e e c ol u m ns, r es p e cti v el y, f or p at c hi n g. Cli p si z e s is 1 2 fr a m es. M I M : m oti o n
i nf or m ati o n m a p. P : p at c h s e q u e n c e. L : a m atri x of all p at c h es l a b els. L ′: a n u p d at e d L b y
f als e r e d u cti o n al g orit h m. V : t h e i n p ut vi d e o. R O I : r e gi o n of i nt er est ( e ntr a n c e ar e a). a n gl e :
t h e r ot ati o n a n gl e of t h e i n p ut vi d e o.

w h er e s is t h e cli p si z e. Fi n all y, R A F T is a p pli e d o n c i, t o c al c ul at e t h e d e ns e dis-
pl a c e m e nt fi el d d i b et w e e n f (i− 1) × (s − 1) + 1 a n d f (i− 1) × (s − 1) + s . T h e o ut p ut of R A F T
of e a c h pi x el l o c ati o n ⟨x, y ⟩ i n c i is a v e ct or, as s h o w n i n.

⟨u ⟨x, y ⟩ , v⟨x, y ⟩ ⟩ c i
= R A F T (⟨x, y ⟩ c i

), ( 2)

w h er e u a n d v ar e h ori z o nt al a n d v erti c al dis pl a c e m e nts of a pi x el at t h e ⟨x, y ⟩
l o c ati o n i n c i, r es p e cti v el y. T his m e a ns d i is a m atri x of t h e v e ct or v al u es f or t h e
e ntir e c i, as d es cri b e d i n

d i = ⟨u ⟨x, y ⟩ , v⟨x, y ⟩ ⟩ c i

(w, h )

(x, y ) =( 1 ,1)

( 3)

I n s u m m ar y, d i is t h e o ut p ut of t his m o d ul e a n d will a ct as t h e i n p ut of t h e
MI M p at c h g e n er at or m o d ul e.

T h e s e c o n d m o d ul e, t h e MI M p at c h g e n er at or, e m pl o ys t h e w h e el vis u ali z a-
ti o n t o i nf er t h e m oti o n i nf or m ati o n fr o m e a c h d i. Firstl y, t h e w h e el vis u ali z ati o n
c al c ul at es t h e m a g nit u d e a n d t h e dir e cti o n of e a c h m oti o n v e ct or at e a c h pi x el
⟨x, y ⟩ i n d i. E q u ati o ns ( 3) a n d ( 4) ar e us e d t o c al c ul at e t h e m oti o n dir e cti o n a n d
m a g nit u d e, r es p e cti v el y. T h e n, fr o m t h e c al c ul at e d i nf or m ati o n, t h e w h e el vis u al-
i z ati o n g e n er at es M I M i, w h er e M I M i ∈ R w × h × 3 . I n MI M, t h e c ol or r ef ers t o t h e
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m oti o n dir e cti o n a n d t h e i nt e nsit y of t h e c ol or r e pr es e nts t h e m oti o n m a g nit u d e
or s p e e d. Fi g ur e 2 s h o ws t h e c ol or w h e el s c h e m e ( b) a n d a n e x a m pl e of MI M
(M I M 3 7 ) ( c) t h at is g e n er at e d fr o m c 3 7 , w h os e first a n d l ast fr a m es ar e f 3 9 7 a n d
f 4 0 8 , r es p e cti v el y ( a). c 3 7 is t a k e n fr o m t h e e x p eri m e nt 2 7 0 [ 4 2].

θ (⟨x, y ⟩) c i
= π − 1 ar ct a n(

v ⟨x, y ⟩

u ⟨x, y ⟩
) ( 4)

m a g (⟨x, y ⟩) c i
= u 2

⟨x, y ⟩ + v 2
⟨x, y ⟩ ( 5)

b. C ol or w h e el s c h e m e.a. Fir st (f 3 9 7 ) a n d l a st (f4 0 8 ) fr a m e s f or cli p c3 7

c. MI M 3 7 d. MI M- p at c h e s  e. A n n ot at e d fr a m e (f 3 9 7 )

p 1, 3 7

p 4, 3 7 p 5, 3 7 p 6, 3 7

p 2, 3 7 p 2, 3 7

Fi g ur e 2: A n ill ustr ati o n of t w o fr a m es ( e x p eri m e nt 2 7 0 [ 4 2]), c ol or w h e el s c h e m e [ 2 9], MI M, MI M
p at c h es, a n d a n n ot at e d fr a m e. I n s u b- fi g ur e ( e), r e d b o x es r ef er t o p us hi n g p at c h es, w hil e gr e e n
b o x es r e pr es e nt n o n- p us hi n g p at c h es.

T o d et e ct p us hi n g b e h a vi or at t h e p at c h l e v el, t h e MI M p at c h g e n er at or di vi d es
e a c h M I M i i nt o s e v er al p at c h es. A us er- d e fi n e d r o w (n ) a n d c ol u m n ( m ) ar e us e d
t o s plit M I M i i nt o p at c h es { p k,i ∈ R (w / m ) × (h / n ) × 3 | k = 1 , 2 , · · · , n× m } , w h er e k
is t h e or d er of t h e p at c h i n M I M i. Aft er w ar d, e a c h p k,i is r esi z e d t o a di m e nsi o n of
2 2 4 × 2 2 4 × 3, w hi c h is t h e i n p ut si z e of t h e s e c o n d c o m p o n e nt of t h e fr a m e w or k.
F or e x a m pl e, M I M 3 7 i n Fi g ur e 2 c r e pr es e nts a n e ntr a n c e wit h di m e nsi o ns 5 ×
3. 4 m o n t h e gr o u n d, a n d it is di vi d e d i nt o 2 × 3 p at c h es { p k, 3 7 | k ≤ 6 } as gi v e n
i n Fi g ur e 2 d. T h es e p at c h es ar e e q u al i n pi x els, w h er e as t h e ar e a t h at is c o v er e d
b y t h e m is n ot n e c ess aril y e q u al. T h e f ar p at c h es fr o m t h e c a m er a c o v er a l ar g er
vi e wi n g ar e a c o m p ar e d t o cl os e p at c h es; b e c a us e t h e f ar- a w a y o bj e ct h as f e w er
pi x els p er m t h a n a cl os e o bj e ct [ 4 3]. I n Fi g ur e 2 d, t h e a v er a g e wi dt h a n d h ei g ht
of t h e p k, 3 7 ar e a p pr o xi m at el y 1. 6 7 × 1. 7 m.

I n s u m m ar y, t h e o ut p ut of t h e m oti o n i nf or m ati o n e xtr a cti o n c o m p o n e nt c a n
b e d es cri b e d as P = { p k,i ∈ R 2 2 4 × 2 2 4 × 3 | k ≤ n × m & i ≤ | C | }, a n d will s er v e as
i n p ut f or t h e s e c o n d c o m p o n e nt of t h e fr a m e w or k.

3. 2 P u s hi n g P a t c h e s A n n o t a ti o n

T his c o m p o n e nt l o c ali z es t h e p us hi n g p at c h es i n c i ∈ C , a n n ot at es t h e p at c h es i n
t h e first fr a m e ( f (i− 1) × (s − 1) + 1 ) of e a c h c i, a n d st a c ks t h e a n n ot at e d fr a m e s e q u e n c e
F ′ = { f ′

i | i = 1 , 2 , . . . , |C | } as a vi d e o. T h e A d a pt e d E ffi ci e nt N et- B 0- b as e d cl as-
si fi er a n d f als e r e d u cti o n al g orit h m ar e t h e m ai n m o d ul es of t his c o m p o n e nt. I n
t h e f oll o wi n g, w e pr o vi d e a d et ail e d d es cri pti o n.

3 2



P U B LI C A TI O N I

T h e m ai n p ur p os e of t h e first m o d ul e is t o cl assif y e a c h p k,i ∈ P as p us hi n g
or n o n- p us hi n g. T h e m o d ul e is b as e d o n E ffi ci e nt N et- B 0 a n d r e al- w orl d gr o u n d
tr ut h of p us hi n g b e h a vi or vi d e os. U nf ort u n at el y, t h e e xisti n g e ff e cti v e a n d si m pl e
E ffi ci e nt N et- B 0 is u ns uit a bl e f or d et e cti n g p us hi n g b e h a vi or b e c a us e its cl assi fi-
c ati o n is n ot bi n ar y. H o w e v er, bi n ar y cl assi fi c ati o n is r e q uir e d i n o ur s c e n ari o.
T h er ef or e, w e m o dif y t h e cl assi fi c ati o n p art i n E ffi ci e nt N et- B 0 t o s u p p ort a bi-
n ar y cl assi fi c ati o n. T h e m o d ul e i n Fi g ur e 1 s h o ws t h e ar c hit e ct ur e of t h e a d a pt e d
E ffi ci e nt N et- B 0. Firstl y, it e x e c ut es a 3 × 3 c o n v ol uti o n o p er ati o n o n t h e i n p ut
i m a g e wit h di m e nsi o ns of 2 2 4 × 2 2 4 × 3. Aft er w ar ds, t h e n e xt 1 6 m o bil e i n-
v ert e d b ottl e n e c k c o n v ol uti o ns ar e us e d t o e xtr a ct t h e f e at ur e m a ps. T h e fi n al
st a c k e d f e at ur e m a ps ∈ R 7 × 7 × 1 2 8 0 , w h er e 7 a n d 7 ar e t h e di m e nsi o ns of e a c h f e a-
t ur e m a p, a n d 1 2 8 0 is t h e n u m b er of f e at ur e m a ps. T h e f oll o wi n g gl o b al a v er a g e
p o oli n g 2 D ( G A P) l a y er r e d u c es t h e di m e nsi o ns of t h e st a c k e d f e at ur e m a ps i nt o
1 × 1 × 1 2 8 0. F or t h e bi n ar y cl assi fi c ati o n, w e e m pl o y e d a f ull y c o n n e ct e d ( F C)
l a y er wit h a R e L U a cti v ati o n f u n cti o n a n d a dr o p o ut r at e of 0.5 [ 4 4] b ef or e t h e
fi n al F C. T h e fi n al l a y er o p er at es as o ut p ut wit h a si g m oi d a cti v ati o n f u n cti o n t o
fi n d t h e pr o b a bilit y δ of t h e cl ass of e a c h p k,i ∈ P .

I n or d er t o g e n er at e t h e tr ai n e d cl assi fi er, w e tr ai n e d t h e a d a pt e d E ffi ci e nt N et-
B 0 wit h p us hi n g a n d n o n- p us hi n g MI M p at c h es. T h e l a b el e d MI M p at c h es w er e
e xtr a ct e d fr o m a r e al- w orl d gr o u n d tr ut h of p us hi n g b e h a vi or vi d e os, w h er e t h e
gr o u n d tr ut h w as m a n u all y cr e at e d. I n S e cti o ns 4 a n d 5. 1, w e s h o w h o w t o
pr e p ar e t h e l a b el e d MI M p at c h es a n d tr ai n t h e cl assi fi er, r es p e cti v el y. O v er all,
aft er s e v er al e m piri c al e x p eri m e nts ( S e cti o n 5. 2), t h e tr ai n e d cl assi fi er o n MI M
p at c h es of 1 2 fr a m es pr o d u c es t h e b est a c c ur a c y r es ults. T h er ef or e, o ur fr a m e w or k
us es 1 2 fr a m es f or t h e cli p si z e ( s ). M or e o v er, t h e cl assi fi er us es t h e t hr es h ol d f or
d et er mi ni n g t h e l a b el lk,i of t h e i n p ut p k,i as:

lk,i =
1 ( p us hi n g cl ass) if δ ≥ 0 .5

0 ( n o n- p us hi n g cl ass) if δ < 0 .5
( 6)

Fi n all y, t h e o ut p ut of t his m o d ul e c a n b e d es cri b e d as L = { lk,i ∈ 0 , 1 | k ≤
n × m & i ≤ | C | } a n d will p erf or m as t h e i n p ut of t h e n e xt m o d ul e.

I n t h e s e c o n d m o d ul e, t h e f als e r e d u cti o n al g orit h m ai ms t o r e d u c e t h e n u m b er
of f als e pr e di cti o ns i n L , w hi c h i m pr o v es t h e o v er all a c c ur a c y of t h e pr o p os e d
fr a m e w or k. C o m p ari n g t h e pr e di cti o ns (L ) wit h t h e gr o u n d tr ut h p us hi n g, w e
n oti c e t h at t h e ti m e i nt er v al of t h e s a m e b e h a vi or of e a c h p at c h r e gi o n c o ul d h el p
i m pr o v e t h e a c c ur a c y of t h e fr a m e w or k. We ass u m e a t hr es h ol d v al u e of 3 4

2 5 s e c o n d.
T his v al u e is b as e d o n vis u al i ns p e cti o n.

T h e e x a m pl e i n Fi g ur e 3 vis u ali z es t h e { lk,i | k ≤ 3 & i ≤ 4 } o n t h e first
fr a m e of c 1 , c2 , c3 , a n d c 4 i n t h e vi d e o. E a c h c i r e pr es e nts 1 2

2 5 s e c o n d. c 1 ( Fi g ur e
3 a) c o nt ai ns o n e f als e n o n- p us hi n g, p 2 ,1 , w hil e t h e s a m e r e gi o n of t h e p at c h i n
{ c 2 , c3 , c4 } is tr u e p us hi n g ( Fi g ur e 3 b – d). T his m e a ns, w e h a v e t w o ti m e i nt er v als
f or { p 2 ,i | i ≤ 4 } . T h e first h as o n e cli p (c 1 ) ( Fi g ur e 3 a) wit h a d ur ati o n of
1 2
2 5 s e c o n d, w hi c h is l ess er t h a n t h e d e fi n e d t hr es h ol d. T h e s e c o n d ti m e i nt er v al
c o nt ai ns t hr e e cli ps ( { c 2 , c3 , c4 } ), wit h d ur ati o ns e q u al t o t h e t hr es h ol d. T h e n
t h e al g orit h m c h a n g es t h e pr e di cti o n of p 2 ,1 t o “ p us hi n g ”, w hil e it c o n fir ms t h e
pr e di cti o ns of p 2 ,2 , p2 ,3 , a n d p 2 ,4 . Al g orit h m 1 pr es e nts t h e ps e u d o c o d e of t h e f als e
r e d u cti o n al g orit h m. Li n es 2 – 8 s h o w h o w t o r e d u c e t h e f als e pr e di cti o ns of t h e
p at c h es i n { c i | i ≤ | c | − 2 } . T h e n, li n es 9 – 1 6 r e c h e c k t h e first t w o cli ps (c 1 , c2 ) t o
dis c o v er t h e f als e pr e di cti o ns t h at ar e n ot dis c o v er e d b y li n es 2 – 8. Aft er t h at, li n es
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Al g o ri t h m 1 F als e R e d u cti o n
I n p u t:

m at ri x [N, M ] ← L
O u t p u t:

L ′

1: f o r i ← 0 , 1 , . . . , N d o
2: f o r j ← 0 , 1 , . . . , M − 2 d o

▷ E x c e pti n g t h e l a st t w o cli p s
3: if m atri x[i, j] ≠ m at ri x[i, j + 1] t h e n
4: if c o u nt( m at ri x[i, j] i n m atri x[i, j + 2 t o j + 4]) > 1 t h e n
5: m atri x[i, j + 1] ← n ot m at ri x[i, j + 1]
6: e n d if
7: e n d if
8: e n d f o r

▷ R e c h e c k t h e fir st t w o cli p s
9: if m atri x[i, 0 t o 2] i s n ot i d e nti c al t h e n

1 0: if m atri x[i, 1] i s n ot i n m atri x[i, 2 t o 4] t h e n
1 1: m atri x[i, 1] ← n ot m at ri x[i, 1]
1 2: e n d if
1 3: if m atri x[i, 0] n ot i n m at ri x[i, 1 t o 3] t h e n
1 4: m atri x[i, 0] ← n ot m at ri x[i, 0]
1 5: e n d if
1 6: e n d if

▷ F or t h e l a st t w o cli p s
1 7: if m atri x[i, M − 1] ≠ m at ri x[i, M − 2] t h e n
1 8: if m atri x[i, M − 1] ≠ m at ri x[i, M − 3] t h e n
1 9: m atri x[i, M − 1] ← n ot m atri x[i, M − 1]
2 0: e n d if
2 1: e n d if
2 2: if m atri x[i, M − 1] ≠ m at ri x[i, M − 2] t h e n
2 3: if m atri x[i, M − 1] = m at ri x[i, M − 3] t h e n
2 4: m atri x[i, M − 2] ← n ot m at ri x[i, M − 2]
2 5: e n d if
2 6: e n d if
2 7: if m atri x[i, M − 1] = m atri x[i, M − 2] t h e n
2 8: if m atri x[i, M − 1] n ot i n m atri x[i, M − 5 t o M − 3] t h e n
2 9: m atri x[i, M − 1] ← n ot m at ri x[i, M − 1]
3 0: m atri x[i , M − 2] ← n ot m at ri x[i, M − 2]
3 1: e n d if
3 2: e n d if
3 3: e n d f o r
3 4: L ′ ← m at ri x

F N P

a. c 1 b. c 2 c. c 3 d. c 4

p 2, 1 T Pp 2, 2 T Pp 2, 3 T Pp 2, 4

Fi g ur e 3: E x a m pl es of t h e vis u ali z e d cl assi fi er pr e di cti o ns wit h gr o u n d tr ut h p us hi n g. T h e i m a g es
r e pr es e nt t h e first fr a m es { f 1 , f1 2 , f2 3 , f3 4 } of { c 1 , c2 , c3 , c4 } i n a vi d e o, r es p e cti v el y; t h e vi d e o is
f or e x p eri m e nt 1 1 0 [ 4 2]. R e d b o x es: p us hi n g p at c h es. Gr e e n b o x es: n o n- p us hi n g p at c h es. Bl u e
cir cl es: gr o u n d tr ut h p us hi n g. F N P: f als e n o n- p us hi n g. T P: tr u e p us hi n g.
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1 7 – 3 2 f o c us o n t h e l ast t w o cli ps { c |C | −1 , c|C |} . Fi n all y, t h e u p d at e d L is st or e d i n
L ′, w hi c h c a n b e d es cri b e d as L ′ = { l′k,i ∈ 0 , 1 | k ≤ n × m & i ≤ | C | }.

Aft er a p pl yi n g t h e f als e r e d u cti o n al g orit h m, t h e p us hi n g p at c h a n n ot ati o n
c o m p o n e nt b as e d o n L ′ i d e nti fi es t h e r e gi o ns of p us hi n g p at c h es o n t h e first fr a m e
f or e a c h c i t o g e n er at e t h e a n n ot at e d fr a m e s e q u e n c e F ′. Fi n all y, all a n n ot at e d
fr a m es ar e st a c k e d as a vi d e o, w hi c h is t h e fi n al o ut p ut of t h e pr o p os e d fr a m e w or k.

4 D a t a s e t s P r e p a r a ti o n

T his s e cti o n pr e p ar es t h e r e q uir e d d at as ets f or tr ai ni n g a n d e v al u ati n g o ur cl as-
si fi er. I n t h e f oll o wi n g, firstl y, f o ur MI M- b as e d d at as ets ar e pr e p ar e d. T h e n, w e
pr es e nt a n e w p at c h- b as e d a p pr o a c h f or e nl ar gi n g t h e d at a a n d all e vi ati n g t h e
cl ass i m b al a n c e pr o bl e m i n t h e MI M- b as e d d at as ets. Fi n all y, t h e p at c h- b as e d
a p pr o a c h is a p pli e d t o t h e d at as ets.

4. 1 M I M- b a s e d D a t a s e t s P r e p a r a ti o n

I n t his s e cti o n, w e pr e p ar e f o ur MI M- b as e d d at as ets usi n g t w o cli p si z es, F ar n e b ä c k
a n d R A F T o pti c al fl o w m et h o ds. T w o cli p si z es ( 1 2 a n d 2 5 fr a m es) ar e us e d t o
st u d y t h e i m p a ct of t h e p eri o d of m oti o n o n t h e cl assi fi er a c c ur a c y. S el e cti n g
a s m all cli p si z e ( s ) f or t h e MI M s e q u e n c e ( MI M Q s ) l e a ds t o r e d u n d a nt a n d ir-
r el e v a nt i nf or m ati o n, w hil e a l ar g e si z e l e a ds t o a f e w s a m pl es. C o ns e q u e ntl y,
w e c h os e 1 2 a n d 2 5 fr a m es as t h e t w o cli p si z es. T h e f o ur d at as ets c a n b e d e-
s cri b e d as R A F T- MI M Q 1 2 , R A F T- MI MQ 2 5 , F ar n e b ä c k- MI MQ 1 2 , a n d F ar n e b ä c k-
MI M Q 2 5 . F or m or e cl arit y, t h e “ R A F T- MI MQ 1 2 ” t er m m e a ns t h at a c o m bi n ati o n
of R A F T a n d w h e el vis u ali z ati o n is us e d t o g e n er at e t h e MI M Q 1 2 . As m e nti o n e d
b ef or e, t h e E ffi ci e nt N et- B 0 l e ar ns fr o m MI M s e q u e n c es g e n er at e d b as e d o n R A F T.
T h er ef or e, R A F T- MI M Q 1 2 - b as e d a n d R A F T- MI MQ 2 5 - b as e d d at as ets pl a y t h e pri-
m ar y r ol e i n tr ai ni n g a n d e v al u ati n g t h e pr o p os e d cl assi fi er. M or e o v er, w e cr e at e
F ar n e b ä c k- MI M Q 1 2 - b as e d a n d F ar n e b ä c k- MI MQ 2 5 - b as e d d at as ets t o e v al u at e t h e
i m p a ct of R A F T o n t h e cl assi fi er a c c ur a c y. T h e pi p eli n e f or pr e p ari n g t h e d at as ets
( Fi g ur e 4) is ill ustr at e d b el o w.

D at a C oll e cti o n a n d M a n u al R ati n g

Vi d e o of   e v e nt
e ntr a n c e

M a n u al R ati n g

P e d e stri a n s

Fr a m e s

Fr a m e- b a s e d gr o u n d-
tr ut h ( C S V fil e)

T w o o b s er v er s  
( d o m ai n e x p ert s)

D at a S o ur c e

MI M/ cli p- b a s e d
Gr o u n d-tr ut h   

P e d e stri a n s

MI M s/  
cli p s

St or e

I n p ut Vi d e o
C S V fil e

Gr o u n d-tr ut h Tr a n sf or m ati o n

MI M S a m pl e s

Gr o u n d-tr ut h D at a

 R A F T a n d W h e el

Vi s u ali z ati o n

Fr a m e s

MI M

P
us

hi
n
g 

MI
Ms

N
o
n-

p
us

hi
n
g 

MI
Ms

MI M- b a s e d D at a s etCl a s sifi c ati o n

MI M

L
a
b
el

e
d 

MI
M

MI M L a b eli n g a n d D at a s et s Cr e ati o n

Cir cl e s r ef er t o p u s hi n g b e h a vi or

Fi g ur e 4: T h e pi p eli n e of MI M- b as e d d at as et pr e p ar ati o n.
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4. 1. 1 D a t a C oll e c ti o n a n d M a n u al R a ti n g

I n t his s e cti o n, w e dis c uss t h e d at a s o ur c e a n d t h e m a n u al r ati n g m et h o d ol o g y
f or t h e d at as ets. Fi v e e x p eri m e nts w er e s el e ct e d fr o m t h e d at a ar c hi v e h ost e d b y
t h e F ors c h u n gs z e ntr u m J üli c h u n d er C C Attri b uti o n 4. 0 I nt er n ati o n al li c e ns e [ 4 2].
T h e e x p eri m e nts mi mi c k e d t h e cr o w d e d e v e nt e ntr a n c es. T h e vi d e os w er e r e c or d e d
b y a t o p- vi e w st ati c c a m er a wit h a fr a m e r at e of 2 5 fr a m es p er s e c o n d a n d 1 9 2 0
× 1 4 4 0 pi x els r es ol uti o n. I n a d diti o n t o t h e vi d e os, p ar a m et ers f or vi d e o u n dis-
t orti o n a n d tr aj e ct or y d at a ar e a v ail a bl e. I n Fi g ur e 5, t h e l eft p art s k et c h es
t h e e x p eri m e nt al s et u p a n d T a bl e 1 s h o ws t h e di ff er e nt c h ar a ct eristi cs of t h e s e-
l e ct e d e x p eri m e nts.

W

L

Fi g ur e 5: R OI i n t h e e ntr a n c e. ( L ef t ) e x p eri m e nt al s et u p wit h t h e r e d d ot i n di c ati n g t h e c o or-
di n at e ori gi n [ 4 2], ( ri g h t ) o v er h e a d vi e w of a n e x e m pl ar y e x p eri m e nt. T h e ori gi n al fr a m e i n t h e
ri g ht i m a g e is fr o m [ 4 2]. T h e e ntr a n c e g at e wi dt h is 0. 5 m. T h e r e ct a n gl e i n di c at es t h e e ntr a n c e
ar e a ( R OI). L : l e n gt h of R OI i n m. A c c or di n g t o t h e e x p eri m e nt, t h e wi dt h of t h e R OI ( w) v ari es
fr o m 1. 2 t o 5. 6 m.

T a bl e 1: C h ar a ct eristi cs of t h e s el e ct e d e x p eri m e nts.

E x p e ri m e n t *  Wi d t h ( m )  P e d e s t ri a n s  Di r e c ti o n  Fr a m e s * *

1 1 0 1. 2 6 3 L eft t o ri g ht 1 2 8 5
1 5 0 5. 6 5 7 L eft t o ri g ht 1 4 0 8
1 7 0 1. 2 2 5 L eft t o ri g ht 5 5 2
2 7 0 3. 4 6 7 Ri g ht t o l eft 1 4 3 0
2 8 0 3. 4 6 7 Ri g ht t o l eft 1 6 4 0

* T h e s a m e n a m e s a s r e p o rt e d i n [ 4 2]; * * T h e n u m b er of f r a m e s t h at c o nt ai n p e d e stri a n s i n t h e R OI.

E x p erts p erf or mi n g t h e m a n u al r ati n g ar e s o ci al ps y c h ol o gists w h o d e v el o p e d
t h e c orr es p o n di n g r ati n g s yst e m [ 3]. P e Tr a c k [ 7] w as us e d t o tr a c k e a c h p e d estri a n
o n e- b y- o n e, o v er e v er y fr a m e i n t h e vi d e o e x p eri m e nts. P e d estri a n r ati n gs ar e
a n n ot at e d f or t h e first fr a m e w h e n t h e r es p e cti v e p arti ci p a nt b e c o m es visi bl e i n
t h e vi d e o. T h e first r ati n g c a n b e e xt e n d e d t o t h e w h ol e vi d e o a n d e v er y fr a m e
if t h at p e d estri a n d o es n ot c h a n g e his / h er b e h a vi or. If t h er e is a b e h a vi or al
c h a n g e d uri n g t h e e x p eri m e nt, t h e n t h e r ati n g is als o c h a n g e d. Li k e wis e, it c a n b e
e xt e n d e d t o t h e r est of t h e fr a m es if t h er e is n o a d diti o n al c h a n g e i n t h e b e h a vi or.
T h e r ati n g pr o c ess is fi nis h e d aft er e v er y fr a m e is fill e d wit h r ati n gs f or e v er y
p e d estri a n. T h e b e h a vi ors of p e d estri a ns ar e l a b el e d wit h n u m b ers ∈ { 0 , 1 , 2 } ; 0
i n di c at es t h at a c orr es p o n di n g p e d estri a n d o es n ot a p p e ar i n t h e cli p, w hil e 1 a n d
2 r e pr es e nt n o n- p us hi n g a n d p us hi n g b e h a vi ors, r es p e cti v el y. T w o gr o u n d tr ut h
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fil es ( MI M Q 1 2 a n d MI M Q 2 5 ) f or e a c h e x p eri m e nt w er e pr o d u c e d f or t his p a p er.
F urt h er i nf or m ati o n a b o ut t h e m a n u al r ati n g c a n b e f o u n d i n [ 3].

4. 1. 2 M I M L a b eli n g a n d D a t a s e t C r e a ti o n

T hr e e st e ps ar e r e q uir e d t o cr e at e t h e l a b el e d MI M- b as e d d at as ets. I n t h e first
st e p, w e g e n er at e d t h e s a m pl es fr o m t h e vi d e os; t h e s a m pl es w er e: R A F T- MI M Q 1 2 ,
R A F T- MI M Q 2 5 , F ar n e b ä c k- MI MQ 1 2 , a n d F ar n e b ä c k- MI MQ 2 5 s e q u e n c es. T h e MI M
r e pr es e nts t h e cr o w d m oti o n i n t h e R OI, w hi c h is pr es e nt e d b y t h e r e ct a n gl e
i n Fi g ur e 5. It is w ort h m e nti o ni n g t h at t h e dir e cti o ns of t h e cr o w d fl o ws i n t h e
vi d e os ar e n ot si mil ar. T his di ff er e n c e c o ul d i n fl u e n c e b uil di n g a n e ffi ci e nt cl assi-
fi er b e c a us e c h a n gi n g t h e dir e cti o n is o n e c a n di d at e f e at ur e f or p us hi n g b e h a vi or
r e pr es e nt ati o n. T o a d dr ess t his pr o bl e m, w e u ni fi e d t h e dir e cti o n i n all vi d e os
fr o m l eft t o ri g ht b ef or e e xtr a cti n g t h e s a m pl es. A d diti o n all y, t o i m pr o v e t h e
e ffi ci e n c y of t h e d at as ets, w e dis c ar d e d r o u g hl y t h e first s e c o n ds fr o m e a c h vi d e o
t o g u ar a nt e e t h at all p e d estri a ns st art e d t o m o v e f or w ar d.

B as e d o n t h e gr o u n d tr ut h fil es, t h e s e c o n d st e p l a b els MI Ms i n t h e f o ur MI M
s e q u e n c es i nt o p us hi n g a n d n o n- p us hi n g. E a c h MI M t h at c o nt ai ns at l e ast o n e
p us hi n g p e d estri a n is cl assi fi e d as p us hi n g; ot h er wis e, it is l a b el e d as n o n- p us hi n g.

Fi n all y, w e r a n d o ml y s plit e a c h d at as et i nt o t hr e e disti n ct s ets: 7 0 % f or tr ai n-
i n g, 1 5 % f or v ali d ati o n, a n d 1 5 % f or t esti n g. T h e 7 0 %- 1 5 %- 1 5 % s plit r ati o is
o n e of t h e m ost c o m m o n r ati os i n t h e d e e p l e ar ni n g fi el d [ 4 5]. T h e i nf or m ati o n
a b o ut t h e n u m b er of p us hi n g a n d n o n- p us hi n g s a m pl es i n t h e tr ai ni n g, v ali d ati o n
a n d t est s ets f or t h e f o ur MI M- b as e d d at as ets is gi v e n i n T a bl e 2. As c a n b e
s e e n fr o m T a bl e 2, o ur MI M- b as e d d at as ets s u ff er fr o m t w o m ai n li mit ati o ns: l a c k
of d at a a n d a cl ass i m b al a n c e pr o bl e m, si n c e l ess t h a n 2 0 % of s a m pl es ar e n o n-
p us hi n g.

T a bl e 2: N u m b er of l a b el e d s a m pl es i n tr ai ni n g, v ali d ati o n, a n d t est s ets f or e a c h MI M-
b as e d d at as et.

D a t a s e t

E x p e ri m e n t

1 1 0 1 5 0 1 7 0 2 7 0 2 8 0 All

P N P  P  N P P N P P N P  P  N P  P  N P  T o t al

R A F T- MI M Q 1 2

Tr ai ni n g 6 6 1 6 7 6 1 4 2 8 5 6 1 2 9 8 6 1 1 3 1 7 7 5 3 9 2
V ali d ati o n 1 3 3 1 5 3 5 1 1 3 6 1 8 2 6 4 1 5 7 9
Test 1 3 3 1 5 3 5 1 1 3 6 1 8 2 6 4 1 5 7 9
T ot al 9 2 2 2 1 0 6 2 0 3 8 7 8 7 4 1 1 2 2 1 5 4 4 5 1 0 5 5 5 0

R A F T- MI M Q 2 5

Tr ai ni n g 3 0 6 3 5 6 1 3 1 2 9 1 3 4 0 4 1 4 7 3 0 1 7 7
V ali d ati o n 6 2 7 1 3 1 6 2 8 1 3 0 7 3 7
Test 6 2 7 1 3 1 6 2 8 1 3 0 7 3 7
T ot al 4 2 1 0 4 9 8 1 9 3 4 1 1 7 5 6 6 2 0 7 4 4 2 5 1

F ar n e b ä c k- MI M Q 1 2 It h as t h e s a m e s a m pl es as t h e R A F T Q 1 2 s ets w hil e t h e y ar e g e n er at e d usi n g F ar n e b ä c k.
F ar n e b ä c k- MI M Q 2 5 It h as t h e s a m e s a m pl es as t h e R A F T Q 2 5 s ets w hil e t h e y ar e g e n er at e d usi n g F ar n e b ä c k.

P: p us hi n g s a m pl es. N P: n o n- p us hi n g s a m pl es. All: all e x p eri m e nts. 1 1 0, 1 5 0, 1 7 0, 2 7 0, a n d
2 8 0: n a m es of t h e vi d e o e x p eri m e nts.

4. 2 T h e P r o p o s e d P a t c h- b a s e d A p p r o a c h

I n t his s e cti o n, w e pr o p os e a n e w p at c h- b as e d a p pr o a c h t o all e vi at e t h e li mit ati o ns
of t h e MI M- b as e d d at as ets. T h e g e n er al i d e a b e hi n d o ur a p pr o a c h is t o e nl ar g e
t h e s m all p us hi n g b e h a vi or d at as et b y di vi di n g e a c h MI M i nt o s e v er al p at c h es.
Aft er t h at, w e l a b el e a c h p at c h i nt o “ p us hi n g ” or “ n o n- p us hi n g ” t o cr e at e a p at c h-
b as e d MI M d at as et. T h e p at c h s h o ul d c o v er a r e gi o n t h at c a n c o nt ai n a gr o u p
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of p e d estri a ns, w h er e t h e m oti o n i nf or m ati o n of t h e gr o u p is ess e nti al f or p us hi n g
b e h a vi or r e pr es e nt ati o n. S e cti o n 5. 2 i n v esti g at es t h e i m p a ct of t h e p at c h ar e a
o n t h e cl assi fi er a c c ur a c y. T o f urt h er cl arif y t h e i d e a of t h e pr o p os e d a p pr o a c h,
w e t a k e a n e x a m pl e of a d at as et wit h o n e p us hi n g MI M a n d o n e n o n- p us hi n g
MI M, as d e pi ct e d i n Fi g ur e 6. Aft er a p pl yi n g o ur i d e a wit h 2 × 3 p at c h es o n t h e
d at as et, w e o bt ai n a p at c h- b as e d MI M d at as et wit h f o ur p us hi n g, si x n o n- p us hi n g,
a n d t w o e m pt y MI M p at c h es. T h e e m pt y p at c h es ar e dis c ar d e d. I n c o n cl usi o n,
t h e d at as et is e nl ar g e d fr o m t w o i m a g es i nt o t e n i m a g es. T h e m et h o d ol o g y of o ur
a p pr o a c h, as s h o w n i n Fi g ur e 7 a n d Al g orit h m 2, c o nsists of f o ur m ai n p h as es:
a ut o m ati c p at c h es l a b eli n g, vis u ali z ati o n, m a n u al r e visi o n, a n d p at c h- b as e d MI M
d at as et cr e ati o n. T h e f oll o wi n g p ar a gr a p hs dis c uss t h e i n p uts a n d t h e w or k fl o w
of t h e a p pr o a c h.

a. P u s hi n g MI M b. N o n- p u s hi n g MI M

c. P u s hi n g MI M- p at c h e s d. N o n- p u s hi n g MI M- p at c h e s

P at c h e s

MI
M-

b
as

e
d 

d
at

as
et

P
at

c
h-

b
as

e
d 

MI
M 

d
at

as
et

Fi g ur e 6: A si m pl e e x a m pl e of t h e p at c h- b as e d a p pr o a c h i d e a. Cir cl es: gr o u n d tr ut h p us hi n g.
R e d b o x es: p us hi n g p at c h es. Gr e e n b o x es: n o n- p us hi n g p at c h es.

O ur a p pr o a c h r eli es o n f o ur i n p uts ( Al g orit h m 2 a n d Fi g ur e 7, i n p uts p art):
( 1) MI M- b as e d d at as et, w hi c h c o nt ai ns a c oll e cti o n of MI Ms wit h t h e first fr a m e
of e a c h MI M; t h e fr a m es ar e us e d i n t h e vis u ali z ati o n p h as e; ( 2) R OI, n a n d m ,
p ar a m et ers t h at ai m t o i d e ntif y t h e r e gi o ns f or p at c h es; ( 3) P e d estri a n tr aj e ct or y
d at a t o fi n d t h e p e d estri a ns i n e a c h p at c h; ( 4) M a n u al r ati n g i nf or m ati o n ( gr o u n d
tr ut h fil e) h el ps t o l a b el t h e p at c h es.
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Al g o ri t h m 2 P at c h- b as e d a p pr o a c h
I n p u t s:
d a t a s e t ← c oll e c ti o n of MI M s wi t h t h e fi r s t f r a m e of e a c h MI M
R O I ← m at ri x [l e f t t o p : [x c o o r di n at e, y c o o r di n at e ], ri g ht b ott o m : [x c o o r di n at e, y c o o r di n at e ]]
n, m ← t h e n u m b e r s of r o w s a n d c ol u m n s t h a t a r e u s e d t o di vi d e R OI i nt o n × m r e gi o n s.
t r a j e c t o r y ← C S V fil e, e a c h r o w r e p r e s e nt s ⟨ o r d e r o f f r a m e ( f t ) , p e d e st ri a n n o., pi x el x − c o o r di n at e, pi x el y − c o o r di n at e ⟩
g r o u n d t r u t h ← C S V fil e, e a c h r o w r e p r e s e nt s ⟨ o r d e r o f c i o r M I M, b e h a v i o r o f p e d e st ri a n 1 , b e h a v i o r o f p e d e st ri a n 2 , . . . , b e h a v i o r
o f l a st p e d e st ri a n ⟩

O u t p u t s:
p u s hi n g f ol d e r, n o n- p u s hi n g f ol d e r

1: r e g i o n ← m at ri x [[]] ▷ A u t o m a ti c p a t c h e s l a b eli n g
2: p at c h wi dt h ← ( R O I [ 1, 0] − R O I [ 0, 0] ) / m
3: p at c h h ei g ht ← ( R O I [ 1, 1] − R O I [ 0, 1] ) / n
4: f o r i ← 0 , 1 , . . . , n − 1 d o
5: f o r j ← 0 , 1 , . . . , m − 1 d o
6: r e g i o n. a p p e n d ([ R O I [ 0, 0] + j × p at c h wi dt h, R O I [ 0, 1] + i × p at c h h ei g ht, R O I [ 0, 0] + ( j + 1 ) × p at c h wi dt h, R O I [ 0, 1] + ( i +

1 ) × p at c h h ei g ht ] )
7: e n d f o r
8: e n d f o r
9: p at c h wi dt h ← ( R O I [ 1, 0] − R O I [ 0, 0] ) / ( m − 1 )
1 0: p at c h h ei g ht ← ( R O I [ 1, 1] − R O I [ 0, 1] ) / ( n − 1 )
1 1: f o r i ← 0 , 1 , . . . , n − 2 d o
1 2: f o r j ← 0 , 1 , . . . , m − 2 d o
1 3: r e g i o n. a p p e n d ([ R O I [ 0, 0] + j × p at c h wi dt h, R O I [ 0, 1] + i × p at c h h ei g ht, R O I [ 0, 0] + ( j + 1 ) × p at c h wi dt h, R O I [ 0, 1] + ( i +

1 ) × p at c h h ei g ht ] )
1 4: e n d f o r
1 5: e n d f o r
1 6: f il e ← C S V f il e
1 7: f o r e a c h M I M ∈ d at a s et d o
1 8: f r a m e o r d e r ← M I M n a m e
1 9: p e d ← F il t e r ( t r a j e ct o r y. f r a m e o r d e r )[ 1]
2 0: p at c h n o ← 1
2 1: f o r e a c h p at c h r e g i o n ∈ r e g i o n d o
2 2: b e h a v i o r ← 1 / / n o n- p u s hi n g
2 3: f o r e a c h p e d ∈ p at c h r e g i o n d o
2 4: if F il t e r ( g r o u n d t r ut h. f r a m e o r d e r & p e d ) = = 2 t h e n
2 5: b e h a v i o r ← 2 / / p u s hi n g
2 6: b r e a k
2 7: e n d if
2 8: e n d f o r
2 9: r e c o r d ← [p at c h n o, f r a m e o r d e r, b e h a v i o r ]
3 0: f il e. w rit e ( r e c o r d )
3 1: p at c h n o ← p at c h n o + 1
3 2: e n d f o r
3 3: e n d f o r

▷ Vi s u ali z a ti o n
3 4: f o r e a c h f r a m e ∈ d at a s et d o
3 5: f r a m e o r d e r ← f r a m e n a m e
3 6: p e d ← F il t e r ( t r a j e ct o r y. f r a m e o r d e r )[ 1]
3 7: f o r e a c h p e r s o n ∈ p e d d o
3 8: b e h a v i o r ← F il t e r ( g r o u n d t r ut h. f r a m e o r d e r & p e r s o n )
3 9: if b e h a vi o r = = 2 t h e n
4 0: d r a w a ci r cl e a r o u n d t h e p o si ti o n ⟨ p e r s o n [ 2], p e r s o n[ 3]]⟩ of p e d e s t ri a n p e r s o n [ 1] o v e r f r a m e
4 1: e n d if
4 2: e n d f o r
4 3: f o r p at c h n o ← 1 , 2 , . . . , l e n( r e g i o n ) d o
4 4: if F il t e r ( f il e. f r a m e o r d e r & p at c h n o )[ 2] = = 2 t h e n
4 5: d r a w a r e d r e c t a n gl e a r o u n d r e g i o n [p at c h n o − 1] o v e r f r a m e
4 6: el s e
4 7: d r a w a g r e e n r e c t a n gl e a r o u n d r e g i o n [p at c h n o − 1] o v e r f r a m e
4 8: e n d if
4 9: e n d f o r
5 0: e n d f o r

▷ M a n u al r e vi si o n
5 1: f o r e a c h f r a m e ∈ d at a s et d o
5 2: f o r e a c h p at c h r e g i o n ∈ r e g i o n d o
5 3: m a n u al r e vi si o n of p at c h r e g i o n i n f r a m e
5 4: if p at c h r e g i o n c o nt ai n s o nl y a p a r t o f o n e p u s hi n g b e h a v i o r a n d it s l a b el i s 2 t h e n
5 5: m a n u all y u p d a ti n g t h e l a b el of t h e p a t c h r e gi o n i n f il e t o 6, w h e r e 6 m e a n s u n k n o w n p a t c h
5 6: e n d if
5 7: e n d f o r
5 8: e n d f o r

▷ P a t c h- b a s e d MI M d a t a s e t c r e a ti o n
5 9: f o r e a c h M I M ∈ d at a s et d o
6 0: M I M o r d e r ← M I M n a m e
6 1: f o r p at c h n o ← 1 , 2 , . . . , l e n( r e g i o n ) d o
6 2: p at c h ← M I M [r e g i o n [p at c h n o − 1 , 1] : r e g i o n [p at c h n o − 1 , 3] , [r e g i o n [p at c h n o − 1 , 0] : r e g i o n [p at c h n o − 1 , 2]]
6 3: if F il t e r ( f il e. M I M o r d e r & p at c h n o )[ 2] = = 2 t h e n
6 4: s a v e p at c h t o p u s hi n g f ol d e r u n d e r n a m e “M I M o r d e r − p at c h n o ”
6 5: el s e if F il t e r ( f il e. M I M o r d e r & p at c h n o )[ 2] = = 1 t h e n
6 6: s a v e p at c h t o n o n- p u s hi n g f ol d e r u n d e r n a m e “M I M o r d e r − p at c h n o ”
6 7: e n d if
6 8: e n d f o r
6 9: e n d f o r

T h e first p h as e, a ut o m ati c p at c h l a b eli n g, i d e nti fi es a n d l a b els t h e p at c h es i n
e a c h MI M ( Al g orit h m 2, li n es 1 – 3 3 a n d Fi g ur e 7, first p h as e). T h e p h as e c o nt ai ns
t w o st e ps: ( 1) Fi n di n g t h e r e gi o ns of t h e p at c h es. F or t his p ur p os e, w e fi n d t h e
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I n p ut s

MI M s

MI M- b a s e d d at a s et  
wit h t h e fir st fr a m e

of e a c h MI M  

Tr aj e ct or y d at a

Gr o u n d-tr ut h

R OI, n, m

A ut o m ati c P at c h e s

L a b eli n g

6

Vi s u ali z ati o n  

Tr aj e ct or y,   
gr o u n d-tr ut h,  
 p ar a m et er s

C S V

M a n u al R e vi si o n
P at c h- b a s e d MI M D at a s et

Cr e ati o n

C S V

MI M s, p ar a m et er s

All

vi s u ali z ati o n d at aC S V

P ar a m et er s

1 2

3 4

P u s hi n g
p at c h e s

N o n- p u s hi n g
p at c h e s

Fi g ur e 7: T h e fl o w di a gr a m of t h e pr o p os e d p at c h- b as e d a p pr o a c h. n a n d m: t h e n u m b ers of r o ws
a n d c ol u m ns, r es p e cti v el y, t h at ar e us e d t o di vi d e R OI i nt o n × m r e gi o ns.

c o or di n at es of t h e r e gi o ns t h at ar e g e n er at e d fr o m di vi di n g t h e R OI ar e a i nt o n × m
p arts. T h e e xtr a ct e d r e gi o ns c a n b e d es cri b e d as { a k | k = 1 , 2 , . . . , n × m } , w h er e
a k r e pr es e nts a p at c h s e q u e n c e { p k,i ∈ R (w / m ) × (h / n ) × 3 | i = 1 , 2 , . . . , |M I M Q | }, w
a n d h ar e t h e R OI wi dt h a n d h ei g ht, r es p e cti v el y, s e e Al g orit h m 2, li n es 1 – 1 5. We
s h o ul d p oi nt o ut t h at i d e ntif yi n g t h e r e gi o ns is p erf or m e d o n at l e ast t w o l e v els; t o
a v oi d l osi n g a n y us ef ul i nf or m ati o n. F or e x a m pl e, i n Fi g ur e 8, w e first s plit R OI
b y 3 × 3 r e gi o ns ( Al g orit h m 2, li n es 2 – 8), w hil e i n t h e s e c o n d l e v el, w e r e d u c e
t h e n u m b er of r e gi o ns ( 2 × 2) t o o bt ai n l ar g er p at c h es ( Al g orit h m 2, li n es 9 – 1 5)
c o nt ai ni n g t h e missi n g p us hi n g b e h a vi ors ( p us hi n g b e h a vi ors ar e di vi d e d b et w e e n
t h e p at c h es) i n t h e first l e v el; ( 2) L a b eli n g t h e p at c h es is e x e c ut e d a c c or di n g t o
t h e p e d estri a ns’ b e h a vi or i n e a c h p at c h p k,i . Firstl y, w e fi n d all p e d estri a ns w h o
a p p e ar i n M I M i ( Al g orit h m 2, li n es 1 8 a n d 1 9). T h e n, w e l a b el e a c h p k,i as
p us hi n g if it c o nt ai ns at l e ast o n e p us hi n g b e h a vi or; ot h er wis e, it is l a b el e d as
n o n- p us hi n g ( Al g orit h m 2, li n es 2 0 – 2 8). Fi n all y, w e st or e k, i , a n d t h e l a b el of p k,i

i n a C S V- fil e ( Al g orit h m 2, li n es 2 9 a n d 3 0).

a. Fir st-l e v el ( 3 x 3) b. S e c o n d-l e v el ( 2 x 2)

P
at

c
h 

7

P
at

c
h 

1
2

Fi g ur e 8: A n e x a m pl e of i d e ntif yi n g p at c h es a n d t h e vis u ali z ati o n pr o c ess. T h e ori gi n al fr a m es ar e
fr o m [ 4 2]. R e d b o x es: p us hi n g p at c h es. Gr e e n b o x es: n o n- p us hi n g p at c h es. W hit e cir cl es gr o u n d
tr ut h p us hi n g.
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D es pit e t h e a v ail a bilit y of t h e p e d estri a n tr aj e ct ori es, t h e a ut o m ati c p at c h l a-
b eli n g p h as e is n ot 1 0 0 % a c c ur at e, a ff e cti n g t h e q u alit y of t h e d at as et. T h e
a ut o m ati c w a y f ails t o l a b el s o m e of t h e p at c h es t h at o nl y c o nt ai n a p art of o n e
p us hi n g b e h a vi or. T h er ef or e, m a n u al r e visi o n is r e q uir e d t o i m pr o v e t h e d at as et
q u alit y. T o e as e t his pr o c ess a n d m a k e it m or e a c c ur at e, t h e vis u ali z ati o n p h as e
( Al g orit h m 2, li n es 3 4 – 5 0 a n d Fi g ur e 7, s e c o n d p h as e) vis u ali z es t h e gr o u n d tr ut h
p us hi n g ( Al g orit h m 2, li n es 3 6 – 4 2), a n d t h e l a b el of e a c h p k,i ( Al g orit h m 2, li n es
4 3 – 4 9) o n t h e first fr a m e of M I M i. Fi g ur e 8 is a n e x a m pl e of t h e vis u ali z ati o n pr o-
c ess.

T h e m a n u al r e visi o n p h as e e ns ur es t h at e a c h p k,i t a k es t h e c orr e ct l a b el b y
m a n u all y r e visi n g t h e vis u ali z ati o n d at a ( Al g orit h m 2, li n es 5 1 – 5 8 a n d Fi g ur e 7,
t hir d p h as e). T h e crit eri a us e d i n t h e r e visi o n ar e as f oll o ws: if p k,i o nl y h as
a p art of o n e p us hi n g b e h a vi or, w e c h a n g e t h e l a b els t o u n k n o w n l a b els i n t h e
C S V- fil e g e n er at e d b y t h e first p h as e; ot h er wis e, t h e l a b el of p k,i is n ot c h a n g e d.
T h e u n k n o w n p at c h es d o n ot o ff er c o m pl et e i nf or m ati o n a b o ut p us hi n g b e h a vi or
or n o n- p us hi n g b e h a vi or. T h er ef or e, t h e fi n al p h as e i n o ur a p pr o a c h will dis c ar d
t h e m. A g o o d e x a m pl e of a n u n k n o w n p at c h is p at c h 7, Fi g ur e 8 a. T his p at c h
c o nt ai ns a p art of o n e p us hi n g b e h a vi or, as hi g hli g ht e d b y t h e arr o w. O n t h e ot h er
h a n d, p at c h 1 2 i n t h e af or e m e nti o n e d e x a m pl e ( b) c o nt ai ns t h e w h ol e p us hi n g
b e h a vi or t h at w e l os e i n dis c ar di n g p at c h 7.

I n t h e fi n al p h as e ( Al g orit h m 2, li n es 5 9 – 6 9 a n d Fi g ur e 7, f o urt h p h as e), t h e
p at c h- b as e d MI M d at as et cr e ati o n is r es p o nsi bl e f or cr e ati n g t h e l a b el e d p at c h-
b as e d MI M d at as et, c o nt ai ni n g t w o gr o u ps of MI M p at c h es, p us hi n g a n d n o n-
p us hi n g. Firstl y, w e cr o p p k,i fr o m M I M i ( Al g orit h m 2, li n e 6 2). N e xt, a n d a c-
c or di n g t o t h e l a b els of t h e p at c h es, t h e p us hi n g p at c h es ar e st or e d i n t h e first
gr o u p ( Al g orit h m 2, li n es 6 3 a n d 6 4), w hil e t h e s e c o n d gr o u p ar c hi v es t h e n o n-
p us hi n g p at c h es ( Al g orit h m 2, li n es 6 5 a n d 6 6).

4. 3 P a t c h- b a s e d M I M D a t a s e t C r e a ti o n

I n t his s e cti o n, w e ai m e d t o cr e at e s e v er al p at c h- b as e d MI M d at as ets usi n g t h e
pr o p os e d p at c h- b as e d a p pr o a c h a n d t h e MI M- b as e d d at as ets. T h e m ai n p ur p os es
of t h e cr e at e d d at as ets ar e: ( 1) t o b uil d a n d e v al u at e o ur cl assi fi er; ( 2) e x a mi n e
t h e i n fl u e n c e of t h e p at c h ar e a a n d cli p si z e o n cl assi fi er a c c ur a c y.

I n or d er t o st u d y t h e i m p a ct of t h e p at c h ar e a o n cl assi fi er a c c ur a c y, w e us e d
t w o di ff er e nt ar e as. As w e m e nti o n e d b ef or e, t h e r e gi o ns c o v er e d b y t h e p at c h es
s h o ul d b e e n o u g h t o h o us e a gr o u p of p e d estri a ns. T h er ef or e, a c c or di n g t o t h e
R OIs of t h e e x p eri m e nts, w e s el e ct e d t h e t w o p at c h ar e as as f oll o ws: 1 m × ( 1 t o
1. 2) m a n d 1. 6 7 m × ( 1. 2 t o 1. 8 6) m. T h e di m e nsi o ns of e a c h ar e a r ef er t o t h e
l e n gt h x wi dt h of p at c h es. D u e t o t h e wi dt h di ff er e n c e b et w e e n t h e e x p eri m e nt
s et u ps, t h er e is a v ari ati o n i n t h e wi dt h b et w e e n t h e e x p eri m e nts. T a bl e 1 s h o ws
t h e wi dt h of e a c h e x p eri m e nt’s s et u p, w hil e t h e l e n gt h of t h e R OI ar e a i n all
e x p eri m e nt s et u ps w as 5 m ( Fi g ur e 5, l eft p art). F or t h e s a k e of dis c ussi o n, w e
n a m e t h e 1 m × ( 1 t o 1. 2) m p at c h ar e a as t h e s m all p at c h, a n d 1. 6 7 m × ( 1. 2
t o 1. 8 6) m as t h e m e di u m p at c h. M or e o v er, t h e s m all a n d m e di u m p at c hi n g wit h
t h e us e d l e v els ar e ill ustr at e d i n Fi g ur e 9.

T h e p at c h- b as e d a p pr o a c h is p erf or m e d o n t h e R A F T- MI M- b as e d tr ai ni n g s ets
t o g e n er at e p at c h- b as e d R A F T- MI M tr ai ni n g s ets, w hil e it cr e at es p at c h- b as e d
R A F T- MI M v ali d ati o n s ets fr o m t h e R A F T- MI M- b as e d v ali d ati o n s ets. T h e cr e-
at e d p at c h- b as e d R A F T- MI M d at as ets wit h t h eir n u m b ers of l a b el e d s a m pl es ar e
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Fi g ur e 9: T h e vis u ali z ati o n of p at c hi n g f or t h e e x p eri m e nts. N u m b ers r e pr es e nt t h e p at c h or d er
i n e a c h e x p eri m e nt a n d l e v el.

pr es e nt e d i n T a bl e 3. T h e t a bl e a n d Fi g ur e 1 0 d e m o nstr at e t h at t h e pr o p os e d a p-
pr o a c h e nl ar g es t h e R A F T- MI M- b as e d tr ai ni n g a n d v ali d ati o n s ets i n b ot h s m all
a n d m e di u m p at c hi n g. T h e a p pr o a c h r o u g hl y d u pli c at es t h e MI M- b as e d tr ai n-
i n g a n d v ali d ati o n s ets 1 3 ti m es i n s m all p at c hi n g. W hil e i n m e di u m p at c hi n g,
e a c h MI M- b as e d tr ai ni n g a n d v ali d ati o n s et is d u pli c at e d 8 ti m es. M or e o v er, o ur
a p pr o a c h d e cr e as es t h e cl ass i m b al a n c e iss u e si g ni fi c a ntl y.

T a bl e 3: N u m b er of l a b el e d MI M p at c h es i n tr ai ni n g a n d v ali d ati o n s ets f or e a c h p at c h- b as e d
MI M d at as et.

D a t a s e t

E x p e ri m e n t

1 1 0 1 5 0 1 7 0 2 7 0 2 8 0 All

P  N P  P  N P  P  N P  P  N P  P  N P  P  N P T o t al

P at c h- b as e d s m all
R A F T- MI M Q 1 2

Tr ai ni n g 3 5 0 2 7 9 5 2 3 9 3 2 1 2 1 9 7 5 2 8 7 8 4 6 3 4 8 0 6 2 1 5 6 2 8 9 8 5 0 5 4
V ali d ati o n 6 7 5 3 8 9 1 6 1 2 0 2 1 9 1 1 6 9 1 0 8 1 6 2 3 7 5 5 6 6 9 4 1
T ot al 4 1 7 3 3 2 6 1 2 1 0 9 3 1 4 1 1 1 8 6 1 9 9 5 3 7 4 2 9 6 8 2 5 3 1 3 4 6 4 5 9 9 5

P at c h- b as e d s m all
R A F T- MI M Q 2 5

Tr ai ni n g 1 5 6 1 2 4 2 4 9 4 1 9 5 3 4 2 2 3 6 3 7 9 3 2 4 3 5 4 1 0 1 8 1 3 1 8 2 3 3 6
V ali d ati o n 3 3 2 6 3 5 8 2 9 1 2 5 6 5 3 6 7 8 9 2 0 0 2 6 2 4 6 2
T ot al 1 8 9 1 5 0 2 8 4 5 0 1 6 2 5 4 2 9 2 4 3 2 3 9 1 4 4 3 1 2 1 8 1 5 8 0 2 7 9 8

P at c h- b as e d m e di u m
R A F T- MI M Q 1 2

Tr ai ni n g 2 3 7 1 3 1 2 9 8 3 5 4 9 5 3 8 5 4 0 4 3 9 6 9 8 3 2 6 1 8 6 8 1 2 8 8 3 1 5 6
V ali d ati o n 4 5 2 6 5 5 6 4 1 6 8 9 8 1 0 5 1 2 6 8 1 3 4 0 2 8 4 6 2 4
T ot al 2 8 2 1 5 7 3 5 3 4 1 8 1 1 1 4 6 6 3 8 5 4 4 8 2 4 4 0 7 2 2 0 8 1 5 7 2 3 7 8 0

P at c h- b as e d m e di u m
R A F T- MI M Q 2 5

Tr ai ni n g 1 0 7 5 8 1 4 2 1 5 1 4 2 1 4 2 4 2 2 1 9 3 3 8 1 4 6 8 7 1 5 8 5 1 4 5 9
V ali d ati o n 2 2 1 4 2 0 3 7 8 6 5 6 2 7 6 8 3 2 1 7 4 1 1 6 2 9 0
T ot al 1 2 9 7 2 1 6 2 1 8 8 5 0 2 0 2 9 8 2 4 6 4 0 6 1 7 8 1 0 4 5 7 0 4 1 7 4 9

P: p us hi n g s a m pl es. N P: n o n- p us hi n g s a m pl es. All: all e x p eri m e nts. 1 1 0, 1 5 0, 1 7 0, 2 7 0 a n d 2 8 0: n a m es of t h e vi d e o
e x p eri m e nts.

T h e a p pr o a c h r e d u c es t h e di ff er e n c e p er c e nt a g e b et w e e n t h e p us hi n g a n d n o n-
p us hi n g cl ass es i n t h e p at c h- b as e d MI M tr ai ni n g a n d v ali d ati o n s ets as f oll o ws:
p at c h- b as e d s m all R A F T- MI M Q 1 2 , fr o m 6 2 % t o 1 6 %. P at c h- b as e d m e di u m R A F T-
MI M Q 1 2 , fr o m 6 2 % t o 1 7 %. P at c h- b as e d s m all R A F T- MI MQ 2 5 , fr o m 6 5 % t o 1 3 %.
P at c h- b as e d m e di u m R A F T- MI M Q 2 5 , fr o m 6 5 % t o 2 0 %.

D es pit e t h es e pr o misi n g r es ults, w e c a n o nl y ass ess t h e e ffi ci e n c y of o ur a p-
pr o a c h w h e n t h e C N N- b as e d cl assi fi er is tr ai n e d a n d t est e d o n o ur p at c h- b as e d
R A F T- MI M d at as ets. F or t his i m p ort a nt pr o c ess, w e g e n er at e f o ur p at c h- b as e d
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R A F T- MI M t est s ets. T h e p at c h- b as e d a p pr o a c h a p pli es t h e first l e v el of p at c hi n g
o n R A F T- MI M- b as e d t est s ets ( T a bl e 2) t o g e n er at e t h e p at c h- b as e d R A F T- MI M
t est s ets. We a p pl y t h e first l e v el i n t h e s m all a n d m e di u m p at c hi n g ( b e c a us e
w e n e e d t o e v al u at e o ur cl assi fi er f or d et e cti n g p us hi n g b e h a vi or at t h e s m all a n d
m e di u m p at c h es). T a bl e 4 s h o ws t h e n u m b er of l a b el e d MI M p at c h es i n t h e p at c h-
b as e d R A F T- MI M t est s ets a n d t h eir e x p eri m e nts. I n S e cti o n 5. 3, w e dis c uss t h e
i m p a ct of t h e p at c h- b as e d a p pr o a c h o n t h e a c c ur a c y of C N N- b as e d cl assi fi ers.

MI M Q 1 2 - b a s e d P a t c h- b a s e d
 s m all MI MQ 1 2

P a t c h- b a s e d
 m e di u m MI MQ 1 2

MI M Q 2 5 - b a s e d P a t c h- b a s e d
 s m all MI MQ 2 5

P a t c h- b a s e d
 m e di u m MI MQ 2 5

T r ai ni n g a n d v ali d a ti o n s e t s

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0

6 0 0 0

N
u

m
b

er
 

of
 
s

a
m

pl
e
s

N o n- p u s hi n g

P u s hi n g

Fi g ur e 1 0: T h e vis u ali z ati o n of t h e n u m b er of p us hi n g a n d n o n- p us hi n g s a m pl es f or t h e tr ai ni n g
a n d v ali d ati o n s ets.

T a bl e 4: N u m b er of l a b el e d MI M p at c h es i n p at c h- b as e d t est s ets.

T e s t S e t
E x p e ri m e n t

1 1 0 1 5 0 1 7 0 2 7 0 2 8 0 All

P  N P P  N P P N P P  N P P  N P P  N P T o t al

P at c h- b as e d s m all R A F T- MI M Q 1 2 t est 4 0 2 8 4 7 9 9 9 1 3 5 9 1 1 2 6 1 1 0 8 2 1 6 3 6 0 5 7 6
P at c h- b as e d s m all R A F T- MI M Q 2 5 t est 1 8 1 5 1 9 4 4 7 8 2 8 5 4 2 5 3 6 9 7 1 5 7 2 5 4
P at c h- b as e d m e di u m R A F T- MI M Q 1 2 t est 2 6 1 6 2 5 4 7 8 6 4 7 4 1 5 0 4 0 1 5 6 1 5 0 3 0 6
P at c h- b as e d m e di u m R A F T- MI M Q 2 5 t est 1 3 8 8 2 6 5 5 2 2 1 9 2 0 1 8 6 8 7 6 1 4 4

P: p us hi n g s a m pl es. N P: n o n- p us hi n g s a m pl es. All: all e x p eri m e nts. 1 1 0, 1 5 0, 1 7 0, 2 7 0, a n d 2 8 0:
n a m es of t h e vi d e o e x p eri m e nts.

5 E x p e ri m e n t al R e s ul t s

T his s e cti o n pr es e nts t h e p ar a m et er s et u p a n d p erf or m a n c e m etri cs us e d i n t h e
e v al u ati o n. T h e n, it tr ai ns a n d e v al u at es o ur cl assi fi er a n d st u di es t h e i m p a ct
of t h e p at c h ar e a a n d cli p si z e o n t h e cl assi fi er p erf or m a n c e. Aft er t h at, w e
i n v esti g at e t h e i n fl u e n c e of t h e p at c h- b as e d a p pr o a c h o n t h e cl assi fi er p erf or m a n c e.
N e xt, t h e e ff e ct of R A F T o n t h e cl assi fi er is dis c uss e d. Fi n all y, w e e v al u at e t h e
p erf or m a n c e of t h e pr o p os e d fr a m e w or k o n t h e dist ort e d vi d e os.

5. 1 P a r a m e t e r S e t u p a n d P e rf o r m a n c e M e t ri c s

F or t h e tr ai ni n g pr o c ess, t h e R M S Pr o p o pti mi z er wit h a bi n ar y cr oss- e ntr o p y l oss
f u n cti o n w as us e d. T h e b at c h si z e a n d e p o c hs w er e s et t o 1 2 8 a n d 1 0 0, r es p e cti v el y.
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M or e o v er, w h e n t h e v ali d ati o n a c c ur a c y di d n ot i n cr e as e f or 2 0 e p o c hs, t h e tr ai ni n g
pr o c ess w as a ut o m ati c all y t er mi n at e d. I n t h e R A F T a n d F ar n e b ä c k m et h o ds, w e
us e d t h e d ef a ult p ar a m et ers.

T h e i m pl e m e nt ati o ns i n t his p a p er w er e p erf or m e d o n a p ers o n al c o m p ut er
r u n ni n g t h e U b u nt u o p er ati n g s yst e m wit h a n I nt el( R) C or e( T M) i 7- 1 0 5 1 0 U C P U
@ 1. 8 0 G H z ( 8 C P Us) 2. 3 G H z a n d 3 2 G B R A M. T h e i m pl e m e nt ati o n w as writt e n
i n P yt h o n usi n g P y T or c h, K er as, Te ns or Fl o w, a n d O p e n C V li br ari es.

I n or d er t o e v al u at e t h e p erf or m a n c e of t h e pr o p os e d fr a m e w or k a n d o ur cl as-
si fi er, w e us e d a c c ur a c y a n d F 1 s c or e m etri cs. T his c o m bi n ati o n w as n e c ess ar y
si n c e w e h a d i m b al a n c e d d at as ets. F urt h er i nf or m ati o n o n t h e e v al u ati o n m etri cs
c a n b e f o u n d i n [ 4 6].

5. 2 O u r Cl a s si fi e r Tr ai ni n g a n d E v al u a ti o n, t h e I m p a c t of P a t c h A r e a
a n d Cli p Si z e

I n t his s e cti o n, w e h a v e t w o o bj e cti v es: ( 1) tr ai ni n g a n d e v al u ati n g t h e a d a pt e d
E ffi ci e nt N et- B 0- b as e d cl assi fi er. ( 2) I n v esti g ati n g t h e i m p a ct of t h e cli p si z e a n d
p at c h ar e a o n t h e p erf or m a n c e of t h e cl assi fi er.

We c o m p ar e t h e a d a pt e d E ffi ci e nt N et- B 0- b as e d cl assi fi er wit h t hr e e w ell- k n o w n
C N N- b as e d cl assi fi ers ( M o bil e N et [ 4 7], I n c e pti o n V 3 [ 4 8], a n d R es N et 5 0 [ 4 9]) t o
a c hi e v e t h e a b o v e o bj e cti v es. T h e cl assi fi c ati o n p art i n t h e w ell- k n o w n C N N ar-
c hit e ct ur es is m o di fi e d t o b e bi n ar y. T h e f o ur cl assi fi ers tr ai n fr o m s cr at c h o n
t h e p at c h- b as e d R A F T- MI M tr ai ni n g a n d v ali d ati o n s ets. T h e n w e e v al u at e t h e
tr ai n e d cl assi fi ers o n p at c h- b as e d R A F T- MI M t est s ets t o e x pl or e t h eir p erf or-
m a n c e.

Fr o m t h e r es ults i n T a bl e 5 a n d Fi g ur e 1 1, it is s e e n t h at o ur tr ai n e d cl assi fi er o n
t h e p at c h- b as e d m e di u m R A F T- MI M Q 1 2 d at as et a c hi e v es b ett er a c c ur a c y a n d F 1
s c or es t h a n ot h er cl assi fi ers. M or e s p e ci fi c all y, t h e E ffi ci e nt N et- B 0- b as e d cl assi fi er
h as 8 8 % a c c ur a c y a n d F 1 s c or es. F urt h er m or e, t h e m e di u m p at c h es h el p all
cl assi fi ers t o o bt ai n b ett er p erf or m a n c es t h a n s m all p at c h es. At t h e s a m e ti m e,
MI M Q 1 2 is b ett er t h a n MI MQ 2 5 f or tr ai ni n g t h e f o ur cl assi fi ers i n t er ms of a c c ur a c y
a n d F 1 s c or e.

T a bl e 5: C o m p aris o n wit h w ell- k n o w n C N N- b as e d cl assi fi ers o n p at c h- b as e d MI M d at as ets.

C N N- B a s e d
Cl a s si fi e r

P a t c h- B a s e d M I M D a t a s e t

M e di u m R A F T- M I M Q 1 2 S m all R A F T- M I M Q 1 2 M e di u m R A F T- M I M Q 2 5 S m all R A F T- M I M Q 2 5

A c c. %  F 1 S c o r e %  A c c. %  F 1 S c o r e %  A c c. %  F 1 S c o r e %  A c c. %  F 1 S c o r e %

M o bil e N et 8 7 8 7 7 9 7 8 8 5 8 5 7 7 7 4
E ffi ci e nt N et- B 0 8 8 8 8 8 1 8 0 8 7 8 7 7 8 7 8
I n c e pti o n V 3 8 5 8 5 7 6 7 5 8 0 8 0 7 6 7 4
R es N et 5 0 8 0 8 0 7 0 7 0 7 4 7 3 7 1 6 9

A c c.: a c c ur a c y. B ol d: b est r es ults i n e a c h d at as et. Gr a y hi g hli g ht: B est r es ults a m o n g all d at as ets.

T h e p at c h ar e a i n fl u e n c es t h e cl assi fi er p erf or m a n c e si g ni fi c a ntl y. F or e x a m pl e,
m e di u m p at c h es i m pr o v e t h e E ffi ci e nt N et- B 0- b as e d cl assi fi er a c c ur a c y a n d F 1
s c or es b y 7 % a n d 8 %, r es p e cti v el y, c o m p ar e d t o t h e s m all p at c h es. O n t h e ot h er
h a n d, t h e e ff e ct of t h e MI M s e q u e n c e ( cli p si z e) o n t h e cl assi fi er p erf or m a n c e
is l ess er t h a n t h e i n fl u e n c e of t h e p at c h ar e a. C o m p ar e d t o m e di u m MI MQ 2 5 ,
m e di u m MI M Q 1 2 e n h a n c es t h e a c c ur a c y a n d F 1 s c or e b y 1 % i n t h e E ffi ci e nt N et-
B 0- b as e d cl assi fi er.

I n s u m m ar y, t h e tr ai n e d a d a pt e d E ffi ci e nt N et- B 0- b as e d cl assi fi er o n t h e p at c h-
b as e d m e di u m R A F T- MI M Q 1 2 d at as et a c hi e v es t h e b est p erf or m a n c e.
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P a t c h- b a s e d d a t a s e t

7 0

7 5

8 0

8 5

F
1-

s
c

or
e 

%

M o bil e N e t

Effi ci e n t N e t- B 0

I n c e p ti o n V 3

R e s N e t 5 0

Fi g ur e 1 1: C o m p aris o ns of f o ur cl assi fi ers o v er all p at c h- b as e d R A F T- MI M s ets.

5. 3 T h e I m p a c t of t h e P a t c h- B a s e d A p p r o a c h

We e v al u at e d t h e i m p a ct of t h e pr o p os e d p at c h- b as e d a p pr o a c h o n t h e p erf or-
m a n c e of t h e tr ai n e d cl assi fi ers o n p at c h- b as e d m e di u m R A F T- MI M Q 1 2 tr ai ni n g
a n d v ali d ati o n s ets. T o a c hi e v e t h at, w e tr ai n e d t h e f o ur cl assi fi ers o n R A F T-
MI M Q 1 2 - b as e d tr ai ni n g a n d v ali d ati o n s ets ( T a bl e 2). T h e n t h e tr ai n e d cl assi fi ers
w er e e v al u at e d o n p at c h- b as e d m e di u m R A F T- MI M Q 1 2 t est s ets ( T a bl e 4).

T a bl e 6 r e pr es e nts t h e p erf or m a n c e of MI M- b as e d cl assi fi ers. T h e c o m p aris o n
b et w e e n p at c h- b as e d cl assi fi ers a n d MI M- b as e d cl assi fi ers is vis u ali z e d i n Fi g ur e
1 2. We c a n s e e t h at t h e E ffi ci e nt N et- B 0- b as e d cl assi fi er ( MI M- b as e d cl assi fi er)
a c hi e v es t h e b est p erf or m a n c e, w hi c h is a 7 8 % a c c ur a c y a n d F 1 s c or e. I n c o m p ar-
is o n, t h e c orr es p o n di n g p at c h- b as e d cl assi fi er a c hi e v es a n 8 8 % a c c ur a c y a n d F 1
s c or e. T his m e a ns t h at t h e p at c h- b as e d a p pr o a c h i m pr o v es t h e a c c ur a c y a n d F 1
s c or e of t h e E ffi ci e nt N et- B 0- b as e d cl assi fi er b y 1 0 %. Si mil arl y, i n ot h er cl assi fi ers,
t h e p at c h- b as e d a p pr o a c h i n cr e as es t h e a c c ur a c y a n d F 1 s c or e b y at l e ast 1 5 %
f or e a c h.

T a bl e 6: MI M- b as e d cl assi fi er e v al u ati o n.

P a t c h- B a s e d Cl a s si fi e r M I M- B a s e d Cl a s si fi e r

C N N- B a s e d Cl a s si fi e r  A c c u r a c y %  F 1 S c o r e %  A c c u r a c y %  F 1 S c o r e %

M o bil e N et 8 7 8 7 7 1 6 9
E ffi ci e nt N et- B 0 8 8 8 8 7 8 7 8
I n c e pti o n V 3 8 5 8 5 5 1 3 4
R e s N et 5 0 8 0 8 0 5 1 3 4

5. 4 T h e I m p a c t of R A F T

I n or d er t o st u d y t h e i m p a ct of R A F T o n o ur cl assi fi er, w e tr ai n e d it usi n g t h e
p at c h- b as e d m e di u m F ar n e b ä c k- MI M Q 1 2 d at as et. F ar n e b ä c k is o n e of t h e m ost
p o p ul ar o pti c al fl o w m et h o ds us e d i n h u m a n a cti o n d et e cti o n. Firstl y, w e cr e at e d
p at c h- b as e d m e di u m tr ai ni n g a n d v ali d ati o n a n d t est s ets fr o m t h e F ar n e b ä c k-
MI M Q 1 2 - b as e d d at as et ( T a bl e 2). T h e tr ai ni n g a n d v ali d ati o n s ets w er e us e d t o
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M o bil e N e t Effi ci e n t N e t- B 0 I n c e p ti o n V 3 R e s N e t 5 0
0

2 0

4 0

6 0

8 0

%

P a t c h- b a s e d cl a s sifi e r [ a c c u r a c y]

MI M- b a s e d cl a s sifi e r [ a c c u r a c y]

P a t c h- b a s e d cl a s sifi e r [ F 1- s c o r e]

MI M- b a s e d cl a s sifi e r [ F 1- s c o r e]

Fi g ur e 1 2: C o m p aris o n b et w e e n MI M- b as e d cl assi fi ers a n d p at c h- b as e d cl assi fi ers.

tr ai n t h e E ffi ci e nt N et- B 0- b as e d cl assi fi er ( F ar n e b ä c k- b as e d cl assi fi er), w hil e t h e
t est s et w as us e d t o e v al u at e t h e cl assi fi er. Fi n all y, w e c o m p ar e d t h e p erf or-
m a n c e of t h e cl assi fi er b as e d o n R A F T wit h t h e cl assi fi er b as e d o n F ar n e b ä c k. As
s h o w n i n T a bl e 7 a n d Fi g ur e 1 3, w e fi n d t h at R A F T i m pr o v es t h e cl assi fi er p er-
f or m a n c e i n all cl assi fi ers c o m p ar e d t o F ar n e b ä c k. I n p arti c ul ar, R A F T e n h a n c es
t h e E ffi ci e nt N et- B 0- b as e d cl assi fi er p erf or m a n c e b y 8 %.

T a bl e 7: C o m p aris o n b et w e e n R A F T- b as e d cl assi fi ers a n d F ar n e b ä c k- b as e d cl assi fi ers.

R A F T- B a s e d Cl a s si fi e r F a r n e b ä c k- B a s e d Cl a s si fi e r

Cl a s si fi e r  A c c u r a c y %  F 1 S c o r e %  A c c u r a c y %  F 1 S c o r e %

M o bil e N et 8 7 8 7 8 1 8 1
E ffi ci e nt N et- B 0 8 8 8 8 8 0 8 0

I n c e pti o n V 3 8 5 8 5 7 9 7 9
R e s N et 5 0 8 0 8 0 7 4 7 3

7 2. 5

7 5. 0

7 7. 5

8 0. 0

8 2. 5

8 5. 0

8 7. 5

A
c
c

ur
a
c
y 

%

R A F T- b a s e d cl a s sifi e r s

F a r n e b a c k- b a s e d cl a s sifi e r s

M o bil e N e t Effi ci e n t N e t- B 0 I n c e p ti o n V 3 R e s N e t 5 0

C N N- b a s e d cl a s sifi e r

7 2. 5

7 5. 0

7 7. 5

8 0. 0

8 2. 5

8 5. 0

8 7. 5

F
1-

s
c

or
e 

%

R A F T- b a s e d cl a s sifi e r s

F a r n e b a c k- b a s e d cl a s sifi e r s

Fi g ur e 1 3: C o m p aris o n b et w e e n t h e R A F T- b as e d cl assi fi er a n d t h e F ar n e b ä c k- b as e d cl assi fi er.
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5. 5 C o m p a ri s o n b e t w e e n t h e P r o p o s e d Cl a s si fi e r a n d t h e C u s t o mi z e d
C N N- B a s e d Cl a s si fi e r s i n R el a t e d W o r k s

I n t his s e cti o n, w e e v al u at e o ur cl assi fi er b y c o m p ari n g it wit h t w o of t h e m ost
r e c e nt c ust o mi z e d C N N ar c hit e ct ur es ( C N N- 1 [ 2 5] a n d C N N- 2 [ 3 5]) i n t h e vi d e o-
b as e d a b n or m al h u m a n b e h a vi or d et e cti o n fi el d. C ust o mi z e d C N Ns h a v e si m pl e
ar c hit e ct ur es; C N N- 1 us e d 7 5 × 7 5 pi x els as a n i n p ut i m a g e, t hr e e c o n v ol uti o n al
l a y ers f oll o w e d b y b at c h n or m ali z ati o n a n d m a x p o oli n g o p er ati o ns. Fi n all y, a f ull y
c o n n e ct e d l a y er wit h a s oft m a x a cti v ati o n f u n cti o n w as e m pl o y e d f or cl assi fi c ati o n.
O n t h e ot h er h a n d, C N N- 2 r esi z e d t h e i n p ut i m a g es i nt o 2 8 × 2 8 pi x els, t h e n
e m pl o y e d t hr e e c o n v ol uti o n al l a y ers wit h t hr e e m a x p o oli n g l a y ers ( e a c h m a x
p o oli n g l a y er wit h stri d es of 2 pi x els). M or e o v er, it us e d t w o f ull y c o n n e ct e d
l a y ers f or pr e di cti o ns; t h e first l a y er w as b as e d o n a R e L U a cti v ati o n f u n cti o n,
w hil e t h e s e c o n d l a y er us e d a s oft m a x a cti v ati o n f u n cti o n. F or m or e d et ails o n
C N N- 1 a n d C N N- 2, w e r ef er t h e r e a d er t o [ 2 5, 3 5], r es p e cti v el y.

T h e t hr e e cl assi fi ers w er e tr ai n e d a n d e v al u at e d b as e d o n t h e p at c h- b as e d
m e di u m R A F T- MI M Q 1 2 d at as et. As s h o w n i n T a bl e 8 a n d Fi g ur e 1 4, C N N- 1 a n d
C N N- 2 o bt ai n e d l o w a c c ur a c y a n d F 1 s c or es (l ess t h a n 6 1 %), w hil e o ur cl assi fi er
a c hi e v e d a n 8 8 % a c c ur a c y a n d F 1 s c or e.

T a bl e 8: C o m p aris o ns t o t h e c ust o mi z e d C N N- b as e d cl assi fi ers i n t h e r el at e d w or ks.

Cl a s si fi e r A c c u r a c y % F 1 S c o r e %

E ffi ci e nt N et- B 0 ( o ur cl a s si fi er) 8 8 8 8
C N N- 1 [ 2 5] 6 0 5 4
C N N- 2 [ 3 5] 5 4 3 5

O u r cl a s sifi e r C N N- 1 C N N- 2

C N N- b a s e d cl a s sifi e r

4 0

5 0

6 0

7 0

8 0

9 0

%

A c c u r a c y

F 1- s c o r e

Fi g ur e 1 4: C o m p aris o n b et w e e n o ur cl assi fi er, C N N- 1 [ 2 5] a n d C N N- 2 [ 3 5] b as e d o n t h e p at c h-
b as e d m e di u m R A F T- MI M Q 1 2 d at as et.

I n s u m m ar y, a n d a c c or di n g t o Fi g ur e 1 5, t h e r e vi e w e d c ust o mi z e d C N N ar-
c hit e ct ur es ar e si m pl e a n d n ot e n o u g h t o d et e ct p us hi n g b e h a vi ors b e c a us e t h e
di ff er e n c es b et w e e n p us hi n g a n d n o n- p us hi n g b e h a vi ors ar e n ot cl e ar i n m a n y
c as es. T o a d dr ess t his c h all e n g e, w e n e e d a n e ffi ci e nt cl assi fi er (s u c h as t h e pr o-
p os e d cl assi fi er).
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Fi g ur e 1 5: C o nf usi o n m atri c es f or o ur cl assi fi er ( a ), C N N- 1 [ 2 5] ( b ) a n d C N N- 2 [ 3 5] ( c ) b as e d o n
t h e p at c h- b as e d m e di u m R A F T- MI M Q 1 2 d at as et.

5. 6 Fr a m e w o r k P e rf o r m a n c e E v al u a ti o n

O pti c al i m a gi n g s yst e ms oft e n s u ff er fr o m dist orti o n artif a cts [ 5 0]. A c c or di n g
t o [ 5 1], dist orti o n is “ a d e vi ati o n fr o m t h e i d e al pr oj e cti o n c o nsi d er e d i n a pi n h ol e
c a m er a m o d el, it is a f or m of o pti c al a b err ati o n i n w hi c h str ai g ht li n es i n t h e s c e n e
d o n ot r e m ai n str ai g ht i n a n i m a g e ”. T h e dist orti o n l e a ds t o i n a c c ur at e tr aj e ct or y
d at a [ 5 2]. T h er ef or e, P e Tr a c k c orr e cts t h e dist ort e d vi d e os b ef or e e xtr a cti n g t h e
a c c ur at e tr aj e ct or y d at a, w h er e as t h e r e q uir e d i nf or m ati o n f or t h e c orr e cti o n is
n ot oft e n a v ail a bl e. U nf ort u n at el y, tr ai ni n g o ur cl assi fi er o n u n dist ort e d vi d e os
c o ul d d e cr e as e t h e fr a m e w or k p erf or m a n c e o n dist ort e d vi d e os. T h er ef or e, i n t his
s e cti o n, w e e v al u at e d t h e pr o p os e d fr a m e w or k p erf or m a n c e o n t h e dist ort e d vi d e os
a n d st u di e d t h e i m p a ct of t h e f als e r e d u cti o n al g orit h m o n t h e fr a m e w or k p erf or-
m a n c e. T o a c hi e v e b ot h g o als, firstl y, w e e v al u at e d t h e fr a m e w or k’s p erf or m a n c e
wit h o ut t h e al g orit h m o n t h e dist ort e d vi d e os. T h e n, t h e fr a m e w or k wit h t h e
al g orit h m w as e v al u at e d. Fi n all y, w e c o m p ar e d b ot h p erf or m a n c es.

A q u alit ati v e m et h o d ol o g y w as us e d i n b ot h e v al u ati o ns; t h e m et h o d ol o g y
c o nsist e d of f o ur st e ps: ( 1) w e a p pli e d t h e fr a m e w or k t o a n n ot at e dist ort e d cli ps
c orr es p o n di n g t o MI Ms i n t h e R A F T- MI M Q 1 2 - b as e d t est s et ( Fi g ur e 1 6); t h e b ot-
t o m i m a g e is a n e x a m pl e of a n a n n ot at e d dist ort e d cli p; ( 2) U nf ort u n at el y, w e
c o ul d n ot vis u ali z e t h e gr o u n d tr ut h p us hi n g o n t h e dist ort e d fr a m es b e c a us e t h e
tr aj e ct or y d at a w er e i n a c c ur at e. T h er ef or e, w e vis u ali z e d gr o u n d tr ut h p us hi n g
o n t h e first fr a m e of t h e c orr es p o n di n g u n dist ort e d cli ps t o t h e dist ort e d cli ps,
Fi g ur e 1 6, t o p i m a g e. T h e n, w e m a n u all y i d e nti fi e d p us hi n g b e h a vi ors o n t h e dis-

4 8



P U B LI C A TI O N I

t ort e d cli ps b as e d o n t h e c orr es p o n di n g a n n ot at e d u n dist ort e d cli ps; T his pr o c ess
is hi g hli g ht e d b y arr o ws i n Fi g ur e 1 6. ( 3) We m a n u all y c al c ul at e d t h e n u m b er of
tr u e p us hi n g, f als e p us hi n g, tr u e n o n- p us hi n g, a n d f als e n o n- p us hi n g. N ot e t h at
t h e e m pt y p at c h es w er e dis c ar d e d. N o n- e m pt y p at c h es c o nt ai ni n g m or e t h a n h alf
of t h e p us hi n g b e h a vi ors ar e l a b el e d as p us hi n g; ot h er wis e, t h e y ar e l a b el e d as
n o n- p us hi n g. H alf of t h e p us hi n g b e h a vi or m e a ns t h at m or e t h a n h alf of t h e visi-
bl e p e d estri a n b o d y c o ntri b ut es t o p us hi n g; ( 4) Fi n all y, w e m e as ur e d t h e a c c ur a c y
a n d F 1 s c or e m etri cs.

F P T PT N P

Fi g ur e 1 6: A n e x a m pl e of t h e us e d q u alit ati v e m et h o d ol o g y. ( T o p ) t h e first fr a m e of a n u n dist ort e d
cli p; ( B o t t o m ) t h e first fr a m e of a dist ort e d cli p. W hit e arr o ws: c o n n e cti n g t h e p us hi n g l o c ati o ns
i n b ot h u n dist ort e d a n d dist ort e d cli ps. T P: tr u e p us hi n g. F P: f als e p us hi n g. T N P: tr u e n o n-
p us hi n g. W hit e cir cl es: gr o u n d tr ut h p us hi n g. R e d b o x es: pr e di ct e d p us hi n g p at c h es. Gr e e n
b o x es: pr e di ct e d n o n- p us hi n g p at c h es.

Fr o m T a bl e 9, w e c a n s e e t h at o ur fr a m e w or k wit h t h e f als e r e d u cti o n al g orit h m
c a n a c hi e v e a n 8 6 % a c c ur a c y a n d F 1 s c or e o n t h e dist ort e d vi d e os. M or e o v er,
t h e f als e r e d u cti o n i m pr o v es t h e p erf or m a n c e b y 2 %.

T a bl e 9: T h e p erf or m a n c e of t h e fr a m e w or k wit h a n d wit h o ut f als e r e d u cti o n o n dist ort e d vi d e os.

Fr a m e w o r k A c c u r a c y % F 1 S c o r e %

Wit h o ut f al s e r e d u cti o n 8 4 8 4
Wit h f al s e r e d u cti o n 8 6 8 6

6 C o n cl u si o n s, Li mi t a ti o n s, a n d F u t u r e W o r k

T his p a p er pr o p os e d a h y bri d d e e p l e ar ni n g a n d vis u ali z ati o n fr a m e w or k f or a u-
t o m ati c p us hi n g b e h a vi or d et e cti o n at t h e p at c h l e v el, p arti c ul arl y fr o m t o p- vi e w
vi d e o r e c or di n gs of cr o w d e d e v e nt e ntr a n c es. T h e fr a m e w or k m ai nl y r eli e d o n t h e
p o w er of E ffi ci e nt N et- B 0- b as e d C N N, R A F T, a n d w h e el vis u ali z ati o n m et h o ds t o
o v er c o m e t h e hi g h c o m pl e xit y of p us hi n g b e h a vi or d et e cti o n. R A F T a n d w h e el vi-
s u ali z ati o n ar e c o m bi n e d t o e xtr a ct cr o w d m oti o n i nf or m ati o n a n d g e n er at e MI M
p at c h es. Aft er t h at, t h e c o m bi n ati o n of t h e E ffi ci e nt N et- B 0- b as e d cl assi fi er a n d
f als e r e d u cti o n al g orit h m d et e cts t h e p us hi n g MI M p at c h es a n d pr o d u c es t h e p us h-
i n g a n n ot at e d vi d e o. I n a d diti o n t o t h e pr o p os e d fr a m e w or k, w e i ntr o d u c e d a n
e ffi ci e nt p at c h- b as e d a p pr o a c h t o i n cr e as e t h e n u m b er of s a m pl es a n d all e vi at e t h e
cl ass i m b al a n c e iss u e i n p us hi n g d at as ets. T h e a p pr o a c h ai ms t o i m pr o v e t h e a c-
c ur a c y of t h e cl assi fi er a n d t h e pr o p os e d fr a m e w or k. F urt h er m or e, w e cr e at e d n e w
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d at as ets usi n g a r e al- w orl d gr o u n d tr ut h of p us hi n g b e h a vi or vi d e os a n d t h e pr o-
p os e d p at c h- b as e d a p pr o a c h f or e v al u ati o n. T h e e x p eri m e nt al r es ults s h o w t h at:
( 1) t h e p at c h- b as e d m e di u m R A F T- MI M Q 1 2 d at as et is t h e b est c o m p ar e d t o t h e
ot h er g e n er at e d d at as ets f or tr ai ni n g t h e C N N- b as e d cl assi fi ers; ( 2) O ur cl assi fi er
o ut p erf or m e d t h e b as eli n e w ell- k n o w n C N N ar c hit e ct ur es i n i m a g e cl assi fi c ati o n
as w ell as c ust o mi z e d C N N ar c hit e ct ur es i n t h e r el at e d w or ks; ( 3) C o m p ar e d t o
F ar n e b ä c k, R A F T i m pr o v e d t h e a c c ur a c y of t h e pr o p os e d cl assi fi er b y 8 %; ( 4) T h e
pr o p os e d p at c h- b as e d a p pr o a c h h el p e d t o e n h a n c e o ur cl assi fi er a c c ur a c y fr o m
7 8 % t o 8 8 %; ( 5) O v er all, t h e pr o p os e d a d a pt e d E ffi ci e nt N et- B 0- b as e d cl assi fi er
o bt ai n e d 8 8 % a c c ur a c y o n t h e p at c h- b as e d m e di u m R A F T- MI M Q 1 2 d at as et; ( 6)
T h e a b o v e r es ults w er e b as e d o n u n dist ort e d vi d e os, w hil e t h e pr o p os e d fr a m e w or k
o bt ai n e d 8 6 % a c c ur a c y o n t h e dist ort e d vi d e os; ( 7) T h e d e v el o p e d f als e r e d u cti o n
al g orit h m i m pr o v e d t h e fr a m e w or k a c c ur a c y o n dist ort e d vi d e os fr o m 8 4 % t o 8 6 %.
T h e m ai n r e as o n b e hi n d d e cr e asi n g t h e fr a m e w or k a c c ur a c y o n dist ort e d vi d e os
w as tr ai ni n g t h e cl assi fi er b as e d o n u n dist ort e d vi d e os.

T h e m ai n li mit ati o ns of t h e pr o p os e d fr a m e w or k c a n n ot b e a p pli e d i n r e al ti m e.
A d diti o n all y, it d o es n ot w or k w ell wit h r e c or d e d vi d e os fr o m a m o vi n g c a m er a.
M or e o v er, t h e fr a m e w or k w as e v al u at e d o nl y o n s p e ci fi c s c e n ari os of cr o w d e d
e v e nt e ntr a n c es.

I n f ut ur e w or k, w e pl a n t o e v al u at e o ur fr a m e w or k i n m or e s c e n ari os of cr o w d e d
e v e nt e ntr a n c es. A d diti o n all y, w e pl a n t o o pti mi z e t h e pr o p os e d fr a m e w or k t o
all o w r e al-ti m e d et e cti o n.

A u t h o r C o n t ri b u ti o n s

C o n c e pt u ali z ati o n, A. A., M. M. a n d M. C.; m et h o d ol o g y, A. A., M. M. a n d M. C.;
s oft w ar e, A. A.; v ali d ati o n, A. A.; f or m al a n al ysis, A. A., M. M. a n d M. C.; i n v esti-
g ati o n, A. A., M. M. a n d M. C.; d at a c ur ati o n, A. A.; writi n g — ori gi n al dr aft pr e p a-
r ati o n, A. A.; writi n g —r e vi e w a n d e diti n g, A. A., M. M. a n d M. C.; s u p er visi o n,
M. M. a n d M. C. All a ut h ors h a v e r e a d a n d a gr e e d t o t h e p u blis h e d v ersi o n of
t h e m a n us cri pt.

F u n di n g

T his w or k w as f u n d e d b y t h e G er m a n Fe d er al Mi nistr y of E d u c ati o n a n d R e-
s e ar c h ( B M B F: f u n di n g n u m b er 0 1 D H 1 6 0 2 7) wit hi n t h e P al esti ni a n- G er m a n S ci-
e n c e Bri d g e pr oj e ct fr a m e w or k, a n d p arti all y b y t h e D e uts c h e F ors c h u n gs g e m ei n-
s c h aft ( D F G, G er m a n R es e ar c h F o u n d ati o n) – 4 9 1 1 1 1 4 8 7.

I n s ti t u ti o n al R e vi e w B o a r d S t a t e m e n t

T h e e x p eri m e nts w er e c o n d u ct e d a c c or di n g t o t h e g ui d eli n es of t h e D e cl ar ati o n
of H elsi n ki, a n d a p pr o v e d b y t h e et hi cs b o ar d at t h e U ni v ersit y of W u p p ert al,
G er m a n y.

I nf o r m e d C o n s e n t S t a t e m e n t

I nf or m e d c o ns e nt w as o bt ai n e d fr o m all s u bj e cts i n v ol v e d i n t h e e x p eri m e nts.
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D a t a A v ail a bili t y S t a t e m e n t

All vi d e os a n d tr aj e ct or y d at a us e d i n g e n er ati n g t h e d at as ets w er e o bt ai n e d
fr o m t h e d at a ar c hi v e h ost e d b y t h e F ors c h u n gs z e ntr u m J üli c h u n d er C C Attri-
b uti o n 4. 0 I nt er n ati o n al li c e ns e [ 4 2]. T h e u n dist ort e d vi d e os, tr ai n e d C N N- b as e d
cl assi fi ers, t est s ets, r es ults, c o d es (fr a m e w or k; b uil di n g, tr ai ni n g a n d e v al u ati n g
t h e cl assi fi ers) g e n er at e d or us e d i n t his p a p er ar e p u bli cl y a v ail a bl e at: h t t p s :
/ / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s / D L 4 P u D e ( 1 0 A pril 2 0 2 2). T h e tr ai ni n g a n d
v ali d ati o n s ets ar e a v ail a bl e fr o m t h e a ut h or u p o n r e q u est.

A c k n o wl e d g m e n t s

T h e a ut h ors ar e t h a n kf ul t o Ar mi n S e yfri e d f or t h e m a n y h el pf ul a n d c o nstr u cti v e
dis c ussi o ns. T h e y w o ul d als o li k e t o t h a n k A n n a Si e b e n, H el e n a L ü g eri n g, a n d
E z el Ü st e n f or d e v el o pi n g t h e r ati n g s yst e m a n d a n n ot ati n g t h e p us hi n g b e h a vi or
i n t h e vi d e o e x p eri m e nts. A d diti o n all y, t h e a ut h ors w o ul d li k e t o t h a n k M ai k
B olt es a n d T o bi as S c hr ö dt er f or v al u a bl e t e c h ni c al dis c ussi o ns.

C o n fli c t s of I n t e r e s t

T h e a ut h ors d e cl ar e n o c o n fli ct of i nt er est.
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A Cl o u d- b a s e d D e e p L e a r ni n g Fr a m e w o r k f o r E a rl y
D e t e c ti o n of P u s hi n g a t C r o w d e d E v e n t E n t r a n c e s
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W u p p ert al, G er m a n y.

3 D e p art m e nt of M a n a g e m e nt I nf or m ati o n S y st e m s, F a c ult y of E n gi n e e ri n g a n d I nf o r m ati o n

Te c h n ol o g y, A n- N aj a h N ati o n al U ni v e r sit y, N a bl u s, P al e sti n e.

4 D e p art m e nt of I nf or m ati o n Te c h n ol o g y, F a c ult y of E n gi n e e ri n g a n d I nf o r m ati o n Te c h n ol o g y, A r a b

A m eri c a n U ni v er sit y, J e ni n, P al e sti n e.

5 D e p art m e nt of El e ctri c al a n d C o m p ut er E n gi n e eri n g, A n- N aj a h N ati o n al U ni v e r sit y, N a bl u s,

P al e sti n e.

C orr es p o n di n g a ut h ors: a. ali a @f z-j u eli c h. d e, m o h a m m e d. m ar e e @ a a u p. e d u,
a.s e yfri e d @f z-j u eli c h. d e

A b s t r a c t Cr o w di n g at t h e e ntr a n c es of l ar g e e v e nts m a y l e a d t o criti c al a n d
lif e-t hr e at e ni n g sit u ati o ns, p arti c ul arl y w h e n p e o pl e st art p us hi n g e a c h ot h er t o
r e a c h t h e e v e nt f ast er. A ut o m ati c a n d ti m el y i d e nti fi c ati o n of p us hi n g b e h a vi or
w o ul d h el p or g a ni z ers a n d s e c urit y f or c es t o i nt er v e n e e arl y a n d miti g at e d a n g er-
o us sit u ati o ns. I n t his p a p er, w e pr o p os e a cl o u d- b as e d d e e p l e ar ni n g fr a m e w or k
f or a ut o m ati c e arl y d et e cti o n of p us hi n g i n cr o w d e d e v e nt e ntr a n c es. T h e pr o-
p os e d fr a m e w or k i niti all y m o di fi es a n d tr ai ns t h e E ffi ci e nt N et V 2 B 0 C o n v ol uti o n al
N e ur al N et w or k m o d el. S u bs e q u e ntl y, it i nt e gr at es t h e a d a pt e d m o d el wit h a n
a c c ur at e a n d f ast pr e-tr ai n e d d e e p o pti c al fl o w m o d el wit h t h e c ol or w h e el m et h o d
t o a n al y z e vi d e o str e a ms a n d i d e ntif y p us hi n g p at c h es i n r e al-ti m e. M or e o v er, t h e
fr a m e w or k us es li v e c a pt uri n g t e c h n ol o g y a n d a cl o u d- b as e d e n vir o n m e nt t o c ol-
l e ct vi d e o str e a ms of cr o w ds i n r e al-ti m e a n d pr o vi d e e arl y-st a g e r es ults. A n o v el
d at as et is g e n er at e d b as e d o n fi v e r e al- w orl d e x p eri m e nts a n d t h eir ass o ci at e d
gr o u n d tr ut h d at a t o tr ai n t h e a d a pt e d E ffi ci e nt N et V 2 B 0 m o d el. T h e e x p eri m e n-
t al s et u ps si m ul at e d a cr o w d e d e v e nt e ntr a n c e, w hil e t h e gr o u n d tr ut hs f or e a c h
vi d e o e x p eri m e nt w as g e n er at e d m a n u all y b y s o ci al ps y c h ol o gists. S e v er al e x p er-
i m e nts o n t h e vi d e os a n d t h e g e n er at e d d at as et ar e c arri e d o ut t o e v al u at e t h e
a c c ur a c y a n d a n n ot ati o n d el a y ti m e of t h e pr o p os e d fr a m e w or k. T h e e x p eri m e n-
t al r es ults s h o w t h at t h e pr o p os e d fr a m e w or k i d e nti fi e d p us hi n g b e h a vi ors wit h
a n a c c ur a c y r at e of 8 7 % wit hi n a r e as o n a bl e d el a y ti m e.

K e y w o r d s: Arti fi ci al I nt elli g e n c e, C o m p ut er Visi o n, C o n v ol uti o n al N e ur al N et-
w or k, D e e p L e ar ni n g, I m a g e Cl assi fi c ati o n, I nt elli g e nt S yst e m, M a c hi n e L e ar ni n g,
P us hi n g B e h a vi or D et e cti o n

1 I n t r o d u c ti o n

T h e e ntr a n c es of l ar g e-s c al e e v e nts s u c h as s p ort v e n u es, c o n c erts, a n d r eli gi o us
g at h eri n gs ar e or g a ni z e d as b ottl e n e c ks f or a c c ess c o ntr ol, ti c k et v ali d ati o n, or
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s e c urit y c h e c k [ 1]. I n t h es e s c e n ari os, s o m e p e d estri a ns mi g ht st art p us hi n g e a c h
ot h er t o g ai n f ast er a c c ess t o t h e e v e nt. A c c or di n g t o L ü g eri n g et al. [ 2], p us hi n g
f or f or w ar d m oti o n is d e fi n e d as “ a b e h a vi or t h at c a n i n v ol v e usi n g ar ms, s h o ul d ers,
or el b o ws; or si m pl y t h e u p p er b o d y, i n w hi c h o n e p ers o n a cti v el y a p pli es f or c e
t o a n ot h er p ers o n ( or p e o pl e) t o o v ert a k e, w hil e s hifti n g t h eir dir e cti o n t o t h e
si d e or b a c k, or f or c e t h e m t o m o v e f or w ar d m or e q ui c kl y. ” A d diti o n all y, usi n g
g a ps i n t h e cr o w d is c o nsi d er e d as a str at e g y of p us hi n g b e c a us e it is a f or m of
o v ert a ki n g [ 2]. I n d e e d, s u c h b e h a vi or oft e n i n cr e as es t h e cr o w d’s d e nsit y [ 1, 3],
r es ulti n g i n t h e l a c k of c o mf ort z o n es a n d, m or e i m p ort a ntl y, c a n l e a d t o d a n g er o us
sit u ati o ns [ 4, 5]. I n s u c h c as es, e arl y p us hi n g d et e cti o n is ess e nti al, as it c a n
pr o vi d e v al u a bl e i nf or m ati o n t o t h e or g a ni z ers a n d t h e s e c urit y t e a m f or b ett er
cr o w d m a n a g e m e nt, t h er e b y e ns uri n g a s m o ot h er fl o w at e ntr a n c es wit h hi g h er
s af et y [ 6]. Si n c e m a n u al i d e nti fi c ati o n of p us hi n g b e h a vi or i n t h e e arl y st a g es
c a n b e c o m pl e x or i m p ossi bl e, d e v el o pi n g a n a ut o m ati c d et e cti o n fr a m e w or k i n
r e al-ti m e or n e ar r e al-ti m e is cr u ci al. H o w e v er, a ut o m ati c p us hi n g d et e cti o n is
still a c h all e n gi n g t as k d u e t o t h e hi g hl y- d e ns e cr o w ds, t h e di v ersit y of p us hi n g
b e h a vi or str at e gi es, a n d t h e v ar yi n g f e at ur es f or p us hi n g b e h a vi or r e pr es e nt ati o n,
w hi c h still r e q uir es f urt h er i n v esti g ati o n a n d i d e nti fi c ati o n [ 7].

S ur v eill a n c e c a m er as h a v e r e c e ntl y b e e n wi d el y i nt e gr at e d wit h c o m p ut er vi-
si o n t e c h ni q u es t o a ut o m ati c all y i d e ntif y a b n or m al b e h a vi ors fr o m cr o w ds [ 8, 9].
Wit hi n t h e r e al m of c o m p ut er visi o n, p us hi n g b e h a vi or c a n b e cl assi fi e d as a b-
n or m al b e h a vi or. M a c hi n e l e ar ni n g al g orit h ms, p arti c ul arl y C o n v ol uti o n al N e ur al
N et w or k ( C N N) ar c hit e ct ur es, h a v e r e m ar k a bl y s u c c e e d e d i n s e v er al c o m p ut er vi-
si o n t as ks; a m o n g t h es e is a b n or m al b e h a vi or d et e cti o n i n cr o w ds [ 1 0]. O n e of t h e
criti c al r e as o ns f or t his s u c c ess is t h at C N N c a n l e ar n t h e r el e v a nt f e at ur es [ 1 1, 1 2]
a n d cl assi fi c ati o n a ut o m ati c all y fr o m d at a wit h o ut h u m a n i nt er v e nti o n [ 1 3, 1 4].
Alt h o u g h C N N ar c hit e ct ur es ar e p o w erf ul f or m o d eli n g h u m a n b e h a vi ors, b uil di n g
a n a c c ur at e m o d el r e q uir es a l ar g e tr ai ni n g d at as et [ 1 5, 1 6], w hi c h is oft e n u n a v ail-
a bl e. R es e ar c h ers h a v e d e v el o p e d h y bri d- b as e d a p pr o a c h es t h at i nt e gr at e C N N
wit h h a n d cr aft e d f e at ur e d es cri pt ors t o a d dr ess t his li mit ati o n [ 1 7, 1 8]. T h es e a p-
pr o a c h es e m pl o y d es cri pt ors t o o bt ai n us ef ul d at a, w hi c h is s u bs e q u e ntl y us e d b y
C N N t o l e ar n a n d i d e ntif y a b n or m al b e h a vi or a ut o m ati c all y. D u e t o t h e li mit e d
a v ail a bilit y of l a b el e d d at a f or p us hi n g b e h a vi or, h y bri d- b as e d a p pr o a c h es m a y
b e m or e a p pr o pri at e f or a ut o m ati c all y i d e ntif yi n g p us hi n g b e h a vi or. F or e x a m-
pl e, Ali a et al. [ 7] pr o p os e d a h y bri d d e e p l e ar ni n g a n d vis u ali z ati o n fr a m e w or k
f or p us hi n g b e h a vi or d et e cti o n i n vi d e o r e c or di n gs of cr o w d e d e v e nt e ntr a n c es.
U nf ort u n at el y, t his fr a m e w or k d o es n ot c o p e wit h e arl y d et e cti o n r e q uir e m e nts
b e c a us e it is sl o w a n d c a n n ot w or k wit h t h e li v e c a m er a str e a m. T o t h e b est
of o ur k n o wl e d g e, d es pit e t h e n u m er o us c o m p ut er visi o n a n d m a c hi n e l e ar ni n g
a p pr o a c h es r e p ort e d i n t h e lit er at ur e, n o n e of t h e m c a n d et e ct p us hi n g b e h a vi or
i n r e al-ti m e or n e ar r e al-ti m e fr o m cr o w ds.

I n or d er t o a d dr ess t h e a b o v e li mit ati o ns, t his arti cl e i ntr o d u c es a n o v el cl o u d-
b as e d d e e p l e ar ni n g fr a m e w or k f or p us hi n g p at c h d et e cti o n i n li v e vi d e o str e a ms
a c q uir e d fr o m cr o w d e d e v e nt e ntr a n c es. I n t his fr a m e w or k, w e pr o p os e: 1) I n-
t e gr ati n g a r o b ust d e e p o pti c al fl o w m o d el ( G P U- b as e d pr e-tr ai n e d R e c urr e nt
All- p airs Fi el d Tr a nsf or ms ( R A F T) [ 1 9]) wit h t h e c ol or w h e el m et h o d [ 2 0, 2 1] t o
a c c ur at el y a n d r a pi dl y e xtr a ct t h e vis u al m oti o n i nf or m ati o n fr o m t h e cr o w d. 2)
A d a pti n g a n d tr ai ni n g E ffi ci e nt N et V 2 B 0- b as e d C N N [ 2 2] usi n g vis u al m oti o n i n-
f or m ati o n t o d et e ct p us hi n g p at c h es a c c ur at el y. 3) Usi n g li v e c a m er a t e c h n ol o g y
a n d a cl o u d e n vir o n m e nt t o pr o vi d e m or e p o w erf ul c o m p ut ati o n al r es o ur c es a n d
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h el p t o c oll e ct a n d a n n ot at e t h e vi d e o str e a m of t h e cr o w d i n r e al-ti m e.
T h e m ai n c o ntri b uti o ns of t his arti cl e ar e s u m m ari z e d as f oll o ws:

1. T o t h e b est of o ur k n o wl e d g e, w e pr o p os e t h e first r e al-ti m e or n e ar r e al-
ti m e a ut o m ati c fr a m e w or k d e di c at e d t o e arl y i d e ntif yi n g p us hi n g b e h a vi or i n
h u m a n cr o w ds.

2. We i ntr o d u c e a n e w vi d e o a n al ysis a n d p us hi n g d et e cti o n a p pr o a c h b as e d o n
i nt e gr ati n g a n a d a pt e d v ersi o n of E ffi c e nt N et V 2 B 0, G P U- b as e d pr e-tr ai n e d
R A F T m o d el, a n d c ol or w h e el m et h o d.

3. We cr e at e a n o v el d at as et f or p us hi n g b e h a vi or, usi n g fi v e r e al- w orl d e x p eri-
m e nts wit h t h eir ass o ci at e d gr o u n d tr ut hs. T his d at as et is n ot o nl y us e d as a
tr ai ni n g a n d e v al u ati o n r es o ur c e f or o ur a d a pt e d E ffi ci e nt N et V 2 B 0, b ut c a n
als o b e a v al u a bl e ass et f or f ut ur e r es e ar c h i n t his ar e a.

4. We p erf or m a t h or o u g h p erf or m a n c e c o m p aris o n of fift e e n C N N ar c hit e ct ur es
f or p us hi n g d et e cti o n usi n g t h e g e n er at e d d at as et.

T h e r est of t h e p a p er is or g a ni z e d as f oll o ws. S e cti o n 2 r e vi e ws t h e r el at e d
st u di es of vi d e o- b as e d a b n or m al h u m a n b e h a vi or d et e cti o n. T h e pr o p os e d fr a m e-
w or k is pr es e nt e d i n S e cti o n 3. S e cti o n 5 dis c uss es t h e e v al u ati o n pr o c ess a n d
e x p eri m e nt al r es ults. Fi n all y, t h e c o n cl usi o n a n d f ut ur e w or k ar e s u m m ari z e d i n
S e cti o n 5.

2 R el a t e d W o r k

G e n er all y, i d e ntif yi n g p us hi n g b e h a vi or i n vi d e os f alls u n d er t h e fi el d of c o m-
p ut er visi o n, s p e ci fi c all y i n t h e t as k of a b n or m al b e h a vi or d et e cti o n. C N Ns h a v e
pl a y e d a cr u ci al r ol e i n si g ni fi c a nt a d v a n c e m e nts i n t his ar e a [ 2 3]. C o ns e q u e ntl y,
i n t his s e cti o n, o ur o bj e cti v e is t o e x a mi n e s e v er al a b n or m al b e h a vi or d et e cti o n
a p pr o a c h es t h at h a v e b e e n d e v el o p e d usi n g C N Ns.

A c ust o mi z e d C N N- b as e d m et h o d t o i d e ntif y a b n or m al a cti viti es i n vi d e os w as
pr es e nt e d b y T a y et al [ 2 4]. T h e a ut h ors tr ai n e d a c ust o mi z e d C N N f or f e at ur e
e xtr a cti o n a n d l a b eli n g usi n g n or m al a n d a b n or m al s a m pl es. I n a n ot h er st u d y,
Al a fif et al. [ 1 8] pr o p os e d t w o m et h o ds of i d e ntif yi n g a b n or m al b e h a vi ors i n s m all
a n d l ar g e-s c al e cr o w d vi d e os. T h e first m et h o d e m pl o ys a c o m bi n ati o n of a C N N
m o d el a n d a r a n d o m f or est cl assi fi er t o d et e ct a n o m al y b e h a vi ors at t h e o bj e ct
l e v el i n a s m all-s c al e cr o w d. I n c o ntr ast, t h e s e c o n d m et h o d utili z es t w o cl assi fi ers
t o r e c o g ni z e a b n or m al b e h a vi ors i n a l ar g e-s c al e cr o w d. T h e i niti al m o d el, fi n ds
t h e fr a m es c o nt ai ni n g a b n or m al b e h a vi ors, w hil e t h e s e c o n d cl assi fi er, Y o u O nl y
L o o k O n c e ( v ersi o n 2), pr o c ess es t h os e fr a m es t o i d e ntif y a b n or m al b e h a vi ors
e x hi bit e d b y i n di vi d u als. T h e e ff e cti v e n ess of t h es e t e c h ni q u es r eli es h e a vil y o n
utili zi n g C N Ns t o l e ar n f e at ur es fr o m l a b el e d d at as ets c o nt ai ni n g b ot h n or m al a n d
a b n or m al b e h a vi ors. A l ar g e tr ai ni n g d at as et of n or m al a n d a b n or m al b e h a vi ors
is n e c ess ar y t o cr e at e a n a c c ur at e a n d a d a pt a bl e C N N m o d el. H o w e v er, o bt ai ni n g
s u c h a d at as et is oft e n u n att ai n a bl e f or v ari o us a b n or m al b e h a vi ors, i n cl u di n g
p us hi n g b e h a vi or.

I n or d er t o o v er c o m e t h e s h ort a g e of l ar g e d at as ets c o m prisi n g n or m al a n d a b-
n or m al b e h a vi ors, s o m e r es e ar c h ers h a v e utili z e d o n e- cl ass cl assi fi ers wit h d at as ets
c o nsisti n g o nl y of n or m al b e h a vi ors. It is e asi er t o o bt ai n or cr e at e a d at as et
t h at c o nt ai ns o nl y n or m al b e h a vi or t h a n a d at as et t h at i n cl u d es b ot h n or m al
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a n d a b n or m al b e h a vi ors [ 2 5, 2 6]. T h e f u n d a m e nt al c o n c e pt b e hi n d t h e o n e- cl ass
cl assi fi er is t o e x cl usi v el y l e ar n fr o m n or m al b e h a vi ors, t h er e b y est a blis hi n g a
cl ass b o u n d ar y b et w e e n n or m al a n d u n d e fi n e d ( a b n or m al) cl ass es. F or e x a m pl e,
S a b o kr o u et al. [ 2 5] e m pl o y e d a pr e-tr ai n e d C N N f or e xtr a cti n g m oti o n a n d a p-
p e ar a n c e i nf or m ati o n fr o m cr o w d e d s c e n es. S u bs e q u e ntl y, t h e y utili z e d a o n e- cl ass
G a ussi a n distri b uti o n t o c o nstr u ct t h e cl assi fi er usi n g d at as ets c o m pris e d of n or-
m al b e h a vi or. Si mil arl y, i n [ 2 6, 2 7], t h e a ut h ors d e v el o p e d o n e- cl ass cl assi fi ers b y
utili zi n g a d at as et of n or m al s a m pl es. I n [ 2 6], X u et al. e m pl o y e d a c o n v ol uti o n al
v ari ati o n al a ut o e n c o d er t o e xtr a ct f e at ur es, f oll o w e d b y t h e us e of m ulti pl e G a us-
si a n m o d els t o d et e ct a b n or m al b e h a vi or. M e a n w hil e, i n [ 2 7], a pr e-tr ai n e d C N N
m o d el w as utili z e d f or f e at ur e e xtr a cti o n, wit h o n e- cl ass s u p p ort v e ct or m a c hi n es
b ei n g us e d t o i d e ntif y a b n or m al b e h a vi or. A n ot h er st u d y b y Il y as et al. [ 2 8]
utili z e d a pr e-tr ai n e d C N N a n d a gr a di e nt s u m of t h e fr a m e di ff er e n c e t o e xtr a ct
si g ni fi c a nt f e at ur es. F oll o wi n g t his, t hr e e s u p p ort v e ct or m a c hi n es w er e tr ai n e d
o n n or m al b e h a vi or t o d et e ct a b n or m al b e h a vi ors. G e n er all y, t h e o n e- cl ass cl as-
si fi er is c o m m o nl y us e d w h e n t h e t ar g et b e h a vi or cl ass or a b n or m al b e h a vi or is
i nfr e q u e nt or p o orl y d e fi n e d [ 2 9]. H o w e v er, p us hi n g b e h a vi or is w ell- d e fi n e d a n d
n ot r ar e, p arti c ul arl y i n hi g h- d e nsit y a n d c o m p etiti v e sit u ati o ns. F urt h er m or e,
t his t y p e of cl assi fi er r e g ar ds n e w n or m al b e h a vi or as a b n or m al.

T o o v er c o m e t h e li mit ati o ns of C N N- b as e d a n d o n e- cl ass cl assi fi er a p pr o a c h es,
s e v er al st u di es h a v e c o m bi n e d m ulti- cl ass C N N wit h o n e or m or e h a n d cr aft e d f e a-
t ur e d es cri pt ors [ 2 8, 1 0]. As a n e x a m pl e, D u m a n et al. [ 1 7] utili z e d t h e tr a diti o n al
F ar n e b ä c k o pti c al fl o w a p pr o a c h i n c o nj u n cti o n wit h C N N t o d et e ct a n o m al o us
b e h a vi or. T h e y e xtr a ct e d dir e cti o n a n d s p e e d i nf or m ati o n usi n g F ar n e b ä c k a n d
C N N, a n d t h e n utili z e d a c o n v ol uti o n al l o n g s h ort-t er m m e m or y n et w or k t o c o n-
str u ct t h e cl assi fi er. Si mil arl y, H u et al. [ 3 0] e m pl o y e d a c o m bi n ati o n of t h e
hist o gr a m of gr a di e nt a n d C N N f or f e at ur e e xtr a cti o n, w hil e a l e ast-s q u ar es s u p-
p ort v e ct or w as us e d f or cl assi fi c ati o n. Al m a zr o e y et al. [ 3 1] f o c us e d o n utili zi n g
t h e L u c as- K a n a d e o pti c al fl o w m et h o d, pr e-tr ai n e d C N N, a n d f e at ur e s el e cti o n
m et h o d ( n ei g h b or h o o d c o m p o n e nt a n al ysis) t o e xtr a ct r el e v a nt f e at ur es. T h e y
t h e n us e d a s u p p ort v e ct or m a c hi n e t o g e n er at e a tr ai n e d cl assi fi er. I n a di ff er e nt
st u d y [ 3 2], Z h o u et al. i ntr o d u c e d a C N N- b as e d m et h o d t o i d e ntif y a n d l o c at e
a b n or m al a cti viti es. T his a p pr o a c h i nt e gr at e d o pti c al fl o w wit h C N N f or f e at ur e
e xtr a cti o n a n d utili z e d a C N N f or cl assi fi c ati o n. Dir e k o gl u [ 1 0] utili z e d t h e L u c as-
K a n a d e o pti c al fl o w m et h o d a n d C N N t o e xtr a ct r el e v a nt f e at ur es a n d i d e ntif y
“ es c a p e a n d p a ni c b e h a vi ors ”.

M ost of t h e h y bri d- b as e d a p pr o a c h es f or a b n or m al b e h a vi or d et e cti o n t h at
w er e r e vi e w e d h a v e li mit e d e ffi ci e n c y i n d et e cti n g p us hi n g si n c e 1) T h e d es cri pt ors
us e d i n t h es e a p pr o a c h es c a n o nl y e xtr a ct li mit e d ess e nti al d at a fr o m hi g h- d e nsit y
cr o w ds t o r e pr es e nt p us hi n g b e h a vi or. 2) S o m e C N N ar c hit e ct ur es c o m m o nl y
utili z e d i n t h es e a p pr o a c h es m a y n ot b e e ff e cti v e i n d e ali n g wit h t h e i n cr e as e d
v ari ati o ns wit hi n p us hi n g b e h a vi or (i ntr a- cl ass v ari a n c e) a n d t h e s u bst a nti al r e-
s e m bl a n c e b et w e e n p us hi n g a n d n o n- p us hi n g b e h a vi ors ( hi g h i nt er- cl ass si mil ar-
it y), w hi c h c a n p ot e nti all y r es ult i n mis cl assi fi c ati o n. T o b e n e fit fr o m t h e p o w er
of h y bri d- b as e d a p pr o a c h es o n a s m all d at as et, Ali a et al. [ 7] i ntr o d u c e d a h y bri d
fr a m e w or k f or p us hi n g p at c h d et e cti o n i n vi d e o r e c or di n gs of cr o w ds. T h e a ut h ors
utili z e d a r o b ust h a n d cr aft e d f e at ur e d es cri pt or a n d e ffi ci e nt C N N ar c hit e ct ur e i n
t his fr a m e w or k. I n m or e d et ails, t h e fr a m e w or k us e d a d e e p o pti c al fl o w t e c h-
ni q u e t o e xtr a ct t h e m oti o n i nf or m ati o n fr o m t h e cr o w ds. T his i nf or m ati o n is
t h e n a n al y z e d usi n g a n E ffi ci e nt N et B 0- b as e d C N N a n d f als e r e d u cti o n al g orit h ms
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t o i d e ntif y a n d l a b el p us hi n g p at c h es i n t h e vi d e o. H o w e v er, t his fr a m e w or k d o es
n ot c o p e wit h e arl y d et e cti o n r e q uir e m e nts d u e t o t hr e e r e as o ns. First, it c a n
o nl y h a n dl e o ffli n e-r e c or d e d vi d e os. S e c o n d, T h e d e e p o pti c al fl o w t e c h ni q u e e m-
pl o y e d i n m oti o n e xtr a cti o n is sl o w b e c a us e it w as p erf or m e d o n t h e C P U. T hir d,
it n e e ds t o i d e ntif y p us hi n g p at c h es f or t h e w h ol e vi d e o b ef or e pr o d u ci n g t h e
o ut p ut. M or e o v er, as r e p ort e d b y t h e a ut h ors, t h e a c c ur a c y of t h e fr a m e w or k
d e cr e as es wit h c o m pl e x s c e n ari os of p us hi n g.

T o s u m u p, t h e r e vi e w e d m et h o ds h a v e li mit ati o ns r e g ar di n g e arl y p us hi n g d e-
t e cti o n i n cr o w d e d h u m a n e n vir o n m e nts. O n t h e o n e h a n d, a p pr o a c h es t h at r el y
s ol el y o n C N Ns f or f e at ur e e xtr a cti o n r e q uir e a l ar g e d at as et c o nt ai ni n g n or m al
a n d a b n or m al b e h a vi ors, w hi c h is t y pi c all y u n a v ail a bl e f or p us hi n g s c e n ari os. O n
t h e ot h er h a n d, o n e- cl ass cl assi fi ers ar e oft e n us e d f or i nfr e q u e nt or p o orl y d e fi n e d
t ar g et b e h a vi or or a b n or m al b e h a vi or. H o w e v er, p us hi n g b e h a vi or is w ell- d e fi n e d
a n d c o m m o n, p arti c ul arl y i n hi g h- d e nsit y a n d c o m p etiti v e s c e n ari os. A d diti o n-
all y, t his t y p e of cl assi fi er m a y mis cl assif y n e w n or m al b e h a vi or as a b n or m al.
Alt h o u g h h y bri d- b as e d a p pr o a c h es m a y b e m or e s uit a bl e f or p us hi n g b e h a vi or,
e xisti n g m et h o ds d o n ot m e et t h e r e q uir e m e nts f or e arl y p us hi n g d et e cti o n i n h u-
m a n cr o w ds. T o o v er c o m e t h es e li mit ati o ns, t his arti cl e pr o p os es a n o v el fr a m e-
w or k t h at a d a pts t h e E ffi ci e nt N et V 2 B 0 m o d el a n d i nt e gr at es it wit h G P U- b as e d
R A F T, w h e el c ol or m et h o d a n d li v e c a m er a t e c h n ol o g y o n a cl o u d pl atf or m. T h e
f oll o wi n g s e cti o n pr o vi d es a d et ail e d dis c ussi o n of t h e fr a m e w or k.

3 T h e P r o p o s e d Fr a m e w o r k

Pr e pr o c e s si n g M oti o n D e s cri pt or
P u s hi n g D et e cti o n

a n d A n n ot ati o n

R OI
k e yfr a m e s

A n n ot at e d
 R OI

 k e yfr a m e

E ntr a n c e Ar e a

 Cli e nt

Cl o u d- b a s e d Fr a m e w or k

Li v e Str e a m

MI M- p at c h e s

St or a g e

St or a g e A c c e s sC a m er a str e a m, R OI

c o or di n at e s, n, m

A fr a m e e v er y t w o
 s e c o n d s, n a m e d k e yfr a m e

A n n ot ati o n m a s k A c c e s si n g a n d
 r etri e vi n g

I n p ut s

I nt er n et

Fi g ur e 1: T h e pr o p os e d fr a m e w or k ar c hit e ct ur e. R OI r ef ers t o t h e e ntr a n c e ar e a ( R e gi o n Of
I nt er est). Us er- d e fi n e d r o w (n ) a n d c ol u m n ( m ) ar e us e d t o s plit M oti o n I nf or m ati o n M a p ( MI M)
i nt o n × m p at c h es.

I n t his s e cti o n, w e d es cri b e t h e pr o p os e d fr a m e w or k f or e arl y d et e cti o n of p us h-
i n g wit hi n t h e li v e c a m er a str e a m of cr o w d e d e v e nt e ntr a n c es, w h er e t h e c a m er a
is fi x e d a n d t o p- vi e w. Fi g. 1 s h o ws t h e ar c hit e ct ur e of o ur fr a m e w or k w hi c h
c o m pris es t hr e e m aj or c o m p o n e nts: pr e pr o c essi n g; m oti o n d es cri pt or; a n d p us h-
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i n g d et e cti o n a n d a n n ot ati o n. T h e first c o m p o n e nt ai ms t o c oll e ct a n d pr o c ess
t h e li v e c a m er a str e a m, as w ell as dis pl a y t h e str e a m o n t h e w e b cli e nt i n r e al-
ti m e. Si m ult a n e o usl y, t h e s e c o n d c o m p o n e nt, t h e m oti o n d es cri pt or, e m pl o ys t h e
G P U- b as e d R A F T m o d el a n d c ol or w h e el m et h o d [ 2 0, 2 1] t o e xtr a ct t h e vis u al
m oti o n i nf or m ati o n fr o m t h e cr o w d. Fi n all y, t h e p us hi n g d et e cti o n a n d a n n ot ati o n
c o m p o n e nt utili z es t h e a d a pt e d a n d tr ai n e d E ffi ci e nt N et V 2 B 0 m o d el t o a n al y z e
t h e vis u al m oti o n i nf or m ati o n a n d d et e ct p us hi n g p at c h es. N ot a bl y, it dir e ctl y
a n n ot at es t h e r e gi o ns t h at c o nt ai n p us hi n g b e h a vi or o n t h e li v e str e a m o n t h e
w e b cli e nt. T h e f oll o wi n g s e cti o ns pr o vi d e a m or e d et ail e d dis c ussi o n of t h e t hr e e
c o m p o n e nts.

3. 1 P r e p r o c e s si n g

I n or d er t o r e d u c e t h e c o m p ut ati o n al ti m e of t h e fr a m e w or k wit h o ut s a cri fi ci n g
p erf or m a n c e, t h e pr e pr o c essi n g c o m p o n e nt dir e ctl y dis pl a ys t h e cli e nt c a m er a
str e a m o n t h e w e b cli e nt. At t h e s a m e ti m e, it c oll e cts o nl y t h e d at a r e q uir e d
f or d et e cti o n p ur p os es fr o m t h e li v e str e a m. L et { f t} r e pr es e nts t h e li v e c a m er a
str e a m, w h er e t is t h e ti m e of t h e fr a m e f i n t h e str e a m. Firstl y, t his c o m p o n e nt
dis pl a ys t h e li v e str e a m o n t h e w e b cli e nt i n r e al-ti m e wit h o ut u pl o a di n g it t o t h e
cl o u d. T h e n, a fr a m e f t is c oll e ct e d fr o m t h e str e a m e v er y t w o s e c o n ds, h er e aft er
r ef err e d t o as k e yfr a m e ( e x a m pl es i n Fi g. 2 a). Aft er t h at, t his c o m p o n e nt utili z es
t h e us er- d e fi n e d c o or di n at es i n pi x el u nits t o cr o p t h e e ntr a n c e ar e a f̄ t ( R OI
k e yfr a m e) fr o m its c orr es p o n di n g k e yfr a m e f t. Fi n all y, f̄ t is s u b mitt e d as a n
i n p ut t o t h e s e c o n d c o m p o n e nt. F or t h e br e vit y, w e n a m e t h e R OI k e yfr a m e
s e q u e n c e f̄ t, f̄ t+ 2 , f̄ t+ 4 , . . . as { f̄ i | i = 1 , 2 , 3 , . . . } , w h er e i is t h e or d er of t h e
R OI k e yfr a m e i n t h e str e a m, a n d t is t h e ti m e i n s e c o n ds. Fi g. 2 b dis pl a ys t w o
e x a m pl es of f̄ i.

3. 2 M o ti o n D e s c ri p t o r

Usi n g t his c o m p o n e nt, w e ai m t o e xtr a ct t h e cr o w d’s m oti o n c h ar a ct eristi cs at
t h e p at c h l e v el. M or e s p e ci fi c all y, t his c o m p o n e nt esti m at es t h e m oti o n dir e cti o n,
m a g nit u d e, a n d ass o ci at e d s p ati o-t e m p or al i nf or m ati o n fr o m t h e cr o w ds, a n d a c-
c or di n gl y vis u ali z es t his i nf or m ati o n. T h e dis pl a y e d i nf or m ati o n i n cl u d es r el e v a nt
f e at ur es t h at ar e i m p ort a nt f or r e pr es e nti n g t h e p us hi n g b e h a vi or.

As s h o w n i n Fi g. 3, t h e c o m p o n e nt us es G P U- b as e d pr e-tr ai n e d R A F T m o d el
a n d c ol or w h e el m et h o d t o a c hi e v e its p ur p os e. U nli k e t h e m aj orit y of t h e al-
r e a d y us e d o pti c al fl o w m et h o ds [ 3 4, 3 5], a G P U- b as e d pr e-tr ai n e d R A F T m o d el
p erf or ms w ell i n t er ms of s p e e d, a c c ur a c y, a n d g e n er alit y f or d e ns e cr o w ds [ 7, 1 9].
T his m o d el w as cr e at e d b y tr ai ni n g a n e ns e m bl e of C N N a n d r e c urr e nt n e ur al n et-
w or ks o n t h e Si nt el d at as et t o c al c ul at e t h e o pti c al fl o w b et w e e n t w o i m a g es. F or
f urt h er d et ails a b o ut t h e m o d el, w e r ef er t h e r e a d er t o [ 1 9]. Firstl y, t h e c o m p o-
n e nt us es t h e pr e-tr ai n e d m o d el t o c al c ul at e t h e dis pl a c e m e nt of e a c h pi x el ⟨x, y ⟩
b et w e e n e a c h p air of f̄ i a n d f̄ i+ 1 , g e n er ati n g t h e d e ns e dis pl a c e m e nt fi el d d i. E a c h
pi x el l o c ati o n ⟨x, y ⟩ i n d i is pr es e nt e d b y a v e ct or, gi v e n b y

⟨u ⟨x, y ⟩ , v⟨x, y ⟩ ⟩ f̄ i ,f̄ i + 1
= R A F T (⟨x, y ⟩ f̄ i ,f̄ i + 1

), ( 1)

w h er e u a n d v ar e h ori z o nt al a n d v erti c al dis pl a c e m e nts of a pi x el at t h e ⟨x, y ⟩
l o c ati o n b et w e e n f̄ i a n d f̄ i+ 1 , r es p e cti v el y. T his i m pli es t h at d i is a m atri x of t h e
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a)

( a) K e yfr a m e s 

( b) R OI k e yfr a m e s

( c) C ol or w h e el s c h e m e ( d) MI Mi

( e) 2 x 4 MI M i- p at c h e s (f) A n n ot ati o n m a s k

( h) A n n ot at e d fr a m e( g) A n n ot at e d R OI k e yfr a m e

Fi g ur e 2: A n ill ustr ati o n of t w o k e yfr a m es ( e x p eri m e nt E ntr a n c e 2 [ 3 3]), t w o R OI k e yfr a m es,
c ol or w h e el s c h e m a [ 2 1], MI M, 2 × 4 MI M- p at c h es, a n n ot ati o n m as k, a n n ot at e d R OI k e yfr a m e
a n d a n n ot at e d fr a m e. t is t h e ti m e of t h e fr a m e f i n t h e str e a m. i is t h e or d er of t h e R OI k e yfr a m e
i n t h e str e a m. s m e a ns s e c o n d. T h e r e d b o x es i n di c at e p us hi n g p at c h es, w hil e t h e gr e e n b o x es
m e a n n o n- p us hi n g p at c h es.

G P U

C ol or W h e el

I n p ut s O ut p ut sM oti o n D e s cri pt or

MI M i- p at c h e sG P U- b a s e d pr e-tr ai n e d R A F T m o d el

d i

MI M i

MI
M

i-
p
at

c
h
es

R OI K e yfr a m e s  

R OI K e yfr a m e s  

Fi g ur e 3: M oti o n d es cri pt or c o m p o n e nt pi p eli n e. i is t h e or d er of t h e R OI k e yfr a m e i n t h e str e a m.
d r ef ers t o a d e ns e dis pl a c e m e nt fi el d. MI M r e pr es e nts m oti o n i nf or m ati o n m a p.

v e ct ors, as d es cri b e d i n

d i = ⟨u ⟨x, y ⟩ , v⟨x, y ⟩ ⟩ f̄ i ,f̄ i + 1

(w, h )

(x, y ) =( 1 ,1)

, ( 2)

w h er e w a n d h ar e t h e f̄ i wi dt h a n d h ei g ht, r es p e cti v el y.
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Aft er t h e esti m ati o n of d i, t h e d es cri pt or a p pli es t h e c ol or w h e el m et h o d t o
d e d u c e t h e vis u al m oti o n i nf or m ati o n fr o m d i. It b e gi ns b y c al c ul ati n g t h e dir e c-
ti o n θ a n d m a g nit u d e of e a c h v e ct or ⟨u ⟨x, y ⟩ , v⟨x, y ⟩ ⟩ i n d i usi n g E q. ( 3) a n d E q. ( 4),
r es p e cti v el y. T h e c ol or w h e el t h e n vis u ali z es t h e m a g nit u d e a n d dir e cti o n i nf or m a-
ti o n t o g e n er at e MI M i fr o m t h e c al c ul at e d i nf or m ati o n, w h er e MI Mi ∈ R w × h × 3 ,
a n d 3 is t h e n u m b er of c h a n n els i n MI M i. Fi g. 2 c is t h e c ol or w h e el s c h e m e,
a n d Fi g. 2 d is a n e x a m pl e of MI M i t h at is g e n er at e d fr o m t h e p air of f̄ i a n d
f̄ i+ 1 ( Fi g. 2 b). A c c or di n g t o t h e w h e el s c h e m a, t h e c ol or r e pr es e nts t h e m oti o n
dir e cti o n, w hil e t h e c ol or i nt e nsit y d e n ot es t h e m oti o n m a g nit u d e or s p e e d.

θ (⟨x, y ⟩) f̄ i ,f̄ i + 1
= π − 1 ar ct a n(

v ⟨x, y ⟩

u ⟨x, y ⟩
). ( 3)

m a g (⟨x, y ⟩) c i
= u 2

⟨x, y ⟩ + v 2
⟨x, y ⟩ ( 4)

T h e m oti o n d es cri pt or c o m p o n e nt di vi d es e a c h MI M i i nt o n × m MI M i- p at c h es
t o h el p t h e fr a m e w or k l o c ali zi n g p us hi n g i n R OI. T h e MI M i- p at c h es c a n b e e x-
pr ess e d as { p i, k ∈ R (w / m ) × (h / n ) × 3 | k = 1 , 2 , · · · , n × m } , w h er e k is t h e or d er of
t h e p at c h i n MI M i. F or m or e cl arit y, MI Mi ( Fi g. 2 d) is di vi d e d i nt o 2 × 4 MI M-
p at c h es ( Fi g. 2 e). It is w ort h n oti n g t h at t h e p at c h s h o ul d c o v er a n ar e a o n t h e
gr o u n d t h at c a n a c c o m m o d at e a gr o u p of p e d estri a ns, as cr o w d c h ar a ct eristi cs
ar e r e q uir e d f or r e pr es e nti n g p us hi n g b e h a vi or. T o s u m m ari z e, t h e MI M- p at c h es
r e pr es e nt t h e o ut p ut of t h e m oti o n d es cri pt or c o m p o n e nt a n d t h e i n p ut of t h e
n e xt c o m p o n e nt.

3. 3 P u s hi n g D e t e c ti o n a n d A n n o t a ti o n

T h e pri m ar y p ur p os e of t his c o m p o n e nt ( Fi g. 4 a) is t o l o c ali z e t h e p us hi n g p at c h es
i n t h e li v e str e a m, as w ell as bl urri n g a n d st ori n g t h e a n n ot at e d R OI k e yfr a m es i n
t h e cl o u d st or a g e. L a b eli n g MI M- p at c h es as p us hi n g or n o n- p us hi n g is t h e m ost
i m p ort a nt as p e ct of l o c ali zi n g p us hi n g i n t h e li v e str e a m. T h er ef or e, w e cr e at e d
a n e ffi ci e nt bi n ar y cl assi fi er b y a d a pti n g a n d tr ai ni n g t h e E ffi ci e nt n et V 2 B 0 C N N
ar c hit e ct ur e [ 2 2] fr o m s cr at c h, w hi c h is t h e n utili z e d t o l a b el t h e MI M- p at c h es.

3. 3. 1 A d a p t e d E ffi ci n e t N e t V 2 B 0 A r c hi t e c t u r e

E ffi ci e nt N et V 2 B 0 is a c o n v ol uti o n al n e ur al n et w or k b el o n gi n g t o t h e E ffi vi e nt-
N et V 2 f a mil y, d esi g n e d b y t h e G o o gl e Br ai n t e a m [ 2 2]. S u c h a f a mil y o ut p erf or ms
st at e- of-t h e- art a c c ur a c y i n di ff er e nt cl assi fi c ati o n t as ks wit h a f ar s m all er m o d el
a n d f ast er c o n v er gi n g s p e e d. E ffi ci e nt N et V 2 B 0 is t h e s m all est m o d el i n t his f a mil y
a n d a c hi e v es hi g h a c c ur a c y wit h mi ni m al c o m p ut ati o n al c ost.

Fi g. 4 b d e pi cts t h e o v er all ar c hit e ct ur e of t h e m o di fi e d E ffi ci e nt N et V 2 B 0, w hi c h
firstl y p erf or ms a 3 × 3 c o n v ol uti o n o p er ati o n o n t h e i n p ut i m a g e, w hi c h h as di m e n-
si o ns of 2 2 4 × 2 2 4 × 3. T h e n it utili z es a c o m bi n ati o n of 5 F us e d- M B C o n v ( F us e d
M o bil e I n v ert e d R esi d u al B ottl e n e c k C o n v ol uti o n) [ 3 6] a n d 1 6 M B C o n v [ 3 7] m o d-
ul es f or e xtr a cti n g t h e f e at ur e m a ps ( 7 × 7 × 1 2 8 0) fr o m t h e i n p ut i m a g e. T h e m o d el
t h e n e m pl o ys a gl o b al a v er a g e p o oli n g l a y er a n d a f ull y c o n n e ct e d l a y er wit h a
Si g m oi d a cti v ati o n f u n cti o n f or bi n ar y cl assi fi c ati o n. T h e gl o b al a v er a g e p o ol-
i n g 2 D l a y er tr a nsf or ms t h e di m e nsi o ns of t h e st a c k e d f e at ur e m a ps t o 1× 1 × 1 2 8 0
a n d assi g ns t h e m t o t h e f ull y c o n n e ct e d l a y er. Fi n all y, t h e f ull y c o n n e ct e d l a y er
wit h a Si g m oi d a cti v ati o n f u n cti o n fi n ds t h e pr o b a bilit y δ of t h e l a b el of t h e i n p ut
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ِ A d a pt e d
Effi ci e nt N et V 2 B 0

( a)

7

7

1 2 8 0

F e at ur e m a p s

1
1

1 2 8 0 Pr o b a bilit y    

P u s hi n g

N o n-
p u s hi n g

2
2
4 

x 
2
2
4 

x 
3

F e at ur e E xtr a cti o n Cl a s sifi c ati o n

( b)

Fi g ur e 4: ( a) T h e pi p eli n e of p us hi n g d et e cti o n a n d a n n ot ati o n c o m p o n e nt. ( b) A d a pt e d E ffi-
ci e nt N et V 2 B 0 Ar c hit e ct ur e.

MI M- p at c h. T h e n, t h e cl assi fi er us es t h e t hr es h ol d t o d et er mi n e t h e cl ass of t h e
MI M- p at c h as E q. ( 3):

Cl a s s (M I M − p at c h ) =
p us hi n g if δ ≥ 0 .5

n o n- p us hi n g if δ < 0 .5
( 5)

It’s i m p ort a nt t o n ot e t h at t h e cl assi fi c ati o n p art of t his m o d el di ff ers fr o m
t h e ori gi n al E ffi ci e nt N et V 2 B 0, w hi c h w as d esi g n e d t o cl assif y i m a g es i nt o 1, 0 0 0
c at e g ori es. H o w e v er, p us hi n g d et e cti o n r e q uir es l a b eli n g t h e i n p ut i m a g e i nt o o n e
of t w o p ossi bl e cl ass es.

As m e nti o n e d a b o v e, t h e m ai n f u n d a m e nt al bl o c ks i n E ffi ci e nt N et V 2 B 0 f or
f e at ur e e xtr a cti o n ar e M B C o n v a n d F us e d M B C o n v [ 2 2]. As s h o w n i n Fi g. 5,
M B C o n v firstl y us es a 1 × 1 c o n v ol uti o n o p er ati o n t o e x p a n d t h e i n p ut a cti v ati o n
m a ps t o i n cr e as e t h e d e pt h of t h e f e at ur e m a ps. N e xt, 3 × 3 d e pt h wis e c o n v ol uti o ns
ar e a p pli e d t o r e d u c e t h e c o m p ut ati o n al c o m pl e xit y a n d t h e n u m b er of p ar a m et ers.
T h e n, a S q u e e z e- a n d- E x cit ati o n ( S E) bl o c k e n h a n c es t h e r e pr es e nt ati o n p o w er of
t h e ar c hit e ct ur e. Fi n all y, a n ot h er 1 × 1 c o n v ol uti o n is e m pl o y e d t o r e d u c e t h e
di m e nsi o n alit y of t h e o ut p ut f e at ur e m a ps, pr o d u ci n g t h e fi n al o ut p ut of t his bl o c k.
M or e o v er, A r esi d u al c o n n e cti o n is a d d e d t o e n h a n c e t h e p erf or m a n c e f urt h er.
D es pit e d e pt h wis e c o n v ol uti o ns h a vi n g f e w er p ar a m et ers, t h e y c a n n ot oft e n f ull y
utili z e m o d er n a c c el er at ors. I n c o ntr ast, t h e F us e d- M B C o n v tri es t o s ol v e t his
pr o bl e m b y r e pl a ci n g t h e d e pt h wis e a n d e x p a nsi o n c o n v 1 × 1 i n M B C o n v c o n v 3 × 3
wit h a si n gl e r e g ul ar c o n v 3 × 3, r es ulti n g i n a f ast er tr ai ni n g pr o c ess (s e e Fi g. 5). It
is w ort h m e nti o ni n g t h at usi n g o nl y F us e d- M B C o n v i n t h e ar c hit e ct ur e i n cr e as es
p ar a m et ers w hil e sl o wi n g d o w n t h e tr ai ni n g. T h er ef or e, E ffi ci e nt N et V 2 B 0 a p pli e d
a c o m bi n ati o n of M B C o n v a n d F us e d- M B C o n v t o i m pr o v e tr ai ni n g s p e e d wit h a
s m all o v er h e a d o n p ar a m et ers a n d e n h a n c e t h e f e at ur e e xtr a cti o n pr o c ess [ 2 2].

T h e f oll o wi n g s u bs e cti o n will dis c uss t h e tr ai ni n g pr o c ess f or t h e a d a pt e d E ffi-
ci e nt N et V 2 B 0 m o d el t o cl assif y MI M p at c h es i nt o p us hi n g a n d n o n- p us hi n g.
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Fi g ur e 5: Str u ct ur e of M B C o n v a n d F us e d- M B C o n v [ 2 2].

3. 3. 2 A d a p t e d E ffi ci e n t N e t V 2 B 0 Tr ai ni n g

T o cl assif y t h e MI M- p at c h es i nt o p us hi n g a n d n o n- p us hi n g c at e g ori es, w e tr ai n e d
t h e a d a pt e d E ffi ci e nt N et V 2 B 0 m o d el ( Fi g. 4 b) usi n g n e w tr ai ni n g a n d v ali d ati o n
s ets c o m prisi n g b ot h t y p es of MI M- p at c h es ( d et ails a b o ut t h e d at as et c a n b e
f o u n d i n S e cti o n 4. 1). T h e m o d el p ar a m et ers us e d d uri n g t h e tr ai ni n g pr o c ess ar e
list e d i n T a bl e 1, a n d w er e c h os e n b as e d o n e x p eri m e nt ati o n t o o bt ai n o pti m al
p erf or m a n c e wit h t h e gi v e n d at as et. T o pr e v e nt o v er fitti n g, w e h alt e d t h e tr ai ni n g
if t h e v ali d ati o n a c c ur a c y di d n ot i m pr o v e aft er 2 0 e p o c hs.

T a bl e 1: T h e h y p er p ar a m et er v al u es us e d i n t h e tr ai ni n g pr o c ess.

P a r a m e t e r V al u e

O pti mi z er A d a m
L o s s f u n cti o n Bi n ar y cr o s s- e ntr o p y
L e ar ni n g r at e 0. 0 0 1
B at c h si z e 3 2
E p o c h 1 0 0

Fi g. 4 a s h o ws t h e pi p eli n e of t h e p us hi n g d et e cti o n a n d a n n ot ati o n c o m p o n e nt.
Firstl y, t h e tr ai n e d cl assi fi er l a b els MI M- p at c h es p i, k r e c ei v e d fr o m t h e pr e vi o us
c o m p o n e nt. T h e n, t h e c urr e nt c o m p o n e nt dis pl a ys a n a n n ot ati o n m as k of t h e
p us hi n g p at c h es i n t h e li v e str e a m o n t h e w e b cli e nt. Si m ult a n e o usl y, it bl urs
a n d a n n ot at es t h e c orr es p o n di n g R OI k e yfr a m e f̄ i b ef or e s a vi n g it i n t h e cl o u d
st or a g e. N ot a bl y, w e b cli e nts c a n a c c ess t his st or a g e vi a a n i nt er n et c o n n e cti o n.

4 E v al u a ti o n a n d R e s ul t s

T his s e cti o n i ntr o d u c es t h e d at as et, i m pl e m e nt ati o n d et ails, a n d p erf or m a n c e m et-
ri cs utili z e d i n e v al u ati n g t h e pr o p os e d fr a m e w or k. T h e r es ults of v ari o us e x p er-
i m e nts c o n d u ct e d t o ass ess t h e p erf or m a n c e of o ur cl assi fi er a n d t h e pr o p os e d
fr a m e w or k ar e als o dis c uss e d.

4. 1 D a t a s e t P r e p a r a ti o n

H er e, w e e x pl ai n h o w w e pr e p ar e d t h e l a b el e d d at as et (tr ai ni n g, v ali d ati o n, a n d
t est s ets) f or tr ai ni n g a n d e v al u ati n g t h e a d a pt e d E ffi ci e nt N et V 2 B 0 as w ell as all
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m o d els us e d i n t h e e v al u ati o n. T h e d at as et c o nt ai ns t w o cl ass es of MI M- p at c h es,
w hi c h ar e p us hi n g a n d n o n- p us hi n g.

4. 1. 1 D a t a C oll e c ti o n

I n t his s e cti o n, w e dis c uss t h e d at a s o ur c es us e d t o o bt ai n o ur d at as et. T h e
s o ur c es ar e m ai nl y b as e d o n vi d e o e x p eri m e nts of cr o w d e d e v e nt e ntr a n c es, tr a-
j e ct or y d at a, a n d gr o u n d tr ut h d at a f or p us hi n g b e h a vi or. Fi v e vi d e o e x p er-
i m e nts wit h t h eir tr aj e ct or y d at a ar e c h os e n fr o m t h e d at a ar c hi v e h ost e d b y
F ors c h u n gs z e ntr u m J üli c h u n d er C C Attri b uti o n 4. 0 I nt er n ati o n al li c e ns e [ 3 8, 3 3].
St ati c t o p- vi e w c a m er as w er e us e d t o r e c or d t h e vi d e os wit h a fr a m e r at e of 2 5
fr a m es p er s e c o n d. It is w ort h m e nti o ni n g t h at t h e s el e ct e d e x p eri m e nts c o nt ai n
v ari e d c h ar a ct eristi cs, w hi c h h el p t o i m pr o v e t h e g e n er alit y of t h e d at as et, as s e e n
i n T a bl e 2. T h e gr o u n d tr ut hs f or t h e l ast d at a s o ur c e w er e m a n u all y cr e at e d b y
s o ci al ps y c h ol o gists, w h o est a blis h e d t h e d e fi niti o n of p us hi n g b e h a vi or i n f or w ar d
m oti o n a m o n g cr o w ds [ 2]. T h es e gr o u n d tr ut hs i n di c at e w h et h er t h e b e h a vi or of
e a c h p e d estri a n i n e v er y fr a m e is cl assi fi e d as eit h er p us hi n g or n o n- p us hi n g.

T a bl e 2: C h ar a ct eristi cs of t h e s el e ct e d vi d e o e x p eri m e nts.

Vi d e o  E n t r a n c e t y p e G a t e s
Wi d t h

( m )
P e d. D u r. R e s ol u ti o n R O I c o o r di n a t e s ( pi x el )

n × m
p a t c h e s *

1 1 0 Str ai g ht 1 1. 2 6 3 5 3 1 9 2 0 × 1 4 4 0 ( 3 7 4 , 5 4 8) , ( 1 3 8 2 , 8 6 4) 1 × 3
1 5 0 Str ai g ht 1 5. 6 5 7 5 7 1 9 2 0 × 1 4 4 0 ( 3 6 4 , 2 0 0) , ( 1 3 7 8 , 1 2 5 0) 3 × 3
2 7 0 Str ai g ht 1 3. 4 6 7 5 9 1 9 2 0 × 1 4 4 0 ( 3 7 4 , 3 3 0) , ( 1 3 9 0 , 1 0 7 0) 2 × 3
2 8 0 Str ai g ht 1 3. 4 6 7 6 7 1 9 2 0 × 1 4 4 0 ( 3 7 4 , 3 3 0) , ( 1 3 9 0 , 1 0 7 0) 2 × 3
E ntr a n c e 2 9 0 ◦ C or n er 2 2 1 2 3 1 2 5 1 9 2 0 × 1 0 8 0 ( 2 1 3 , 1 1 0) , ( 1 3 3 7 , 5 4 0) 2 × 4

T h e vi d e o e x p eri m e nts’ n a m es ar e t h e s a m e as r e p ort e d i n [ 3 8, 3 3]. “ D ur. ” m e a ns d ur ati o n. “ P e d. ” is a n a b br e vi ati o n
f or t h e n u m b er of p e d estri a ns. R OI c o or di n at es: l eft –t o p a n d b ott o m –ri g ht c o or di n at es of R OI i n t h e pi x el u nit. n × m :
n u m b er of r o ws a n d c ol u m ns t h at ar e us e d t o di vi d e R OI i nt o n × m r e gi o ns, w hi c h ar e r e q uir e d f or di vi di n g MI M i

i nt o n × m MI M i- p at c h es. * T h es e v al u es e ns ur e t h at t h e di m e nsi o ns of e a c h r e gi o n o n t h e gr o u n d ar e gr e at er t h a n
o n e m et er, w hi c h is e n o u g h t o a c c o m m o d at e a gr o u p of p e d estri a n [ 7].

4. 1. 2 D a t a s e t G e n e r a ti o n

T h e m et h o d ol o g y of t h e l a b el e d d at as et g e n er ati o n, as s e e n i n Fi g. 6, i n cl u d es t hr e e
st e ps: ( 1) MI M- p at c h es g e n er ati o n, ( 2) MI M- p at c h es l a b eli n g a n d ( 3) L a b el e d
d at as et g e n er ati o n.

I n t h e MI M- p at c h es g e n er ati o n st e p, t h e m oti o n d es cri pt or c o m p o n e nt w as
e m pl o y e d ( Fi g. 3) o n t h e vi d e o e x p eri m e nts a n d t h eir n × m p at c h es ( T a bl e 2) t o
pr o d u c e MI M- p at c h es.
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N o n- p u s hi n g p at c h

P u s hi n g cl a s s

N o n- p u s hi n g cl a s s

L a b el e d D at a s et G e n er ati o n

P u s hi n g b e h a vi or

MI M- p at c h e s G e n er ati o n MI M- p at c h e s L a b el ei n g

7 0 %

R
a
n
d
o

m 
s
pli

tti
n
g

 Tr ai ni n g

1 5 %

V ali d ati o n

1 5 %

T e st

S et s

Fi g ur e 6: T h e m et h o d ol o g y of t h e l a b el e d d at as et g e n er ati o n.

T o i n cr e as e t h e n u m b er of p at c h es, t h e c o m p o n e nt is a p pli e d f o ur ti m es f or
e a c h vi d e o wit h a di ff er e nt c o m m e n c e m e nt; h alf a s e c o n d is t h e d el a y d ur ati o n
of e a c h ti m e c o m p ar e d t o t h e pr e vi o us ti m e. A c c or di n g t o [ 7], h alf a s e c o n d
d el a y h el ps t o g e n er at e di v ers e MI M- p at c h es, w hil e l ess t h a n t his p eri o d m a y
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r es ult i n r e d u n d a nt s a m pl es. B as e d o n t h e tr aj e ct or y a n d gr o u n d tr ut h d at a, t h e
s e c o n d st e p l a b els t h e p at c h es as p us hi n g a n d n o n- p us hi n g. P at c h es ar e cl assi fi e d
as p us hi n g if it c o nt ai ns at l e ast o n e p us hi n g b e h a vi or, a n d n o n- p us hi n g if n o
p e d estri a ns e n g a g e i n p us hi n g b e h a vi or. O n t h e ot h er h a n d, t h e p at c h es t h at o nl y
s h o w a p orti o n of o n e p e d estri a n p us hi n g ar e dis c ar d e d; b e c a us e t h e y d o n ot o ff er
c o m pl et e i nf or m ati o n a b o ut p us hi n g or n o n- p us hi n g b e h a vi or. A c c or di n g t o t h e
l a b els of t h e p at c h es, t h e l ast st e p st or es t h e p at c h es i n p us hi n g a n d n o n- p us hi n g
dir e ct ori es t o cr e at e t h e l a b el e d d at as et. At t h e e n d, t h e g e n er at e d d at as et c o nsists
of 2 2 5 7 p us hi n g a n d 1 6 8 4 n o n- p us hi n g s a m pl es. T o g e n er at e t h e h ol d o ut d at a,
t h e pr o d u c e d d at as et is r a n d o ml y di vi d e d i nt o t hr e e s ets: 7 0 % f or tr ai ni n g, 1 5 %
f or v ali d ati o n, a n d 1 5 % f or t esti n g. T his s plit r ati o is o n e of t h e m ost c o m m o nl y
us e d s plitti n g m et h o ds i n t h e d e e p l e ar ni n g fi el d [ 3 9]. T a bl e 3 s h o ws t h e n u m b er
of p us hi n g a n d n o n- p us hi n g s a m pl es i n t h e tr ai ni n g, v ali d ati o n, a n d t est s ets.

T a bl e 3: A n u m b er of s a m pl es i n tr ai ni n g, v ali d ati o n, a n d t est s ets i n t h e g e n er at e d d at as et.

V i d e o  1 1 0  1 5 0  2 7 0  2 8 0  E n t r a n c e 2  T o t a l

Tr ai ni n g
P  1 2 2  1 8 2  2 1 5  2 5 8  8 0 8  1 5 8 5

N P  7 2  2 0 6  1 9 7  1 8 2  5 2 5  1 1 8 2
T o t al  1 9 4  3 8 8  4 1 2  4 4 0  1 3 3 3  2 7 6 7

V ali d a ti o n
P  2 6  3 8  4 5  5 5  1 7 2 3 3 6

N P  1 5  4 4  4 2  3 8  1 1 2 2 5 1
T o t al  4 1  8 2  8 7  9 3  2 8 4 5 8 7

T e s t
P  2 6  3 8  4 5  5 5  1 7 2 3 3 6

N P  1 5  4 4  4 2  3 8  1 1 2 2 5 1
T o t al  4 1  8 2  8 7  9 3  2 8 4 5 8 7

All T o t al  2 7 6  5 5 2  5 8 6  6 2 6  1 9 0 1  3 9 4 1

“ All ” r ef e r s t o all s e t s. P m e a n s p u s hi n g. N P i s n o n - p u s hi n g.

4. 2 I m pl e m e n t a ti o n D e t ail s a n d E v al u a ti o n M e t ri c s

I n t his arti cl e, all t h e e x p eri m e nts a n d i m pl e m e nt ati o ns w er e c o n d u ct e d o n G o o gl e
C ol a b or at or y Pr o ( wit h a G P U N VI DI A of 1 5 G B a n d s yst e m R A M of 1 2. 7 G B),
utili zi n g J a v a S cri pt a n d P yt h o n 3 pr o gr a m mi n g l a n g u a g es al o n g wit h K er as, Te n-
s or Fl o w 2. 0, a n d O p e n C V li br ari es. F urt h er m or e, all m o d els i n t h e e x p eri m e nts
w er e tr ai n e d usi n g t h e s a m e h y p er p ar a m et er v al u es utili z e d i n t h e tr ai ni n g of o ur
a d a pt e d v ersi o n of E ffi ci e nt N et V 2 B 0 ( T a bl e 1).

I n or d er t o e v al u at e t h e p erf or m a n c e of o ur fr a m e w or k, w e utili z e d a c o m bi n a-
ti o n of m etri cs, i n cl u di n g a c c ur a c y, m a cr o F 1-s c or e, a n d ar e a u n d er t h e r e c ei v er
o p er ati n g c h ar a ct eristi c c ur v e ( A U C) o v er t h e t est s et. T his s et of m etri cs w as
n e c ess ar y d u e t o t h e i m b al a n c e d n at ur e of o ur d at as et [ 4 0]. I n a d diti o n t o t h es e
m etri cs, c o m p ut ati o n al ti m e w as als o m e as ur e d as a n ess e nti al p erf or m a n c e m et-
ri c. T h e f oll o wi n g pr o vi d es a d et ail e d e x pl a n ati o n of t h es e m etri cs.

A c c ur a c y: t h e r ati o of s u c c essf ull y cl assi fi e d MI M- p at c h es t o t h e t ot al n u m b er
of s a m pl es i n t h e t est s et, a n d m at h e m ati c all y c a n b e d e fi n e d as

a c c u r a c y =
T P + T N

T P + F P + T N + F N
, ( 6)

w h er e T P a n d T N d e n ot e c orr e ctl y cl assi fi e d p us hi n g a n d n o n- p us hi n g p at c h es,
r es p e cti v el y. F P a n d F N r e pr es e nt i n c orr e ctl y pr e di ct e d p us hi n g ( P) a n d n o n-
p us hi n g ( N P) s a m pl es. A c c ur a c y is n ot e n o u g h t o e v al u at e t h e cl assi fi er’s p er-
f or m a n c e o v er a n i m b al a n c e d d at as et, s u c h as o ur us e d d at as et. T h er ef or e, w e
us e d t h e m a cr o F 1-s c or e a n d A U C m etri cs, w hi c h ar e v al u a bl e f or e v al u ati n g
i m b al a n c e d cl assi fi c ati o n pr o bl e ms.
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M a cr o F 1-s c or e: t h e m e a n of cl ass- wis e F 1-s c or es as d es cri b e d i n t h e f or m ul a
b el o w:

M a c r o F 1 − s c o r e =
F 1 − s c o r e (P ) + F 1 − s c o r e (N P )

2
, ( 7)

w h er e F 1-s c or e is t h e h ar m o ni c a v er a g e of pr e cisi o n a n d r e c all as d es cri b e d i n:

F 1 − s c o r e =
2 × p r e ci si o n × r e c all

p r e ci si o n + r e c all
, ( 8)

w h er e r e c all of p us hi n g cl ass is t h e r ati o of c orr e ctl y cl assi fi e d p us hi n g MI M-
p at c h es t o all p us hi n g s a m pl es, w hil e pr e cisi o n of p us hi n g cl ass is t h e r ati o of
c orr e ctl y cl assi fi e d p us hi n g p at c h es o ut of all t h e s a m pl es l a b el e d as p us hi n g b y
t h e cl assi fi er. R e c all a n d pr e cisi o n ar e d e fi n e d i n E q. ( 9) a n d E q. ( 1 0), r es p e cti v el y.

r e c all =
T P

T P + F N
, ( 9)

p r e ci si o n =
T P

T P + F P
. ( 1 0)

A U C is t h e ar e a u n d er t h e R e c ei v er O p er ati n g C h ar a ct eristi cs ( R O C) c ur v e.
R O C is a gr a p h s h o wi n g t h e p erf or m a n c e of a cl assi fi c ati o n m o d el at all t hr es h ol ds.
T h e R O C c ur v e pl ots t h e f als e p ositi v e r at e o n t h e h ori z o nt al a xis a n d t h e tr u e
p ositi v e r at e o n t h e v erti c al a xis. T h e A U C v al u e r a n g es fr o m 0 t o 1, w hil e a
m o d el wit h a n A U C of 1 is c o nsi d er e d p erf e ct, w hil e a v al u e of 0. 5 i n di c at es t h at
t h e m o d el p erf or ms n o b ett er t h a n r a n d o m g u essi n g.

C o m p ut ati o n al ti m e: t his m etri c w as e m pl o y e d t o c al c ul at e h o w l o n g t h e pr o-
p os e d fr a m e w or k t a k es t o r e a d, a n al y z e a n d a n n ot at e e v er y i n p ut, w hi c h is t w o
s e c o n ds of str e a m. I n ot h er w or ds, c o m p ut ati o n al ti m e d et er mi n es w h et h er o ur
fr a m e w or k c a n d et e ct p us hi n g p at c h es wit hi n a r e as o n a bl e ti m e or n ot.

4. 3 E v al u a ti o n of O u r Cl a s si fi e r P e rf o r m a n c e

We c o n d u ct e d t hr e e m ai n c o m p ar ati v e e m piri c al e x p eri m e nts t o e v al u at e t h e e ff e ct
of o ur m o di fi e d E ffi ci e nt N et V 2 B 0 cl assi fi er o n t h e p erf or m a n c e of t h e pr o p os e d
fr a m e w or k. T h e first e x p eri m e nt c o m p ar e d t h e pr o p os e d cl assi fi er a g ai nst el e v e n
of t h e m ost p o p ul ar C N N ar c hit e ct ur es. I n t h e s e c o n d e x p eri m e nt, w e c o m p ar e d
it t o t w o c ust o m C N N ar c hit e ct ur es d esi g n e d f or d et e cti n g a b n or m al b e h a vi or.
L astl y, it w as c o m p ar e d t o C N N ar c hit e ct ur e us e d f or p us hi n g d et e cti o n. O ur
cl assi fi er a n d all ot h er m o d els w er e i m pl e m e nt e d, tr ai n e d, a n d ass ess e d utili zi n g
t h e s a m e MI M- p at c h es d at as et, e n vir o n m e nt, a n d s etti n gs. M or e o v er, w e utili z e d
a c c ur a c y, F 1-s c or e, a n d A U C m etri cs t o m e as ur e e a c h m o d el’s p erf or m a n c e.

4. 3. 1 A C o m p a ri s o n wi t h El e v e n P o p ul a r C N N s

T a bl e 4 d e pi cts t h e p o p ul ar C N N ar c hit e ct ur es us e d i n t h e first e x p eri m e nt, as
w ell as t h e c o m p aris o n r es ults. It is cl e ar t h at t h e a d a pt e d v ersi o n of t h e E ffi-
ci e nt N et V 2 B 0 cl assi fi er o ut p erf or m e d t h e r est of t h e e x pl oit e d cl assi fi ers. I n p ar-
ti c ul ar, t h e pr o p os e d cl assi fi er a c hi e v e d 8 7 % a c c ur a c y a n d 8 6 % F 1-s c or e, w h er e as
t h e s e c o n d t o p m o d el i n t his c o m p aris o n, D e ns e N et 1 6 9, pr o d u c e d a n 8 3 % l e v el
of b ot h a c c ur a c y a n d F 1-s c or e. T his fi n di n g is pri m aril y attri b ut a bl e t o E ffi ci e nt-
N et V 2 B 0’s s u p eri or e ffi ci e n c y f or f e at ur e e xtr a cti o n c o m p ar e d t o e arli er C N N
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D e n s e N e t 1 2 1

D e n s e N e t 1 6 9

N A S N e t M o bil e

O u r cl a s sifi e r

R e s N e t 5 0

R e s N e t 5 0 V 2

R e s N e t 1 0 1

R e s N e t 1 0 1 V 2

R e s N e t 1 5 2 V 2

V G G 1 6

V G G 1 9

X c e p ti o n

Fi g ur e 7: R O C c ur v es of o ur cl assi fi er a n d el e v e n p o p ul ar C N N m o d els.

ar c hit e ct ur es. T h e m ai n r e as o n f or t his e ffi ci e n c y is t h e c o m bi n ati o n of M B C o n v
a n d F us e d- M B C o n v bl o c ks us e d i n E F fi ci e nt N et V 2 B 0.

T a bl e 4: C o m p aris o n r es ults t o t h e w ell- k n o w n C N N- b as e d cl assi fi ers.

C N N A c c u r a c y % P r e ci si o n % R e c all % F 1- s c o r e %

X c e pti o n [ 4 1] 8 1 8 1 8 1 8 1
V G G 1 6 [ 4 2] 5 7 3 6 2 9 5 0
V G G 1 9 [ 4 2] 6 1 6 1 6 2 6 2
R e s N et 5 0 [ 4 3] 8 0 7 9 8 1 7 9
R e s N et 5 0 V 2 [ 4 4] 7 7 7 6 7 7 7 5
R e s N et 1 0 1 [ 4 3] 7 2 7 0 7 2 7 0
R e s N et 1 0 1 V 2 [ 4 4] 7 2 7 2 7 2 7 1
R e s N et 1 5 2 V 2 [ 4 4] 7 4 7 3 7 3 7 3
D e n s e N et 1 2 1 [ 4 5] 7 9 7 9 7 9 7 9
D e n s e N et 1 6 9 [ 4 5] 8 3 8 3 8 3 8 3
N A S N et M o bil e [ 4 6] 5 7 5 6 5 6 5 6
O u r cl a s si fi e r 8 7 8 7 8 6 8 6

F urt h er m or e, as s h o w n i n Fi g. 7, t h e pr o p os e d cl assi fi er o bt ai n e d t h e hi g h-
est A U C s c or e ( 9 3 %) a m o n g all t h e m o d els t est e d, w hil e t h e n e xt b est m o d el
a c hi e vi n g 8 5 %.

4. 3. 2 A C o m p a ri s o n wi t h C u s t o mi z e d C N N s i n A b n o r m al B e h a vi o r D e t e c ti o n

H er e, w e h a v e t w o o bj e cti v es, 1) E v al u ati n g t h e p erf or m a n c e of s o m e e xisti n g
C N N m o d els d e v el o p e d t o d et e ct a b n or m al h u m a n b e h a vi or f or p us hi n g d et e cti o n
p ur p os es. 2) F urt h er e v al u ati o n of o ur cl assi fi er. T h e c ust o mi z e d ar c hit e ct ur es
ar e C N N- 1 [ 1 0] a n d C N N- 2 [ 2 4]. T h e first ar c hit e ct ur e, C N N- 1, e m pl o y e d 7 5 × 7 5
pi x els as a n i n p ut i m a g e. F urt h er m or e, t hr e e c o n v ol uti o n al l a y ers, b at c h n or-
m ali z ati o n, a n d m a x p o oli n g o p er ati o ns w er e us e d f or f e at ur e e xtr a cti o n. T h e
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d e v el o p ers of t his m o d el utili z e d a f ull y c o n n e ct e d l a y er wit h a s oft m a x a cti v ati o n
f u n cti o n f or cl assi fi c ati o n. T h e s e c o n d ar c hit e ct ur e, C N N- 2, d o w nsi z e d t h e i n p ut
i m a g es t o 3 2 × 3 2 pi x els b ef or e e m pl o yi n g t hr e e c o n v ol uti o n al l a y ers wit h t hr e e
m a x- p o oli n g l a y ers. F or cl assi fi c ati o n, it us e d t w o f ull y c o n n e ct e d l a y ers, wit h t h e
first l a y er b as e d o n a R e L U a cti v ati o n f u n cti o n a n d t h e s e c o n d l a y er e m pl o yi n g a
s oft m a x a cti v ati o n f u n cti o n.

T h e r es ults i n Fi g. 8 a n d Fi g. 9 s h o w t h at o ur cl assi fi er s ur p ass e d t h e t w o cl as-
si fi ers i n t er ms of a c c ur a c y, F 1-s c or e a n d A U C. F urt h er m or e, as p us hi n g d et e cti o n
i n cr o w d e d s c e n ari os is hi g hl y c o m pl e x, C N N- 1 a n d C N N- 2’s si m pl e ar c hit e ct ur es
f ail e d t o i d e ntif y p us hi n g MI M- p at c h es. I n p arti c ul ar, C N N- 1 o ut p erf or m e d C N N-
2, b ut it still pr o d u c e d u ns atisf a ct or y o ut c o m es wit h a c c ur a c y, F 1-s c or e, a n d A U C
v al u es of 5 7 % , 5 6 %, a n d 5 6 %, r es p e cti v el y.

C N N- 1 C N N- 2 O u r cl a s sifi e r

C N N- b a s e d cl a s sifi e r

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

 
%

A c c u r a c y

P r e ci si o n

R e c all

F 1- s c o r e

Fi g ur e 8: C o m p aris o n r es ults of o ur cl assi fi er a n d t w o c ust o mi z e d C N Ns.
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Fi g ur e 9: R O C c ur v es of o ur cl assi fi er a n d t h e t w o c ust o mi z e d C N Ns.
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4. 3. 3 A C o m p a ri s o n wi t h R el a t e d W o r k i n P u s hi n g D e t e c ti o n

H er e, w e c o m p ar e t h e pr o p os e d cl assi fi er wit h t h e C N N ar c hit e ct ur e ( E ffi ci e nt-
N et V 1 B 0) e m pl o y e d i n R ef. [ 7], w hi c h is t h e o nl y p u blis h e d w or k f or d et e cti n g
p us hi n g b e h a vi or f or f or w ar d m oti o n. N ot a bl y, t his w or k d o es n ot m e et t h e e arl y
i d e nti fi c ati o n r e q uir e m e nts. As d e m o nstr at e d i n T a bl e 5 a n d Fi g. 1 0, o ur c o m bi-
n ati o n of a d a pt e d E ffi ci e nt N et V 2 B 0 a n d MI Ms a c hi e v e d b ett er p erf or m a n c e t h a n
i nt e gr ati n g E ffi ci e nt N et V 1 B 0 wit h MI Ms b y a m ar gi n of at l e ast 3 % i n a c c u-
r a c y a n d F 1-s c or e. W hil e E ffi ci e nt N et V 1 B 0 a c hi e v e d 9 1 % A U C, o ur cl assi fi er
a c hi e v e d 9 3 %. T his c o m p aris o n hi g hli g hts t h at o ur h y bri d a p pr o a c h s ur p ass e d
t h e st at e- of- art m et h o d i n p us hi n g d et e cti o n r e g ar di n g t h e a c c ur a c y, F 1-s c or e, a n d
A U C m etri cs. I n S e cti o n 4. 4. 2, w e will a n al y z e t h e c o m p ut ati o n al ti m e of b ot h
a p pr o a c h es.

T a bl e 5: C o m p aris o n r es ults t o t h e st at e- of- art p us hi n g d et e cti o n a p pr o a c h.

C N N A c c u r a c y % P r e ci si o n % R e c all % F 1- s c o r e %

St at e- of- art a p pr o a c h [ 7] 8 3 8 3 8 4 8 3
O u r h y b ri d a p p r o a c h 8 7 8 6 8 7 8 6

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

F al s e p u s hi n g r a t e

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

Tr
u

e 
p

u
s

hi
n

g 
r

at
e

Effi ci e n t N e t V 1 B 0

O u r cl a s sifi e r

Fi g ur e 1 0: R O C c ur v es of o ur cl assi fi er a n d E ffi ci e nt N et V 1 B 0.

T o s u m m ari z e t h e t hr e e c o m p aris o ns, t h e n e w h y bri d a p pr o a c h b as e d o n a d a pt e d
E ffi ci e nt N et V 2 B 0 a n d MI Ms o ut p erf or m e d all ot h er t est e d c o m bi n ati o ns of C N N
m o d els a n d MI Ms i n t h e e x p eri m e nts. T his s u p eri orit y is d u e t o t h e p o w er of
M B C o n v a n d F us e d- M B C o n v bl o c ks us e d i n E ffi ci e nt N et V 2 B 0 f or l e ar ni n g t h e
f e at ur es. B as e d o n t h e e x p eri m e nts, it c a n b e c o n cl u d e d t h at o ur cl assi fi er e n-
h a n c e d t h e p erf or m a n c e of t h e pr o p os e d fr a m e w or k.

4. 4 T h e O v e r all Fr a m e w o r k E v al u a ti o n

T o e v al u at e t h e q u alit y of t h e pr o p os e d fr a m e w or k, w e n ot o nl y e v al u at e d its
a c c ur a c y a n d F 1-s c or e, b ut als o m e as ur e d t h e c o m p ut ati o n al ti m e r e q uir e d f or
e a c h fr a m e w or k c o m p o n e nt.

4. 4. 1 P e rf o r m a n c e i n t e r m s of A c c u r a c y a n d F 1- s c o r e

T h e e v al u ati o n m et h o d ol o g y us e d c o m pris es s e v er al st e ps as f oll o ws: 1) T o si m u-
l at e a c q uiri n g t h e a ct u al i n p uts, w e cr e at e d a li v e vi d e o str e a m of cr o w d e d e v e nt
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e ntr a n c es usi n g vi d e o r e c or di n gs of e ntr a n c es ( T a bl e 2) a n d a virt u al c a m er a o n
a w e b cli e nt. I n t his c o nt e xt, w e c h a n g e d t h e c a m er a’s i n p ut t o t h e vi d e o r e c or d-
i n gs. M or e o v er, w e d o w n-s c al e d t h e di m e nsi o ns of e a c h vi d e o t o h alf t h eir ori gi n al
r es ol uti o n t o r e d u c e t h e c o m p ut ati o n al ti m e of t h e fr a m e w or k. 2) We e x e c ut e d
t h e cl o u d- b as e d fr a m e w or k t o dis pl a y t h e li v e c a m er a str e a m o n t h e w e b cli e nt,
d et e ct p us hi n g p at c h es a n d r e c or d t h e pr e di ct e d l a b els f or t h e t est p at c h es i n a
fil e. 3) We c o u nt e d t h e n u m b er of tr u e p us hi n g, f als e p us hi n g, tr u e n o n- p us hi n g,
a n d f als e n o n- p us hi n g f or all vi d e os b y c o m p ari n g t h e gr o u n d tr ut h d at a wit h t h e
pr e di ct e d l a b els f or t h e t est p at c h es, Fi g. 1 1 e x hi bits t h e c o nf usi o n m atri x t h at
pr es e nts t h e m. 4) Fi n all y, w e c o m p ut e d t h e a c c ur a c y a n d F 1-s c or e m etri cs. Aft er
c o m p uti n g t h e a c c ur a c y a n d F 1-s c or e m etri cs fr o m t h e v al u es i n t h e c o nf usi o n m a-
tri x ( as s h o w n i n Fi g. 1 1), o ur pr o p os e d fr a m e w or k a c hi e v e d a n a c c ur a c y of 8 7 %,
pr e cisi o n of 8 7 %, r e c all of 8 6 %, a n d F 1-s c or e of 8 6 %. T h es e r es ults ar e c o nsist e nt
wit h t h e c orr es p o n di n g q u a ntit ati v e o ut c o m es i n o ur a d a pt e d E ffi ci e nt N et V 2 B 0
cl assi fi er o v er t h e t est s et.

T a bl e 6: T h e c o m p ut ati o n al ti m e of m oti o n d es cri pt or a n d d et e cti o n c o m p o n e nts i n o ur a n d t h e
b as eli n e fr a m e w or ks.

B a s eli n e f r a m e w o r k O u r f r a m e w o r k

E x p e ri m e n t
M o ti o n i nf o r m a ti o n

e x t r a c ti o n ( s )
D e t e c ti o n ( s ) M o ti o n d e s c ri p t o r ( s )

D e t e c ti o n a n d
a n n o t a ti o n ( s )

1 1 0 1 9. 4 2 0. 1 5 0. 1 0 0. 1 9
1 5 0 1 9. 8 6 0. 4 7 0. 2 0 0. 5 3
2 7 0 1 9. 3 8 0. 3 2 0. 1 6 0. 3 5
2 8 0 1 9. 3 0 0. 3 0 0. 1 6 0. 3 6
E ntr a n c e 2 1 3. 5 1 0. 4 1 0. 1 1 0. 4 5

N o n- p u s hi n g P u s hi n g

P r e di c t e d l a b el

N
o

n-
p

u
s

hi
n

g
P

u
s

hi
n

g

A
ct

u
al
 l

a
b

el

2 0 8 4 3

3 5 3 0 1

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

Fi g ur e 1 1: C o nf usi o n m atri x f or t h e pr o p os e d fr a m e w or k o n all vi d e os.

4. 4. 2 C o m p u t a ti o n al Ti m e A n al y si s

I n or d er t o e v al u at e t h e o v er all c o m p ut ati o n al ti m e of t h e pr o p os e d fr a m e w or k,
w e c o m p ut e d t h e r e q uir e d ti m e f or e a c h c o m p o n e nt i n t h e fr a m e w or k. T h e n,
w e c o m p ar e d t h e r es ults a g ai nst t h e c orr es p o n di n g p arts i n t h e b as eli n e fr a m e-
w or k [ 7]. Aft er r u n ni n g b ot h t h e pr o p os e d a n d b as eli n e fr a m e w or ks i n t h e s a m e
e n vir o n m e nt usi n g t w e nt y i n p uts, w h er e e a c h i n p ut is a t w o-s e c o n d vi d e o str e a m,
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w e c al c ul at e d t h e a v er a g e r u n-ti m e of all r u ns. As m e nti o n e d i n t h e pr e vi o us
p ar a gr a p h, o ur fr a m e w or k r e a d t h e vi d e os usi n g a li v e c a m er a, w hil e t h e b as eli n e
fr a m e w or k r e a d t h e s a m e vi d e os dir e ctl y. Fi g. 1 2 d e pi cts t h e ti m e of e a c h c o m-
p o n e nt i n t h e pr o p os e d fr a m e w or k o v er e v er y e x p eri m e nt. As i n di c at e d b y t h e
pr o d u c e d r es ults, t h e pr e pr o c essi n g c o m p o n e nt t o o k m or e t h a n 5 0 % of t h e o v er all
ti m e t o c oll e ct a n d pr o c ess k e yfr a m es fr o m t h e cli e nt c a m er a str e a m. T h e r es ol u-
ti o n of t h e k e yfr a m es pri m aril y d et er mi n es t h e ti m e r e q uir e d f or t his c o m p o n e nt.
F or e x a m pl e, e x p eri m e nts 1 1 0, 1 5 0, 2 7 0, a n d 2 8 0 t o o k r o u g hl y t h e s a m e ti m e
b e c a us e t h e y h a v e t h e s a m e r es ol uti o n, w hil e e x p eri m e nt e ntr a n c e 2 n e e d e d l ess
ti m e b e c a us e its r es ol uti o n is l o w er. I n c o ntr ast, t h e m oti o n d es cri pt or c o m p o n e nt
t o o k t h e l e ast ti m e c o m p ar e d t o ot h ers, w h er e t h e R OI r es ol uti o n pl a ys t h e m ost
criti c al r ol e i n t his c o m p o n e nt s p e e d. W hil e i n t h e p us hi n g d et e cti o n a n d a n n o-
t ati o n c o m p o n e nt, t h e n u m b er of p at c h es a ff e cts t h e c o m p ut ati o n al ti m e of t his
c o m p o n e nt b e c a us e e a c h p at c h r e q uir es o n e cl assi fi c ati o n pr o c ess. Fi g. 1 3 a n d T a-
bl e 2 dis pl a y t h e R OI r es ol uti o n a n d t h e n u m b er of p at c h es i n e a c h e x p eri m e nt,
r es p e cti v el y.

I n g e n er al, t h e c o m p ut ati o n ti m e i n cr e as es as t h e n u m b er of p at c h es, fr a m es
r es ol uti o n, a n d R OI si z e i n cr e as e. Fi g. 1 2 s h o ws t h at o ur fr a m e w or k n e e d e d l ess
t h a n t w o s e c o n ds t o c oll e ct, pr o c ess, d et e ct a n d a n n ot at e e a c h i n p ut fr o m t h e li v e
str e a m c a m er a. T his m e a ns t h at o ur fr a m e w or k c a n a n n ot at e t h e li v e c a m er a
str e a m wit hi n 4 s e c o n ds; t w o s e c o n ds f or t h e i n p ut d ur ati o n a n d l o w er t h a n t w o
s e c o n ds f or i d e ntif yi n g t h e p us hi n g p at c h es.

1 1 0 1 5 0 2 7 0 2 8 0 E n t r a n c e _ 2
E x p e ri m e n t

0. 0

0. 5

1. 0

1. 5

2. 0

2. 5

3. 0

C
o

m
p

ut
at

i
o

n
al
 t

i
m

e 
(
s)

P r e p r o c e s si n g

M o ti o n d e s c ri p t o r

P u s hi n g d e t e c ti o n
a n d a n n o t a ti o n

O t h e r s

T o t al

Fi g ur e 1 2: C o m p ut ati o n al ti m e of e a c h c o m p o n e nt of t h e pr o p os e d fr a m e w or k f or a n n ot ati n g t w o
s e c o n ds of str e a m.

T h e r es ults i n T a bl e 6 s h o w t h e c o m p aris o ns b et w e e n t h e m oti o n d es cri pt or,
a n d p us hi n g d et e cti o n a n d a n n ot ati o n c o m p o n e nts i n o ur fr a m e w or k wit h t h e
c orr es p o n di n g p arts i n t h e b as eli n e fr a m e w or k. T h e m oti o n i nf or m ati o n e xtr a cti o n
p art i n t h e b as eli n e fr a m e w or k is si mil ar t o t h e m oti o n d es cri pt or c o m p o n e nt
i n o ur fr a m e w or k, w h er e as t h e m oti o n i nf or m ati o n e xtr a cti o n is sl o w; it n e e ds
m or e t h a n 1 3. 5 s e c o n ds t o g e n er at e MI M- p at c h es fr o m t w o s e c o n ds of t h e vi d e o
str e a m. T h e m ai n r e as o n f or t his sl o w n ess is t h at it e m pl o y e d C P U- b as e d R A F T
t o esti m at e t h e o pti c al fl o w v e ct ors f or all pi x els i n t h e fr a m e. T o a d dr ess t his
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1 1 0 1 5 0 2 7 0 2 8 0 E n t r a n c e _ 2
E x p e ri m e n t

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

N
u

m
b

er
 

of
 

pi
x

el
s

× 1 0 6

F r a m e r e s ol u ti o n

R OI r e s ol u ti o n

Fi g ur e 1 3: C o m p aris o n b et w e e n fr a m e a n d R OI r es ol uti o ns f or e a c h e x p eri m e nt.

pr o bl e m, t h e m oti o n d es cri pt or i n o ur fr a m e w or k i m pl e m e nt e d R A F T o n G P U
t o c al c ul at e t h e o pti c al fl o w v e ct ors f or e a c h pi x el i n R OIs i nst e a d of all pi x els i n
t h e fr a m e. As s h o w n i n Fi g. 1 3, t h e n u m b er of pi x els i n R OIs is l ess er t h a n 4 0 %
of t h e t ot al pi x els i n t h e c orr es p o n di n g fr a m es. As a r es ult, t h e n e w c o m p o n e nt
t o o k 0. 2 s e c o n ds or l ess t o pr o d u c e MI M- p at c h es fr o m t h e t w o s e c o n ds of t h e li v e
str e a m. O n t h e ot h er h a n d, t h e b as eli n e fr a m e w or k’s d et e cti o n p art is sli g htl y
f ast er t h a n t h e d et e cti o n a n d a n n ot ati o n c o m p o n e nt i n t h e pr o p os e d fr a m e w or k.
F or e x a m pl e, t h e pr e vi o us a n d n e w c o m p o n e nts r e q uir e d 0. 4 7 a n d 0. 5 3 s e c o n ds
t o w or k wit h o n e i n p ut fr o m e x p eri m e nt 1 5 0, r es p e cti v el y. It is i m p ort a nt t o
hi g hli g ht t h at t h e d et e cti o n p art i n t h e b as eli n e fr a m e w or k o nl y fi n ds t h e l a b els
of t h e p at c h es, w h er e as t h e c o m p o n e nt i n o ur fr a m e w or k l a b els, a n n ot at es, bl urs,
a n d st or es t h e i n p uts.

I n s u m m ar y, t h e pr o p os e d cl o u d- b as e d fr a m e w or k c a n a n n ot at e t h e p us hi n g
p at c h es i n t h e li v e c a m er a str e a m wit hi n f o ur s e c o n ds a n d a n a c c ur a c y r at e of
8 7 %.

5 C o n cl u si o n

T his p a p er pr o p os e d a n o v el a ut o m ati c fr a m e w or k f or t h e e arl y d et e cti o n of p us h-
i n g p at c h es i n cr o w d e d e v e nt e ntr a n c es. T h e pr o p os e d fr a m e w or k is b as e d o n
li v e c a m er a str e a mi n g t e c h n ol o g y, cl o u d e n vir o n m e nt, vis u ali z ati o n m et h o d, a n d
d e e p l e ar ni n g al g orit h ms. T h e fr a m e w or k first dis pl a ys t h e li v e c a m er a str e a m of
t h e e ntr a n c es o n t h e w e b cli e nt i n r e al-ti m e. T h e n, it r eli es o n t h e c ol or w h e el
m et h o d a n d pr e-tr ai n e d R A F T m o d el t o e xtr a ct t h e vis u al m oti o n i nf or m ati o n
fr o m t h e li v e str e a m. Aft er t h at, t h e E ffi ci e nt N et V 2 B 0- b as e d cl assi fi er is a d a pt e d
a n d tr ai n e d t o i d e ntif y p us hi n g p at c h es fr o m t h e e xtr a ct e d i nf or m ati o n. Fi n all y,
t h e fr a m e w or k a n n ot at es t h e p us hi n g p at c h es i n t h e li v e str e a m o n t h e w e b cli e nt.
A d diti o n all y, it st or es t h e a n n ot at e d d at a i n t h e cl o u d st or a g e, w h er e t h e st or e d
d at a is bl urr e d t o pr ot e ct p e o pl e’s pri v a c y. I n or d er t o tr ai n a n d e v al u at e t h e cl as-
si fi er, a n e w d at as et w as g e n er at e d usi n g fi v e r e al- w orl d vi d e o e x p eri m e nts a n d
t h eir ass o ci at e d gr o u n d tr ut h d at a. T h e e x p eri m e nt al r es ults s h o w t h at t h e fr a m e-
w or k i d e nti fi e d p us hi n g p at c h es fr o m t h e li v e c a m er a str e a m wit h 8 7 % a c c ur a c y
r at e wit hi n a r e as o n a bl e ti m e d el a y.

O n e of t h e c urr e nt li mit ati o ns of t h e pr o p os e d fr a m e w or k is t h at it is o nl y
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c o m p ati bl e wit h a fi x e d a n d t o p- vi e w c a m er a.
I n f ut ur e, t h e pl a n is t o d e v el o p a n e w p us hi n g d at a r e pr es e nt ati o n m et h o d

f or m a c hi n e l e ar ni n g. T his m et h o d ai ms t o g e n er at e d y n a mi c p at c h es b as e d o n
t e m p or al, s p ati al, a n d si z e di m e nsi o ns, f o c usi n g o n o n e p e d estri a n f or l a b eli n g
e a c h p at c h. T his c o ul d p ot e nti all y h el p t o g e n er at e a l ar g e d at as et wit h a m or e
e ffi ci e nt s a m pl e r e pr es e nt ati o n.

A c k n o wl e d g m e n t

T h e a ut h ors ar e t h a n kf ul t o A n n a Si e b e n, H el e n a L ü g eri n g, a n d E z el Ü st e n f or
t h e v al u a bl e dis c ussi o ns, m a n u al a n n ot ati o n of t h e p us hi n g b e h a vi or i n t h e vi d e o
e x p eri m e nts, a n d f or r e visi n g t h e pr o p os e d fr a m e w or k’s o ut p ut.

F u n di n g

T his w or k w as f u n d e d b y t h e G er m a n Fe d er al Mi nistr y of E d u c ati o n a n d R e-
s e ar c h ( B M B F: f u n di n g n u m b er 0 1 D H 1 6 0 2 7) wit hi n t h e P al esti ni a n- G er m a n S ci-
e n c e Bri d g e pr oj e ct fr a m e w or k, a n d p arti all y b y t h e D e uts c h e F ors c h u n gs g e m ei n-
s c h aft ( D F G, G er m a n R es e ar c h F o u n d ati o n) — 4 9 1 1 1 1 4 8 7.

E t hi c al A p p r o v al

T h e e x p eri m e nts us e d i n t h e d at as et w er e c o n d u ct e d a c c or di n g t o t h e g ui d eli n es of
t h e D e cl ar ati o n of H elsi n ki a n d a p pr o v e d b y t h e et hi cs b o ar d at t h e U ni v ersit y of
W u p p ert al, G er m a n y. I nf or m e d c o ns e nt w as o bt ai n e d fr o m all s u bj e cts i n v ol v e d
i n t h e e x p eri m e nts.

D a t a a n d c o d e a v ail a bili t y

All vi d e os a n d tr aj e ct or y d at a us e d i n g e n er ati n g t h e p at c h- b as e d d at as et w er e
o bt ai n e d fr o m t h e d at a ar c hi v e h ost e d b y t h e F ors c h u n gs z e ntr u m J üli c h u n d er
C C Attri b uti o n 4. 0 I nt er n ati o n al li c e ns e [ 3 3, 3 8]. T h e u n dist ort e d vi d e o e x p er-
i m e nts, i m pl e m e nt ati o n of t h e pr o p os e d fr a m e w or k, as w ell as c o d es us e d f or
b uil di n g a n d tr ai ni n g t h e m o d els, ar e p u bli cl y a v ail a bl e at: h t t p s : / / g i t h u b .
c o m / P e d e s t r i a n D y n a m i c s / C l o u d F a s t - D L 4 P u D e ( a c c ess e d o n 1 5 J a n 2 0 2 3). T h e
g e n er at e d p at c h- b as e d d at as et is a v ail a bl e fr o m t h e c orr es p o n di n g a ut h ors u p o n
r e q u est.
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K e y w o r d s: Arti fi ci al I nt elli g e n c e, D e e p L e ar ni n g, C o n v ol uti o n al N e ur al N et w or k,
I nt elli g e nt Vi d e o a n d I m a g e A n al yti cs, I nt elli g e nt S yst e ms, P us hi n g D et e cti o n,
Cr o w d D y n a mi cs

1 I n t r o d u c ti o n

Wit h t h e r a pi d d e v el o p m e nt of ur b a ni z ati o n, t h e d e ns e cr o w d h as b e c o m e wi d es pr e a d
i n v ari o us l o c ati o ns, s u c h as r eli gi o us sit es, tr ai n st ati o ns, c o n c erts, st a di u ms,
m alls, a n d f a m o us t o urist attr a cti o ns. I n s u c h hi g hl y d e ns e cr o w ds, p us hi n g b e-
h a vi or c a n e asil y aris e, w hi c h m a y f urt h er i n cr e as e cr o w d d e nsit y. T his c o ul d p os e
a t hr e at n ot o nl y t o p e o pl e’s c o mf ort b ut als o t o t h eir s af et y [ 1, 2, 3, 4]. P e o pl e

8 4



P U B LI C A TI O N III

m a y st art p us hi n g f or di ff er e nt r e as o ns. 1) S a vi n g t h eir li v es i n e m er g e n ci es or
t e ns e s c e n ari os [ 5, 6, 7]. 2) Gr a b bi n g a li mit e d r es o ur c e, s u c h as g ai ni n g a c c ess t o
a cr o w d e d s u b w a y tr ai n [ 8, 9]. 3) A c c essi n g a v e n u e m or e q ui c kl y; f or i nst a n c e,
i n cr o w d e d e v e nt e ntr a n c es, s o m e p e d estri a ns st art p us hi n g ot h ers t o e nt er t h e
e v e nt f ast er [ 1 0, 1 1, 1 2]. T h e f o c us of t his arti cl e is t h e p us hi n g t h at o c c urs i n
cr o w d e d e v e nt e ntr a n c es d u e t o t h e a v ail a bilit y of p u bli c r e al- w orl d e x p eri m e nts
a b o ut s u c h e ntr a n c es.

I n t his c o nt e xt, L ü g eri n g et al. [ 1 0] d e fi n e d p us hi n g as “ a b e h a vi or t h at c a n
i n v ol v e usi n g ar ms, s h o ul d ers, or el b o ws; or si m pl y t h e u p p er b o d y, i n w hi c h
o n e p ers o n a cti v el y a p pli es f or c e t o a n ot h er p ers o n ( or p e o pl e) t o o v ert a k e, w hil e
s hifti n g t h eir dir e cti o n t o t h e si d e or b a c k, or f or c e t h e m t o m o v e f or w ar d m or e
q ui c kl y ”. A d diti o n all y, usi n g g a ps i n t h e cr o w d is c o nsi d er e d as a str at e g y of
p us hi n g b e c a us e it is a f or m of o v ert a ki n g [ 1 0]. F or m or e cl arit y, t h e d e fi niti o n
of p us hi n g b e h a vi or a d o pt e d i n t his arti cl e, p u blis h e d i n 2 0 2 2, d es cri b es it as a
t a cti c p e d estri a ns us e t o m o v e f or w ar d m or e q ui c kl y t hr o u g h d e ns e cr o w ds [ 1 0],
r at h er t h a n as a str at e g y f or fi g hti n g [ 1 3].

U n d erst a n di n g t h e mi cr os c o pi c d y n a mi cs of p us hi n g pl a ys a pi v ot al r ol e i n
e ff e cti v e cr o w d m a n a g e m e nt, h el pi n g s af e g u ar d t h e cr o w d fr o m tr a g e di es a n d pr o-
m oti n g o v er all w ell- b ei n g [ 1 4, 1, 1 5, 1 6, 1 7]. T h e st u d y [ 1 0] h as i ntr o d u c e d a m a n-
u al r ati n g s yst e m t o u n d erst a n d p us hi n g d y n a mi cs at t h e mi cr os c o pi c l e v el. T h e
m et h o d r eli es o n t w o tr ai n e d ps y c h ol o gists t o cl assif y p e d estri a ns’ b e h a vi ors o v er
ti m e i n a vi d e o of cr o w ds i nt o p us hi n g or n o n- p us hi n g c at e g ori es, h el pi n g t o k n o w
w h e n, w h er e, a n d w h y p us hi n g b e h a vi or o c c urs. H o w e v er, t his m a n u al m et h o d is
ti m e- c o ns u mi n g, t e di o us a n d pr o n e t o err ors i n s o m e s c e n ari os. A d diti o n all y, it
r e q uir es tr ai n e d o bs er v ers, w hi c h m a y n ot al w a ys b e f e asi bl e. C o ns e q u e ntl y, a n
i n cr e asi n g d e m a n d is f or a n a ut o m ati c a p pr o a c h t o i d e ntif y p us hi n g at t h e mi-
cr os c o pi c l e v el wit hi n cr o w d vi d e os. D et e cti n g p us hi n g b e h a vi or a ut o m ati c all y is
a d e m a n di n g t as k t h at f alls wit hi n t h e r e al m of c o m p ut er visi o n. T his c h all e n g e
aris es fr o m s e v er al f a ct ors, s u c h as d e ns e cr o w ds g at h eri n g at e v e nt e ntr a n c es, t h e
v ari e d m a nif est ati o ns of p us hi n g b e h a vi or, a n d t h e si g ni fi c a nt r es e m bl a n c e a n d
o v erl a p b et w e e n p us hi n g a n d n o n- p us hi n g a cti o ns.

R e c e ntl y, m a c hi n e l e ar ni n g al g orit h ms, p arti c ul arl y C o n v ol uti o n al N e ur al N et-
w or k ( C N N) ar c hit e ct ur es, h a v e s h o w n r e m ar k a bl e s u c c ess i n v ari o us c o m p ut er
visi o n t as ks, i n cl u di n g f a c e r e c o g niti o n [ 1 8], o bj e ct d et e cti o n [ 1 9, 2 0, 2 1], i m a g e
cl assi fi c ati o n [ 2 2] a n d a b n or m al b e h a vi or d et e cti o n [ 2 3]. O n e of t h e k e y r e as o ns f or
t his s u c c ess is t h at C N N c a n l e ar n t h e r el e v a nt f e at ur es [ 2 4, 2 5, 2 6] a ut o m ati c all y
fr o m d at a wit h o ut h u m a n s u p er visi o n [ 2 7, 2 8]. As a r es ult of C N N’s s u c c ess i n
a b n or m al b e h a vi or d et e cti o n, w hi c h is cl os el y r el at e d t o p us hi n g d et e cti o n, s o m e
st u di es h a v e st art e d t o a ut o m at e p us hi n g d et e cti o n usi n g C N N m o d els [ 2 9, 3 0, 3 1].
F or i nst a n c e, Ali a et al. [ 2 9] i ntr o d u c e d a d e e p l e ar ni n g fr a m e w or k t h at l e v er a g es
d e e p o pti c al fl o w a n d C N N m o d els f or p us hi n g p at c h d et e cti o n i n vi d e o r e c or d-
i n gs. A n ot h er st u d y [ 3 0] i ntr o d u c e d a f ast h y bri d d e e p n e ur al n et w or k m o d el
b as e d o n G P U t o e n h a n c e t h e s p e e d of vi d e o a n al ysis a n d p us hi n g p at c h i d e n-
ti fi c ati o n. Si mil arl y, t h e a ut h ors of [ 3 1] d e v el o p e d a n i nt elli g e nt fr a m e w or k t h at
c o m bi n es d e e p l e ar ni n g al g orit h ms, a cl o u d e n vir o n m e nt, a n d li v e c a m er a str e a m
t e c h n ol o g y t o a n n ot at e t h e p us hi n g p at c h es i n r e al-ti m e fr o m cr o w ds a c c ur at el y.
Yet, t h e c urr e nt a ut o m ati c m et h o ds f o c us o n i d e ntif yi n g p us hi n g b e h a vi or at t h e
l e v el of r e gi o ns ( m a cr os c o pi c l e v el) r at h er t h a n at t h e l e v el of i n di vi d u als ( mi cr o-
s c o pi c l e v el), w h er e e a c h r e gi o n c a n c o nt ai n a gr o u p of p ers o ns. F or m or e cl arit y,
“ p at c h l e v el ” r ef ers t o i d e ntif yi n g r e gi o ns t h at c o nt ai n at l e ast o n e p ers o n e n g a g e d
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i n p us hi n g b e h a vi or. I n c o ntr ast, “i n di vi d u al l e v el ” r ef ers t o d et e cti n g t h e p er-
s o ns j oi ni n g i n p us hi n g. Fi g. 1 a s h o ws a vis u ali z e d e x a m pl e t h at d e m o nstr at es
t h e i d e nti fi c ati o n of p us hi n g b e h a vi or b as e d o n l e v els of p at c h a n d i n di vi d u al. I n
ot h er w or ds, t h e a ut o m ati c a p pr o a c h es r e p ort e d i n t h e lit er at ur e c a n n ot d et e ct
p us hi n g at t h e mi cr os c o pi c l e v el, li miti n g t h eir c o ntri b uti o ns t o h el p c o m pr e h e n d
p us hi n g d y n a mi cs i n cr o w ds. F or e x a m pl e, t h e y c a n n ot a c c ur at el y d et er mi n e t h e
r el ati o ns hi p b et w e e n t h e n u m b er of i n di vi d u als i n v ol v e d i n p us hi n g b e h a vi or a n d
t h e o ns et of criti c al sit u ati o ns, t h er e b y hi n d eri n g a pr e cis e u n d erst a n di n g of w h e n
a sit u ati o n m a y es c al at e t o a criti c al l e v el.

T o o v er c o m e t h e li mit ati o ns of t h e af or e m e nti o n e d m et h o ds, t his arti cl e i ntr o-
d u c es a n o v el V or o n oi- b as e d C N N fr a m e w or k f or a ut o m ati c all y i d e ntif yi n g i n di vi d-
u als e n g a gi n g i n p us hi n g b e h a vi or i n cr o w d vi d e o r e c or di n gs, usi n g a si n gl e fr a m e
e v er y s e c o n d. It r e q uir es t w o t y p es of i n p ut: t h e cr o w d’s vi d e o r e c or di n gs a n d
i n di vi d u als’ tr aj e ct or y d at a. T h e pr o p os e d fr a m e w or k c o m pris es t w o c o m p o n e nts:
f e at ur e e xtr a cti o n a n d d et e cti o n. T h e first c o m p o n e nt utili z es a n o v el V or o n oi-
b as e d E ffi ci e nt N et V 1 B 0 C N N ar c hit e ct ur e f or f e at ur e e xtr a cti o n. T h e V or o n oi-
b as e d m et h o d [ 3 2] i nt e gr at es t h e V or o n oi Di a gr a m, C o n v e x H ull [ 3 3], a n d a n e w
d u m m y p oi nt g e n er ati o n t e c h ni q u e t o i d e ntif y t h e l o c al r e gi o n of e a c h p ers o n e v er y
s e c o n d i n t h e i n p ut vi d e o. T h e b o u n d ari es of l o c al r e gi o ns ar e d et er mi n e d b as e d
o n t h e i n p ut p e d estri a n tr aj e ct or y d at a. S u bs e q u e ntl y, t h e E ffi ci e nt N et V 1 B 0 ( e x-
cl u di n g its ori gi n al m ulti cl ass cl assi fi c ati o n p art) m o d el [ 3 4] is us e d t o e xtr a ct
d e e p f e at ur es fr o m t h es e r e gi o ns. I n t his arti cl e, t h e l o c al r e gi o n is d e fi n e d as t h e
z o n e f o c usi n g o nl y o n a si n gl e p ers o n (t ar g et p ers o n), i n cl u di n g his s urr o u n di n g
s p a c es a n d p h ysi c al i nt er a cti o ns wit h his dir e ct n ei g h b ors. T his r e gi o n is cr u ci al i n
g ui di n g t h e pr o p os e d fr a m e w or k t o f o c us o n mi cr os c o pi c b e h a vi or. O n t h e ot h er
h a n d, t h e s e c o n d c o m p o n e nt utili z es a f ull y c o n n e ct e d l a y er c o u pl e d wit h a Si g-
m oi d a cti v ati o n f u n cti o n t o cr e at e a bi n ar y cl assi fi c ati o n w or ki n g i nst e a d of t h e
ori gi n al m ulti- cl ass cl assi fi c ati o n p art i n t h e E ffi c e nt N et V 1 B 0. T his a d a pt ati o n is
cr u ci al f or pr o c essi n g d e e p f e at ur es a n d e ff e cti v el y di ff er e nti ati n g b et w e e n p us hi n g
a n d n o n- p us hi n g b e h a vi ors i n i n di vi d u als. Fi n all y, t h e a d a pt e d E ffi ci e nt N et V 1 B 0
is tr ai n e d fr o m s cr at c h o n a d at as et of l a b el e d l o c al r e gi o ns g e n er at e d fr o m si x
r e al- w orl d vi d e o e x p eri m e nts wit h t h eir gr o u n d tr ut hs [ 3 5].

T h e m ai n c o ntri b uti o ns of t his w or k ar e s u m m ari z e d as f oll o ws:

1. T o t h e b est of o ur k n o wl e d g e, t his arti cl e i ntr o d u c es t h e first fr a m e w or k f or
a ut o m ati c all y i d e ntif yi n g p us hi n g b e h a vi or at t h e i n di vi d u al l e v el i n vi d e os
of h u m a n cr o w ds. I n c o ntr ast, pr e vi o us w or ks i n t h e lit er at ur e [ 2 9, 3 1, 3 0]
h a v e f o c us e d o n d et e cti n g s u c h b e h a vi or at t h e p at c h l e v el. Fi g. 1 a pr o vi d es
a vis u ali z ati o n of d et e cti o n m et h o ds at i n di vi d u al a n d p at c h l e v els.

2. T h e fr a m e w or k utili z es a n o v el V or o n oi- b as e d a p pr o a c h wit h a tr ai n e d a n d
a d a pt e d E ffi ci e nt N et V 1 B 0- b as e d C N N m o d el. T h e n o v el V or o n oi- b as e d a p-
pr o a c h i n c or p or at es t h e V or o n oi Di a gr a m, C o n v e x H ull, a n d a n e w d u m m y
p oi nt g e n er ati o n t e c h ni q u e.

3. T h e arti cl e i ntr o d u c es a n e w d at as et c o m prisi n g b ot h p us hi n g a n d n o n-
p us hi n g l o c al r e gi o ns, d eri v e d fr o m si x r e al- w orl d e x p eri m e nts, e a c h wit h
c orr es p o n di n g gr o u n d tr ut hs. It is i m p ort a nt t o n ot e t h at t his d at as et di ff ers
fr o m t h os e i n pr e vi o us w or ks [ 2 9, 3 1]. I n t h e c urr e nt d at as et, t h e s a m pl es
c o nsist of l o c al r e gi o ns. I n c o ntr ast, i n t h e pr e vi o us d at as ets, e a c h s a m pl e
r e pr es e nts a vis u al m oti o n i nf or m ati o n m a p of t h e cr o w d wit hi n a s p e ci fi c
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a)

b) c)

Fi g ur e 1: Ill ustr at e d e x a m pl es: a) A n n ot at e d fr a m e wit h y ell o w r e ct a n gl es, e a c h r e pr es e nti n g a
p at c h, s h o wi n g a n e x a m pl e of p us hi n g b e h a vi or d et e cti o n at t h e p at c h l e v el. A n n ot at e d fr a m e
wit h r e d s q u ar es, ill ustr ati n g p us hi n g b e h a vi or d et e cti o n at t h e i n di vi d u al l e v el. b) E x a m pl es of
m oti o n i nf or m ati o n m a p s a m pl es. c) E x a m pl es of l o c al r e gi o n s a m pl es.

p at c h — a r e gi o n r a n gi n g fr o m 1. 2 t o 2. 4 m 2 o n t h e gr o u n d — a n d a s p e ci fi c
d ur ati o n, Fi g. 1 b a n d c s h o w e x a m pl es of m oti o n i nf or m ati o n m a ps a n d l o c al
r e gi o n s a m pl es. A d diti o n all y, t h e si z e of t h e n e w d at as et is t hr e e ti m es l ar g er
t h a n t h at of t h e pr e vi o us d at as ets.

T h e r e m ai n d er of t his arti cl e is or g a ni z e d as f oll o ws. S e cti o n 2 r e vi e ws s o m e
a ut o m ati c a p pr o a c h es t o a b n or m al b e h a vi or d et e cti o n i n vi d e os of cr o w ds. T h e
ar c hit e ct ur e of t h e pr o p os e d fr a m e w or k is i ntr o d u c e d i n S e cti o n 3. S e cti o n 4
pr es e nts t h e pr o c ess es of tr ai ni n g a n d e v al u ati n g t h e fr a m e w or k. S e cti o n 5 dis-
c uss es e x p eri m e nt al r es ults a n d c o m p aris o ns. Fi n all y, t h e c o n cl usi o n a n d f ut ur e
w or k ar e s u m m ari z e d i n S e cti o n 6.

2 R el a t e d W o r k

T his s e cti o n b e gi ns b y pr o vi di n g a n o v er vi e w of V or o n oi Di a gr a ms- b as e d D e e p
L e ar ni n g i n C o m p ut er Visi o n. S u bs e q u e ntl y, it e x pl or es C N N- b as e d a p pr o a c h es
f or a ut o m ati c vi d e o a n al ysis a n d d et e cti n g a b n or m al b e h a vi or i n cr o w ds. T h e dis-
c ussi o n t h e n s hifts t o t e c h ni q u es s p e ci fi c all y d esi g n e d f or a ut o m ati c all y i d e ntif yi n g
p us hi n g i n ci d e nts wit hi n cr o w d vi d e os.

2. 1 V o r o n oi Di a g r a m- b a s e d D e e p L e a r ni n g i n C o m p u t e r Vi si o n

A V or o n oi di a gr a m p artiti o ns a pl a n e i nt o r e gi o ns b as e d o n t h e dist a n c e t o a
s et of p oi nts, k n o w n as s e e ds. E a c h r e gi o n is d e fi n e d b y all p oi nts cl os er t o its
c orr es p o n di n g s e e d t h a n a n y ot h er (f or m or e d et ails a b o ut V or o n oi di a gr a m, s e e
S e cti o n 3. 1. 1, dir e ct n ei g h b or i d e nti fi c ati o n st e p). R e c e ntl y, i nt e gr ati n g V or o n oi
di a gr a ms wit h d e e p l e ar ni n g al g orit h ms h as l e d t o t h e d e v el o p m e nt of e ffi ci e nt
a p pli c ati o ns i n v ari o us c o m p ut er visi o n t as ks. T h es e t as ks i n cl u d e vis u al- q u er y-
b as e d r etri e v al s yst e ms o v er i m a g e d at as ets [ 3 6], o bj e ct d et e cti o n [ 3 7], s y nt h eti c
d at as et g e n er ati o n [ 3 8], a n d i m a g e cl assi fi c ati o n [ 3 9, 4 0].
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2. 2 C N N- b a s e d A b n o r m al B e h a vi o r D e t e c ti o n

T y pi c all y, b e h a vi or is c o nsi d er e d a b n or m al w h e n it is s e e n as u n us u al i n s p e ci fi c
c o nt e xts. T his i m pli es t h at t h e d e fi niti o n of a b n or m al b e h a vi or d e p e n ds o n t h e
sit u ati o n [ 4 1]. T o ill ustr at e, r u n ni n g i nsi d e a b a n k mi g ht b e c o nsi d er e d a b n or m al
b e h a vi or, w hil e r u n ni n g at a tr a ffi c li g ht c o ul d b e vi e w e d as n or m al [ 4 2]. S e v-
er al b e h a vi ors h a v e b e e n a ut o m ati c all y a d dr ess e d i n a b n or m al b e h a vi or d et e cti o n
a p pli c ati o ns i n cr o w ds, i n cl u di n g w al ki n g i n t h e wr o n g dir e cti o n [ 4 3], r u n ni n g
a w a y [ 4 4], s u d d e n p e o pl e gr o u pi n g or dis p ersi n g [ 4 5], h u m a n f alls [ 4 6], s us pi ci o us
b e h a vi or, vi ol e nt a cts [ 4 7], a b n or m al cr o w ds [ 4 8], hitti n g, a n d ki c ki n g [ 1 3].

T a y et al. [ 4 1] d e v el o p e d a C N N- b as e d m et h o d f or i d e ntif yi n g a b n or m al a c-
ti viti es fr o m vi d e os. T h e r es e ar c h ers s p e ci fi c all y d esi g n e d a n d tr ai n e d a c us-
t o mi z e d C N N t o e xtr a ct f e at ur es a n d l a b el s a m pl es, usi n g a d at as et c o m pris-
i n g b ot h n or m al a n d a b n or m al s a m pl es. Si mil arl y, st u d y [ 4 9] i ntr o d u c e d a n o v el
C N N- b as e d s yst e m f or d et e cti n g a b n or m al cr o w d b e h a vi or i n i n d o or a n d o ut d o or
s etti n gs. T his s yst e m l e v er a g es t h e str e n gt hs of pr e-tr ai n e d D e ns e N et 1 2 1 a n d
E ffi ci e nt N et V 2 m o d els, w hi c h w er e fi n e-t u n e d f or e n h a n c e d f e at ur e e xtr a cti o n.
S u bs e q u e ntl y, t h e st u d y i ntr o d u c e d i n n o v ati v e m o di fi c ati o ns t o m ultist a g e a n d
m ulti c ol u m n m o d els, s p e ci fi c all y t ail or e d t o i d e ntif yi n g v ari o us cr o w d b e h a vi ors,
i n cl u di n g s u d d e n m oti o n c h a n g es, p a ni c e v e nts, a n d h u m a n fl o c k m o v e m e nt. A
n e w m et h o d usi n g C N Ns h as b e e n d e v el o p e d i n [ 5 0] f or t h e r e al-ti m e d et e cti o n
of a b n or m al sit u ati o ns, s u c h as vi ol e nt b e h a vi ors. T his m et h o d c o m pris es t h e
C o n v ol uti o n al Bl o c k Att e nti o n M o d ul e c o m bi n e d wit h t h e R es N et 5 0 ar c hit e ct ur e
t o e n h a n c e f e at ur e e xtr a cti o n. I n [ 5 1], t h e a ut h ors pr o p os e d a D e ns el y C o n n e ct e d
C o n v ol uti o n al N e ur al N et w or k ( D e ns e N et 1 2 1)- b as e d a p pr o a c h t o i d e ntif y a b n or-
m al b e h a vi ors i n s ur v eill a n c e vi d e o f e e ds, a c hi e vi n g n e ar r e al-ti m e p erf or m a n c e.
Al m a h a di n et al. [ 5 2] h a v e d e v el o p e d a n i n n o v ati v e m o d el t o i d e ntif y a b n or m al
b e h a vi ors i n vi d e o s e q u e n c es of cr o w d e d s c e n es. T h e y i nt e gr at e d c o n v ol uti o n al
l a y ers, L o n g S h ort- Ter m M e m or y n et w or ks, a n d a si g m oi d- b as e d o ut p ut l a y er t o
e xtr a ct s p ati ot e m p or al f e at ur es a n d d et e ct a b n or m al b e h a vi ors e ff e cti v el y. N e v er-
t h el ess, c o nstr u cti n g a c c ur at e C N Ns r e q uir es a s u bst a nti al tr ai ni n g d at as et, oft e n
u n a v ail a bl e f or m a n y h u m a n b e h a vi ors.

T o a d dr ess t h e li mit e d a v ail a bilit y of l ar g e d at as ets c o nt ai ni n g b ot h n or m al
a n d a b n or m al b e h a vi ors, s o m e r es e ar c h ers h a v e e m pl o y e d o n e- cl ass cl assi fi ers us-
i n g d at as ets t h at e x cl usi v el y c o nsist of n or m al b e h a vi ors. Cr e ati n g or a c q uiri n g
a d at as et c o nt ai ni n g o nl y n or m al b e h a vi or is c o m p ar ati v el y e asi er t h a n o bt ai n-
i n g a d at as et t h at i n cl u d es b ot h n or m al a n d a b n or m al b e h a vi ors. [ 5 3, 5 4]. T h e
f u n d a m e nt al c o n c e pt b e hi n d t h e o n e- cl ass cl assi fi er is t o l e ar n e x cl usi v el y fr o m
n or m al b e h a vi ors, t h er e b y est a blis hi n g a cl ass b o u n d ar y b et w e e n n or m al a n d u n-
d e fi n e d ( a b n or m al) cl ass es. F or e x a m pl e, S a b o kr o u et al. [ 5 3] utili z e d a pr e-tr ai n e d
C N N t o e xtr a ct m oti o n a n d a p p e ar a n c e i nf or m ati o n fr o m cr o w d e d s c e n es. T h e y
t h e n e m pl o y e d a o n e- cl ass G a ussi a n distri b uti o n t o b uil d t h e cl assi fi er, utili zi n g
d at as ets of n or m al b e h a vi or. Si mil arl y, i n [ 5 4, 5 5], t h e a ut h ors c o nstr u ct e d o n e-
cl ass cl assi fi ers b y l e v er a gi n g a d at as et c o m p os e d e x cl usi v el y of n or m al s a m pl es.
I n [ 5 4], X u et al. e m pl o y e d a c o n v ol uti o n al v ari ati o n al a ut o e n c o d er t o e xtr a ct
f e at ur es, f oll o w e d b y t h e us e of m ulti pl e G a ussi a n m o d els t o d et e ct a b n or m al b e-
h a vi or. M e a n w hil e, i n [ 5 5], a pr e-tr ai n e d C N N m o d el w as e m pl o y e d f or f e at ur e
e xtr a cti o n, w hil e o n e- cl ass s u p p ort v e ct or m a c hi n es w er e utili z e d f or d et e cti n g
a b n or m al b e h a vi or. A n ot h er st u d y b y Il y as et al. [ 5 6] c o n d u ct e d a s e p ar at e st u d y
w h er e t h e y utili z e d a pr e-tr ai n e d C N N al o n g wit h a gr a di e nt s u m of t h e fr a m e dif-
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f er e n c e t o e xtr a ct m e a ni n gf ul f e at ur es. S u bs e q u e ntl y, t h e y tr ai n e d t hr e e s u p p ort
v e ct or m a c hi n es o n n or m al b e h a vi or d at a t o i d e ntif y a b n or m al b e h a vi ors. I n g e n-
er al, o n e- cl ass cl assi fi ers ar e fr e q u e ntl y e m pl o y e d w h e n t h e t ar g et b e h a vi or cl ass
or a b n or m al b e h a vi or is r ar e or l a c ks a cl e ar d e fi niti o n [ 5 7]. H o w e v er, p us hi n g
b e h a vi or is w ell- d e fi n e d a n d n ot r ar e, p arti c ul arl y i n hi g h- d e nsit y a n d c o m p etiti v e
sit u ati o ns. F urt h er m or e, t his t y p e of cl assi fi er c o nsi d ers n e w n or m al b e h a vi or as
a b n or m al.

I n or d er t o a d dr ess t h e li mit ati o ns of C N N- b as e d a n d o n e- cl ass cl assi fi er a p-
pr o a c h es, m ulti pl e st u di es h a v e e x pl or e d t h e c o m bi n ati o n of m ulti- cl ass C N Ns
wit h o n e or m or e h a n d cr aft e d f e at ur e d es cri pt ors [ 5 6, 2 3]. I n t h es e h y bri d a p-
pr o a c h es, t h e d es cri pt ors ar e e m pl o y e d t o e xtr a ct v al u a bl e i nf or m ati o n fr o m t h e
d at a. S u bs e q u e ntl y, C N N l e ar ns a n d i d e nti fi es r el e v a nt f e at ur es a n d cl assi fi c ati o ns
b as e d o n t h e e xtr a ct e d i nf or m ati o n. F or i nst a n c e, D u m a n et al. [ 4 2] e m pl o y e d t h e
cl assi c al F ar n e b ä c k o pti c al fl o w m et h o d [ 5 8] a n d C N N t o i d e ntif y a b n or m al b e h a v-
i or. T h e y us e d F ar n e b ä c k a n d C N N t o esti m at e dir e cti o n a n d s p e e d i nf or m ati o n
a n d t h e n a p pli e d a c o n v ol uti o n al l o n g s h ort-t er m m e m or y n et w or k t o b uil d t h e
cl assi fi er. H u et al. [ 5 9] e m pl o y e d a c o m bi n ati o n of t h e hist o gr a m of gr a di e nt
a n d C N N f or f e at ur e e xtr a cti o n, w hil e a l e ast-s q u ar es s u p p ort v e ct or w as us e d
f or cl assi fi c ati o n. Dir e k o gl u [ 2 3] utili z e d t h e L u c as- K a n a d e o pti c al fl o w m et h o d
a n d C N N t o e xtr a ct r el e v a nt f e at ur es a n d i d e ntif y “ es c a p e a n d p a ni c b e h a vi ors ”.
Al m a zr o e y et al. [ 6 0] us e d L u c as- K a n a d e o pti c al fl o w, a pr e-tr ai n e d C N N, a n d f e a-
t ur e s el e cti o n m et h o ds (s p e ci fi c all y n ei g h b or h o o d c o m p o n e nt a n al ysis) t o e xtr a ct
r el e v a nt f e at ur es. T h es e e xtr a ct e d f e at ur es w er e t h e n us e d t o tr ai n a s u p p ort v e c-
t or m a c hi n e cl assi fi er. A fr a m e w or k t o a n al y z e vi d e o s e q u e n c es i n l ar g e-s c al e H ajj
cr o w ds w as pr o p os e d b y Al d a yri et al. [ 6 1]. It i nt e gr at es c o n v ol uti o n o p er ati o ns,
C o n v ol uti o n al L o n g S h ort- Ter m M e m or y, a n d E u cli d e a n Dist a n c e t o a c hi e v e its
o bj e cti v es.

H y bri d- b as e d a p pr o a c h es c o ul d b e m or e s uit a bl e f or a ut o m ati c all y d et e cti n g
p us hi n g b e h a vi or d u e t o t h e li mit e d a v ail a bilit y of l a b el e d p us hi n g d at a. N e v-
ert h el ess, m ost of t h e r e vi e w e d h y bri d- b as e d a p pr o a c h es f or a b n or m al b e h a vi or
d et e cti o n m a y b e i n e ffi ci e nt f or d et e cti n g p us hi n g si n c e 1) T h e d es cri pt ors us e d i n
t h es e a p pr o a c h es c a n o nl y e xtr a ct li mit e d ess e nti al d at a fr o m hi g h- d e nsit y cr o w ds
t o r e pr es e nt p us hi n g b e h a vi or. 2) S o m e C N N ar c hit e ct ur es c o m m o nl y utili z e d
i n t h es e a p pr o a c h es m a y n ot b e e ff e cti v e i n d e ali n g wit h t h e i n cr e as e d v ari ati o ns
wit hi n p us hi n g b e h a vi or (i ntr a- cl ass v ari a n c e) a n d t h e s u bst a nti al r es e m bl a n c e
b et w e e n p us hi n g a n d n o n- p us hi n g b e h a vi ors ( hi g h i nt er- cl ass si mil arit y), w hi c h
c a n p ot e nti all y r es ult i n mis cl assi fi c ati o n.

2. 3 C N N- b a s e d P u s hi n g B e h a vi o r D e t e c ti o n

I n m or e r e c e nt ti m es, a f e w a p pr o a c h es t h at m er g e e ff e cti v e d es cri pt ors wit h r o b ust
C N N ar c hit e ct ur es h a v e b e e n d e v el o p e d f or d et e cti n g p us hi n g r e gi o ns i n cr o w ds.
F or e x a m pl e, Ali a et al. [ 2 9] i ntr o d u c e d a h y bri d d e e p l e ar ni n g a n d vis u ali z a-
ti o n fr a m e w or k t o ai d r es e ar c h ers i n a ut o m ati c all y d et e cti n g p us hi n g b e h a vi or i n
vi d e os. T h e fr a m e w or k c o m bi n es d e e p o pti c al fl o w a n d vis u ali z ati o n m et h o ds t o
e xtr a ct t h e vis u al m oti o n i nf or m ati o n fr o m t h e i n p ut vi d e o. T his i nf or m ati o n is
t h e n a n al y z e d usi n g a n E ffi ci e nt N et V 1 B 0- b as e d C N N a n d f als e r e d u cti o n al g o-
rit h ms t o i d e ntif y a n d l a b el p us hi n g p at c h es i n t h e vi d e o. T h e fr a m e w or k h as
a dr a w b a c k i n t er ms of s p e e d, as t h e m oti o n e xtr a cti o n pr o c ess is b as e d o n a
C P U- b as e d o pti c al fl o w m et h o d, w hi c h is sl o w. A n ot h er st u d y [ 3 0] pr es e nt e d a
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f ast h y bri d d e e p n e ur al n et w or k m o d el t h at l a b els p us hi n g p at c h es i n s h ort vi d e os
l asti n g o nl y t w o s e c o n ds. T h e m o d el is b as e d o n a n E ffi ci e nt N et B 1- b as e d C N N
a n d G P U- b as e d d e e p o pti c al fl o w.

T o s u p p ort t h e e arl y d et e cti o n of p us hi n g p at c h es wit hi n cr o w ds, t h e st u d y [ 3 1]
pr es e nt e d a cl o u d- b as e d d e e p l e ar ni n g s yst e m. T h e pri m ar y g o al of s u c h a s yst e m
is t o o ff er or g a ni z ers a n d s e c urit y t e a ms ti m el y a n d v al u a bl e i nf or m ati o n t h at
c a n e n a bl e e arl y i nt er v e nti o n a n d miti g at e h a z ar d o us sit u ati o ns. T h e pr o p os e d
s yst e m r eli es m ai nl y o n a f ast a n d a c c ur at e pr e-tr ai n e d d e e p o pti c al fl o w, a n
a d a pt e d v ersi o n of t h e E ffi ci e nt N et V 2 B 0- b as e d C N N, a cl o u d e n vir o n m e nt a n d
li v e str e a m t e c h n ol o g y. Si m ult a n e o usl y, t h e o pti c al fl o w m o d el e xtr a cts m oti o n
c h ar a ct eristi cs of t h e cr o w d i n t h e li v e vi d e o str e a m, a n d t h e cl assi fi er a n al y z es
t h e m oti o n t o l a b el p us hi n g p at c h es dir e ctl y o n t h e str e a m. M or e o v er, t h e s yst e m
st or es t h e a n n ot at e d d at a i n t h e cl o u d st or a g e, w hi c h is cr u ci al t o assist pl a n n ers
a n d or g a ni z ers i n e v al u ati n g t h eir e v e nts a n d e n h a n ci n g t h eir f ut ur e pl a ns.

T o t h e b est of o ur k n o wl e d g e, c urr e nt p us hi n g d et e cti o n a p pr o a c h es i n t h e
lit er at ur e pri m aril y f o c us o n i d e ntif yi n g p us hi n g at t h e p at c h l e v el r at h er t h a n
at t h e i n di vi d u al l e v el. H o w e v er, i d e ntif yi n g t h e i n di vi d u als i n v ol v e d i n p us hi n g
w o ul d b e m or e h el pf ul f or u n d erst a n di n g t h e p us hi n g d y n a mi cs. H e n c e, t his arti cl e
i ntr o d u c es a n e w fr a m e w or k f or d et e cti n g p us hi n g i n di vi d u als i n vi d e os of cr o w ds.
T h e f oll o wi n g s e cti o n pr o vi d es a d et ail e d dis c ussi o n of t h e fr a m e w or k.

3 P r o p o s e d Fr a m e w o r k A r c hi t e c t u r e

T his s e cti o n d es cri b es t h e pr o p os e d fr a m e w or k f or a ut o m ati c p us hi n g p ers o n d e-
t e cti o n i n vi d e os of cr o w ds. As d e pi ct e d i n Fi g. 2, t h er e ar e t w o m ai n c o m p o n e nts:
f e at ur e e xtr a cti o n a n d d et e cti o n. T h e first c o m p o n e nt e xtr a cts t h e d e e p f e at ur es
fr o m e a c h i n di vi d u al’s b e h a vi or. I n c o ntr ast, t h e s e c o n d c o m p o n e nt a n al y z es t h e
e xtr a ct e d d e e p f e at ur es a n d a n n ot at es t h e p us hi n g p ers o ns wit hi n t h e i n p ut vi d e o.
T h e f oll o wi n g s e cti o ns will dis c uss b ot h c o m p o n e nts i n m or e d et ail.

3. 1 F e a t u r e E x t r a c ti o n C o m p o n e n t

T his c o m p o n e nt ai ms t o e xtr a ct d e e p f e at ur es fr o m e a c h i n di vi d u al’s b e h a vi or,
w hi c h c a n b e us e d t o cl assif y p e d estri a ns as p us hi n g or n o n- p us hi n g. T o a c c o m-
plis h t his, t h e c o m p o n e nt c o nsists of t w o m o d ul es: V or o n oi- b as e d l o c al r e gi o n
e xtr a cti o n a n d E ffi ci e nt N et V 1 B 0- b as e d d e e p f e at ur e e xtr a cti o n. T h e first m o d ul e
s el e cts a fr a m e fr o m t h e i n p ut vi d e o e v er y s e c o n d a n d i d e nti fi es e a c h p ers o n’s l o-
c al r e gi o n b as e d o n t h e p e d estri a n tr aj e ct or y d at a wit hi n t h os e e xtr a ct e d fr a m es.
S u bs e q u e ntl y, t h e s e c o n d m o d ul e e xtr a cts d e e p f e at ur es fr o m e a c h l o c al r e gi o n
a n d f e e ds t h e m t o t h e n e xt c o m p o n e nt f or p e d estri a n d et e cti o n. B ef or e di vi n g
i nt o t h es e m o d ul es, l et us d e fi n e t h e l o c al r e gi o n t er m at o n e fr a m e.

A fr a m e f t is c a pt ur e d e v er y s e c o n d fr o m t h e i n p ut vi d e o. H er e, t r e pr es e nts
t h e ti m est a m p, i n s e c o n ds, si n c e t h e st art of t h e vi d e o a n d c a n r a n g e fr o m 1 t o T ,
w h er e T is t h e t ot al d ur ati o n of t h e vi d e o i n s e c o n ds. We c a n a n al y z e i n di vi d u al
p e d estri a ns wit hi n e a c h of t h es e fr a m es, s u c h as f t. T h e p ositi o ns ar e gi v e n b y
dis cr et e tr aj e ct ori es t h at assi g n a p ositi o n ⟨x, y ⟩ i t o e a c h p ers o n i at fr a m e f t:
({ [i, t, x, y]} T

t= 1 ). L et N i d e n ot e t h e s et of p e d estri a ns w h os e V or o n oi c ells ar e
a dj a c e nt t o t h at of p e d estri a n i. S p e ci fi c all y, p e d estri a n j b el o n gs t o N i if a n d
o nl y if t h eir V or o n oi c ells s h ar e a b o u n d ar y. T h e l o c al r e gi o n f or p e d estri a n i
at f t, L i, f or ms a t w o- di m e nsi o n al cl os e d p ol y g o n, d e fi n e d b y t h e p ositi o ns of all
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Fi g ur e 2: T h e ar c hit e ct ur e of t h e pr o p os e d fr a m e w or k. I n f t , f si g ni fi es a n e xtr a ct e d fr a m e, w hil e
t i n di c at es its ti m est a m p i n s e c o n ds, c o u nt e d fr o m t h e b e gi n ni n g of t h e i n p ut vi d e o ( wit h t t a ki n g
v al u es li k e 1 , 2 , 3 , . . .). F or a t ar g et p ers o n i at f t , L i(f t ) d e n ot es t h e l o c al r e gi o n, w hil e N i(f t )
r e pr es e nts t h e dir e ct n ei g h b ors of i at f t . T h e i n p ut tr aj e ct or y d at a d e n ot e d b y t r assists t h e
V or o ni- b as e d l o c al r e gi o n e xtr a cti o n m et h o d i n i d e ntif yi n g t h e b o u n d ari es of e a c h L i(f t ). T h e
t er m t r d u m m y r ef ers t o t h e d at a t h at i n cl u d es t h e g e n er at e d d u m m y p oi nts a n d t h os e i n t r. F C
st a n ds f or f ull y c o n n e ct e d l a y er, w hil e G A P r ef ers t o gl o b al a v er a g e p o oli n g.

b)   

P u s hi n g e x a m pl e s N o n- p u s hi n g e x a m pl e s

a)   

Fi g ur e 3: A n ill ustr ati o n of dir e ct n ei g h b ors ( a) a n d e x a m pl es of l o c al r e gi o ns ( b). T h e r e d cir cl es
r e pr es e nt i n di vi d u als e n g a g e d i n p us hi n g, w hil e t h e gr e e n cir cl es r e pr es e nt i n di vi d u als n ot i n v ol v e d
i n p us hi n g. Dir e ct n ei g h b ors j of a p ers o n i ar e i n di c at e d wit h bl u e cir cl es.

p e d estri a ns i n N i. As ill ustr ati o ns, Fi g. 3 a pr o vi d es e x a m pl es of b ot h N i (l eft
i m a g e) a n d L i (ri g ht i m a g e).

T h e r e gi o n L i e n c a ps ul at es t h e cr o w d d y n a mi cs ar o u n d i n di vi d u al i, r e fl e cti n g
p ot e nti al i nt er a cti o ns b et w e e n i a n d its n ei g h b ors N i. N ot a bl y, t h e c h ar a ct eristi cs
ar o u n d a p us hi n g i n di vi d u al mi g ht di v er g e fr o m t h os e ar o u n d a n o n- p us hi n g o n e, a
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c)b)a)

Fi g ur e 4: A n ill ustr ati o n of t h e e ff e ct of d u m m y p oi nts o n cr e ati n g t h e l o c al r e gi o ns, as w ell as
a s k et c h of t h e d u m m y p oi nts g e n er ati o n t e c h ni q u e. a) L 3 7 a n d L 3 wit h o ut d u m m y p oi nts. b) a
s k et c h of t h e d u m m y p oi nts g e n er ati o n t e c h ni q u e. c) L 3 7 a n d L 3 wit h d u m m y p oi nts. T h e w hit e
p ol y g o n r e pr es e nts t h e b or d er of t h e l o c al r e gi o ns. Yell o w s m all cir cl es r ef er t o t h e g e n er at e d
d u m m y p oi nts, w hil e bl a c k p oi nts i n b d e n ot e t h e p ositi o ns of p e d estri a ns. r is t h e di m e nsi o n of
e a c h s q u ar e.

disti n cti o n pi v ot al f or hi g hli g hti n g p us hi n g b e h a vi ors. Fi g. 3 b s h o w c as es e x a m pl es
of s u c h L i r e gi o ns f or p us hi n g a n d n o n- p us hi n g i n di vi d u als. T h e f oll o wi n g s e cti o n
i ntr o d u c es a n o v el m et h o d f or e xtr a cti n g L i.

3. 1. 1 V o r o n oi- b a s e d L o c al R e gi o n E x t r a c ti o n

T his s e cti o n pr es e nts a n o v el m et h o d f or e xtr a cti n g t h e l o c al r e gi o ns of p e d es-
tri a ns fr o m t h e i n p ut vi d e o o v er ti m e t. B esi d es t h e i n p ut vi d e o r e c or di n gs, t his
m et h o d r e q uir es tr aj e ct or y d at a { [i, t, x, y]} T

t= 1 t o d et er mi n e t h e c o or di n at es ⟨x, y ⟩ j

at fr a m e f t, w hi c h ai ds i n i d e ntif yi n g t h e c or n ers of t h e p ol y g o n al l o c al r e gi o n L i

at f t. T h e t e c h ni q u e c o nsists of s e v er al st e ps: fr a m e e xtr a cti o n, d u m m y p oi nts
g e n er ati o n, dir e ct n ei g h b or i d e nti fi c ati o n, a n d l o c al r e gi o n e xtr a cti o n.

B as e d o n t h e d e fi niti o n of L i pr es e nt e d e arli er, t h e d et er mi n ati o n of e a c h i’s r e-
gi o n al b o u n d ar y is c o nti n g e nt u p o n N i at f t (N i(f t)). N o n et h el ess, t his d e fi niti o n
mi g ht n ot al w a ys g u ar a nt e e t h e i n cl usi o n of e v er y i wit hi n t h eir r es p e cti v e l o c al
r e gi o n. T his c a n b e p arti c ul arl y e vi d e nt w h e n i at f t l a c ks n ei g h b ori n g p oi nts
fr o m all dir e cti o ns, e x e m pli fi e d b y p ers o n 3 7 i n Fi g. 4 a. T o a d dr ess t his iss u e, w e
i ntr o d u c e a st e p t o g e n er at e d u m m y p oi nts. T his i n v ol v es a d di n g p oi nts ar o u n d
e a c h i at f t i n ar e as w h er e t h e y l a c k dir e ct n ei g h b ors. T his e ns ur es e v er y i r e m ai ns
e n c o m p ass e d wit hi n t h eir l o c al r e gi o ns, as ill ustr at e d b y p ers o n 3 7 i n Fi g. 4 c. F or
t his p ur p os e, as d e pi ct e d i n Fi g. 4 b a n d Al g orit h m 1, firstl y, t his st e p i n v ol v es
r e a di n g t h e tr aj e ct or y d at a of i t h at c orr es p o n ds t o f t ( Al g orit h m 1, li n es 1-
8). C o n c urr e ntl y, t h e ar e a s urr o u n di n g e v er y i is di vi d e d i nt o f o ur e q u al s q u ar e
r e gi o ns, e a c h c a n a c c o m m o d at e at l e ast o n e i ( Al g orit h m 1, li n es 9- 1 7). T h e l o-
c ati o n ⟨x, y ⟩ i c orr es p o n ds t o t h e first 2 D c o or di n at e of e a c h r e gi o n ( Al g orit h m 1,
li n es 1 2- 1 3). I n c o ntr ast, t h e r e m ai ni n g 2 D c o or di n at es (⟨x 1 , y1 ⟩,⟨x 2 , y2 ⟩,⟨x 3 , y3 ⟩,
⟨x 4 , y4 ⟩) r e q uir e d f or i d e ntif yi n g t h e r e gi o ns c a n b e d et er mi n e d b y:

⟨x 1 , y1 ⟩ = ⟨x − r, y + r ⟩

⟨x 2 , y2 ⟩ = ⟨x + r, y + r ⟩

⟨x 3 , y3 ⟩ = ⟨x + r, y − r ⟩

⟨x 4 , y4 ⟩ = ⟨x − r, y − r ⟩,

( 1)
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Al g o ri t h m 1 Ps e u d o c o d e f or g e n er ati n g d u m m y p oi nts.
I n p u t s:

t r = { r o w 1 , r o w2 , r o w3 , . . . } , / / A fil e of p e d e st ri a n t r aj e ct o r y d at a
w h er e e a c h r o w =[ p e d e stri a n I d, fr a m e or d er i n t h e c o r r e s p o n di n g vi d e o, x- c o o r di n at e of p e d e st ri a n

I d, y- c o or di n at e of p e d e stri a n I d]
f p s : t h e fr a m e r at e i n t h e c orr e s p o n di n g vi d e o
r : t h e di m e n si o n of e a c h s q u ar e r e gi o n i n pi x el u nit

O u t p u t s:
/ / A fil e of p e d e stri a n tr aj e ct or y d at a wit h d u m m y p oi nt s
t r d u m m y = t r ∪ { r o w 1 , r o w2 , r o w3 , . . . }
w h er e r o w =[ “ d u m m y p oi nt ”, fr a m e or d er i n t h e c orr e s p o n di n g vi d e o, x- c o o r di n at e of t h e d u m m y

p oi nt, y- c o or di n at e of t h e d u m m y p oi nt]

1: f il e ← o p e n( t r )
2: f il e d u m m y ← o p e n( t r d u m m y )
3: w hil e n ot E O F( f il e ) d o
4: r e c ← r e a d( f il e )
5: if r e c [ 1] % f p s = 0 t h e n
6: writ e(r e c) t o f il e d u m m y
7: e n d if
8: e n d w hil e
9: r e gi o n s ← [ [ ] ]

1 0: w hil e n ot E O F( f il e d u m m y ) d o
1 1: r e c ← r e a d( f il e d u m m y )
1 2: x ← r e c [ 2]
1 3: y ← r e c [ 3]
1 4: a p p e n d ([ x − r , y + r ]) t o r e gi o n s
1 5: a p p e n d ([ x + r , y + r ]) t o r e gi o n s
1 6: a p p e n d ([ x + r , y − r ]) t o r e gi o n s
1 7: a p p e n d ([ x − r , y − r ]) t o r e gi o n s
1 8: w hil e c o r n e r i n r e gi o n s d o
1 9: if e m pt y( ar e a([ x, y ], c o r n e r ]) t h e n

2 0: d u m m y p oi nt ← x + c o r n e r [ 0]
2 , y + c o r n e r [ 1]

2

2 1: d u m y r e c ← [ 0, r e c[ 0], d u m m y p oi nt [ 0], d u m m y p oi nt [ 1]]
2 2: a p p e n d ( d u m y r e c ) t o f il e d u m m y
2 3: e n d if
2 4: e n d w hil e
2 5: e n d w hil e
2 6: t r . cl o s e()
2 7: t r d u m m y . cl o s e()

w h er e r is t h e di m e nsi o n of e a c h s q u ar e r e gi o n. S u bs e q u e ntl y, e a c h r e gi o n is
c h e c k e d t o v erif y if it h as a n y p e d estri a ns. I n c as e a r e gi o n is e m pt y, a d u m m y
p oi nt i n its c e nt er is a p p e n d e d t o t h e i n p ut tr aj e ct or y d at a. Fi g. 4 b ill ustr at es a n
e x a m pl e of f o ur r e gi o ns s urr o u n di n g p ers o n 3 7 a n d t w o d u m m y p oi nts ( y ell o w d ots
i n first a n d s e c o n d e m pt y r e gi o ns), s e e Al g orit h m 1, li n es 1 8- 2 4. Aft er g e n er ati n g
t h e d u m m y p oi nts f or all i at f t, t h e tr aj e ct or y d at a is f or w ar d e d t o t h e n e xt st e p,
dir e ct n ei g h b or i d e nti fi c ati o n. Fi g. 4 c s h o ws a cr o w d wit h d u m m y p oi nts i n a
si n gl e f t.

T h e t hir d st e p, dir e ct n ei g h b or i d e nti fi c ati o n, e m pl o ys a c o m bi n ati o n of V or o n oi
Di a gr a m [ 3 2] a n d C o n v e x H ull [ 3 3] t o fi n d N i(f t) fr o m t h e i n p ut tr aj e ct or y d at a
wit h d u m m y p oi nts. A V or o n oi Di a gr a m is a m et h o d f or p artiti o ni n g a pl a n e i nt o
s e v er al p ol y g o n al r e gi o ns ( n a m e d V or o n oi c ells V s) b as e d o n a s et of o bj e cts / p oi nts
( c all e d sit es) [ 3 2]. E a c h V c o nt ai ns e d g es a n d v erti c es, w hi c h f or m its b o u n d ar y.
Fi g. 5 a d e pi cts a n e x a m pl e of a V or o n oi Di a gr a m f or 5 1 V s of 5 1 sit es, w h er e
bl a c k a n d y ell o w d ots d e n ot e t h e sit es. I n t h e s a m e fi g ur e, t h e s et of sit es c o nt ai ns
⟨x, y ⟩ i ( d u m m y p oi nts ar e i n cl u d e d) at a s p e ci fi c f t, t h e n e a c h V i i n cl u d es o nl y
o n e sit e ⟨x, y ⟩ i, a n d all p oi nts wit hi n V i ar e cl os er t o sit e ⟨x, y ⟩ i t h a n a n y ot h er
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Sit e

E d g e

V ert e x

V or o n oi c ell

a) b)

Fi g ur e 5: a) E x a m pl e of a si m pl e V or o n oi d e c o m p ositi o n. b) E x a m pl e of b o u n d e d V or o n oi d e c o m-
p ositi o n. B ot h ar e c o nstr u ct e d usi n g 3 0 p e d estri a n p oi nts a n d 2 1 d u m m y p oi nts.

sit es ⟨x, y ⟩ q . W h er e q ∈ all i at t h at f t, a n d q ≠ i.
F urt h er m or e, V i a n d V q at f t ar e c o nsi d er e d a dj a c e nt if t h e y s h ar e at l e ast o n e

e d g e or t w o v erti c es. F or i nst a n c e, as s e e n i n Fi g. 5, V 4 a n d V 3 4 ar e a dj a c e nt,
w hil e V 4 a n d V 3 ar e n ot a dj a c e nt. Si n c e t h e V or o n oi Di a gr a m c o nt ai ns u n b o u n d e d
c ells, d et er mi ni n g t h e a dj a c e nt c ells f or e a c h V i at f t m a y yi el d i n a c c ur at e r es ults.
F or i nst a n c e, m ost c ells of y ell o w p oi nts, w hi c h ar e l o c at e d at t h e s c e n e’s b or d ers,
ar e u n b o u n d e d c ells, as d e pi ct e d i n Fi g. 5 a. F or f urt h er cl arit y, V i(f t) b e c o m es
u n b o u n d e d w h e n i is a v ert e x of t h e c o n v e x h ull t h at i n cl u d es all i nst a n c es of i
at f t. As a r es ult, t h e V or o n oi Di a gr a m m a y n ot pr o vi d e a c c ur at e r es ults w h e n
d et er mi ni n g a dj a c e nt c ells, w hi c h is a cr u ci al f a ct or i n i d e ntif yi n g N i(f t). T o o v er-
c o m e s u c h li mit ati o n, C o n v e x H ull [ 3 3] is utili z e d t o fi nit e t h e V or o n oi Di a gr a m
( u n b o u n d e d c ells) as s h o w n i n Fi g. 5 b. T h e C o n v e x H ull is t h e mi ni m u m c o n v e x
s h a p e t h at e n c o m p ass es a gi v e n s et of p oi nts, f or mi n g a p ol y g o n t h at c o n n e cts t h e
o ut er m ost p oi nts of t h e s et w hil e e ns uri n g t h at all i nt er n al a n gl es ar e l ess t h a n
1 8 0 ◦ [ 6 2]. F or t his p ur p os e, t h e i nt ers e cti o n of e a c h V i(f t) wit h C o n v e x H ull of
all i at f t is c al c ul at e d, t h e n t h e V i(f t) i n t h e di a gr a m ar e u p d at e d b as e d o n t h e
i nt ers e cti o ns t o o bt ai n t h e b o u n d e d V or o n oi Di a gr a m of all i at f t ( Al g orit h m 2,
li n es 5- 1 2). I n m or e d et ails, t h e C o n v e x H ull of all i at f t is m e as ur e d ( Al g o-
rit h m 2, li n e 8). Aft er t h at, t h e i nt ers e cti o n b et w e e n V i(f t) a n d t h e C o n v e x H ull
at f t is c o m p ut e d. A n d fi n all y, w e u p d at e t h e V or o n oi Di a gr a m at e a c h f t us-
i n g t h e c al c ul at e d i nt er a cti o ns t o o bt ai n t h e c orr es p o n di n g b o u n d e d o n e as s h o w n
i n Fi g. 5 b ( Al g orit h m 2, li n es 8- 1 1). Aft er cr e ati n g t h e b o u n d e d V or o n oi Di a gr a m,
i n di vi d u als i n t h e dir e ct a dj a c e nt V or o n oi c ells of V i(f t) ar e N i(f t), ( Al g orit h m 2,
li n es 1 2- 2 0). F or e x a m pl e, i n Fi g. 5 b, dir e ct a dj a c e nt V or o n oi c ells of V 3 at f t ar e
{ V 2 , V 2 2 , V 3 5 , V 1 5 , V 7 } , a n d N 3 = { 2 , 2 2 , 3 5 , 1 5 , 7 } .

T h e l ast st e p, l o c al r e gi o n e xtr a cti o n, ai ms t o e xtr a ct t h e l o c al r e gi o n of e a c h i
at f t, w h er e i /∈ d u m m y p oi nts. T h e st e p firstl y fi n ds L i(f t) b as e d o n e a c h ⟨x, y ⟩ j ,
w h er e j ∈ N i(f t), Fi g. 4 c. T h e n, L i(f t) ar e cr o p p e d fr o m c orr es p o n di n g f t a n d
p ass e d t o t h e n e xt m o d ul e, w hi c h will b e dis c uss e d i n t h e n e xt s e cti o n. Fi g. 3 b
dis pl a ys e x a m pl es of cr o p p e d l o c al r e gi o ns.
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Al g o ri t h m 2 Ps e u d o c o d e of dir e ct n ei g h b or i d e nti fi c ati o n st e p
I n p u t s:

t r d u m m y = { r o w 1 , r o w2 , r o w3 , . . . } ,
w h er e e a c h r o w =[ d u m m y p oi nt or p e d e stri a n I d, f r a m e o r d e r i n t h e c o r r e s p o n di n g vi d e o,

x- c o or di n at e p oi nt, y- c o or di n at e]
O u t p u t s:

di r e ct n ei g h b o r = { r o w 1 , r o w2 , r o w3 , . . . } ,
w h er e e a c h r o w =[fr a m e or d er i n t h e c orr e s p o n di n g vi d e o, p e d e st ri a n I d, [ di r e ct n ei g h b o r s (I d s) of

p e d e stri a n I d] ]

1: f il e ← o p e n( t r d u m m y )
2: f il e d n ← o p e n( di r e ct n ei g h b o r )
3: d at a ← l o a d(f il e )
4: f r a m e s ← u ni q u e( d at a [:, 0])
5: w hil e f r i n f r a m e s d o
6: d at a f r ← filt er( d at a , f r )
7: v o r di a g r a m ← V or o n oi( d at a f r [:, 2 : 4])
8: C H ← C o n v e x H ull( d at a f r [:, 2 : 4])
9: f o r e a c h r e gi o n ∈ v o r di a g r a m .r e gi o n s d o

1 0: v o r di a g r a m. r e gi o n ← v o r di a g r a m. r e gi o n ∩ C H
1 1: e n d f o r
1 2: c ell s ← v o r di a g r a m .r e gi o n s
1 3: w hil e i i n d at a f r [:, 0] d o
1 4: c ell ← c ell s [i]
1 5: d n c ell s ← fi n d dir e ct n ei g h b or c ell s ( c ell )
1 6: d n i ← d n c ell s . sit e s
1 7: r e c ← [f r, i, d n i]
1 8: writ e ( r e c ) t o f il e d n
1 9: e n d w hil e
2 0: e n d w hil e
2 1: f il e . cl o s e()
2 2: f il e d n . cl o s e()

3. 1. 2 E ffi ci e n t N e t V 1 B 0- b a s e d D e e p F e a t u r e E x t r a c ti o n

T o e xtr a ct t h e d e e p f e at ur es fr o m e a c h i n di vi d u al’s b e h a vi or, t h e f e at ur e e xtr a cti o n
p art of E ffi ci e nt N et V 1 B 0 is us e d o v er t h eir l o c al r e gi o ns L i(f t). E ffi ci e nt N et V 1 B 0
is a C N N ar c hit e ct ur e t h at h as g ai n e d p o p ul arit y f or v ari o us c o m p ut er visi o n
t as ks d u e t o its e ffi ci e nt us e of r es o ur c es a n d f e w er p ar a m et ers t h a n ot h er st at e-
of-t h e- art m o d els [ 3 4]. F urt h er m or e, it h as a c hi e v e d hi g h a c c ur a c y o n m ulti pl e
i m a g e cl assi fi c ati o n d at as ets. A d diti o n all y, t h e e x p eri m e nts i n t his arti cl e ( S e c-
ti o n 5. 2) i n di c at e t h at c o m bi ni n g E ffi ci e nt N et V 1 B 0 ( wit h o ut l o c al cl assi fi c ati o n
p art) wit h l o c al r e gi o ns yi el ds t h e hi g h est a c c ur a c y c o m p ar e d t o ot h er p o p ul ar
C N N ar c hit e ct ur es i nt e gr at e d wit h l o c al r e gi o ns. T h er ef or e, E ffi ci e nt N et V 1 B 0’s
f e at ur e e xtr a cti o n p art is e m pl o y e d t o fi n d m or e h el pf ul i nf or m ati o n fr o m e a c h
i n di vi d u al’s b e h a vi or.

T h e ar c hit e ct ur e of t h e e ffi ci e nt N et V 1 B 0- b as e d d e e p f e at ur e e xtr a cti o n m o d el
is d e pi ct e d i n Fi g. 2. Firstl y, it a p pli es a 3 × 3 c o n v ol uti o n o p er ati o n t o t h e i n-
p ut i m a g e, a l o c al r e gi o n wit h di m e nsi o ns of 2 2 4 × 2 2 4 × 3. F oll o wi n g t his, 1 6
m o bil e i n v ert e d b ottl e n e c k c o n v ol uti o n ( M B C o n v) bl o c ks [ 6 3] ar e e m pl o y e d t o e x-
tr a ct d e e p f e at ur es (f e at ur e m a ps) ∈ R 7 × 7 × 3 2 0 fr o m e a c h L i(f t). I n m or e d et ail,
t h e M B C o n v bl o c ks us e d c o nsist of o n e M B C o n v 1, 3 × 3, si x M B C o n v 6, 3 × 3,
a n d ni n e M B C o n v 6, 5 × 5. Fi g. 6 ill ustr at es t h e str u ct ur e of t h e M B C o n v bl o c k,
w hi c h e m pl o ys a 1 × 1 c o n v ol uti o n o p er ati o n t o e x p a n d t h e d e pt h of f e at ur e m a ps
a n d c a pt ur e m or e i nf or m ati o n. A 3 × 3 d e pt h wis e c o n v ol uti o n f oll o ws t his t o
d e cr e as e t h e c o m p ut ati o n al c o m pl e xit y a n d n u m b er of p ar a m et ers. A d diti o n all y,
b at c h n or m ali z ati o n a n d s wis h a cti v ati o n [ 6 4] ar e a p pli e d aft er e a c h c o n v ol uti o n
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o p er ati o n. T h e M B C o n v t h e n e m pl o ys a S q u e e z e- a n d- E x cit ati o n bl o c k [ 6 5] t o e n-
h a n c e t h e ar c hit e ct ur e’s r e pr es e nt ati o n p o w er. T h e S q u e e z e- a n d- E x cit ati o n bl o c k
i niti all y p erf or ms gl o b al a v er a g e p o oli n g t o r e d u c e t h e c h a n n el di m e nsi o n. T h e n
it a p pli es a n e x cit ati o n o p er ati o n wit h S wis h [ 6 4] a n d Si g m oi d [ 6 6] a cti v ati o ns
t o l e ar n c h a n n el- wis e att e nti o n w ei g hts. T h es e w ei g hts r e pr es e nt t h e si g ni fi c a n c e
of e a c h f e at ur e m a p a n d ar e m ulti pli e d b y t h e ori gi n al f e at ur e m a ps t o g e n er at e
t h e o ut p ut f e at ur e m a ps. Aft er t h e S q u e e z e- a n d- E x cit ati o n bl o c k, a n ot h er 1 × 1
c o n v ol uti o n wit h b at c h n or m ali z ati o n is us e d t o r e d u c e t h e o ut p ut f e at ur e m a ps’
di m e nsi o n alit y, r es ulti n g i n t h e fi n al o ut p ut of t h e M B C o n v bl o c k.

C o n v, 1 X 1

D e pt h wi s e
C o n v, 3 X 3 or 5 X 5

H, W, C

S q u e e z e- a n d- E x cit ati o n

C o n v, 1 X 1

H, W, C

H, W, C

I n p ut

O ut p ut

H, W, C

 S q u e e z e- a n d- E x cit ati o n bl o c k

Gl o b al A v er a g e
P o oli n g 2 D

C o n v 1 X 1

S wi s h

C o n v 1 X 1

Si g m oi d

Fi g ur e 6: T h e ar c hit e ct ur e of M B C o n v bl o c k.

T h e m ai n di ff er e n c e b et w e e n M B C o n v 6 a n d M B C o n v 1 is t h e d e pt h of t h e bl o c k
a n d t h e n u m b er of o p er ati o ns p erf or m e d i n e a c h bl o c k; M B C o n v 6 is si x ti m es
t h at of M B C o n v 1. N ot e t h at M B C o n v 6, 5 × 5 p erf or ms t h e i d e nti c al o p er ati o ns
as M B C o n v 6, 3 × 3, b ut M B C o n v 6, 5 × 5 a p pli es a k er n el si z e of 5 × 5, w hil e
M B C o n v 6, 3 × 3 us es a k er n el si z e of 3 × 3.

3. 2 D e t e c ti o n C o m p o n e n t

T h e pri m ar y o bj e cti v e of t h e d et e cti o n c o m p o n e nt is t o a n al y z e t h e f e at ur e m a ps
g e n er at e d b y t h e pr e vi o us c o m p o n e nt a n d c at e g ori z e i n di vi d u al b e h a vi ors as ei-
t h er p us hi n g or n o n- p us hi n g. T his t as k r e q uir es a bi n ar y cl assi fi c ati o n f oll o w e d b y
a n a n n ot ati o n pr o c ess. U nf ort u n at el y, t h e cl assi fi c ati o n p art of t h e ori gi n al E ffi-
ci e nt N et V 1 B 0 ar c hit e ct ur e is n ot d esi g n e d f or bi n ar y t as ks a n d is t h us u ns uit a bl e
f or i d e ntif yi n g p us hi n g b e h a vi or. C o ns e q u e ntl y, w e h a v e a d a pt e d t h e cl assi fi c a-
ti o n p art of E ffi ci e nt N et V 1 B 0 t o s u p p ort bi n ar y cl assi fi c ati o n. I n a d diti o n t o
e xtr a cti n g d e e p f e at ur es i n t h e pr e c e di n g c o m p o n e nt, t his m o di fi c ati o n all o ws t h e
E ffi ci e nt N et V 1 B 0 t o cl assif y i n di vi d u al b e h a vi ors as p us hi n g or n o n- p us hi n g i n
t h e d et e cti o n c o m p o n e nt. T o p erf or m t h e bi n ar y cl assi fi c ati o n t as k, w e c o m bi n e
a 1 × 1 c o n v ol uti o n o p er ati o n, 2 D gl o b al a v er a g e p o oli n g, a f ull y c o n n e ct e d l a y er
wit h a si n gl e n e ur o n, a n d a Si g m oi d a cti v ati o n f u n cti o n. Fi g. 2 s h o ws t h e cl assi-
fi er. T o g ai n m or e i nf or m ati o n b y i n cr e asi n g t h e n u m b er of c h a n n els i n f e at ur e
m a ps, t h e 1 × 1 c o n v ol uti o n al o p er ati o n is us e d. T h e n e w di m e nsi o n of f e at ur e
m a ps f or e a c h L i(f t) is 7 × 7 × 1 2 8 0. Aft er t h at, t h e gl o b al a v er a g e p o oli n g 2 D is
utili z e d t o tr a nsf or m t h e f e at ur e m a ps t o 1 × 1 × 1 2 8 0 a n d f e e d t h e m t o t h e f ull y
c o n n e ct e d l a y er wit h o n e n e ur o n, w hi c h pr o d u c es a n o ut p ut x ∈ R . S u bs e q u e ntl y,
t h e Si g m oi d f u n cti o n σ is a p pli e d t o x , tr a nsf or mi n g it i nt o a v al u e b et w e e n 0
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a n d 1. T h e si g m oi d f u n cti o n, c o m m o nl y us e d i n bi n ar y cl assi fi c ati o n, is d e fi n e d
as E q. ( 2):

σ (x ) =
1

1 + e − x
, ( 2)

w h er e σ (x ) r e pr es e nts t h e pr o b a bilit y of t h e p us hi n g l a b el f or t h e c orr es p o n di n g i
at f t, a n d e d e n ot es t h e m at h e m ati c al c o nst a nt k n o w n as E ul er’s n u m b er. Fi n all y,
t h e cl assi fi er us es a t hr es h ol d v al u e t o i d e ntif y t h e cl ass of i at f t as E q. ( 3):

Cl a s s (i, ft) =
p us hi n g if σ (x ) ≥ t h r e s h ol d

n o n- p us hi n g if σ (x ) < t h r e s h ol d
( 3)

B y d ef a ult, t h e t hr es h ol d v al u e f or bi n ar y cl assi fi c ati o n is c o n fi g ur e d t o 0. 5,
w hi c h is s uit a bl e f or d at as ets e x hi biti n g a b al a n c e d distri b uti o n. U nf ort u n at el y,
t h e n e w p us hi n g d at as et cr e at e d i n S e cti o n 4. 1 f or tr ai ni n g a n d e v al u ati n g t h e
pr o p os e d fr a m e w or k is i m b al a n c e d. As s u c h, usi n g t h e d ef a ult t hr es h ol d m a y
l e a d t o p o or p erf or m a n c e of t h e i ntr o d u c e d tr ai n e d cl assi fi er o n t h at d at as et [ 6 7].
T h er ef or e, fi n e-t u ni n g t h e t hr es h ol d i n t h e tr ai n e d cl assi fi er b e c o m es ess e nti al f or
i m pr o vi n g a c c ur a c y a cr oss b ot h p us hi n g a n d n o n- p us hi n g cl ass es. T h e m et h o d ol-
o g y f or fi n di n g t h e o pti m al t hr es h ol d f or t h e cl assi fi er will b e e x pl ai n e d i n d et ail
i n S e cti o n 4. 3. F oll o wi n g tr ai ni n g a n d a dj usti n g t h e cl assi fi er’s t hr es h ol d, it c a n
c at e g ori z e i n di vi d u als i as p us hi n g or n o n- p us hi n g. At t h e s a m e ti m e, t h e a n n o-
t ati o n pr o c ess dr a ws a r e d r e ct a n gl e ar o u n d t h e h e a d of e a c h p us hi n g p ers o n i n
t h e c orr es p o n di n g fr a m es f t (s e e Fi g. 7) a n d fi n all y g e n er at es a n a n n ot at e d vi d e o.

Fi g ur e 7: A vis u ali z e d e x a m pl e of a s e q u e n c e of fr a m es a n n ot at e d wit h r e d r e ct a n gl es hi g hli g hti n g
t h e i n di vi d u als p arti ci p ati n g i n p us hi n g. T h e ori gi n al fr a m es w er e t a k e n fr o m [ 3 5].

T h e f oll o wi n g s e cti o n will dis c uss t h e tr ai ni n g a n d e v al u ati n g pr o c ess es of t h e
pr o p os e d fr a m e w or k.

4 Tr ai ni n g a n d E v al u a ti o n M e t ri c s

T his s e cti o n i ntr o d u c es a n o v el l a b el e d d at as et, as w ell as pr es e nts t h e p ar a m e-
t er s et u ps f or t h e tr ai ni n g pr o c ess, e v al u ati o n m etri cs, a n d t h e m et h o d ol o g y f or
i m pr o vi n g t h e fr a m e w or k’s p erf or m a n c e o n a n i m b al a n c e d d at as et.

4. 1 A N o v el D a t a s e t P r e p a r a ti o n

H er e, it is ai m e d at cr e ati n g t h e l a b el e d d at as et f or tr ai ni n g a n d e v al u ati n g t h e
pr o p os e d fr a m e w or k. T h e d at as et c o nsists of a tr ai ni n g s et, a v ali d ati o n s et f or
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t h e l e ar ni n g pr o c ess, a n d t w o t est s ets f or t h e e v al u ati o n pr o c ess. T h es e s ets
c o m pris e L i(f t) l a b el e d as p us hi n g or n o n- p us hi n g. I n t his c o nt e xt, e a c h p us hi n g
L i(f t) m e a ns i at f t c o ntri b ut es p us hi n g, w hil e e v er y n o n- p us hi n g L i(f t) i n di c at es
t h at i at f t f oll o ws t h e s o ci al n or m of q u e ui n g. T h e f oll o wi n g will dis c uss t h e d at a
s o ur c es a n d m et h o d ol o g y us e d t o pr e p ar e t h e s ets.

T h e d at as et pr e p ar ati o n is b as e d o n t hr e e d at a s o ur c es: 1) Si x vi d e os of r e al-
w orl d e x p eri m e nts of cr o w d e d e v e nt e ntr a n c es. 2) P e d estri a n tr aj e ct or y d at a. 3)
Gr o u n d tr ut hs f or p us hi n g b e h a vi or. Si x vi d e o r e c or di n gs of e x p eri m e nts wit h
t h eir c orr es p o n di n g p e d estri a n tr aj e ct or y d at a ar e s el e ct e d fr o m t h e d at a ar c hi v e
h ost e d b y F ors c h u n gs z e ntr u m J üli c h [ 3 5, 6 8]. T his d at a is li c e ns e d u n d er C C Attri-
b uti o n 4. 0 I nt er n ati o n al li c e ns e. T h e e x p eri m e nt al sit u ati o ns mi mi c t h e cr o w d e d
e v e nt e ntr a n c es, a n d st ati c t o p- vi e w c a m er as w er e e m pl o y e d t o r e c or d t h e e x p er-
i m e nts wit h a fr a m e r at e of 2 5 fr a m es p er s e c o n d. F or m or e cl arit y, Fi g. 8 s h o ws
o v er h e a d vi e ws of e x e m pl ar y e x p eri m e nts, a n d T a bl e 1 s u m m ari z es t h e v ari o us
c h ar a ct eristi cs of t h e c h os e n e x p eri m e nts. A d diti o n all y, gr o u n d tr ut h l a b els c o n-
str u ct e d b y t h e m a n u al r ati n g s yst e m [ 1 0] ar e us e d f or t h e l ast d at a s o ur c e. I n
t his s yst e m, s o ci al ps y c h ol o gists o bs er v e a n d a n al y z e vi d e o e x p eri m e nts fr a m e- b y-
fr a m e t o m a n u all y i d e ntif y i n di vi d u als w h o ar e p us hi n g o v er ti m e. T h e e x p erts
us e P e Tr a c k s oft w ar e [ 6 9] t o m a n a g e t h e m a n u al tr a c ki n g pr o c ess a n d g e n er at e
t h e a n n ot ati o ns as a t e xt fil e. F or f urt h er d et ails o n t h e m a n u al s yst e m, r e a d ers
c a n r ef er t o R ef. [ 1 0].

a) b)

Fi g ur e 8: O v er h e a d vi e w of e x e m pl ar y e x p eri m e nts. a) E x p eri m e nt 2 7 0, as w ell as E x p eri m e nts
5 0, 1 1 0, 1 5 0, a n d 2 8 0 us e d t h e s a m e s et u p b ut wit h di ff er e nt wi dt hs of t h e e ntr a n c e ar e a r a n gi n g
fr o m 1. 2 t o 5. 6 m b as e d o n t h e e x p eri m e nt [ 3 5]. b) E x p eri m e nt e ntr a n c e 2 [ 6 8] T h e e ntr a n c e g at e’s
wi dt h is 0. 5 m i n all s et u ps.

T a bl e 1: C h ar a ct eristi cs of t h e c h os e n e x p eri m e nts.

Vi d e o e x p eri m e nt * Wi dt h ( m) P e d estri a n N u m b er of g at es D ur ati o n (s)  R es ol uti o n

5 0 4. 5 4 2 1 3 7 1 9 2 0 × 1 4 4 0
1 1 0 1. 2 6 3 1 5 3 1 9 2 0 × 1 4 4 0
1 5 0 5. 6 5 7 1 5 7 1 9 2 0 × 1 4 4 0
2 7 0 3. 4 6 7 1 5 9 1 9 2 0 × 1 4 4 0
2 8 0 3. 4 6 7 1 6 7 1 9 2 0 × 1 4 4 0

E ntr a n c e 2 3. 4 1 2 3 2 1 2 5 1 9 2 0 × 1 0 8 0

* T h e s a m e n a m es as r e p ort e d i n [ 3 5, 6 8]. m st a n ds f or m et er, a n d s r ef ers t o
s e c o n d.

H er e, t h e m et h o d ol o g y us e d f or p a p eri n g t h e d at as et is d es cri b e d. As s h o w n
i n Fi g. 9, it c o nsists of t w o p h as es: l o c al r e gi o n e xtr a cti o n; a n d l o c al r e gi o n
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l a b eli n g a n d s et g e n er ati o n. T h e first p h as e ai ms t o e xtr a ct l o c al r e gi o ns (s a m pl es)
fr o m vi d e os w hil e a v oi di n g d u pli c at es. T o a c c o m plis h t his, t h e p h as e i niti all y
e xtr a cts fr a m es fr o m t h e i n p ut vi d e os s e c o n d b y s e c o n d. It e m pl o ys Aft er t h at
t h e V or o n oi- b as e d l o c al r e gi o n e xtr a cti o n m o d ul e t o i d e ntif y a n d cr o p t h e s a m pl es
fr o m t h e e xtr a ct e d fr a m es b as e d o n t h e tr aj e ct or y d at a. T a bl e 2 d e m o nstr at es
t h e n u m b er of e xtr a ct e d s a m pl es fr o m e a c h vi d e o, a n d Fi g. 3 b s h o ws s e v er al
e x a m pl es of l o c al r e gi o ns. Pr e v e nti n g t h e pr es e n c e of d u pli c at e s a m pl es b et w e e n
t h e tr ai ni n g, v ali d ati o n, a n d t est s ets is cr u ci al t o o bt ai n a r eli a bl e e v al u ati o n f or
t h e m o d el. T h er ef or e, t his p h as e r e m o v es si mil ar a n d sli g htl y di ff er e nt s a m pl es
b ef or e pr o c e e di n g t o t h e n e xt p h as e. It i n v ol v es usi n g a pr e-tr ai n e d M o bil e N et
C N N m o d el t o e xtr a ct d e e p f e at ur es / e m b e d di n gs fr o m t h e s a m pl es a n d c osi n e
si mil arit y t o fi n d d u pli c at e or n e ar d u pli c at e s a m pl es b as e d o n t h eir f e at ur es [ 7 0].
T his t e c h ni q u e is m or e r o b ust t h a n c o m p ari n g pi x el v al u es, w hi c h c a n b e s e nsiti v e
t o n ois e a n d li g hti n g v ari ati o ns [ 7 1]. T a bl e 2 d e pi cts t h e n u m b er of r e m o v e d
d u pli c at e s a m pl es.

6 vi d e o e x p eri m e nt s
[ 5 0, 1 1 0, 1 5 0, 2 7 0, 2 8 0
a n d E ntr a n c e 2]

Tr aj e ct or y d at a

Gr o u n d tr ut h s

1

2

3

D at a S o ur c e s

L o c al r e gi o n
e xtr a cti o n

D u pli c at e s
 r e m o v al

L o c al R e gi o n E xtr a cti o n L o c al R e gi o n L a b eli n g a n d S et G e n er ati o n

T e st 2
1 0 0 %

  L o c al
r e gi o n s

L a b eli n g S et G e n er ati o n

T e st 1
1 5 %

V ali d ati o n
1 5 %

Tr ai ni n g
7 0 %

1 1 0, 1 5 0, 2 7 0, 2 8 0 a n d E ntr a n c e 2Vi d e o 5 0

Fi g ur e 9: Pi p eli n e of d at as et pr e p ar ati o n. I n t h e p art ‘ L o c al R e gi o n L a b eli n g a n d S et G e n er ati o n’,
r e d r ef ers t o t h e p us hi n g cl ass a n d p us hi n g s a m pl e, w hil e t h e n o n- p us hi n g cl ass a n d n o n- p us hi n g
s a m pl e ar e r e pr es e nt e d i n gr e e n. T h e l o c al r e gi o n e xtr a cti o n c o m p o n e nt us es tr aj e ct or y d at a t o
d et er mi n e t h e c o or di n at es of e a c h p ers o n.

T a bl e 2: S u m m ar y of t h e pr e p ar e d s ets.

N u m b er of s a m pl e s  L a b el e d d at a s et  Tr ai ni n g s et  V ali d ati o n s et  Te st s et 1  Te st s et 2

Vi d e o  Ori gi n al  D el et e d  Di sti n ct  P  N P  P  N P  P  N P  P  N P  P  N P

1 1 0 1 0 4 6 1 1 0 4 5 5 4 8 4 9 7 3 6 5 3 3 1 9 9 8 4 8 4 8 2
1 5 0 1 4 6 9 7 0 1 3 9 9 6 2 5 7 7 4 4 5 5 5 4 7 8 3 1 1 3 8 7 1 1 4
2 7 0 1 6 2 7 1 1 1 6 1 6 5 7 7 1 0 3 9 4 0 1 7 2 7 8 4 1 6 1 9 2 1 5 1
2 8 0 1 8 2 2 4 4 1 7 7 8 2 8 7 1 4 9 1 2 1 3 1 1 0 4 4 4 1 8 1 3 0 2 0 6
E ntr a n c e 2 6 2 0 4 3 2 5 5 8 7 9 1 0 3 0 4 8 4 9 7 2 6 3 4 0 3 1 5 6 7 1 5 1 4 8 7 3 1
T ot al 1 2 1 6 8 4 5 1 1 1 7 1 7 3 0 6 7 8 6 5 0 2 1 6 0 6 1 1 2 4 6 6 1 2 5 4 4 4 1 1 2 8 4
5 0 * 3 1 7 3 4 4 3 1 7 3 4 4

* Vi d e o 5 0 i s u s e d e x cl u si v el y f or t h e e v al u ati o n pr o c e s s, w hil e t h e r e m ai ni n g vi d e o e x p eri m e nt s will b e
e m pl o y e d f or b ot h tr ai ni n g a n d e v al u ati o n.

O n t h e ot h er h a n d, t h e l o c al r e gi o n a n d s et g e n er ati o n p h as e is r es p o nsi bl e f or
l a b eli n g t h e e xtr a ct e d s a m pl es a n d pr o d u ci n g t h e s ets, i n cl u di n g o n e tr ai ni n g s et,
o n e v ali d ati o n s et, a n d t w o t est s ets. T his p h as e utili z es t h e gr o u n d tr ut h l a b el of
e a c h i at f t t o l a b el t h e s a m pl es ( L i(f t)). If i at f t c o ntri b uti n g t o p us hi n g, L i(f t)
is c at e g ori z e d as p us hi n g; ot h er wis e, it is cl assi fi e d as n o n- p us hi n g. E x a m pl es of
p us hi n g s a m pl es c a n b e f o u n d i n Fi g. 3 b. T h e g e n er at e d l a b el e d d at as et fr o m all
vi d e o e x p eri m e nts c o m pris es 3 3 8 4 p us hi n g s a m pl es a n d 8 9 9 4 n o n- p us hi n g s a m pl es.
T h e n u m b er of e xtr a ct e d p us hi n g a n d n o n- p us hi n g s a m pl es fr o m e a c h vi d e o is
ill ustr at e d i n T a bl e 2. Aft er cr e ati n g t h e l a b el e d d at as et, t h e s ets ar e g e n er at e d
fr o m t h e d at as et. S p e ci fi c all y, t h e s e c o n d p h as e r a n d o ml y di vi d es t h e e xtr a ct e d
fr a m es fr o m vi d e o e x p eri m e nts 1 1 0, 1 5 0, 2 7 0, 2 8 0, a n d E ntr a n c e 2 i nt o t hr e e s ets:
7 0 %, 1 5 %, a n d 1 5 % f or tr ai ni n g, v ali d ati o n, a n d t est s ets, r es p e cti v el y. T h e n,
usi n g t h es e s ets, it g e n er at es t h e tr ai ni n g, v ali d ati o n, a n d t est (t est s et 1) s ets fr o m

9 9



P U B LI C A TI O N III

t h e l a b el e d c orr es p o n di n g s a m pl es ( L i(f t)). A n ot h er t est s et (t est s et 2) is als o
d e v el o p e d fr o m t h e l a b el e d s a m pl es e xtr a ct e d fr o m t h e c o m pl et e vi d e o e x p eri m e nt
5 0. T a bl e 2 s h o ws t h e s u m m ar y of t h e g e n er at e d s ets.

T o s u m m ari z e, f o ur l a b el e d s ets w er e cr e at e d: t h e tr ai ni n g s et, w hi c h c o n-
sists of 2 1 6 0 p us hi n g s a m pl es a n d 6 1 1 2 n o n- p us hi n g s a m pl es; t h e v ali d ati o n s et,
w hi c h c o nt ai ns 4 6 6 p us hi n g s a m pl es a n d 1 2 5 4 n o n- p us hi n g s a m pl es; t h e t est s et
1, w hi c h i n cl u d es 4 4 1 p us hi n g s a m pl es a n d 1 2 8 4 n o n- p us hi n g s a m pl es; a n d t h e
t est s et 2, c o m prisi n g 3 1 7 p us hi n g s a m pl es a n d 3 4 4 n o n- p us hi n g s a m pl es. It’s
cr u ci al t o e m p h asi z e t w o k e y as p e cts w h er e t h e n e w d at as et si g ni fi c a ntl y d e vi at es
fr o m t h e d at as ets o utli n e d i n R ef er e n c es [ 2 9] a n d [ 3 1]. First, t h e s a m pl es i n t h e
i ntr o d u c e d d at as et c a pt ur e t h e cr o w d’s a p p e ar a n c e s urr o u n di n g e a c h p e d estri a n i
(L i(f t)). T his c o ntr asts wit h s a m pl es fr o m pr e vi o us d at as ets, w hi c h r e pr es e nt t h e
vis u al m oti o n i nf or m ati o n wit hi n a r e gi o n r a n gi n g fr o m 1 .2 t o 2 .4 s q u ar e m et ers
o n t h e gr o u n d. W hil e t h e pr e vi o us d at as ets w er e f o c us e d o n a n al y zi n g b e h a vi or
at a p at c h l e v el, t h e n e w d at as et is b ett er s uit e d f or st u d yi n g p us hi n g b e h a vi or at
a n i n di vi d u al l e v el. Fi g. 1 b a n d c pr o vi d e e x a m pl es of m oti o n i nf or m ati o n m a ps
a n d l o c al r e gi o n L i s a m pl es, r es p e cti v el y. S e c o n d, t h e n e w d at as et is si g ni fi c a ntl y
l ar g er, c o nt ai ni n g 1 2, 3 7 8 s a m pl es, c o m p ar e d t o 3, 7 8 0 a n d 3, 9 4 1 s a m pl es i n t h e
d at as ets r e p ort e d i n R ef er e n c es [ 2 9] a n d [ 3 1], r es p e cti v el y. I n ot h er w or ds, c o n-
si d eri n g t h e l o c al r e gi o n ar o u n d a p ers o n als o r es ults i n a l ar g er d at as et t h a n t h e
p at c h a p pr o a c h.

4. 2 P a r a m e t e r S e t u p

T a bl e 3 s h o ws p ar a m et ers us e d d uri n g t h e tr ai ni n g pr o c ess. T h e d ef a ult v al u es f or
t h e l e ar ni n g r at e a n d b at c h si z e t h at ar e t y pi c all y us e d i n tr ai ni n g C N N ar c hit e c-
t ur es o n I m a g e N et i n K er as w er e s el e ct e d. A d diti o n all y, ot h er p ar a m et ers w er e
fi n e-t u n e d t hr o u g h e x p eri m e nt ati o n t o a c hi e v e o pti m al p erf or m a n c e wit h t h e n e w
d at as et. T o pr e v e nt o v er fitti n g, t h e tr ai ni n g w as h alt e d if t h e v ali d ati o n a c c ur a c y
di d n ot i m pr o v e aft er 2 0 e p o c hs.

T a bl e 3: T h e h y p er p ar a m et er v al u es us e d i n t h e tr ai ni n g pr o c ess.

P ar a m et er  V al u e
O pti mi z er  A d a m
L oss f u n cti o n  Bi n ar y cr oss- e ntr o p y
L e ar ni n g r at e 0. 0 0 1
B at c h si z e 3 2
E p o c h 1 0 0

4. 3 E v al u a ti o n M e t ri c s a n d P e rf o r m a n c e I m p r o v e m e n t

T his s e cti o n will dis c uss t h e m etri cs c h os e n f or e v al u ati n g t h e p erf or m a n c e of t h e
pr o p os e d fr a m e w or k. A d diti o n all y, it will e x pl or e t h e m et h o d ol o g y e m pl o y e d t o
e n h a n c e t h e p erf or m a n c e of t h e tr ai n e d i m b al a n c e d cl assi fi er, t h er e b y i m pr o vi n g
t h e o v er all e ff e cti v e n ess of t h e fr a m e w or k.

Gi v e n t h e i m b al a n c e d distri b uti o n of t h e g e n er at e d l o c al r e gi o n d at as et, t h e
fr a m e w or k e x hi bits a bi as t o w ar ds t h e m aj orit y cl ass ( n o n- p us hi n g). C o ns e-
q u e ntl y, it b e c o m es cr u ci al t o e m pl o y a p pr o pri at e m etri cs f or e v al u ati n g t h e p er-
f or m a n c e of t h e i m b al a n c e d cl assi fi er. As a r es ult, a c o m bi n ati o n of m etri cs w as
a d o pt e d, i n cl u di n g m a cr o a c c ur a c y, Tr u e P us hi n g R at e ( T P R), Tr u e N o n- P us hi n g
R at e ( T N P R), a n d Ar e a U n d er t h e r e c ei v er o p er ati n g c h ar a ct eristi c C ur v e ( A U C)
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o n b ot h t est s et 1 a n d t est s et 2. T h e f oll o wi n g pr o vi d es a d et ail e d e x pl a n ati o n
of t h es e m etri cs.

T P R, als o k n o w n as s e nsiti vit y, is t h e r ati o of c orr e ctl y cl assi fi e d p us hi n g s a m-
pl es t o all p us hi n g s a m pl es, a n d it is d e fi n e d as:

T P R =
T P

T P + F N P
, ( 4)

w h er e T P a n d F N P d e n ot e c orr e ctl y cl assi fi e d p us hi n g p ers o ns a n d i n c orr e ctl y
pr e di ct e d n o n- p us hi n g p ers o ns.

T N P R, als o k n o w n as s p e ci fi cit y, is t h e r ati o of c orr e ctl y cl assi fi e d n o n- p us hi n g
s a m pl es t o all n o n- p us hi n g s a m pl es, a n d it is d es cri b e d as:

T N P R =
T N P

T N P + F P
, ( 5)

w h er e T N P a n d F P st a n d f or c orr e ctl y cl assi fi e d n o n- p us hi n g p ers o ns a n d i n c or-
r e ctl y pr e di ct e d p us hi n g p ers o ns.

M a cr o a c c ur a c y, or b al a n c e d a c c ur a c y, is t h e a v er a g e pr o p orti o n of c orr e ct
pr e di cti o ns f or e a c h cl ass i n di vi d u all y. T his m etri c e ns ur es t h at e a c h cl ass is gi v e n
e q u al si g ni fi c a n c e, irr es p e cti v e of its si z e or distri b uti o n wit hi n t h e d at as et. F or
m or e cl arit y, it is j ust t h e a v er a g e of T P R a n d T N P R as:

M a c r o a c c u r a c y =
T P R + T N P R

2
. ( 6)

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

F P R 

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

T
P

R 

a)

R O C o n t h e v ali d a ti o n s e t

O p ti m al t h r e s h ol d = 0. 0 3 8

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

F P R 

b)

R O C o n t e s t s e t 1, A U C = 0. 9 2

R O C o n t e s t s e t 2, A U C = 0. 9 0

R a n d o m g u e s s e s, A U C = 0. 5

Fi g ur e 1 0: R O C c ur v es f or t h e i ntr o d u c e d fr a m e w or k. a) R O C c ur v e wit h a n o pti m al t hr es h ol d
o n t h e v ali d ati o n s et. b) R O C c ur v es wit h A U C v al u es o n t est s et 1 a n d t est s et 2. T P R st a n ds
f or tr u e p us hi n g r at e, w hil e F P R r ef ers t o f als e p us hi n g r at e.

A U C is a m etri c t h at r e pr es e nts t h e ar e a u n d er t h e R e c ei v er O p er ati n g C h ar-
a ct eristi cs ( R O C) c ur v e. T h e R O C c ur v e ill ustr at es t h e p erf or m a n c e of a cl as-
si fi c ati o n m o d el a cr oss v ari o us t hr es h ol d v al u es. It pl ots t h e f als e p ositi v e r at e
( F P R) o n t h e h ori z o nt al a xis a g ai nst t h e tr u e p ositi v e r at e ( T P R) o n t h e v erti c al
a xis. A U C v al u es r a n g e fr o m 0 t o 1, w h er e a p erf e ct m o d el a c hi e v es a n A U C of
1, w hil e a v al u e of 0. 5 i n di c at es t h at t h e m o d el p erf or ms n o b ett er t h a n r a n d o m
g u essi n g [ 7 2]. Fi g. 1 0 a s h o ws a n e x a m pl e of a R O C c ur v e wit h A U C v al u e.

As m e nti o n e d a b o v e, t h e bi n ar y cl assi fi er e m pl o ys a t hr es h ol d t o c o n v ert t h e
c al c ul at e d pr o b a bilit y i nt o a pr e di ct e d cl ass. T h e p us hi n g cl ass is pr e di ct e d if
t h e pr o b a bilit y e x c e e ds t h e t hr es h ol d; ot h er wis e, t h e n o n- p us hi n g l a b el is pr e-
di ct e d. T h e d ef a ult t hr es h ol d is t y pi c all y s et at 0. 5. H o w e v er, t his v al u e l e a ds
t o p o or p erf or m a n c e of t h e i ntr o d u c e d fr a m e w or k b e c a us e E ffi ci e nt N et V 1 B 0 a n d
cl assi fi c ati o n w er e tr ai n e d o n i m b al a n c e d d at as et [ 6 7]. I n ot h er w or ds, t h e d ef a ult
t hr es h ol d yi el ds a hi g h T N P R a n d a l o w T P R i n t h e fr a m e w or k. T o a d dr ess t h e
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i m b al a n c e iss u e a n d e n h a n c e t h e fr a m e w or k’s p erf or m a n c e, it b e c o m es n e c ess ar y
t o d et er mi n e a n o pti m al t hr es h ol d t h at a c hi e v es a b ett er b al a n c e b et w e e n T P R
a n d F P R ( 1- T N P R). T o a c c o m plis h t his, t h e R O C c ur v e is utili z e d o v er t h e v ali d a-
ti o n s et t o i d e ntif y t h e t hr es h ol d v al u e t h at m a xi mi z es T P R a n d mi ni mi z es F P R.
Firstl y, T P R a n d T N P R ar e c al c ul at e d f or s e v er al t hr es h ol ds r a n gi n g fr o m 0 t o
1. T h e n, t h e t hr es h ol d t h at yi el ds t h e mi ni m u m v al u e f or t h e f oll o wi n g o bj e cti v e
f u n cti o n ( E q. ( 7) is c o nsi d er e d t h e o pti m al t hr es h ol d:

O b j e cti v e f u n cti o n = |T P R − T N P R |. ( 7)

As s h o w n i n Fi g. 1 0 a, t h e r e d p oi nt r ef ers t o t h e o pti m al t hr es h ol d of t h e
cl assi fi er us e d i n t h e pr o p os e d fr a m e w or k, w hi c h is 0. 0 3 8.

5 E x p e ri m e n t al R e s ul t s a n d Di s c u s si o n

H er e, s e v er al e x p eri m e nts w er e c o n d u ct e d t o e v al u at e t h e p erf or m a n c e of t h e
pr o p os e d fr a m e w or k. I niti all y, t h e p erf or m a n c e of t h e pr o p os e d fr a m e w or k its elf
is ass ess e d. S u bs e q u e ntl y, It is c o m p ar e d wit h fi v e ot h er C N N- b as e d fr a m e w or ks.
Aft er t h at, t w o c ust o mi z e d C N N ar c hit e ct ur es i n t h e a b n or m al b e h a vi or d et e cti o n
fi el d w er e us e d f or f urt h er e v al u ati o n of t h e pr o p os e d fr a m e w or k. T h e i n fl u e n c e
of t h e d e e p f e at ur e e xtr a cti o n m o d ul e o n t h e pr o p os e d fr a m e w or k’s p erf or m a n c e
is als o i n v esti g at e d. S u bs e q u e ntl y, t h e m a n us cri pt e x pl or es t h e i m p a ct of d u m m y
p oi nts o n t h e fr a m e w or k’s p erf or m a n c e. T his is f oll o w e d b y a c o m p aris o n wit h t w o
st at e- of-t h e- art a p pr o a c h es f or p us hi n g b e h a vi or d et e cti o n. All e x p eri m e nts a n d
i m pl e m e nt ati o ns w er e p erf or m e d o n G o o gl e C ol a b or at or y Pr o, utili zi n g P yt h o n
3 pr o gr a m mi n g l a n g u a g e wit h K er as, Te ns or Fl o w 2. 0, a n d O p e n C V li br ari es. I n
G o o gl e C ol a b or at or y Pr o, t h e h ar d w ar e s et u p c o m pris es a n N VI DI A G P U wit h
a 1 5 G B c a p a cit y a n d a s yst e m R A M of 1 2. 7 G B. M or e o v er, t h e fr a m e w or k a n d
all t h e b as eli n es d e v el o p e d f or c o m p aris o n i n t h e e x p eri m e nts w er e tr ai n e d usi n g
t h e s a m e s ets ( T a bl e 2) a n d h y p er p ar a m et er v al u es ( T a bl e 3).

5. 1 P e rf o r m a n c e of t h e P r o p o s e d Fr a m e w o r k

T h e p erf or m a n c e of t h e pr o p os e d fr a m e w or k w as e v al u at e d usi n g t h e g e n er at e d
d at as et ( T a bl e 2) a n d v ari o us m etri cs, i n cl u di n g m a cr o a c c ur a c y, T P R, T N P R,
a n d A U C. We first tr ai n e d t h e pr o p os e d fr a m e w or k’s E ffi ci e nt N et B 0- b as e d d e e p
f e at ur e e xtr a cti o n m o d ul e a n d d et e cti o n c o m p o n e nt o n t h e tr ai ni n g a n d v ali d ati o n
s ets. S u bs e q u e ntl y, t h e fr a m e w or k’s p erf or m a n c e o n t est s et 1 a n d t est s et 2 w er e
ass ess e d.

T a bl e 4: P erf or m a n c e of t h e pr o p os e d fr a m e w or k o n b ot h t est s ets.

Te st s et 1 ( %) Te st s et 2 ( %)

T hr e s h ol d  M a cr o a c c ur a c y  T N P R  T P R ( T P R- T N P R)  M a cr o a c c ur a c y  T N P R  T P R ( T P R- T N P R)

D ef a ult: 0. 5 8 3 9 2 7 4 1 8 8 2 8 8 7 6 1 2
O p ti m al: 0. 0 3 8 8 5 8 4 8 6 2 8 2 8 1 8 3 2

T N P R a n d T P R ar e tr u e n o n- p u s hi n g r at e a n d tr u e p u s hi n g r at e, r e s p e cti v el y.

T a bl e 4 s h o ws t h at t h e i ntr o d u c e d fr a m e w or k, wit h t h e d ef a ult t hr es h ol d, o b-
t ai n e d m a cr o a c c ur a c y of 8 3 %, T P R of 7 4 %, a n d T N P R of 9 2 % o n t est s et 1.
O n t h e ot h er h a n d, it a c hi e v e d 8 2 % m a cr o a c c ur a c y, 8 8 % T N P R, a n d 7 6 % T P R
o n t est s et 2. H o w e v er, it is cl e ar t h at t h e T P R is si g ni fi c a ntl y l o w er t h a n t h e
T N P R o n b ot h t est s ets, s e e Fi g. 1 1 a a n d c. T o b al a n c e t h e T P R a n d T N P R
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b)a)

c) d)

Fi g ur e 1 1: C o nf usi o n m atri x of t h e pr o p os e d fr a m e w or k o n a) Test s et 1 wit h d ef a ult t hr es h ol d.
b) Test s et 1 wit h t h e o pti m al t hr es h ol d. c) Test s et 2 wit h d ef a ult t hr es h ol d. d) Test s et 2 wit h
t h e o pti m al t hr es h ol d.

a n d i m pr o v e t h e T P R, t h e o pti m al t hr es h ol d is 0. 0 3 8, as s h o w n i n Fi g. 1 0 a. T his
t hr es h ol d i n cr e as es T P R b y 1 2 % a n d 7 % o n t est s et 1 a n d t est s et 2, r es p e cti v el y,
wit h o ut a ff e cti n g t h e a c c ur a c y, s e e Fi g. 1 1 b a n d d. I n f a ct, t h e fr a m e w or k’s a c-
c ur a c y i m pr o v e d b y 2 % o n t est s et 1. T h e R O C c ur v es wit h A U C v al u es f or t h e
fr a m e w or k o n t h e t w o t est s ets ar e s h o w n i n Fi g. 1 0 b, wit h A U C v al u es of 0. 9 2
a n d 0. 9 o n t est s et 1 a n d t est s et 2, r es p e cti v el y.

T o s u m m ari z e, wit h t h e o pti m al t hr es h ol d, t h e pr o p os e d fr a m e w or k a c hi e v e d
a n a c c ur a c y of 8 5 %, T P R of 8 6 %, a n d T N P R of 8 4 % o n t est s et 1, w hil e o bt ai n-
i n g 8 2 % a c c ur a c y, 8 1 % T P R, a n d 8 3 % T N P R o n t est s et 2. T h e n e xt s e cti o n
will c o m p ar e t h e fr a m e w or k’s p erf or m a n c e wit h fi v e b as eli n e s yst e ms f or f urt h er
e v al u ati o n.

5. 2 C o m p a ri s o n wi t h Fi v e B a s eli n e Fr a m e w o r k s b a s e d o n P o p ul a r
C N N A r c hi t e c t u r e s

I n t his s e cti o n, t h e r es ults of f urt h er e m piri c al c o m p aris o ns ar e s h o w n t o e v al u at e
t h e fr a m e w or k’s p erf or m a n c e a g ai nst fi v e b as eli n e s yst e ms. S p e ci fi c all y, it e x-
pl or es t h e i m p a ct of t h e E ffi ci e nt N et V 1 B 0- b as e d d e e p f e at ur e e xtr a cti o n m o d ul e
o n t h e o v er all p erf or m a n c e of t h e fr a m e w or k. T o a c hi e v e t his, E ffi ci e nt N et V 1 B 0
i n t h e d e e p f e at ur e e xtr a cti o n m o d ul e of t h e pr o p os e d fr a m e w or k w as r e pl a c e d
wit h ot h er C N N ar c hit e ct ur es, i n cl u di n g E ffi ci e nt N et V 2 B 0 [ 7 3] ( b as eli n e 1), X c e p-
ti o n [ 7 4] ( b as eli n e 2), D e ns e N et 1 2 1 [ 7 5] ( b as eli n e 3), R es N et 5 0 [ 7 6]( b as eli n e 4),
a n d M o bil e N et [ 7 7] ( b as eli n e 5). T o e ns ur e f air c o m p aris o ns, t h e fi v e b as eli n es
w er e tr ai n e d a n d e v al u at e d usi n g t h e s a m e s ets, h y p er p ar a m et ers, a n d m etri cs as
t h os e us e d f or t h e pr o p os e d fr a m e w or k.

B ef or e d el vi n g i nt o t h e c o m p aris o n of t h e r es ults, it is ess e nti al t o k n o w t h at
C N N m o d els r e n o w n e d f or t h eir p erf or m a n c e o n s o m e d at as ets m a y p erf or m p o orl y
o n ot h ers [ 7 8]. T his dis cr e p a n c y b e c o m es m or e a p p ar e nt w h e n d at as ets di ff er i n
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s e v er al as p e cts, s u c h as si z e, cl arit y of r el e v a nt f e at ur es a m o n g cl ass es, or o v er all
d at a q u alit y. P o w erf ul m o d els c a n b e pr o n e t o o v er fitti n g iss u es, w hil e si m pl er
m o d els m a y str u g gl e t o c a pt ur e r el e v a nt f e at ur es i n c o m pl e x d at as ets wit h i n-
tri c at e p att er ns a n d r el ati o ns hi ps. T h er ef or e, it’s cr u ci al t o c ar ef ull y s el e ct or
d e v el o p a n a p pr o pri at e C N N ar c hit e ct ur e f or a s p e ci fi c iss u e. F or i nst a n c e, E ffi-
ci e nt N et V 2 B 0 d e m o nstr at es s u p eri or p erf or m a n c e c o m p ar e d t o E ffi ci e nt N et V 1 B 0
a cr oss v ari o us cl assi fi c ati o n t as ks [ 7 3], i n cl u di n g t h e I m a g e N et d at as et. M or e o v er,
it s ur p ass es t h e pr e vi o us v ersi o n i n i d e ntif yi n g r e gi o ns t h at e x hi bit p us hi n g p ers o ns
i n m oti o n i nf or m ati o n m a ps of cr o w ds [ 2 9, 3 1]. T h es e r e m ar k a bl e o ut c o m es c a n
b e attri b ut e d t o t h e e ffi ci e nt bl o c ks e m pl o y e d f or f e at ur e e xtr a cti o n, n a m el y t h e
M o bil e I n v ert e d R esi d u al B ottl e n e c k C o n v ol uti o n [ 6 3] a n d F us e d M o bil e I n v ert e d
R esi d u al B ottl e n e c k C o n v ol uti o n [ 7 9]. N e v ert h el ess, it s h o ul d b e n ot e d t h at t h e
pr es e n c e of t h es e e ffi ci e nt bl o c ks d o es n ot g u ar a nt e e t h e b est p erf or m a n c e i n i d e n-
tif yi n g p us hi n g i n di vi d u als b as e d o n l o c al r e gi o ns wit hi n t h e fr a m e w or k. H e n c e,
i n t his s e cti o n, t h e i m p a ct of si x of t h e m ost p o p ul ar a n d e ffi ci e nt C N N ar c hi-
t e ct ur es o n t h e p erf or m a n c e of t h e pr o p os e d fr a m e w or k w as e m piri c all y st u di e d.
F or cl arit y, E ffi ci e nt N et V 1 B 0 w as us e d wit hi n t h e fr a m e w or k, w hil e t h e r e m ai ni n g
C N N ar c hit e ct ur es w er e e m pl o y e d i n t h e b as eli n es.

5 0

6 0

7 0

8 0

9 0

%

a ) T e s t s e t 1

A c c u r a c y- d ef a ul t t h r e s h ol d

T P R- d ef a ul t t h r e s h ol d 

T N P R- d ef a ul t t h r e s h ol d

A c c u r a c y- o p ti m al t h r e s h ol d

T P R- o p ti m al t h r e s h ol d

T N P R- o p ti m al t h r e s h ol d

T h e f r a m e w o r k B a s eli n e 1 B a s eli n e 2 B a s eli n e 3 B a s eli n e 4 B a s eli n e 5

5 0

6 0

7 0

8 0

9 0

%

b ) T e s t s e t 2

Fi g ur e 1 2: C o m p aris o n b et w e e n t h e fr a m e w or k ( b as e d o n E ffi ci e nt N et V 1 B 0) wit h t h e b as eli n e
fr a m e w or ks b as e d o n ot h er p o p ul ar C N N ar c hit e ct ur es.

T h e p erf or m a n c e r es ults of t h e pr o p os e d fr a m e w or k, as w ell as t h e b as eli n es,
ar e pr es e nt e d i n T a bl e 5 a n d vis u ali z e d i n Fi g. 1 2. T h e fi n di n gs i n di c at e t h at
E ffi ci e nt N et V 1 B 0 wit h o pti m al t hr es h ol d l e a ds t h e fr a m e w or k t o a c hi e v e s u p eri or
m a cr o a c c ur a c y a n d A U C wit h b al a n c e d T P R a n d T N P R c o m p ar e d t o C N Ns us e d
i n b as eli n es 1- 5. T his c a n b e attri b ut e d t o t h e ar c hit e ct ur e of E ffi ci e nt N et V 1 B 0,
w hi c h pri m aril y r eli es o n t h e M o bil e I n v ert e d R esi d u al B ottl e n e c k C o n v ol uti o n
wit h r el ati v el y f e w p ar a m et ers. As s u c h, t h e ar c hit e ct ur al d esi g n pr o v es t o b e
p arti c ul arl y s uit e d f or t h e g e n er at e d d at as et f o c usi n g o n l o c al r e gi o ns. T h e vis u-
ali z ati o n i n Fi g. 1 3 s h o ws t h e o pti m al t hr es h ol d v al u es f or t h e b as eli n es. T h es e
t hr es h ol ds, as s h o w n i n T a bl e 5 a n d Fi g. 1 2, m ostl y i m pr o v e d t h e m a cr o a c c ur a c y,
T P R, a n d b al a n c e d T P R a n d T N P R i n t h e b as eli n es. F or e x a m pl e, b as eli n e 1 wit h
o pti m al t hr es h ol d a c hi e v e d 8 4 % m a cr o a c c ur a c y, r o u g hl y si mil ar t o t h e pr o p os e d
fr a m e w or k. H o w e v er, it f ell s h ort of a c hi e vi n g a b al a n c e d T P R a n d T N P R al o n g
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T a bl e 5: C o m p ar ati v e a n al ysis of t h e d e v el o p e d fr a m e w or k a n d t h e fi v e C N N- b as e d fr a m e w or ks.

Te st s et 1 ( %) Te st s et 2 ( %)

Fr a m e w or k  T hr e s h ol d  M. a c c.  T N P R  T P R | T P R- T N P R | M. a c c.  T N P R  T P R | T P R- T N P R |

T h e fr a m e w or k  D ef a ult: 0. 5 8 3 9 2 7 4 1 8 8 2 8 8 7 6 1 2
O pti m al: 0. 0 3 8 8 5 8 4 8 6 2 8 2 8 1 8 3 2

B a s eli n e 1  D ef a ult: 0. 5 8 3 9 1 7 4 1 7 8 0 9 1 6 9 2 2
O pti m al: 0. 1 6 7 8 4 8 8 8 0 8 8 1 8 9 7 4 1 5

B a s eli n e 2  D ef a ult: 0. 5 7 9 9 1 6 7 2 4 7 7 9 0 6 4 2 6
O pti m al: 0. 0 6 2 8 1 8 0 8 1 1 7 8 7 6 7 9 3

B a s eli n e 3  D ef a ult: 0. 5 7 7 9 2 6 2 3 0 7 4 8 9 5 8 3 1
O pti m al: 0. 0 3 8 8 1 7 7 8 4 7 7 6 7 0 8 3 1 3

B a s eli n e 4  D ef a ult: 0. 5 7 0 9 2 4 9 4 3 7 5 8 7 6 4 2 3
O pti m al: 0. 0 2 4 7 5 8 1 6 9 1 2 7 9 8 8 7 7 1 1

B a s eli n e 5  D ef a ult: 0. 5 7 9 9 4 6 5 2 9 7 7 9 2 6 2 3 0
O pti m al: 0. 0 7 6 8 3 8 3 8 4 1 8 0 8 0 7 9 1

M. a c c m e a n s m a cr o a c c ur a c y. T N P R a n d T P R ar e tr u e n o n- p u s hi n g r at e a n d tr u e p u s hi n g r at e, r e s p e cti v el y.

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

T
P

R

a ) B a s eli n e 1 ( b a s e d o n Effi ci e n t N e t V 2 B 0)

R O C c u r v e

O p ti m al t h r e s h ol d = 0. 1 6 7 3 3

b) B a s eli n e 2 ( b a s e d o n X c e p ti o n)

R O C c u r v e

O p ti m al t h r e s h ol d = 0. 0 6 2 3 6

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

T
P

R

c ) B a s eli n e 3 ( b a s e d o n D e n s e N e t 1 2 1)

R O C c u r v e

O p ti m al t h r e s h ol d = 0. 0 3 7 5 0

d) B a s eli n e 4 ( b a s e d o n R e s N e t 5 0)

R O C c u r v e

O p ti m al t h r e s h ol d = 0. 0 2 4 2 1

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

F P R 

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

T
P

R 

e ) B a s eli n e 5 ( b a s e d o n M o bil e N e t)

R O C c u r v e

O p ti m al t h r e s h ol d = 0. 0 7 6 1 5

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

F P R

f) B a s eli n e 6 ( wi t h o u t d e e p f e a t u r e e x t r a c ti o n m o d ul e)

R O C c u r v e

O p ti m al t h r e s h ol d = 0. 3 4 2 8 0

Fi g ur e 1 3: R O C c ur v es wit h o pti m al t hr es h ol ds f or t h e b as eli n es o v er t h e v ali d ati o n s et. T P R
st a n ds f or tr u e p us hi n g r at e, w hil e F P R r ef ers t o f als e p us hi n g r at e. R O C st a n ds f or R e c ei v er
O p er ati n g C h ar a ct eristi cs.

wit h i m pr o vi n g T P R o n b ot h t est s ets as e ff e cti v el y as t h e fr a m e w or k. T o pr o vi d e
f urt h er cl arit y, b as eli n e 1 a c hi e v e d 8 0 % T P R wit h 8 % as t h e di ff er e n c e b et w e e n
T P R a n d T N P R, w h er e as t h e pr o p os e d fr a m e w or k att ai n e d a n 8 6 % T P R wit h
2 % as t h e di ff er e n c e b et w e e n T P R a n d T N P R o n t est s et 1. Si mil arl y, o n t est s et
2, t h e fr a m e w or k a c hi e v e d 8 1 % T P R, w hil e b as eli n e 1 a c hi e v e d a T P R of 7 4 %.

C o m p ar e d t o ot h er b as eli n es t h at utili z e o pti m al t hr es h ol ds o n t est s et 1, t h e
pr o p os e d fr a m e w or k o ut p erf or m e d t h e m r e g ar di n g m a cr o a c c ur a c y, T P R, a n d
T N P R. Si mil arl y, o n t est s et 2, t h e fr a m e w or k s ur p ass es all b as eli n es e x c e pt f or
t h e R es N et 5 0- b as e d b as eli n e ( b as eli n e 4). H o w e v er, it is ess e nti al t o n ot e t h at t his
b as eli n e o nl y a c hi e v e d b ett er T N P R, w h er e as t h e i ntr o d u c e d fr a m e w or k e x c els i n
m a cr o a c c ur a c y a n d T P R. As a r es ult, t h e fr a m e w or k e m er g es as t h e s u p eri or
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0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

F P R 

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

T
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R 

T h e f r a m e w o r k, A U C = 0. 9 2

B a s eli n e 1, A U C = 0. 9 1

B a s eli n e 2, A U C = 0. 9 0

B a s eli n e 3, A U C = 0. 8 9

B a s eli n e 4, A U C = 0. 8 3

B a s eli n e 5, A U C = 0. 9 1

B a s eli n e 6, A U C = 0. 7 2

R a n d o m g u e s s e s, A U C = 0. 5

Fi g ur e 1 4: R O C c ur v es wit h A U C v al u es o n t h e t est s et 1. C o m p aris o n b et w e e n t h e i ntr o d u c e d
fr a m e w or k ( b as e d o n E ffi ci e nt N et V 1 B 0) wit h fi v e b as eli n es b as e d o n di ff er e nt C N N ar c hit e ct ur es,
as w ell as t h e o n e b as eli n e wit h o ut t h e d e e p f e at ur e e xtr a cti o n m o d ul e ( b as eli n e 6). T P R st a n ds
f or tr u e p us hi n g r at e, w hil e F P R r ef ers t o f als e p us hi n g r at e.

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

F P R 

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0

T
P

R 

T h e f r a m e w o r k, A U C = 0. 9 0

B a s eli n e 1, A U C = 0. 8 9

B a s eli n e 2, A U C = 0. 8 5

B a s eli n e 3, A U C = 0. 8 5

B a s eli n e 4, A U C = 0. 8 5

B a s eli n e 5, A U C = 0. 8 8

B a s eli n e 6, A U C = 0. 6 1

R a n d o m g u e s s e s, A U C = 0. 5

Fi g ur e 1 5: R O C c ur v es wit h A U C v al u es o n t h e t est s et 2. C o m p aris o n b et w e e n t h e fr a m e w or k
( b as e d o n E ffi ci e nt N et V 1 B 0) wit h fi v e b as eli n es b as e d o n di ff er e nt C N N ar c hit e ct ur es, as w ell as
t h e o n e b as eli n e wit h o ut t h e d e e p f e at ur e e xtr a cti o n m o d ul e ( b as eli n e 6). T P R st a n ds f or tr u e
p us hi n g r at e, w hil e F P R r ef ers t o f als e p us hi n g r at e.

c h oi c e o n t est s et 2. T o all e vi at e a n y c o nf usi o n i n t h e c o m p aris o n, Fi g. 1 4 s h o ws
t h e R O C c ur v es wit h A U C v al u es c o m p ar e d t o its b as eli n es o n t est s et 1. Li k e-
wis e, Fi g. 1 5 d e pi cts t h e s a m e f or t est s et 2. T h e A U C v al u es s h o w t h at t h e
pr o p os e d fr a m e w or k a c hi e v e d b ett er p erf or m a n c e t h a n t h e b as eli n es o n b ot h t est
s ets. M or e o v er, t h e y s u bst a nti at e t h at E ffi ci e nt N et V 1 B 0 is t h e m ost s uit a bl e C N N
f or e xtr a cti n g d e e p f e at ur es fr o m t h e g e n er at e d l o c al r e gi o n s a m pl es.

I n c o n cl usi o n, t h e e x p eri m e nts d e m o nstr at e t h at t h e pr o p os e d fr a m e w or k, uti-
li zi n g E ffi ci e nt N et V 1 B 0, a c hi e v e d t h e hi g h est p erf or m a n c e c o m p ar e d t o t h e b as e-
li n es r el yi n g o n ot h er C N N ar c hit e ct ur es o n b ot h t est s ets. F urt h er m or e, t h e
o pti m al t hr es h ol ds i n t h e d e v el o p e d fr a m e w or k a n d t h e b as eli n es r es ult e d i n a
si g ni fi c a nt i m pr o v e m e nt i n t h e p erf or m a n c e a cr oss b ot h t est s ets.
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5. 3 C o m p a ri s o n wi t h C u s t o mi z e d C N N A r c hi t e c t u r e s i n A b n o r m al
B e h a vi o r D e t e c ti o n Fi el d

H er e, t h er e ar e t w o o bj e cti v es: 1) E v al u ati n g t h e p erf or m a n c e of s o m e e xisti n g
C N N m o d els d e v el o p e d t o d et e ct a b n or m al h u m a n b e h a vi or f or p us hi n g d et e cti o n
p ur p os es. 2) F urt h er e v al u ati o n of t h e tr ai n e d bi n ar y cl assi fi er ( E ffi ci e nt N et B 0
wit h f ull y c o n n e ct e d l a y er a n d Si g m oi d a cti v ati o n f u n cti o n). T h e c ust o mi z e d
ar c hit e ct ur es ar e C N N- 1 [ 2 3] a n d C N N- 2 [ 4 1]. T h e first ar c hit e ct ur e, C N N- 1,
e m pl o y e d 7 5 × 7 5 pi x els as a n i n p ut i m a g e. F urt h er m or e, t hr e e c o n v ol uti o n al
l a y ers, b at c h n or m ali z ati o n, a n d m a x p o oli n g o p er ati o ns w er e us e d f or f e at ur e
e xtr a cti o n. T h e d e v el o p ers of t his m o d el utili z e d a f ull y c o n n e ct e d l a y er wit h a
s oft m a x a cti v ati o n f u n cti o n f or cl assi fi c ati o n. T h e s e c o n d ar c hit e ct ur e, C N N- 2,
d o w nsi z e d t h e i n p ut i m a g es t o 3 2 × 3 2 pi x els b ef or e e m pl o yi n g t hr e e c o n v ol uti o n al
l a y ers wit h t hr e e m a x- p o oli n g l a y ers. F or cl assi fi c ati o n, it us e d t w o f ull y c o n n e ct e d
l a y ers, wit h t h e first l a y er b as e d o n a R e L U a cti v ati o n f u n cti o n a n d t h e s e c o n d
l a y er e m pl o yi n g a s oft m a x a cti v ati o n f u n cti o n.

T a bl e 6: C o m p aris o n t o C N N- 1 a n d C N N- 2.

Te st s et 1 ( %) Te st s et 2 ( %)

Fr a m e w or k  O pti m al t h r e s h ol d  M a c r o a c c u r a c y  T N P R  T P R  M a cr o a c c ur a c y  T N P R  T P R

T h e fr a m e w or k 0. 0 3 8 8 5 8 4 8 6 8 2 8 1 8 3
C N N- 1 0. 2 3 7 3 7 1 7 5 6 4 4 0 8 8
C N N- 2 0. 0 0 7 6 7 1 7 1 7 1 7 5 6 6 8 5

T N P R a n d T P R ar e tr u e n o n- p u s hi n g r at e a n d tr u e p u s hi n g r at e, r e s p e cti v el y.
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T h e f r a m e w o r k, A U C = 0. 9 2

C N N- 1, A U C = 0. 8 1

C N N- 2, A U C = 0. 7 8

R a n d o m g u e s s e s, A U C = 0. 5

Fi g ur e 1 6: R O C c ur v es of o ur cl assi fi er a n d t h e t w o c ust o mi z e d C N Ns o n t est s et 1.

T h e r es ults i n T a bl e 6 a n d Fi g. 1 6 d e m o nstr at e t h at o ur cl assi fi er s ur p ass e d
C N N- 1 a n d C N N- 2 b y at l e ast 1 1 % i n all m etri cs, i n cl u di n g m a cr o a c c ur a c y, T P R,
T N P R, a n d A U C o n t est s et 1. I n c o ntr ast, o n Test S et 2, t h e d e v el o p e d cl assi fi er
a c hi e v e d a m a cr o a c c ur a c y of 8 2 %, si g ni fi c a ntl y o ut p erf or mi n g C N N- 1 a n d C N N-
2, w hi c h att ai n e d 4 0 % a n d 6 6 %, r es p e cti v el y. F urt h er m or e, t h e t w o c ust o mi z e d
C N N ar c hit e ct ur es e x hi bit e d hi g h F als e P us hi n g R at es ( F P R) of o v er 3 4 %, w hil e
t h e pr o p os e d cl assi fi er’s F P R w as 1 9 %. A d diti o n all y, as s h o w n i n Fi g. 1 7, t h e
A U C of o ur cl assi fi er st a n ds at 9 0 %, i n c o m p aris o n t o C N N- 1 a n d C N N- 2, w hi c h
a c hi e v e d 7 4 % a n d 8 3 %, r es p e cti v el y.
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T h e f r a m e w o r k, A U C = 0. 9 0

C N N- 1, A U C = 0. 7 4

C N N- 2, A U C = 0. 8 3

R a n d o m g u e s s e s, A U C = 0. 5

Fi g ur e 1 7: R O C c ur v es of o ur cl assi fi er a n d t h e t w o c ust o mi z e d C N Ns o n t est s et 2.

T o s u m u p, t h e pr o p os e d bi n ar y cl assi fi er h as d e m o nstr at e d si g ni fi c a nt s u p e-
ri orit y o v er C N N- 1 a n d C N N- 2 a cr oss b ot h t est s ets. Gi v e n t h e hi g h c o m pl e xit y
of p us hi n g d et e cti o n i n cr o w d e d e n vir o n m e nts, t h e si m pl e ar c hit e ct ur es of C N N- 1
a n d C N N- 2 f all s h ort of e ff e cti v el y i d e ntif yi n g p us hi n g MI M- p at c h es.

5. 4 I m p a c t of D e e p F e a t u r e E x t r a c ti o n M o d ul e

T his s e cti o n ai ms t o i n v esti g at e h o w t h e d e e p f e at ur e e xtr a cti o n m o d ul e a ff e cts
t h e fr a m e w or k’s p erf or m a n c e. F or t his p ur p os e, a n e w b as eli n e ( b as eli n e 6) is
d e v el o p e d, i n c or p or ati n g a V or o n oi- b as e d l o c al r e gi o n e xtr a cti o n m o d ul e a n d d e-
t e cti o n c o m p o n e nt. I n ot h er w or ds, t h e d e e p f e at ur e e xtr a cti o n m o d ul e is r e m o v e d
fr o m t h e pr o p os e d fr a m e w or k t o c o nstr u ct t his b as eli n e.

T a bl e 7: P erf or m a n c e r es ults of t h e b as eli n e 6.

Te st s et 1 ( %) Te st s et 2 ( %)

T hr e s h ol d  M a c r o a c c u r a c y  T N P R  T P R  M a cr o a c c ur a c y  T N P R  T P R

D ef a ult: 0. 5 5 9 9 7 1 8 5 8 5 9 5 7
O pti m al: 0. 3 4 2 6 7 9 1 4 4 5 9 3 8 7 9

T N P R a n d T P R ar e t r u e n o n- p u s hi n g r at e a n d tr u e p u s hi n g r at e, r e s p e cti v el y.

T a bl e 7 d e m o nstr at es t h at t h e b as eli n e e x hi bit e d p o or p erf or m a n c e, wit h m a cr o
a c c ur a c y of 6 7 % o n t est s et 1 a n d 5 9 % o n t est s et 2. A d diti o n all y, Fi g. 1 4
a n d Fi g. 1 5 ill ustr at e A U C v al u es of 7 2 % o n t est s et 1 a n d 6 1 % o n t est s et 2
f or b as eli n e 6. C o m p ari n g t his b as eli n e wit h t h e w e a k est b as eli n e i n T a bl e 5,
w hi c h utili z es R es N et 5 0, it is e vi d e nt t h at d e e p f e at ur e e xtr a cti o n l e a ds t o m a cr o
a c c ur a c y i m pr o v e m e nt of at l e ast 8 % o n t est s et 1 a n d at l e ast 2 0 % o n t est s et 2.
Si mil arl y, d e e p f e at ur e e xtr a cti o n e n h a n c es A U C v al u es b y at l e ast 1 1 % o n t est
s et 1 a n d m or e t h a n 2 4 % o n t est s et 2.

I n s u m m ar y, t h e d e e p f e at ur e e xtr a cti o n m o d ul e si g ni fi c a ntl y e n h a n c es t h e
p erf or m a n c e of t h e fr a m e w or k.

5. 5 I m p a c t of D u m m y P oi n t s

T his s e cti o n ai ms t o e v al u at e t h e i m p a ct of a d di n g d u m m y p oi nts o n t h e p erf or-
m a n c e of t h e pr o p os e d fr a m e w or k. F or t his p ur p os e, a n e w d at as et, i d e nti c al t o
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t h e ori gi n al ( T a bl e 2) b ut wit h o ut d u m m y p oi nts, w as pr e p ar e d. T h e n e w d at as et
w as t h e n us e d t o tr ai n a n d e v al u at e t h e fr a m e w or k ( n a m e d b as eli n e 7). Fi g. 1 8,
o n t h e ri g ht i n a, b, c, a n d d, dis pl a ys s e v er al e x a m pl es of l o c al r e gi o ns g e n er at e d
wit h o ut usi n g d u m m y p oi nts.

d)

a)

b)

c)

L o c al r e gi o n s
wit h d u m m y p oi nt s

C orr e s p o n di n g l o c al r e gi o n s
wit h o ut d u m m y p oi nt s

Fi g ur e 1 8: E x a m pl es of l o c al r e gi o ns wit h d u m m y p oi nts (l eft s a m pl es) a n d wit h o ut d u m m y p oi nts
(ri g ht s a m pl es). T h e w hit e cir cl e r e pr es e nts t h e t ar g et p ers o n i i n t h e l o c al r e gi o n L i.

T a bl e 8: C o m p aris o n t o b as eli n e 7.

Te st s et 1 ( %) Te st s et 2 ( %)

Fr a m e w or k  O pti m al t h r e s h ol d  M a c r o a c c u r a c y  T N P R  T P R  M a cr o a c c ur a c y  T N P R  T P R

T h e fr a m e w or k 0. 0 3 8 8 5 8 4 8 6 8 2 8 1 8 3
B a s eli n e 7 0. 0 3 0 8 0 7 9 8 1 6 2 5 7 6 6

T N P R a n d T P R ar e tr u e n o n- p u s hi n g r at e a n d tr u e p u s hi n g r at e, r e s p e cti v el y.

I n t h e pr o p os e d fr a m e w or k, t h e l o c al r e gi o n is cr u ci al i n assisti n g it t o i d e ntif y
t h e b e h a vi or of e a c h i n di vi d u al i. T his is b e c a us e t h e l o c al r e gi o n e n c o m p ass es
t h e cr o w d d y n a mi cs ar o u n d i, t h er e b y r e fl e cti n g p ot e nti al i nt er a cti o ns b et w e e n
i a n d its n ei g h b ors. It is cl e ar t h at L of p ers o n i l o c at e d at t h e b or d ers of
cr o w ds w h e n d u m m y p oi nts ar e n ot a d d e d, f ail t o e n c o m p ass t h e cr o w d d y n a mi cs
s urr o u n di n g i ( e. g., s a m pl es o n t h e ri g ht si d e i n Fi g. 1 8 a, b, a n d c). T his l e a ds
t o l osi n g v al u a bl e i nf or m ati o n a b o ut t h e i’s b e h a vi or, d e cr e asi n g t h e fr a m e w or k’s
p erf or m a n c e. M e a n w hil e, t h e e x a m pl es o n t h e l eft ( Fi g. 1 8 a, b, a n d c) ill ustr at e
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Fi g ur e 1 9: R O C c ur v es of t h e pr o p os e d fr a m e w or k a n d b as eli n e 7 o n t est s et 1.
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Fi g ur e 2 0: R O C c ur v es of t h e pr o p os e d fr a m e w or k a n d b as eli n e 7 o n t est s et 2.

h o w t h e d u m m y p oi nt t e c h ni q u e h el ps f or m L i t h at e n c o m p ass es t h e s p a c e ar o u n d
i. M or e o v er, Fi g. 1 8 d ill ustr at es t h at t h e d u m m y p oi nt t e c h ni q u e is n ot a p pli e d
t o i w h o is s urr o u n d e d b y n ei g h b ors i n all dir e cti o ns.

As T a bl e 8 ill ustr at es, i n c or p or ati n g d u m m y p oi nts e n h a n c e d t h e p erf or m a n c e
of t h e pr o p os e d fr a m e w or k o n b ot h t est s ets, i m pr o vi n g t h e m a cr o a c c ur a c y, T P R,
a n d T N P R b y 5 %. I n c o ntr ast, t h e fr a m e w or k wit h o ut t h e d u m m y p oi nts t e c h-
ni q u e ( b as eli n e 7) a c hi e v e d l o w er p erf or m a n c e, wit h a m a cr o a c c ur a c y of 6 2 %,
a T N P R of 5 7 %, a n d a T P R of 6 6 %, c o m p ar e d t o t h e d e v el o p e d fr a m e w or k.
M or e o v er, t h e d u m m y p oi nt t e c h ni q u e i n cr e as e d A U C i n t h e fr a m e w or k b y 3 %
a n d 2 6 % o v er t est s et 1 a n d t est s et 2, r es p e cti v el y.

5. 6 P e rf o r m a n c e E v al u a ti o n A g ai n s t E xi s ti n g P u s hi n g D e t e c ti o n A p-
p r o a c h e s

T h e pri m ar y ai m of t his s e cti o n is t o ass ess t h e p erf or m a n c e of t h e pr o p os e d fr a m e-
w or k b y c o m p ari n g it wit h e xisti n g a ut o m ati c a p pr o a c h es f or d et e cti n g p us hi n g
b e h a vi or i n d e ns e cr o w ds.
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5 3

6 66 3

P at c h

   C orr e s p o n di n g

MI M- p at c h

P u s hi n g
MI M- p at c h

of   5 3

P at c h

a)

b)

N o n- p u s hi n g
MI M- p at c h

of   6 6

Fi g ur e 2 1: Vis u al E x a m pl es of p at c h es a n d MI M- p at c h es i n r el at e d W or ks [ 2 9, 3 1]: a) A 2 × 4
p at c h arr a y wit h a MI M- p at c h g e n er at e d b y r el at e d w or ks. b) T w o e x a m pl es of s q u ar e p at c h es
( hi g hli g ht e d i n w hit e) a n d t h eir c orr es p o n di n g MI M- p at c h es cr e at e d b y D L 4 P u D e a n d Cl o u d-
D L 4 P u D e. T h e n u m b ers 5 3, 6 3, a n d 5 5 d e n ot e t h e I Ds of t hr e e p e d estri a ns. M or e o v er, i n b), t h e
d ar k gr a y c ol or ai ms t o gi v e r e a d ers a n o v er vi e w of t h e s q u ar e p at c h es cr e at e d b y t h e e n h a n c e d
p at c h i d e nti fi c ati o n str at e g y w hil e e ns uri n g t h at t h e ori gi n al fr a m e r e m ai ns visi bl e. I n t h e n ot ati o n
f t , f si g ni fi es a fr a m e at ti m est a m p t i n s e c o n ds s . MI M st a n ds f or M oti o n I nf or m ati o n M a p.

As m e nti o n e d i n t h e lit er at ur e, t w o m ai n a p pr o a c h es h a v e b e e n p u blis h e d [ 2 9,
3 1], al o n g wit h a m or e c o n cis e m et h o d r ef er e n c e d i n [ 3 0], w hi c h is p art of R ef. [ 2 9].
T his c o m p aris o n will f o c us o n t h e pri m ar y a p pr o a c h es d et ail e d i n [ 2 9] a n d [ 3 1]. It
is n ot e w ort h y t h at t h es e a p pr o a c h es e m pl o y a p at c h- b as e d m et h o d ol o g y, t ar g eti n g
t h e i d e nti fi c ati o n of p at c h es c o nt ai ni n g at l e ast o n e i n di vi d u al e n g a g e d i n p us hi n g.
E a c h p at c h t y pi c all y e n c o m p ass es a n ar e a r a n gi n g fr o m 1. 2 t o 2. 5 5 s q u ar e m et ers
o n t h e gr o u n d. T o cl arif y, b ot h a p pr o a c h es e m pl o y a si mil ar str at e g y f or p at c h
i d e nti fi c ati o n. T h e y st art b y e xtr a cti n g M oti o n I nf or m ati o n M a ps ( MI M) fr o m
c o ns e c uti v e fr a m es of vi d e o or li v e str e a ms t h at c a pt ur e d e ns e cr o w ds. E v er y
MI M, al o n g wit h its i niti al c orr es p o n di n g fr a m e, is t h e n di vi d e d i nt o a gri d of
MI M- p at c h es, arr a n g e d i nt o r o ws a n d c ol u m ns as d e fi n e d b y t h e us er. Fi g. 2 1 a
dis pl a ys a n e x a m pl e wit h 2 × 4 p at c h es o n t h e l eft si d e a n d a si n gl e MI M- p at c h
o n t h e ri g ht si d e. T his p at c h i d e nti fi c ati o n str at e g y e n a bl es t h e tr ai n e d cl assi fi ers
i n b ot h a p pr o a c h es t o m ar k p us hi n g p at c h es wit hi n t h e cr o w d. T h e r e d r e ct a n gl e
i n Fi g. 2 1 a hi g hli g hts a n e x a m pl e of s u c h a n n ot at e d p us hi n g p at c h es.

T a bl e 9: C o m p aris o n t o st at e- of-t h e- art a ut o m ati c p us hi n g d et e cti o n A p pr o a c h es.

Te st s et 1 ( %) Te st s et 2 ( %)

Fr a m e w or k  O pti m al t h r e s h ol d  M a c r o a c c u r a c y  T N P R  T P R  M a cr o a c c ur a c y  T N P R  T P R

T h e fr a m e w or k 0. 0 3 8 8 5 8 4 8 6 8 2 8 1 8 3
D L 4 P u D e 0. 0 2 3 7 7 7 6 7 8 6 2 4 4 8 0
Cl o u d- D L 4 P u D e 0. 0 4 7 7 7 5 7 8 6 1 4 8 7 4

T N P R a n d T P R ar e tr u e n o n- p u s hi n g r at e a n d tr u e p u s hi n g r at e, r e s p e cti v el y.

It is e vi d e nt t h at c urr e nt a p pr o a c h es c a n n ot d et e ct i n di vi d u als w h o j oi n i n
p us hi n g, a c a p a bilit y o ff er e d b y t h e pr o p os e d fr a m e w or k. C o ns e q u e ntl y, c o m p ar-
i n g t h es e a p pr o a c h es dir e ctl y wit h t h e d e v el o p e d fr a m e w or k w o ul d b e u nf air, as
t h e y s er v e di ff er e nt p ur p os es. T o f a cilit at e a f air a n d e ff e cti v e, t h e p at c h i d e nti-
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fi c ati o n str at e g y i n b ot h e xisti n g a p pr o a c h es h as b e e n m o di fi e d t o o p er at e at a
mi cr os c o pi c l e v el, as o p p os e d t o t h e p at c h l e v el. T h e e n h a n c e d p at c h i d e nti fi c ati o n
str at e g y e m pl o ys t h e i n p ut tr aj e ct or y d at a t o fi n d a s q u ar e p at c h f or e a c h p ers o n
(i), wit h i’s p ositi o n s er vi n g as t h e c e nt er of t h e p at c h. T h e di m e nsi o ns of t his
p at c h ar e a p pr o xi m at el y 7 5 c m o n t h e gr o u n d. T his di m e nsi o n w as c h os e n aft er
o bs er vi n g v ari o us di m e nsi o ns i n vi d e o e x p eri m e nts of e ntr a n c es e m pl o y e d i n t his
w or k. We f o u n d t h at t his p arti c ul ar di m e nsi o n e ns ur es t h e p at c h n ot o nl y c o v ers
i n di vi d u al i b ut als o c a pt ur es t h e s urr o u n di n g cr o w d d y n a mi cs, t h er e b y pr o vi di n g
i nsi g ht i nt o t h e i nt er a cti o ns b et w e e n i n di vi d u als i a n d t h eir dir e ct n ei g h b ors( N i).

F or i nst a n c e, as ill ustr at e d i n Fi g. 2 1 b, t h e p at c h es f or i n di vi d u als n u m b er e d
5 3 a n d 6 6 ar e m ar k e d wit h w hit e s q u ar es, al o n g wit h t h e c orr es p o n di n g MI M-
p at c h es f or t h e ar e as s urr o u n di n g i n di vi d u als 5 3 a n d 6 6. F or t h e s a k e of cl arit y
a n d e as e of dis c ussi o n, t h e first [ 2 9] a n d s e c o n d [ 3 1] a p pr o a c h es wit h e n h a n c e d
p at c h i d e nti fi c ati o n str at e g y s h all h e n c ef ort h b e r ef err e d t o as “ D L 4 P u D e ” a n d
“ Cl o u d- D L 4 P u D e, ” r es p e cti v el y.

b)a)

e) f)

c) d)

Fi g ur e 2 2: C o nf usi o n M atri c es f or t h e Pr o p os e d Fr a m e w or k, D L 4 P u D e, a n d Cl o u d- D L 4 P u D e wit h
t h e o pti m al t hr es h ol d: a) Pr o p os e d Fr a m e w or k o n Test S et 1, b) Pr o p os e d Fr a m e w or k o n Test
S et 2, c) D L 4 P u D e o n Test S et 1, d) D L 4 P u D e o n Test S et 2, e) Cl o u d- D L 4 P u D e o n Test S et 1,
f ) Cl o u d- D L 4 P u D e o n Test S et 2.

T o c o m p ar e Dl 4 P u D e a n d Cl o u d- D L 4 P u D e a p pr o a c h es wit h t h e pr o p os e d fr a m e-
w or k, it is n e c ess ar y t o tr ai n a n d e v al u at e t h e m usi n g a d at as et t h at i n cl u d es b ot h
p us hi n g a n d n o n- p us hi n g s q u ar e MI M- p at c h es. F urt h er m or e, t h e s et u p of p ar a m-
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Fi g ur e 2 3: R O C c ur v es a n d A U C v al u es f or Test S et 1: A c o m p aris o n b et w e e n t h e i ntr o d u c e d
fr a m e w or k, D L 4 P u D e, a n d Cl o u d- D L 4 P u D e.
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R a n d o m g u e s s e s, A U C = 0. 5

Fi g ur e 2 4: R O C c ur v es a n d A U C v al u es f or Test S et 2: A c o m p aris o n b et w e e n t h e i ntr o d u c e d
fr a m e w or k, D L 4 P u D e, a n d Cl o u d- D L 4 P u D e.

et ers, as o utli n e d i n T a bl e 3, will b e us e d i n t h e tr ai ni n g pr o c ess. F or t his p ur p os e,
w e cr e at e d s u c h a d at as et usi n g t h e s a m e vi d e o e x p eri m e nts, tr aj e ct or y d at a, a n d
gr o u n d tr ut h d at a e m pl o y e d i n pr e p ari n g t h e d at as et f or t h e pr o p os e d fr a m e w or k.
I niti all y, MI Ms ar e e xtr a ct e d fr o m t h e vi d e o e x p eri m e nts usi n g a c o m bi n ati o n of
d e e p o pti c al fl o w a n d c ol or w h e el m et h o ds, si mil ar t o t h e pr e vi o us a p pr o a c h es.
F or m or e i nf or m ati o n, w e r ef er t h e r e a d er t o R ef. [ 3 1], s p e ci fi c all y S e cti o n I V. A. 2.
N e xt, t h e i m pr o v e d p at c h i d e nti fi c ati o n str at e g y is e m pl o y e d t o e xtr a ct p at c h es
fr o m t h os e MI Ms. Aft er w ar d a n d b as e d o n t h e gr o u n d tr ut h d at a, MI M- p at c h es
c o nt ai ni n g a p ers o n i e n g a g e d i n p us hi n g ar e l a b el e d as p us hi n g; ot h er wis e, t h e y
ar e l a b el e d n o n- p us hi n g. F or m or e cl arit y, i n Fi g. 2 1 b, t h e MI M- p at c h f or i n-
di vi d u al 5 3 is c at e g ori z e d as p us hi n g d u e t o t h e p us hi n g b e h a vi or of p ers o n 5 3.
C o n v ers el y, t h e MI M- p at c h f or i n di vi d u al 6 6 is n o n- p us hi n g, gi v e n t h at p ers o n
6 6 d o es n ot j oi n i n s u c h b e h a vi or. Fi n all y, t h e s a m e s plitti n g t e c h ni q u e us e d
t o g e n er at e t h e d at as et f or tr ai ni n g a n d e v al u ati n g t h e pr o p os e d fr a m e w or k w as
als o e m pl o y e d t o cr e at e t h e n e w d at as et f or D L 4 P u D e a n d Cl o u d- D L 4 P u D e a p-
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pr o a c h es.
T a bl e 9 dis pl a ys t h e c o m p aris o n r es ults b et w e e n t h e pr o p os e d fr a m e w or k a n d

t h e e n h a n c e d D L 4 P u D e a n d Cl o u d- D L 4 P u D e a p pr o a c h es. T h e r es ults i n di c at e
t h at t h e pr o p os e d fr a m e w or k si g ni fi c a ntl y o ut p erf or m e d b ot h a p pr o a c h es o n b ot h
t est s ets. O n t est s et 1, t h e pr o p os e d fr a m e w or k a c hi e v e d a mi ni m u m 8 % i m pr o v e-
m e nt i n m a cr o a c c ur a c y, T P R, a n d T N P R c o m p ar e d t o t h e r el at e d a p pr o a c h es. I n
c o ntr ast, o n t est s et 2, D L 4 P u D e a n d Cl o u d- D L 4 P u D e e x hi bit e d hi g h f als e p os-
iti v e r at es ( F P R) wit h 6 2 % a n d 6 1 % m a cr o a c c ur a c y, r es p e cti v el y. M e a n w hil e,
t h e fr a m e w or k a c hi e v e d a n 8 2 % m a cr o a c c ur a c y o n t est s et 2. Fi g. 2 2 pr es e nts
t h e c o nf usi o n m atri c es f or e a c h a p pr o a c h o n b ot h t est s ets. M or e o v er, as s h o w n
i n Fi g. 2 3 a n d Fi g. 2 4, t h e fr a m e w or k c o nsist e ntl y o ut p erf or m e d t h e ot h er a p-
pr o a c h es i n t er ms of t h e A U C m etri c. It a c hi e v e d a n i m pr o v e m e nt of at l e ast
7 % o n t est s et 1 a n d 2 2 % o n t est s et 2. T h es e r es ults c a n b e attri b ut e d t o t h e
f a ct t h at s q u ar e p at c h es m a y c o nt ai n b ot h p us hi n g a n d n o n- p us hi n g b e h a vi or si-
m ult a n e o usl y. T his c a n l e a d t h e C N N cl assi fi er t o l e ar n irr el e v a nt f e at ur es fr o m
t h e p at c h es. F or m or e cl arit y, t h e p at c h of p ers o n 6 6 i n Fi g. 2 1 b is cl assi fi e d as
n o n- p us hi n g b e c a us e p ers o n 6 6 is n ot e n g a g e d i n p us hi n g b e h a vi or, e v e n t h o u g h
p ers o n 6 3 wit hi n t h e s a m e p at c h is i n v ol v e d i n p us hi n g.

I n s u m m ar y, o ur d e v el o p e d fr a m e w or k a c hi e v e d s u p eri or p erf or m a n c e, d e m o n-
str ati n g i m pr o v e m e nts of at l e ast 8 % i n m a cr o a c c ur a c y, T P R, T N P R, a n d A U C
o n b ot h t est s ets c o m p ar e d t o t h e e n h a n c e d D L 4 P u D e a n d cl o u d- D L 4 P u D e a p-
pr o a c h es. F urt h er m or e, b ot h a p pr o a c h es e x p eri e n c e o v er fitti n g w h e n att e m pti n g
t o d et e ct p us hi n g b e h a vi or at t h e mi cr os c o pi c l e v el. T his s er v es as e vi d e n c e t h at
o ur n o v el a p pr o a c h, us e d i n o ur fr a m e w or k t o i d e ntif y t h e l o c al r e gi o ns of e a c h
p ers o n, e ffi ci e ntl y assists E fi ci e nt N et V 1 B 0- b as e d C N N i n l e ar ni n g t h e r el e v a nt
f e at ur es f or p us hi n g b e h a vi or.

6 C o n cl u si o n a n d F u t u r e W o r k

T his arti cl e i ntr o d u c e d a n e w fr a m e w or k f or a ut o m ati c all y i d e ntif yi n g p us hi n g at
t h e mi cr os c o pi c l e v el wit hi n vi d e o r e c or di n gs of cr o w ds. T h e pr o p os e d fr a m e w or k
utili z es a n o v el V or o n oi- b as e d m et h o d t o d et er mi n e t h e l o c al r e gi o n of e a c h p ers o n
i n t h e i n p ut vi d e o o v er ti m e. It f urt h er a p pli es E ffi ci e nt N et V 1 B 0 t o e xtr a ct d e e p
f e at ur es fr o m t h es e l o c al r e gi o ns, c a pt uri n g v al u a bl e i nf or m ati o n a b o ut i n di vi d u al
b e h a vi or. Fi n all y, a f ull y c o n n e ct e d l a y er wit h a Si g m oi d a cti v ati o n f u n cti o n is
e m pl o y e d t o a n al y z e t h e d e e p f e at ur es a n d a n n ot at e t h e p us hi n g p ers o ns o v er ti m e
i n t h e i n p ut vi d e o. T o tr ai n a n d e v al u at e t h e p erf or m a n c e of t h e fr a m e w or k, a
n o v el d at as et w as cr e at e d usi n g si x r e al- w orl d e x p eri m e nts wit h t h eir tr aj e ct or y
d at a a n d c orr es p o n di n g gr o u n d tr ut hs. T h e e x p eri m e nt al fi n di n gs d e m o nstr at e d
t h at t h e pr o p os e d fr a m e w or k s ur p ass e d st at e- of-t h e- art a p pr o a c h es, as w ell as
s e v e n b as eli n e m et h o ds i n t er ms of m a cr o a c c ur a c y, tr u e p us hi n g r at e, a n d tr u e
n o n- p us hi n g r at e.

T h e pr o p os e d fr a m e w or k h as s o m e li mit ati o ns. First, it w as d esi g n e d t o w or k
e x cl usi v el y wit h t o p- vi e w c a m er a vi d e o r e c or di n gs t h at i n cl u d e tr aj e ct or y d at a.
S e c o n d, it w as tr ai n e d a n d e v al u at e d b as e d o n a li mit e d n u m b er of r e al- w orl d e x-
p eri m e nts, w hi c h m a y i m p a ct its g e n er ali z a bilit y t o a br o a d er r a n g e of s c e n ari os.
O ur f ut ur e g o als i n cl u d e i m pr o vi n g t h e fr a m e w or k i n t w o k e y ar e as: 1) E n a bli n g
it t o d et e ct p us hi n g p ers o ns fr o m vi d e o r e c or di n gs wit h o ut t h e n e e d f or tr aj e ct or y
d at a as i n p ut. 2) I m pr o vi n g its p erf or m a n c e i n t er ms of m a cr o a c c ur a c y, tr u e
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p us hi n g r at e, a n d tr u e n o n- p us hi n g r at e b y: a) E nl ar gi n g t h e d at as et b y utili z-
i n g a d diti o n al vi d e os fr o m r e al- w orl d e x p eri m e nts. T h es e vi d e os will e n c o m p ass
v ari o us s c e n ari os. b) E m pl o yi n g tr a nsf er l e ar ni n g a n d d at a a u g m e nt ati o n t e c h-
ni q u es. c) Pr o c essi n g a s e q u e n c e of fr a m es i nst e a d of a si n gl e fr a m e, t o e xtr a ct
m or e v al u a bl e f e at ur es.

A c k n o wl e d g m e n t s T h e a ut h ors ar e t h a n kf ul t o A n n a Si e b e n, H el e n a L ü g eri n g,
a n d E z el Ü st e n f or t h e v al u a bl e dis c ussi o ns, m a n u al a n n ot ati o n of t h e p us hi n g
b e h a vi or i n t h e vi d e o of t h e e x p eri m e nts.

A u t h o r s’ c o n t ri b u ti o n s C o n c e pt u ali z ati o n, A. A.; m et h o d ol o g y, A. A., A. S.;
s oft w ar e, A. A.; v ali d ati o n, A. A.; f or m al a n al ysis, A. A.; i n v esti g ati o n, A. A.; d at a
c ur ati o n, A. A.; writi n g — ori gi n al dr aft pr e p ar ati o n, A. A.; writi n g —r e vi e w a n d
e diti n g, A. A., M. M., M. C. a n d A. S.; s u p er visi o n, M. M., M. C. a n d A. S.; All a u-
t h ors h a v e r e a d a n d a gr e e d t o t h e p u blis h e d v ersi o n of t h e m a n us cri pt.

F u n di n g T his w or k w as f u n d e d b y t h e G er m a n Fe d er al Mi nistr y of E d u c ati o n a n d
R es e ar c h ( B M B F: f u n di n g n u m b er 0 1 D H 1 6 0 2 7) wit hi n t h e P al esti ni a n- G er m a n
S ci e n c e Bri d g e pr oj e ct fr a m e w or k, a n d p arti all y b y t h e D e uts c h e F ors c h u n gs g e-
m ei ns c h aft ( D F G, G er m a n R es e ar c h F o u n d ati o n) — 4 9 1 1 1 1 4 8 7.

A v ail a bili t y of d a t a a n d c o d e All vi d e os a n d tr aj e ct or y d at a us e d i n g e n er at-
i n g t h e p at c h- b as e d d at as et w er e o bt ai n e d fr o m t h e d at a ar c hi v e h ost e d b y t h e
F ors c h u n gs z e ntr u m J üli c h u n d er C C Attri b uti o n 4. 0 I nt er n ati o n al li c e ns e [ 6 8, 3 5].
T h e i m pl e m e nt ati o n of t h e pr o p os e d fr a m e w or k, c o d es us e d f or b uil di n g tr ai ni n g
a n d e v al u ati n g t h e m o d els, as w ell as t est s ets a n d tr ai n e d m o d els ar e p u bli cl y
a v ail a bl e at: h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s / V C N N 4 P u D e or at [ 8 0]
( a c c ess e d o n 2 3 J ul y 2 0 2 3). T h e tr ai ni n g a n d v ali d ati o n s ets ar e a v ail a bl e fr o m
t h e c orr es p o n di n g a ut h ors u p o n r e q u est.

D e cl a r a ti o n s

C o n fli c t of i n t e r e s t T h e a ut h ors d e cl ar e t h at t h er e is n o c o n fli ct of i nt er ests
r e g ar di n g t h e p u bli c ati o n of t his arti cl e.

E t hi c al a p p r o v al T h e e x p eri m e nts us e d i n t h e d at as et w er e c o n d u ct e d a c c or di n g
t o t h e g ui d eli n es of t h e D e cl ar ati o n of H elsi n ki a n d a p pr o v e d b y t h e et hi cs b o ar d
at t h e U ni v ersit y of W u p p ert al, G er m a n y. I nf or m e d c o ns e nt w as o bt ai n e d fr o m
all s u bj e cts i n v ol v e d i n t h e e x p eri m e nts.

O p e n A c c e s s T his arti cl e is li c e ns e d u n d er a Cr e ati v e C o m m o ns Attri b uti o n
4. 0 I nt er n ati o n al Li c e ns e, w hi c h p er mits us e, s h ari n g, a d a pt ati o n distri b uti o n a n d
r e pr o d u cti o n i n a n y m e di u m or f or m at, as l o n g as y o u gi v e a p pr o pri at e cr e dit t o
t h e ori gi n al a ut h or(s) a n d t h e s o ur c e, pr o vi d e a li n k t o t h e Cr e ati v e C o m m o ns
li c e n c e, a n d i n di c at e c at e if c h a n g es w er e m a d e. T h e i m a g es or ot h er t hir d p art y
m at eri al i n t his arti cl e ar e i n cl u d e d i n t h e arti cl e’s Cr e ati v e C o m m o ns li c e n c e,
u nl ess i n di c at e d ot h er wis e i n a cr e dit li n e t o t h e m at eri al. If m at eri al is n ot
i n cl u d e d i n t h e arti cl e’s Cr e ati v e C o m m o ns li c e n c e a n d y o ur i nt e n d e d us e is n ot
p er mitt e d b y st at ut or y r e g ul ati o n or e x c e e ds t h e p er mitt e d us e, y o u will n e e d
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t o o bt ai n p er missi o n dir e ctl y fr o m t h e c o p yri g ht h ol d er. T o vi e w a c o p y of t his
li c e n c e, visit htt p: / / cr e ati v e c o m m o ns. or g /li c e ns es / b y / 4. 0 /.
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A b s t r a c t O v er t h e p ast f e w y e ars, r e al-ti m e vis u ali z ati o n of p e d estri a n d y n a m-
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e ffi ci e nt a n d a c c ur at e a p pr o a c h t o a c q uir e, pr o c ess a n d vis u ali z e p e d estri a ns’ d y-
n a mi c b e h a vi or i n r e al ti m e. O ur g o al i n t his c o nt e xt is t o pr o d u c e G P S- b as e d
h e at m a ps t h at assist e v e nt or g a ni z ers as w ell as visit ors i n d y n a mi c all y fi n di n g
cr o w d e d s p ots usi n g t h eir s m art p h o n e d e vi c es. T o v ali d at e o ur pr o p os al, w e h a v e
d e v el o p e d a pr ot ot y p e s yst e m f or e x p eri m e nt all y e v al u ati n g t h e q u alit y of t h e
pr o p os e d s ol uti o n usi n g r e al- w orl d a n d si m ul ati o n- b as e d e x p eri m e nt al d at as ets.
T h e first p h as e of e x p eri m e nts w as c o n d u ct e d i n a n o p e n ar e a wit h 3 7, 0 0 0 s q u ar e
m et ers i n P al esti n e. I n t h e s e c o n d p h as e, w e h a v e c arri e d o ut a si m ul ati o n f or 5 0 0 0
p e d estri a ns t o q u a ntif y t h e l e v el of e ffi ci e n c y of t h e pr o p os e d s yst e m. We h a v e
utili z e d P H P s cri pti n g l a n g u a g e t o g e n er at e a l ar g er-s c al e s a m pl e of r a n d o ml y-
m o vi n g p e d estri a ns a cr oss t h e s a m e o p e n ar e a. A c o m p aris o n wit h t w o w ell- k n o w n
We b- b as e d s p ati al d at a vis u ali z ati o n s yst e ms w as c o n d u ct e d i n t h e t hir d p h as e.
Fi n di n gs i n di c at e t h at t h e pr o p os e d a p pr o a c h c a n c oll e ct p e d estri a n’s G P S- b as e d
tr aj e ct or y i nf or m ati o n wit hi n f o ur m et ers h ori z o nt al a c c ur a c y i n r e al ti m e. T h e
s yst e m d e m o nstr at e d hi g h e ffi ci e n c y i n pr o c essi n g, st ori n g, r etri e vi n g a n d vis u al-
i zi n g p e d estri a ns’ m oti o n d at a (i n t h e f or m of h e at m a ps) i n r e al ti m e.

K e y w o r d s: R e al-ti m e Vis u ali z ati o n, P e d estri a n D y n a mi cs, Cr o w d M a n a g e m e nt
S yst e m, G P S D at a, H e at M a p Vis u ali z ati o n.

1 I n t r o d u c ti o n

Wit h t h e r a pi d gr o wt h of p o p ul ati o n al o n g wit h t h e i n cr e asi n g n u m b er of i m p or-
t a nt e v e nts, d y n a mi c all y fi n di n g l ess- cr o w d e d ar e as wit hi n l ar g e-s c al e e v e nts is a
m aj or c h all e n g e f or visit ors as w ell as e v e nt or g a ni z ers [ 1, 2]. As r e p ort e d i n [ 3],
i n e ffi ci e nt cr o w d m a n a g e m e nt a ff e cts p e d estri a ns’ s af et y, t h eir m o v e m e nt d e cisi o ns
a n d b e h a vi ors, a n d m a y als o l e a d t o i n cr e asi n g t h e e ff orts a n d c osts r e q uir e d t o
e ffi ci e ntl y m o nit ori n g e v e nts wit h l ar g e n u m b ers of p e d estri a ns [ 4]. I n or d er t o
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or g a ni z e s u c c essf ul e v e nts, or g a ni z ers n e e d t o u n d erst a n d t h e visit ors’ m o v e m e nt
c h ar a ct eristi cs a n d b e h a vi or o v er ti m e at a n e arl y st a g e [ 5]. A c c or di n gl y, gr e at er
att e nti o n h as b e e n gi v e n t o st u d y cr o w d e d e v e nts wit h h u g e n u m b ers of p e d estri-
a ns usi n g a v ari et y of t o ols a n d a p pli c ati o ns, s u c h as p e d estri a ns’ d e vi c es t h at ar e
us e d t o c oll e ct t h eir tr aj e ct ori es i n a n att e m pt t o e ffi ci e ntl y i d e ntif y cr o w d d e nsit y
al o n g e v e nts [ 6]. T h es e a p pr o a c h es c a n b e di vi d e d i nt o t hr e e m ai n c at e g ori es [ 6]:
cr o w d vi d e o a n al ysis [ 7, 8], cr o w d s o ci al m e di a a n al ysis [ 9, 1 0, 1 1], a n d cr o w d
s p ati o-t e m p or al a n al ysis [ 1 2, 1 3, 1 4].

D e v el o pi n g s yst e ms u n d er t h e first c at e g or y pl a ys a n i m p ort a nt r ol e i n a n al ysi n g
cr o w d e d e v e nt vi d e os as t h e y c oll e ct d at a a b o ut t h e m o v e m e nt f e at ur es of p e d es-
tri a ns a n d assist i n i d e ntif yi n g a b n or m al b e h a vi ors d uri n g e v e nts [ 3, 1 5]. H o w-
e v er, t h e l ar g e-si z e ar e as of cr o w d e d e v e nts a n d hi g h- d e nsit y of p e d estri a ns i n
s u c h e v e nts m a k es it di ffi c ult f or s u c h a p pr o a c h es t o a c c ur at el y r es p o n d i n r e al
ti m e, a n d l e a ds t o pr o d u ci n g a l ar g e fr a cti o n of f als e p ositi v e r es ults [ 1 6]. I n
a d diti o n, t h e pr es e n c e of o bst a cl es, s u c h as w alls, tr e es a n d h u m a n b o di es c a n
bl o c k c a m er as fr o m c a pt uri n g a n d i d e ntif yi n g c orr e ct a b n or m al b e h a vi ors or e v e n
tr u e p e d estri a n o bj e cts [ 1 7]. M or e o v er, t h e c ost a n d s et u p of c a m er as usi n g t his
a p pr o a c h ar e n or m all y hi g h as r e p ort e d i n [ 6]. O n t h e ot h er h a n d, a p pr o a c h es
t h at f all u n d er t h e s e c o n d c at e g or y us e s o ci al m e di a c o nt e nt, i n a d diti o n t o ot h er
i m p ort a nt d at a, s u c h as l o c ati o ns of us er c h e c k-i ns as t h eir d at a s o ur c e t o st u d y
h u m a n m o v e m e nt b e h a vi or [ 1 8]. Usi n g s u c h d at a s o ur c es, t h es e a p pr o a c h es g e n-
er at e s p ati o-t e m p or al d at a p oi nts a n d l o c ati o n d et ails t h at c a n b e us e d t o a n al y z e
cr o w ds i n l ar g e ar e as i n citi es, s u b ur bs a n d ur b a n ar e as [ 1 9, 2 0]. H o w e v er, it
is i m p ort a nt t o p oi nt o ut t h at a p pr o a c h es of t his c at e g or y c a n n ot m a k e us e of
r e al-ti m e c oll e ct e d d at a b e c a us e t h e e xtr a cti o n of us ef ul i nf or m ati o n fr o m s o ci al
m e di a c o nt e nt is a v er y c o m pl e x t as k [ 2 1]. I n a d diti o n, s o ci al m e di a d at a d o es n ot
gi v e i nf or m ati o n a b o ut h u m a n m o v e m e nt c h ar a ct eristi cs c o nti n u o usl y at r e g ul ar
ti m e i nt er v als. F or e x a m pl e, s h ari n g c h e c k-i ns all o ws us ers t o m ar k a n d dis c uss
pl a c es t h e y visit e d ( e. g., e ati n g at l o c al r est a ur a nts, s h o p pi n g, visiti n g p o p ul ar
ar e as) as p art of t h eir s o ci al i nt er a cti o n o nli n e [ 3, 1 1]. As s u c h, w e c a n c o n-
cl u d e t h at a p pr o a c h es t h at f all u n d er t h e first t w o c at e g ori es m a y n ot g e n er at e
s u ffi ci e nt i nf or m ati o n a b o ut h u m a n m o v e m e nt c h ar a ct eristi cs d uri n g hi g h- d e nsit y
l ar g e-s c al e e v e nts i n r e al ti m e [ 2 2, 2 3]. A c k n o wl e d gi n g t h es e dr a w b a c ks, cr o w d
s p ati o-t e m p or al a n al ysis a p pr o a c h es h a v e pr o v e d t o b e a n e ff e cti v e s ol uti o n f or
c oll e cti n g p e d estri a n d at a c o nti n u o usl y d uri n g l ar g e- ar e a e v e nts [ 5].

T o e ffi ci e ntl y a c hi e v e t h eir g o al, t h es e a p pr o a c h es h a v e utili z e d Gl o b al p ositi o n
s yst e m ( G P S) as t h eir s o ur c e of tr aj e ct or y d at a p oi nts a c q uisiti o n [ 2 4]. It i n d e e d
o ff ers r e al ti m e r es p o ns e, e as y a n d c h e a p t o n a vi g at e f e at ur e, a n d h as a g o o d
a c c ur a c y i n o ut d o or ar e as [ 2 5]. All of t h es e f e at ur es c o ntri b ut e t o m a ki n g G P S
a n e ffi ci e nt o pti o n f or r e al ti m e d at a c oll e cti o n a b o ut h u m a n m o v e m e nts i n o p e n
ar e as a n d e n vir o n m e nts [ 2 4, 2 6]. R e c e ntl y, s m art p h o n es’ b uilt-i n G P S r e c ei v ers
h a v e b e e n o n e of t h e m ost pr o misi n g a n d c o n v e ni e nt G P S d e vi c es, es p e ci all y, as
t h e y ar e wi d el y us e d w orl d wi d e. T h e e x p e ct e d n u m b er of s m art p h o n es i n 2 0 2 0
is 2. 5 billi o ns [ 2 7]. Als o, s m art p h o n es c a n r e c ei v e r e al-ti m e d at a b as e d o n t h e
c urr e nt p ositi o n of p e d estri a n’s b o d y at r e g ul ar ti m e i nt er v als wit h g o o d a c c ur a c y
i n o ut d o or ar e as [ 2 5]. As s u c h, G P S a n d s m art p h o n es h a v e all o w e d r es e ar c h ers
t o e x pl or e, i n v esti g at e, a n d m o nit or p e d estri a ns’ m o v e m e nt c h ar a ct eristi cs i n o ut-
d o or ar e as m or e a c c ur at el y a n d l ess i n v asi v el y c o m p ar e d t o ot h er c o n v e nti o n al
a p pr o a c h es. I n r e c e nt y e ars, r es e ar c h ers h a v e us e d m o bil e a p pli c ati o ns al o n g wit h
e xisti n g G P S d at a a n d w e b s er v ers t o d e v el o p r e al ti m e vis u ali z ati o n s yst e ms t h at
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c a n m o nit or p e d estri a n m o v e m e nt s c e n ari os i n o p e n e v e nts [ 2 8, 2 9]. H o w e v er, e x-
isti n g vis u ali z ati o n a p pr o a c h es s u ff er fr o m a n u m b er of dr a w b a c ks a n d li mit ati o ns
as f oll o ws. First, wit h t h e i n cr e asi n g n u m b er of p e d estri a ns i n t h e s a m e ar e a, t h eir
p erf or m a n c e d e gr a d es f aili n g t o c o p e wit h t h e r e al ti m e vis u ali z ati o n r e q uir e m e nt.
S e c o n d, t h e a c c ur a c y of t h e c oll e ct e d tr aj e ct ori es as w ell as vis u ali zi n g t o ols is n ot
t est e d u n d er r e al- w orl d c o n diti o ns or usi n g r e al- w orl d s c e n ari os. T hir d, usi n g
p ai d s er vi c es or li br ari es i n cr e as es s yst e m d e v el o p m e nt c osts. T o a d dr ess t h es e
li mit ati o ns, w e pr o p os e d e v el o pi n g a n e ffi ci e nt a n d l o w- c ost s yst e m f or o nli n e a n d
r e al ti m e vis u ali z ati o n of p e d estri a n d y n a mi cs at o p e n e v e nts / ar e as usi n g G P S
d at a. T h e s yst e m is ai m e d t o b e i nst all e d o n us ers’ s m art p h o n e d e vi c es t o tr a c k
p e d estri a n m o v e m e nts, c oll e ct a n d s e n d G P S d at a t o a w e b s er v er i n r e al ti m e.
U nli k e e xisti n g a p pr o a c h es, t h e d e v el o p e d s yst e m is c h ar a ct eri z e d b y its e ffi ci e n c y
i n t er ms of t h e f oll o wi n g as p e cts:

1. T h e s yst e m c oll e cts p e d estri a ns’ tr aj e ct or y d at a e v er y s e c o n d a n d esti m at es
t h eir h ori z o nt al a c c ur a c y t o a c c ur at el y d e pi ct t h e m a ps.

2. N e w d at a pr o c essi n g wit h t e m p or al st or a g e of c urr e nt p e d estri a n p ositi o ns is
us e d t o i m pr o v e t h e d at a vis u ali z ati o n p erf or m a n c e.

3. T h e s yst e m pr o vi d es a c c ess t o a n o nli n e r e al ti m e vis u ali z e d m a ps t h at d e pi ct
p e d estri a n m o v e m e nts al o n g wit h r e al ti m e h e at m a ps f or s p otti n g cr o w d e d
ar e as.

4. T h e s yst e m e x pl oits e ffi ci e nt fr e e / o p e n s o ur c e s oft w ar e t o r e d u c e t h e c ost of
pr a cti c all y d e pl o yi n g t h e d e v el o p e d a p pli c ati o n.

5. A n ar c hi v e of c oll e ct e d G P S d at a wit h m ulti pl e f or m ats ( S Q L, J S O N, a n d
C S V) is pr o vi d e d f or r es e ar c h ers i nt er est e d i n f urt h er d e v el o pi n g a n d i m pr o v-
i n g t h e c urr e nt v ersi o n of t h e pr o p os e d s yst e m 1 .

T h e r est of t his p a p er is or g a ni z e d as f oll o ws. I n s e cti o n 2 w e e x pl or e a n d dis c uss
a n u m b er of r es e ar c h w or ks t h at ar e r el at e d t o o ur pr o p os e d a p pr o a c h. S e cti o n
3 pr es e nts t h e pr o p os e d s yst e m a n d hi g hli g hts its m ai n c o m p o n e nts. I n s e cti o n
4, w e pr o vi d e d et ails o n t h e e x p eri m e nt al s et u p p h as e. E x p eri m e nt al r es ults ar e
t h e n dis c uss e d i n s e cti o n 5. Fi n all y, s e cti o n 6 c o n cl u d es t his arti cl e a n d dis c uss es
t h e f ut ur e e xt e nsi o ns of o ur w or k.

2 R el a t e d W o r k

A c c ur at e r e al ti m e a c q uisiti o n, pr o c essi n g, a n al ysis a n d vis u ali z ati o n of p e d estri a n
tr aj e ct or y d at a d uri n g cr o w d e d e v e nts ar e t h e m ost cr u ci al c h all e n g es f or e xisti n g
a p pr o a c h es t h at att e m pt t o i n v esti g at e a n d i d e ntif y t h e m ost i n fl u e nti al f a ct ors o n
p e d estri a ns’ d y n a mi cs a n d t h eir m o v e m e nt b e h a vi or a n d c h ar a ct eristi cs [ 3 0, 3 1, 2 8,
2 9]. A d dr essi n g t h es e c h all e n g es h el ps e v e nt or g a ni z ers m a k e i m m e di at e d e cisi o ns
t o a v oi d cr o w d a c ci d e nts, a n d e ns ur es pr o p er m o nit ori n g a n d a d mi nistr ati o n of
e v e nt o p er ati o ns [ 3]. Wit h t h e r e c e nt d e v el o p m e nts of s m art p h o n e i n d ustr y, t h e
p ossi bilit y of tr a c ki n g h u m a n p ositi o ns vi a t h eir G P S- e n a bl e d d e vi c es h as b e e n
a c hi e v e d, pr o vi di n g a g o o d o p p ort u nit y f or d e v el o pi n g l o w c ost a n d r e al ti m e d at a
pr o c essi n g a n d vis u ali z ati o n t e c h ni q u es t h at c a n assist i n b ett er u n d erst a n di n g
p e d estri a n d y n a mi cs at o p e n ar e as t h at ar e c h ar a ct eri z e d b y t h eir c o m pl e x a n d

1 T h e s y st e m’ s pr ot ot y p e a n d d at a s et s c a n b e a c c e s s e d at h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s /
G P S d a t a C o l V i s
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irr e g ul ar n at ur e. A m o n g t h e r es e ar c h w or ks t h at w er e c arri e d o ut i n t his d o m ai n is
t h e w or k pr o p os e d b y W a g a et al i n [ 3 0] w h er e t h e a ut h ors d e v el o p e d a s yst e m t o
tr a c k p e d estri a ns usi n g t h eir s m art p h o n es. T h e c oll e ct e d tr a c ki n g d at a w as st or e d
a n d vis u ali z e d usi n g g o o gl e m a ps. I n p arti c ul ar, t h e y s e nt G P S tr a c ki n g d et ails
t o a w e b s er v er e v er y 3 0 s e c o n ds w h er e t h e y w er e st or e d usi n g M y S Q L d at a b as e
m a n a g e m e nt s yst e m. T h e n, t o s p e e d u p t h e vis u ali z ati o n c o m p o n e nt, tr a c ki n g
d at a w as u p d at e d i nt o fil es e v er y 2 4 h o urs i n w orst c as e, d e p e n di n g o n t h e us ers
a n d t h e ti m e r a n g e of tr a c ks. D u e t o t h e ti m e i nt er v al f or u p d ati n g fil es ( w hi c h
ar e t h e d at a s o ur c e f or t h e vis u ali z ati o n c o m p o n e nt), t h e s yst e m’s vis u ali z ati o n
c o m p o n e nt w as i n e ffi ci e nt i n pr o d u ci n g m a ps f or t h e c urr e nt c oll e ct e d G P S p oi nts
at r e al ti m e i n t h e s a m e m a n n er as p erf or m e d i n [ 3 1]. I n a d diti o n t o t h at, [ 3 0] a n d
[ 3 1] di d n ot i n c or p or at e h e at m a ps as p art of t h e vis u ali z ati o n m o d ul e, c a usi n g
t h e vis u ali zi n g t o b e l ess e ff e cti v e a n d us er fri e n dl y as w e pr o p os e i n o ur w or k.

A n ot h er vis u ali z ati o n t e c h ni q u e w as d es cri b e d i n [ 2 8] t o st u d y t h e b e h a vi or of
cr o w ds i n a l ar g e f esti v al (i n 2 0 1 3 at Z uri c h cit y i n S wit z erl a n d) o v er a p eri o d of
t hr e e d a ys. A m o bil e a p pli c ati o n w as d e v el o p e d i n t his c o nt e xt t o c oll e ct us ers’
l o c ati o ns c o nti n u o usl y, a n d vis u ali z e t h eir pr es e n c e d uri n g t h e f esti v al. T o d o t his,
t h e r es e ar c h ers c oll e ct e d us ers’ G P S d at a a n d s e nt it t o a s er v er e v er y 2 s e c o n ds
t o b e st or e d i n a d at a b as e. T h e st or e d d at a w as pr o c ess e d at a n i nt er v al of 2
mi n ut es t o b e vis u ali z e d i n t h e f or m of m a ps. T h e a ut h ors e x p eri m e nt all y t est e d
t h e a c c ur a c y f or s e v er al l o c ati o ns, a n d t h e y o bt ai n e d a n a c c ur a c y b et w e e n 1 5 0 t o
5 0 0 m et ers. A c c or di n g t o t h e a ut h ors, t h e pr o p os e d a p pr o a c h w as n ot d e v el o p e d
f or r e al ti m e p e d estri a n tr a c ki n g a n d vis u ali z ati o n.

I n [ 2 9] a f esti v al’s cr o w d c o n diti o ns ( cr o w d d e nsit y, cr o w d t ur b ul e n c e, cr o w d
v el o cit y a n d cr o w d pr ess ur e) w er e vis u ali z e d i n r e al ti m e usi n g p e d estri a ns’ G P S
l o c ati o n tr a c es. T o c arr y o ut t his t as k, a m o bil e a p pli c ati o n w as us e d t o c oll e ct
G P S l o c ati o ns a n d s e n d t h e m p eri o di c all y aft er pr o c essi n g t o a s er v er w hi c h st or es
t h e m i n a d at a b as e. I n its h e at m a p vis u ali z ati o n c o m p o n e nt, m ulti pl e m at h e-
m ati c al m o d els a n d m et h o d ol o gi es w er e us e d t o g e n er at e f o ur di ff er e nt h e at m a ps
t o i nf er f o ur cr o w d c o n diti o ns at s p e ci fi c ti m e p oi nt. T h e m ai n dr a w b a c k of t his
a p pr o a c h is t h e c o m p ut ati o n al c o m pl e xit y r e q uir e d t o b uil d t h e h e at m a ps. I n
a d diti o n, t h e pr o p os e d s yst e m di d n ot ai m t o d et e ct t h e cr o w d c o n diti o ns d uri n g
t h e e v e nt, b ut o nl y at s p e ci fi c ti m e p oi nt.

I n a si mil ar li n e of r es e ar c h, Y u n et al. [ 3 2] a n al y z e d t o urists’ s p ati o-t e m p or al
b e h a vi or at t h e r ur al f esti v al i n S o ut h K or e a f or fi v e d a ys. T h e a ut h ors d e v el o p e d
a m o bil e a p pli c ati o n a n d a si m pl e q u esti o n n air e t o tr a c k t h e f esti v al visit ors a n d
c oll e ct a c c ur at e s p ati o-t e m p or al i nf or m ati o n a b o ut t h e m. T h e q u esti o n n air e w as
c o n d u ct e d t o k n o w t h e visit ors’ s o ci o- e c o n o mi c c h ar a ct eristi cs i n a d diti o n t o w e e k
d a y a n d w e at h er t o d et er mi n e t h e e ff e cts of t h es e c h ar a ct eristi cs o n t h e cr o w d. I n
t his c o nt e xt, e a c h p arti ci p a nt i nst all e d t h e m o bil e a p pli c ati o n t o r e c or d his / h er
tr a c k, a n d r e c ei v e d a p ers o n all y a d mi nist er e d q u esti o n n air e. At t h e e n d of t h e
e x p eri m e nts, p arti ci p a nts r e p ort e d b a c k t h eir d at a b y s u b mitti n g t h e q u esti o n-
n air es, i n a d diti o n t o u pl o a di n g t h eir tr a c ki n g r e c or ds (t o a w e b s er v er) i n or d er
f or t h e r es e ar c h ers t o d e pi ct a n d a n al ys e t h e pr o d u c e d h e at m a ps. H o w e v er, t h e
pr o p os e d a p pr o a c h di d n ot c oll e ct a n d vis u ali z e t h e G P S tr a c ks i n r e al ti m e, a n d
t h e a c c ur a c y iss u e w as n ot a d dr ess e d b y t h e r es e ar c h ers.

As w e h a v e hi g hli g ht e d i n t h e a b o v e- m e nti o n e d dis c ussi o n a n d t o t h e b est of
o ur k n o wl e d g e, t h e c o u pli n g of G P S d at a a c q uir e d usi n g us ers’ s m art p h o n es a n d
h e at m a ps f or r e al ti m e vis u ali z ati o n p ur p os es t o u n d erst a n d t h e d y n a mi cs of
p e d estri a ns m o vi n g i n l ar g e-s c al e o p e n e n vir o n m e nts h as b e e n v er y littl e. N e v er-
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t h el ess, w e c a n s u m m ari z e t h e m ai n dr a w b a c ks of e xisti n g a p pr o a c h es t h at h a v e
att e m pt e d t o e m pl o y vis u ali z ati o n a p pr o a c h es a n d t e c h ni q u es f or i n v esti g ati n g t h e
p e d estri a ns’ tr aj e ct or y d at a as f oll o ws:

• L o w a c c ur a c y of vis u ali z ati o n: T h e l a c k of a c c ur a c y m e as ur e m e nts f or c ol-
l e ct e d p ositi o ns h as l e d t o l o w eri n g t h e a c c ur a c y of h e at m a p vis u ali z ati o n. I n
g e n er al, s m art p h o n es ar e t y pi c all y a c c ur at e wit hi n a 4. 9 m r a di us u n d er o p e n
s k y a n d wit h n or m al c o n diti o ns, h o w e v er, t h eir a c c ur a c y c a n d e gr a d e b as e d
o n si g n al bl o c k a g e, at m os p h eri c c o n diti o ns a n d G P S r e c ei v er q u alit y [ 3 3, 3 4].
T h er ef or e, it is n e c ess ar y n ot t o s u b mit p ositi o ns wit h l o w h ori z o nt al a c c u-
r a c y f or h e at m a p vis u ali z ati o n. M ost of t h e e xisti n g a p pr o a c h es c oll e ct e d
a n d pr o vi d e d t h e p ositi o ns t o t h e vis u ali z ati o n c o m p o n e nt r e g ar dl ess of t h eir
a c c ur a c y.

• Hi g h c o m p ut ati o n al c ost: S o m e of t h e e xisti n g a p pr o a c h es us e d all or a l ar g e
p orti o n of t h e c oll e ct e d d at a t o vis u ali z e t h e cr o w d d e nsit y of a cti v e p e d es-
tri a ns w hi c h r es ult e d i n i n cr e asi n g t h e r e q uir e d ti m e t o vis u ali z e t h e m a ps
[ 3 5].

• I n e ffi ci e nt st or a g e a n d r etri e v al of G P S d at a p oi nts: l osi n g t h e n e wl y c oll e ct e d
G P S p oi nts i n h e at m a p vis u ali z ati o n d e gr a d es t h e q u alit y of t h e pr o d u c e d
m a ps. S o m e a p pr o a c h es att e m pt e d t o a d dr ess t his dr a w b a c k b y s el e cti n g t h e
r e q uir e d G P S p oi nts o nl y f or vis u ali z ati o n wit h o ut s e ar c hi n g i n all d at a, b ut
t h e y di d n ot a p pl y t his pr ot o c ol a ut o m ati c all y al o n g wit h e a c h pr o c ess of
d at a c oll e cti o n w hi c h l e d t o l osi n g c urr e nt p e d estri a ns’ p ositi o ns n e e d e d f or
h e at m a p vis u ali z ati o n i n r e al ti m e.

• R e al ti m e: s o m e a p pr o a c h es di d n ot pr o c ess d at a i n all t h eir c o m p o n e nts i n
r e al ti m e w hi c h l e d t o a n i n e ffi ci e nt r e al ti m e a p pr o a c h.

I n t h e n e xt s e cti o n, w e i ntr o d u c e t h e ar c hit e ct ur e of o ur pr o p os e d a p pr o a c h a n d
d et ail t h e m et h o ds a n d t e c h ni q u es t h at w e e m pl o y t o a d dr ess t h e c h all e n g es of
c o u pli n g G P S d at a p oi nts a n d h e at m a p vis u ali z ati o n t e c h ni q u es.

3 A r c hi t e c t u r e of t h e P r o p o s e d S y s t e m

I n t his s e cti o n, w e first pr es e nt t h e o v er all ar c hit e ct ur e of t h e pr o p os e d s yst e m.
As d e pi ct e d i n Fi g ur e 1, d at a a b o ut e a c h us er’s p ositi o n is a c q uir e d e v er y s e c o n d
a n d g ets tr a nsf err e d t o a d e di c at e d w e b s er v er f or f urt h er pr o c essi n g, st or a g e a n d
vis u ali z ati o n. T o d o t his, t h e s yst e m e m pl o ys s e v er al c o m p o n e nts a n d m o d ul es as
d et ail e d b el o w:

M o bil e- b a s e d D a t a A c q ui si ti o n: We h a v e d e pl o y e d t h e d e v el o p e d a p pli-
c ati o n o n cli e nt s m art p h o n e d e vi c es f or tr a c ki n g t h eir p ositi o ns a n d s e n di n g t his
d at a t o t h e w e b s er v er f or f urt h er pr o c essi n g. I n p arti c ul ar, t h e a p pli c ati o n us es
t h e s m art p h o n e’s G P S s e ns or t o d et er mi n e us ers’ p ositi o ns w hil e t h e y ar e m o v-
i n g i n a n o p e n s p a c e. Aft er t h e us er st arts t h e a p pli c ati o n a n d a gr e es t o us e its
ass o ci at e d G P S d at a c oll e ct or f or r es e ar c h p ur p os es, t h e a p pli c ati o n st arts c ol-
l e cti n g t h e c urr e nt p ositi o n of p e d estri a ns m o vi n g at o p e n e v e nts c o nti n u o usl y
( e v er y s e c o n d), a n d dir e ctl y tr a nsf ers t h e o bt ai n e d G P S d at a o v er a n a cti v e i n-
t er n et c o n n e cti o n t o t h e w e b s er v er. T h e a p pli c ati o n r e m ai ns a cti v e u nl ess it is
e x pli citl y cl os e d b y t h e us er. T o e ns ur e pr ot e cti n g us ers’ pri v a c y, t h e a p pli c ati o n
d o es n ot c oll e ct a n y pri v at e i nf or m ati o n a b o ut t h e s m art p h o n e, as it j ust c oll e cts
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R o w 1

R o w 2
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R o w 1
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R e q u est	r e al	
ti m e	 vis u ali z ati o n

I ns ert	 n e w	 p ositi o n D el et e	t h e
	 pr e vi o us	 p ositi o n

A c c ess	 a n d	r etri e v e
ar c hi v e	 G P S	 d at a

Us
er 

2

Us
er 

n

M o bil e- b as e d	 A p pli c ati o n

Us
er 

1

P r e- G P S	 D at a		 P r o c essi n gP r e- G P S	 D at a		 P r o c essi n gP r e- G P S	 D at a		 P r o c essi n g

P ost- G P S	 D at a	 P r o c essi n g

a g e( e a c h p o siti o n) < = 2 s

F et c h
c urr e nt

p ositi o ns

Vis u ali z ati o n		

A c c u r a t e
Wi t hi n
e v e n t

Dis c ar d

n o

A c c u r a t e
Wi t hi n
e v e n t

Dis c ar d

n o

A c c u r a t e
Wi t hi n
e v e n t

Dis c ar d

n o

Li v e	 T a bl e

R o w 1

R o w 2

A r c hi v e	 T a bl e

R o w 1

R o w 2

R o w 3

R o w 4

R o w 5

R e q u est	 c urr e nt
p ositi o ns

Pr o vi d e
c urr e nt

p ositi o ns

C oll e ct	 p ositi o n C oll e ct	 p ositi o n C oll e ct	 p ositi o n

Fi g ur e 1: O v er all ar c hit e ct ur e of t h e pr o p os e d s yst e m.

t h e p ositi o ns (l atit u d e a n d l o n git u d e) t h at ar e s p ott e d i nsi d e t h e e v e nt’s ar e a t o
b e vis u ali z e d l at er i n t h e f or m of h e at m a ps. T o f urt h er cl arif y t his m et h o d, w e
pr es e nt t h e al g orit h mi c st e ps t h at w e p erf or m t o c arr y o ut t his t as k. As w e c a n
s e e i n Al g orit h m 1, Li n es 2 t o 6 s h o w h o w w e a c q uir e t h e G P S d at a w hi c h c o nt ai ns
t h e l atit u d e, l o n git u d e a n d h ori z o nt al a c c ur a c y.

P r e- p r o c e s si n g of G P S D a t a: T his c o m p o n e nt is e m pl o y e d f or r e al ti m e
pr o c essi n g of G P S d at a o bt ai n e d fr o m t h e m o bil e a p pli c ati o n as w e d es cri b e d i n
t h e pr e vi o us st e p. Al g orit h m 2 ill ustr at es t h e m et h o ds t h at w e utili z e t o c arr y
o ut t his st e p.

As w e c a n s e e i n Al g orit h m 2, t h e i n p ut is r e c ei v e d i n t h e f or m of t h e c urr e nt
us er’s p ositi o n t h at is l o c at e d wit hi n t h e e v e nt ar e a. T his d at a g ets a c c or di n gl y
st or e d i n t w o d at a b as e t a bl es ( Ar c hi v e a n d Li v e T a bl es, r es p e cti v el y) d e p e n di n g
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Al g o ri t h m 1 A n dr oi d- b as e d m o bil e G P S d at a c oll e cti o n a p pli c ati o n.
O u t p u t:

r e c o r d ← a r r a y (
[ “l atit u d e ”]: l atit u d e of t h e u s er’ s p o siti o n,
[ “l o n git u d e ”]: l o n git u d e of t h e u s e r’ s p o siti o n,
[ “ a c c ur a c y ”]: h ori z o nt al a c c ur a c y of t h e u s er’ s p o siti o n,
[ “ m o bil eI d ”]: a n i d e nti fi er f or t h e u s e r’ s m o bil e )

▷ c o n fir m ati o n m e s s a g e f or st ori n g t h e r e c or d i nt o t h e w e b s er v er
c o n M s g ← N U L L

R e q ui r e: i nt er n et c o n n e cti o n
1: w hil e A p pli c ati o n i s r u n ni n g d o
2:  L o c ati o n ← C all r e q u e st L o c ati o n U p d at e s( G P S p r o vi d er)
3: r e c o r d.l atit u d e ← L o c ati o n. g et L atit u d e
4: r e c o r d.l o n git u d e ← L o c ati o n. g et L o n git u d e
5: r e c o r d. a c c u r a c y ← L o c ati o n. g et A c c u r a c y
6: r e c o r d. m o bil e I d ← g et a pli c ati o n I d
7: P ri n t r e c or d
8: cr e at e Htt p P O S T C o n n e cti o n wit h t h e w e b s er v e r
9: o p e n Htt p P O S T C o n n e cti o n

1 0: s u b mit r e c or d o v er Htt p P O S T C o n n e cti o n
1 1: c o n M s g ← r e a d H T T P r e s p o n s e m e s s a g e
1 2:  Pr o m pt c o n M s g
1 3: if cl o s e b utt o n i s cli c k e d t h e n
1 4: di s c o n n e ct Htt p P O S T C o n n e cti o n
1 5: br e a k
1 6: e n d if
1 7:  w ait a s e c o n d
1 8: e n d w hil e

Al g o ri t h m 2 Pr e- pr o c essi n g of G P S D at a.
I n p u t:

/ / s u b mitt e d r e c or d fr o m m o bil e a p pli c ati o n
r e c o r d ← a r r a y (
[ “l atit u d e ”]: l atit u d e of t h e u s er’ s p o siti o n,
[ “l o n git u d e ”]: l o n git u d e of t h e u s e r’ s p o siti o n,
[ “ a c c ur a c y ”]: h ori z o nt al a c c ur a c y of t h e u s er’ s p o siti o n,
[ “ m o bil eI d ”]: a n i d e nti fi er f or t h e u s e r’ s m o bil e )
/ / E v e nt ar e a b o u n d ar y

mi n L atit u d e ← 3 2. 2 2 6 7 7
m a x L atit u d e ← 3 2. 2 2 9 5 5
mi n L o n git u d e ← 3 5. 2 1 9 6 2
m a x L o n git u d e ← 3 5. 2 2 4 9 4
/ / Mi ni m u m a c c e pt e d c oll e ct e d p o siti o n a c c ur a c y f or vi s u ali z ati o n

mi n A c c u r a c y ← 5
O u t p u t: m s g ← N U L L

1: if r e c or d.l atit u d e ≥ mi nl atit u d e a n d r e c or d.l atit u d e ≤ m a xl atit u d e a n d r e c or d.l o n git u d e y ≥ mi n L o n git u d e a n d
r e c or d.l o n git u d e ≤ m a xl o n git u d e t h e n

2: c o n n e ct t o d at a b a s e
3:  Ar c hi v eI n s ert S Q L ← i n s ert r e c o r d i nt o Ar c hi v e T a bl e
4: if e x e c ut e( Ar c hi v eI n s ert S Q L) i s s u c c e s sf ul t h e n
5:  m s g ← r e c or d i s Ar c hi v e d
6: el s e
7:  m s g ← r e c or d i s n ot Ar c hi v e d
8: e n d if
9: if r e c or d. A c c ur a c y ≤ mi n A c c ur a c y t h e n

1 0: if Li v e T a bl e c o nt ai n s r e c o r d f r o m t h e s a m e m o bil e t h e n
1 1: e x e c ut e( d el et e t h e r e c or d fr o m t h e Li v e T a bl e)
1 2: e n d if
1 3: li v eI n s ert S Q L ← i n s ert r e c o r d i nt o Li v e T a bl e
1 4: if e x e c ut e(li v eI n s ert S Q L) t h e n
1 5: m s g ← m s g + a n d i s r e a d y f or vi s u ali z ati o n
1 6: e n d if
1 7: e n d if
1 8: P ri n t m s g
1 9: di s c o n n e ct fr o m d at a b a s e
2 0: e n d if

o n di ff er e nt crit eri a as f oll o ws: I n t h e Ar c hi v e T a bl e, pr o c ess e d us er p ositi o ns ar e
al w a ys st or e d f or d at a ar c hi v al p ur p os es. F or all us ers’ p ositi o ns t h at ar e wit hi n
a “ fi v e m et ers ” a c c ur a c y i nt er v al ar e d y n a mi c all y tr a nsf err e d a n d st or e d i n t h e
Li v e T a bl e aft er d el eti n g t h e us er’s pr e vi o us p ositi o n fr o m t h e t a bl e, m or e d et ails
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a b o ut t h es e t a bl es is pr o vi d e d i n t h e D at a R e p osit or y C o m p o n e nt.
D a t a R e p o si t o r y C o m p o n e n t: T his c o m p o n e nt is e m pl o y e d as a r ef er e n c e

d at a r e p osit or y f or t h e c oll e ct e d p ositi o ns of p e d estri a ns i nsi d e t h e e v e nt. It
n a m el y c o nsists of t w o r el ati o n al d at a b as e t a bl es: 1) a n Ar c hi v e T a bl e t h at w or ks
as a r e p osit or y f or all c oll e ct e d p ositi o ns of m o vi n g p e d estri a ns, a n d 2) a Li v e
T a bl e w hi c h is a st or a g e f or t h e c urr e nt p ositi o ns of t h e p e d estri a ns f or r e al ti m e
vis u ali z ati o n. I n ot h er w or ds, t h e Li v e T a bl e h el ps t h e pr o p os e d s yst e m t o a c hi e v e
r e al ti m e vis u ali z ati o n of t h e c urr e nt us ers’ p ositi o ns as it c o nt ai ns a s m all n u m b er
of p ositi o ns w hi c h ar e e q u al t o t h e n u m b er of c urr e nt p e d estri a ns. T his m e a ns,
t h e c o m p ut ati o n al ti m e r e q uir e d f or r etri e vi n g a n d pr o c essi n g G P S d at a fr o m t h e
Ar c hi v e T a bl e will b e i n cr e asi n g o v er ti m e w hil e usi n g t h e s yst e m. T h er ef or e, usi n g
o nl y o n e t a bl e f or ar c hi vi n g a n d vis u ali zi n g is i n e ffi ci e nt f or r e al ti m e vis u ali z ati o n,
b e c a us e it r etri e v es all t h e pr e vi o us / hist ori c al a n d c urr e nt p ositi o ns t o r et ur n t h e
c urr e nt p ositi o ns. T h e str u ct ur e of t h e Ar c hi v e a n d Li v e t a bl es is pr es e nt e d i n
T a bl e 1. Fi n all y, t his c o m p o n e nt c a n pr o vi d e t h e G P S d at as ets i n di ff er e nt f or m ats
( S Q L, C S V a n d J S O N) t o e n a bl e f urt h er pr o c essi n g of t h e pr o d u c e d d at a usi n g a
v ari et y of t o ols a n d t e c h ni q u es.

T a bl e 1: D at a str u ct ur e of ar c hi v e a n d li v e t a bl es.

Fi el d D e s c ri p ti o n

i d A u ni q u e i d e nti fi er f or t h e p ositi o n
m o bil eI d A n i d e nti fi er f or t h e m o bil e
l atit u d e l atit u d e of t h e us er’s p ositi o n
l o n git u d e l o n git u d e of t h e us er’s p ositi o n
ti m est a m p D at e a n d ti m e f or t h e o bt ai n e d p ositi o n
a c c ur a c y h ori z o nt al a c c ur a c y of t h e us er’s p ositi o n

P o s t- p r o c e s si n g of G P S D a t a: T his c o m p o n e nt assists t h e vis u ali z ati o n
c o m p o n e nt t o k e e p t h e Li v e T a bl e u p t o d at e a n d r etri e v e a n d r et ur n t h e c o n-
t e nt of t h e Li v e T a bl e i n J S O N f or m at. As w e dis c uss e d b ef or e, t h e Li v e T a bl e
ai ms t o st or e t h e c urr e nt p ositi o ns of a cti v e p e d estri a ns o nl y d uri n g t h e e v e nt,
pr e- pr o c essi n g of G P S d at a c o m p o n e nt u p d at es t h e p e d estri a ns’ p ositi o ns c o nti n-
u o usl y, b ut it c a n n ot r e m o v e t h e l ast p ositi o n of e a c h p e d estri a n w h o h as l eft t h e
e v e nt fr o m Li v e T a bl e. As d e m o nstr at e d i n Al g orit h m 3 i n li n es 8- 1 2, t h e p ost-
pr o c essi n g of G P S D at a c o m p o n e nt r e m o v es t h e ol d p ositi o ns b ef or e r etri e vi n g.

R e al- ti m e D a t a Vi s u ali z a ti o n: T h e m ai n g o al of t his c o m p o n e nt is vis u-
ali zi n g p e d estri a ns’ tr aj e ct or y d at a at r e al-ti m e t hr o u g h n or m al / p oi nt m a p a n d
h e at m a p f or m ats. It r e c ei v es t h e c urr e nt p ositi o ns f or all a v ail a bl e p e d estri a ns
i n t h e e v e nt fr o m t h e p ost- pr o c essi n g, a n d vis u ali z es t h e m o n a w e b br o ws er.
N or m al m a p is us e d t o r e pr es e nt t h e c urr e nt p ositi o n of e a c h p e d estri a n as a
p oi nt ( L o n git u d e a n d L atit u d e) o n t h e m a p, w hil e c urr e nt p e d estri a n p ositi o ns
g et a ut o m ati c all y u p d at e d e v er y s e c o n d o n t h e m a p. I n t his c o nt e xt, p oi nts o n
t h e m a p will b e u p d at e d a ut o m ati c all y wit h o ut u p d ati n g t h e m a p i n t h e b a c k-
gr o u n d. O n t h e ot h er h a n d, w e us e h e at m a ps ( o n e of t h e m ost c o m m o nl y us e d
m et h o ds f or vis u ali zi n g e xt e nsi v e p oi nt d at a s ets) t o c o nti n u o usl y vis u ali z e a n d
a n al y z e l ar g e d at a s ets a n d i d e ntif y d at a cl ust ers. T h e t y p es of m a ps h a v e pr o v e d
t o b e h el pf ul i n o bt ai ni n g a n o v er vi e w of t h e c urr e nt cr o w d d e nsit y at a gl a n c e
[ 3 8]. I n t his c o nt e xt, a h e at m a p is gr a p hi c all y- d e pi ct e d t o r e pr es e nt s p ati al d at a
w h er e r e gi o ns ar e c ol or e d d e p e n di n g o n m e as ur e m e nt v al u es f o u n d at t h e s p e ci fi c
l o c ati o n [ 2 9]. I n o ur w or k, t h e h e at m a p r e pr es e nts h ot a n d c ol d ar e as o n t h e
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Al g o ri t h m 3 P ost- pr o c essi n g a n d vis u ali z ati o n.
I n p u t:

/ / n or m al m a p or h e at m a p
m a p T y p e ← n or m al o r h e at

/ / m a p u p d ati n g i nt e r v al ti m e i n s e c o n d
u p d ati n g D ur ati o n ← 1
/ / cl o s e t h e vi s u ali z ati o n

O u t p u t: n or m al m a p or h e at m a p

1: i m p orti n g l e a fl et li br a ri e s [ 3 6]
2: / / Cr e at e a n i niti al m a p of t h e c e nt e r of t h e e v e nt
3: m a p ← C all cr e at e m a p ( D ef a ult M a p c e nt e r [ 3 2. 2 2 7 9 5 6 5 2 2 2 5 6 1 3 6, 3 5. 2 2 2 1 2 7 3 1 6 5 1 9 6 2], D ef a ult Z o o m: 1 8)
4: L e a fl et- pr o vi d er s ← C all O p e n St r e et M a p l a y e r;
5: pr e vi e wi n g t h e i niti al m a p
6: c o n n e ct t o d at a b a s e
7: w hil e r e q u e st u p d at e s e v er y s e c o n d d o
8: e x e c ut e( d el et e r e c o r d s fr o m Li v e T a bl e w h e r e ti m e St a m p = c urr e nt Ti m e- 2 s e c o n d s)
9: d at a ← arr a y()()

1 0: w hil e r e c or d ← f et c h r e c o r d f r o m Li v e T a bl e d o
1 1: d at a. p u s h(r e c or d.l atit u d e,r e c o r d.l o n git u d e)
1 2: e n d w hil e
1 3: d at a ← j s o n. e n c o d e( d at a)
1 4: r e s et m a p
1 5: if m a p T y p e = n o r m al t h e n
1 6: f o r i = 0;i¡l e n gt h( d at a);i + + d o
1 7: m ar k er( d at a[i]). a d d T o( m a p)
1 8: e n d f o r
1 9: el s e
2 0: l a y er ← h e at L a y e r( d at a)[ 3 7]
2 1: a d d L a y er T o( m a p)
2 2: e n d if
2 3: if m a p i s cl o s e d t h e n
2 4: br e a k
2 5: e n d if
2 6: e n d w hil e
2 7: di s c o n n e ct fr o m d at a b a s e

b asis of p e d estri a ns’ m o v e m e nt d e nsiti es [ 3 9]. T h e h ot ar e as (r e d ar e as) ar e r e-
gi o ns w h er e t h e d e nsit y of p e d estri a ns is hi g h ( m or e t h a n 6 5 %, s e e [ 4 0] a n d [ 3 7]),
t h e c ol d ar e as ( bl u e ar e as) ar e r e gi o ns w h er e t h e p e d estri a ns d e nsit y is l o w (l ess
t h a n 4 0 %, s e e [ 4 0] a n d [ 3 7]), a n d t h e y ell o w c ol or e d ar e as ar e wit h d e nsiti es i n
b et w e e n. Fi g ur e 2 s h o ws a n e x a m pl e of a n or m al m a p a n d a h e at m a p t h at ar e
o bt ai n e d fr o m r e al e x p eri m e nts t h at w e h a v e c o n d u ct e d at t h e o p e n t h e at er at A n
N aj a h N ati o n al U ni v ersit y. I n Al g orit h m 3, li n es 1- 4, w e d et ail t h e st e ps t h at ar e
r e q uir e d t o i niti ali z e t h e m a ps of t h e e v e nt, b ot h n or m al a n d h e at m a ps. I n li n e
7, it r e q u ests t h e n e w p ositi o ns fr o m t h e P ost- pr o c essi n g of G P S D at a c o m p o n e nt
a n d c o n v ert t h e m i nt o J S O N f or m at i n li n e 1 3. T h e n it u p d at es t h e n or m al m a p
(li n es 1 5- 1 8), a n d als o u p d at es t h e h e at m a p i n li n es 2 0- 2 1. Al g orit h m 3 e x pl ai ns
P ost- Pr o c essi n g a n d Vis u ali z ati o n c o m p o n e nts i n d et ails.

4 E x p e ri m e n t al S e t u p

I n t his s e cti o n, w e pr es e nt t h e s et u p a n d d et ails of o ur e x p eri m e nts. I n or d er t o
e v al u at e t h e p erf or m a n c e of t h e pr o p os e d s yst e m, w e h a v e e x a mi n e d t h e f oll o wi n g
as p e cts:

1. E ffi ci e n c y of d at a c oll e cti o n m o d ul e: O ur g o al i n t his c o nt e xt is t o e v al u at e
t h e s yst e m’s a bilit y of a ut o m ati c all y c oll e cti n g p e d estri a ns’ tr aj e ct or y d at a
at e v er y s e c o n d, i n a d diti o n t o t h e a c c ur a c y of t h e c oll e ct e d G P S- b as e d d at a
at o p e n ar e as.

2. R e al ti m e d at a vis u ali z ati o n: O ur ai m h er e is t o m e as ur e t h e r u n-ti m e of
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T h e O p e n
T h e at er

T h e O p e n
T h e at er

A n -N aj a h N ati o n al U ni v ersit y, N e w C a m p us

Fi g ur e 2: S cr e e ns h ots of a vis u ali z ati o n s n a ps h ot. L eft: n or m al m a p. Ri g ht: h e at m a p ( Hi g h
d e nsit y: r e d, l o w d e nsit y: bl u e, b et w e e n l o w a n d hi g h: y ell o w)

t h e pr o p os e d s yst e m’s pr ot ot y p e, b y c al c ul ati n g t h e c o m p ut ati o n al ti m e f or
e v er y c o m p o n e nt of t h e s yst e m, i n a d diti o n t o c al c ul ati n g t h e We b p a g e’s
l o a di n g ti m e f or t h e vis u ali z ati o n pr o c ess f or b ot h n or m al a n d h e at m a ps.

T o d o t his, w e t a k e a n e m piri c al a p pr o a c h t o d e v el o p a pr ot ot y p e of t h e pr o-
p os e d s yst e m, c o n d u cti n g t hr e e t y p es of e x p eri m e nts:

1. A r e al- w orl d e x p eri m e nt al s c e n ari o w h er e w e us e d p e d estri a ns’ s m art p h o n e
d e vi c es t o c oll e ct t h eir tr aj e ct or y d at a at o p e n ar e as (s e e Fi g ur e 3) a n d s u b-
mit it t o a w e b s er v er. T h e m ai n g o al of t his e x p eri m e nt is t o e v al u at e t h e
e ffi ci e n c y of t h e d at a c oll e cti o n m o d ul e a n d st u d y t h e s yst e m’s a c c ur a c y i n
c oll e cti n g G P S- b as e d tr aj e ct or y d at a p ositi o ns at o p e n e v e nts / ar e as, as w ell
as m e as uri n g t h e c o m p ut ati o n al ti m e of e a c h c o m p o n e nt of t h e s yst e m’s pr o-
t ot y p e. T h e r e al- w orl d e x p eri m e nt w as c o n d u ct e d at s e v er al o p e n ar e as at
t h e n e w c a m p us at A n N aj a h N ati o n al U ni v ersit y i n P al esti n e. T h e f o c us
w as o n t h e o p e n t h e at er ar e a. T h e ar e a of t h e n e w c a m p us is a b o ut 1 3 7. 0 0 0
s q u ar e m et ers, a n d its b o u n di n g b o x is i d e nti fi e d b y t h e f oll o wi n g l atit u d e
a n d l o n git u d e: ( 3 2. 2 2 6 8 2, 3 5. 2 2 4 9 3), ( 3 2. 2 2 9 4, 3 5. 2 1 9 6). B ot h a n o p e n ar e a
wit h n o hi g h b uil di n gs a n d a n ot h er o p e n ar e a t h at is s urr o u n d e d b y hi g h
b uil di n gs w er e s el e ct e d. Fi g ur e 3 s h o ws t h e o p e n ar e as a n d t h e m ai n r o ut es
of t h e tr a c k e d p e d estri a ns. Ni n e us ers wit h di ff er e nt t y p es of a n dr oi d- b as e d
s m art p h o n es h a v e i nst all e d t h e a p pli c ati o n a n d p arti ci p at e d i n t his e x p er-
i m e nt. T h e y w er e di vi d e d i nt o t hr e e gr o u ps. E a c h gr o u p st art e d w al ki n g
n or m all y fr o m di ff er e nt p oi nts as s h o w n i n Fi g ur e 3.

2. A si m ul ati o n e x p eri m e nt w h er e w e r e pl a c e d p e d estri a ns’ s m art p h o n es wit h a
P H P s cri pt t o r a n d o ml y g e n er at e a v ari a bl e n u m b er of p ositi o ns a n d s u b mit
t h e m t o t h e w e b s er v er i n a n att e m pt t o e v al u at e t h e s er v er’s c o m p ut ati o n al
ti m e t a k e n b y t h e vis u ali z ati o n pr o c ess f or b ot h n or m al a n d h e at m a ps wit h
m or e a ut o- g e n er at e d tr aj e ct or y d at a.

3. A p a g e l o a di n g ti m e e x p eri m e nt w h er e w e c o m p ar e d t h e p a g e l o a di n g ti m e
of t h e d e v el o p e d s yst e m’s pr ot ot y p e wit h t w o w ell k n o w n w e b- b as e d s p ati al
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d at a vis u ali z ati o n s yst e ms i n a n att e m pt t o e v al u at e t h e p erf or m a n c e of t h e
r e al ti m e vis u ali z ati o n c o m p o n e nt of o ur s yst e m.

T h e Li br ar y

F a c ult y of 
Fi n e Arts

F a c ult y of
S ci e n c e

F a c ult y of
E n gi n e eri n g

A n -N aj a h N ati o n al U ni v ersit y, N e w C a m p u s

Fi g ur e 3: R e al e x p eri m e nt ar e a a n d t h e pl a n of p e d estri a ns’ m o v e m e nts.

We w o ul d li k e t o p oi nt o ut t h at o n e of t h e m ai n o bj e cti v es of t h e pr o p os e d
s yst e m is t o b e of l o w c ost a n d e ffi ci e nt. T h er ef or e, t h e d e v el o p e d pr ot ot y p e o nl y
e x pl oit e d e ffi ci e nt fr e e / o p e n s o ur c e s oft w ar e i n t h e s a m e m a n n er as r e p ort e d i n
[ 4 1]. I n t his c o nt e xt, w e d e v el o p e d t h e a n dr oi d- b as e d m o bil e a p pli c ati o n usi n g
J a v a a n d X M L. T o i m pl e m e nt t h e d at a pr o c essi n g c o m p o n e nts, w e us e d P H P,
J a v a S cri pt a n d J S O N. I n a d diti o n, w e us e d M y S Q L as o ur d at a b as e e n gi n e a n d
P H P t o i m pl e m e nt t h e d at a r e p osit or y c o m p o n e nt. F or t h e d at a vis u ali z ati o n
c o m p o n e nt, w e e m pl o y e d L e a fl et li br ar y [ 3 6], w hi c h is o n e of t h e m ost w ell k n o w n
a n d e ffi ci e nt o p e n s o ur c e J a v a S cri pt li br ari es f or vis u ali zi n g n or m al a n d h e at m a ps.
I n p arti c ul ar, t h e h e at m a p us e d L e a fl et. h e at pl u gi n [ 3 7] w hi c h us es a si m pl e- h e at
vis u ali z ati o n al g orit h m [ 4 0] t h at is c o m bi n e d wit h p oi nt cl ust eri n g t e c h ni q u e t o
f or m a p erf or m a n c e gri d [ 3 7]. T h e Si m pl e- h e at is a s u p er-ti n y J a v a S cri pt li br ar y
f or dr a wi n g h e at m a ps o n c a n v as f o c usi n g o n si m pli cit y a n d p erf or m a n c e [ 4 0].
H er e, t h e gri d is c ol or e d wit h h ot c ol or(r e d) w h e n m ulti pl e p oi nts ar e cl os e t o e a c h
ot h er a n d wit h c ol d c ol or ( bl u e) w h e n dis p ers e d. T h e c urr e nt s yst e m’s pr ot ot y p e
is h ost e d o n a s er v er wit h o n e c or e, I nt el( R) X e o n( R) Sil v er 4 2 1 4 C P U 2. 2 0 G H z
a n d 2 5 6 M B R A M. It c a n b e a c c ess e d e asil y b y a n y A n dr oi d- b as e d d e vi c e wit h
a n i nt er n et c o n n e cti o n. T h e a n dr oi d- b as e d m o bil e a p pli c ati o n is i nst all e d o n dif-
f er e nt t y p es of a n dr oi d- b as e d m o bil e p h o n es. Fi g ur e 4 s h o ws a s cr e e ns h ot of t h e
a n dr oi d- b as e d m o bil e a p pli c ati o n a n d a s cr e e ns h ot of t h e h o m e p a g e of t h e s ys-
t e m’s pr ot ot y p e. All cli e nt i m pl e m e nt ati o ns w er e r u n o n a p ers o n al c o m p ut er
r u n ni n g Wi n d o ws 1 0 wit h (i 5) 2. 4 G H Z pr o c ess or, 8 G B m e m or y a n d C hr o m e
br o ws er.

5 E v al u a ti o n a n d R e s ul t s

5. 1 R e al- W o rl d S c e n a ri o E x p e ri m e n t al R e s ul t s

T his s e cti o n ai ms t o e v al u at e t h e e ffi ci e n c y of t h e d at a c oll e cti o n p art b y m e as uri n g
t h e s m art p h o n e’s G P S h ori z o nt al a c c ur a c y f or c oll e cti n g tr aj e ct or y d at a p ositi o ns
at o p e n e v e nt, a n d t h e r e q uir e d s er v er c o m p ut ati o n al ti m e of e a c h c o m p o n e nt i n
t h e pr o p os e d s yst e m’s pr ot ot y p e.
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Fi g ur e 4: S cr e e ns h ots: L eft. A n dr oi d- b as e d m o bil e a p pli c ati o n. Ri g ht. H o m e p a g e of t h e s yst e m’s
pr ot ot y p e

5. 1. 1 D a t a C oll e c ti o n

T h e e ffi ci e n c y of t h e d at a c oll e cti o n p art is dis c uss e d i n t his s e cti o n, As s h o w n
i n T a bl e 2, 1 4 1 8 4 p ositi o ns w er e c oll e ct e d i n t his e x p eri m e nt o n M ar 4, 2 0 2 0,
t h e e x p eri m e nt st art e d at 1 1: 2 7: 4 0 a n d e n d e d u p at 1 1: 5 6: 5 4 b as e d o n l o c al ti m e
of P al esti n e as ill ustr at e d i n Fi g ur e 6. I n T a bl e 2 w e als o s h o w a s u m m ar y of
t h e c oll e ct e d p ositi o ns. T h e d el a y i n c o n n e cti o n t o t h e i nt er n et a n d gi vi n g t h e
p er missi o n t o t h e a n dr oi d a p pli c ati o n b y t h e us er t o st art c oll e cti n g t h e c urr e nt
p ositi o n as w ell as t h e e n d p er missi o n c a us e d a di ff er e n c e i n t h e st art a n d e n d
ti m es b et w e e n t h e us ers, es p e ci all y at t h e st art ti m e.

T a bl e 2: S u m m ar y of t h e c oll e ct e d p ositi o ns

U s e r N o.  S t a r t ti m e  E n d ti m e  D u r a ti o n ( s e c o n d )  N o. of p o si ti o n s  S u c c e s s %

1 9: 2 7: 4 0 A M 9: 5 6: 4 3 A M 1 7 4 3 1 6 4 4 9 4. 3 2
2 9: 2 8: 0 3 A M 9: 5 6: 5 3 A M 1 7 3 0 1 7 2 4 9 9. 6 5
3 9: 2 8: 1 2 A M 9: 5 6: 5 4 A M 1 7 2 2 1 7 2 2 1 0 0. 0 0
4 9: 2 9: 4 7 A M 9: 5 6: 4 8 A M 1 6 2 1 1 5 8 1 9 7. 5 3
5 9: 3 1: 4 4 A M 9: 5 6: 5 4 A M 1 5 1 0 1 5 1 0 1 0 0. 0 0
6 9: 3 0: 1 9 A M 9: 5 5: 5 5 A M 1 5 3 6 1 5 3 4 9 9. 8 7
7 9: 2 8: 1 3 A M 9: 5 6: 5 3 A M 1 7 2 0 1 6 9 5 9 8. 5 5
8 9: 2 9: 3 2 A M 9: 5 6: 5 2 A M 1 6 4 0 1 6 3 2 9 9. 5 1
9 9: 3 7: 4 7 A M 9: 5 6: 5 2 A M 1 1 4 5 1 1 4 2 9 9. 7 4

T h e d ur ati o n c ol u m n i n T a bl e 2 s h o ws t h e e x p eri m e nt’s d ur ati o n i n s e c o n ds
f or e a c h us er. It is a n i n di c at or f or t h e e x p e ct e d n u m b er of c oll e ct e d p ositi o ns,
w h er e e a c h s e c o n d m e a ns o n e c oll e ct e d p ositi o n f or e a c h us er. Us ers 2, 3, 5 - 9
a c hi e v e d m or e t h a n 9 9. 5 % of e x p e ct e d n u m b er of c oll e ct e d p ositi o ns, w hil e us ers
1 a n d 4 c oll e ct e d 9 4. 3 2 % a n d 9 7. 5 3 %, r es p e cti v el y fr o m t h e e x p e ct e d c oll e ct e d
p ositi o ns. O n e r e as o n f or t h e f ail ur e i n c oll e cti n g o n e p ositi o n at o n e s e c o n d is t h e
w e a k i nt er n et c o n n e cti o n. Fi g ur e 5 pr es e nts c o m p aris o ns b et w e e n t h e c oll e ct e d
p ositi o ns a n d t h e e x p e ct e d n u m b er of c oll e ct e d p ositi o ns f or e a c h us er. Als o, t h e
a v er a g e of c oll e ct e d p ositi o ns is 9 8. 8 % at di ff er e nt cir c u mst a n c es s u c h as: o p e n
ar e a, o p e n ar e a s urr o u n d e d b y hi g h b uil di n g, di ff er e nt t y p es of a n dr oi d- b as e d
s m art p h o n es a n d p o or i nt er n et c o n n e cti o n s o m eti m es. As a r es ult, t h e a n dr oi d-
b as e d m o bil e a p pli c ati o n a n d t h e pr e- pr o c essi n g of G P S d at a c o m p o n e nts w er e
9 8. 8 % e ffi ci e nt i n c oll e cti n g t h e c urr e nt p ositi o ns of p e d estri a ns r e g ul arl y at e v er y
o n e s e c o n d.
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Fi g ur e 5: C o m p aris o n b et w e e n t h e n u m b er of c oll e ct e d p ositi o ns a n d t h e n u m b er of e x p e ct e d
p ositi o ns.

5. 1. 2 A c c u r a c y E v al u a ti o n

I n t his s e cti o n, o ur g o al is t o st u d y a n d m e as ur e t h e h ori z o nt al a c c ur a c y of t h e
c oll e ct e d G P S d at a (l atit u d e a n d l o n git u d e) b y t h e a n dr oi d- b as e d s m art p h o n es
(s m art p h o n es’ G P S h ori z o nt al a c c ur a c y); t o s e e if t h e y c a n c oll e ct tr aj e ct or y
p ositi o ns wit h g o o d h ori z o nt al a c c ur a c y.

I n o ur pr ot ot y p e, w e us e d t h e a n dr oi d l o c ati o n s er vi c e t o fi n d t h e c urr e nt p o-
siti o n wit h its esti m at e d h ori z o nt al a c c ur a c y. I n t his c o nt e xt, t h e t er m h ori z o nt al
a c c ur a c y is d e fi n e d as t h e r a di us (i n m et er) of 6 8 % c o n fi d e n c e [ 4 2]. I n ot h er
w or ds, if w e dr a w a cir cl e c e nt er e d at t his p ositi o n’s l atit u d e a n d l o n git u d e, a n d
wit h a r a di us e q u als t o t h e a c c ur a c y v al u e, t h e n t h er e is a 6 8 % pr o b a bilit y t h at
t h e tr u e l o c ati o n is i nsi d e t h e cir cl e. Si g n al bl o c k a g e, at m os p h eri c c o n diti o ns,
a n d r e c ei v er d esi g n f e at ur es / q u alit y ar e t h e m ai n l o c al f a ct ors t h at a ff e ct G P S
p ositi o ni n g a c c ur a c y [ 4 3, 3 4]. T h er ef or e, i n t h e r e al e x p eri m e nt, w e t o o k t h es e
f a ct ors i nt o c o nsi d er ati o n t o si m ul at e r e al- w orl d s c e n ari os. T h e ar e a of t h e e x-
p eri m e nt is di vi d e d i nt o t w o p arts. T h e first ar e a is t h e o p e n t h e at er ar e a wit h
n o hi g h b uil di n g, s e e Fi g ur e 6. b. Fi g ur e 6. c pr es e nts t h e s e c o n d ar e a w hi c h c o n-
t ai ns hi g h b uil di n gs. T h e g o al of t his di visi o n is t o m e as ur e t h e a c c ur a c y at t h e
o p e n ar e a wit h n o b uil di n gs as w ell as t h e ar e a wit h hi g h b uil di n gs usi n g v ari o us
a n dr oi d- b as e d s m art p h o n e t y p es, s e e Fi g ur e 6.

T a bl e 3: S u m m ar y of t h e c oll e ct e d p ositi o ns’ a c c ur a c y.

T h e o p e n t h e a t e r ( A r e a b ) A r e a c
A c c u r a c y ( m e t e r ) A c c u r a c y ( m e t e r )

U s e r N o.  P o si ti o n s  A v e r a g e  B e s t  W o r s t P o si ti o n s  A v e r a g e  W o r s t  B e s t
1 5 3 2  7. 4 3  7. 2  7. 6 1 1 1 2  7. 4 8  9. 7  7
2 9 3 1  2. 8 7  1. 5  7. 5 7 9 3  4. 0 3  1 2. 5  1. 5
3 9 2 2  3. 7 8  3  9. 5 8 0 0  4. 4 9  2 4  2
4 9 0 0  4. 9 2  2. 5  9 6 8 1  6. 0 1  1 4  2
5 5 5 8  2. 4 7  1  3. 4 9 5 2  2. 5 2  4. 1  1
6 1 1 3 4  3. 2 2  3. 2 2  3. 2 2 4 0 0  5. 4 6  1 0. 5  3. 2 2
7 9 0 9  3. 7 7  2  9 7 8 6  7. 1 9  3 4. 5  2. 5
8 5 5 7  3. 5 6  2  6 1 0 7 5  4. 2 4  1 7  2
9 5 5 7  6. 8 6  5  9. 5 5 8 5  8. 1 5  2 0  5

T h e r es ults i n T a bl e 3 s h o w t h e n u m b er of c oll e ct e d p ositi o ns, e x p e ct e d a v er a g e,
t h e b est a n d t h e w orst h ori z o nt al a c c ur a c y m e as ur es f or e a c h us er i n b ot h ar e as
b a n d c. T h e t ot al n u m b er of c oll e ct e d p ositi o ns i n t h e t w o ar e as is r o u g hl y
t h e s a m e ( ar e a b: 7 0 0 0, ar e a c: 7 1 8 4). T h e a v er a g e of t h e h ori z o nt al a c c ur a c y
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Fi g ur e 6: T h e r e al e x p eri m e nt ar e a. a. All ar e a of e x p eri m e nt. b. T h e o p e n t h e at er ar e a w hi c h
d o es n ot c o nt ai n hi g h b uil di n gs. c. T his ar e a is o p e n wit h hi g h b uil di n gs.

Fi g ur e 7: L o c ati o ns of p ositi o ns wit h a c c ur a c y gr at er t h a n 1 0 m et ers.

f or all us ers i n ar e a b w as wit hi n f o ur m et ers, w hil e i n ar e a c, it w as l ess t h a n
5. 1 8 m et ers. T h es e r es ults s h o w t h at t h e a c c ur a c y is a ff e ct e d b y t h e pr es e n c e
of hi g h b uil di n gs. T o g u ar a nt e e t h e a c c ur a c y of o ur s yst e m, t h e p ost- pr o c essi n g
c o m p o n e nt o nl y pr o c ess es t h e a c c ur at el y ( wit hi n 5 m et ers) c oll e ct e d p ositi o ns f or
vis u ali z ati o n c o m p o n e nt. Fi g ur e 7 e x pl ai ns t h e l o c ati o ns of t h e c oll e ct e d p ositi o ns
t h at h a v e m or e t h a n 1 0 m et ers as a n a c c ur a c y, w h er e all of t h e m w er e l o c at e d
n e ar t o hi g h b uil di n gs.

M a n y of t h e o p e n a n d l ar g e i m p ort a nt cr o w d e d e v e nts ar e or g a ni z e d at o p e n
e n vir o n m e nt wit h v er y littl e si g n al bl o c k a g e as t h e o p e n t h e at er ar e a i n o ur st u d y.
T h er ef or e, w e ar e hi g hli g hti n g t h e r es ults t h at w er e c oll e ct e d fr o m t h e o p e n t h e at er
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ar e a. T h e si g ni fi c a nt di ff er e n c e i n t h e a v er a g e of a c c ur a c y b et w e e n t h e us ers is
d e pi ct e d i n Fi g ur e 8. As s h o w i n t his fi g ur e, T h e l o w est a c c ur a c y v al u e w as
r e c or d e d f or Us er 1 wit h 7. 4 3 m et ers o ffs et, w hil e t h e hi g h est a c c ur a c y v al u e w as
m ar k e d f or us er 5 wit h 2. 4 7 m et ers. T h e a c c ur a c y m e as ur es f or si x ot h er us ers ( 2,
3, 5, 6, 7, 8) w er e l ess t h a n 4 m et ers. We h a v e c o nsi d er e d t h e t h e s a m e ar e a ( ar e a
b) a n d t h e s a m e w e at h er c o n diti o ns f or all us ers, h o w e v er, t h e q u alit y of i nst all e d
G P S s e ns ors o n t h e us e d s m art p h o n e d e vi c es w as di ff er e nt, w hi c h e x pl ai ns t h e
v ari a n c e i n a c c ur a c y m e as ur es.
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Fi g ur e 8: T h e a v er a g e of a c c ur a c y f or e a c h us er i n t h e o p e n t h e at er ar e a ( ar e a b).

T a bl e 3 s h o ws t h at t h e c oll e ct e d p ositi o ns b y us er 1 a n d 9 ar e wit h m or e t h a n 5
m et ers a c c ur a c y. M e a n w hil e, ot h er us ers c oll e ct e d p ositi o ns wit h b ett er a c c ur a c y.
T h e m ai n r e as o n f or t h at is t h e q u alit y of t h e G P S s e ns or us e d b y us ers 1 a n d 9
w hi c h is l ess e ffi ci e nt c o m p ar e d t o ot h ers [ 3 3]. As a r es ult, m o d er n a n dr oi d- b as e d
s m art p h o n es h a v e a g o o d a bilit y t o c oll e ct p ositi o ns i n o p e n ar e a wit h n o hi g h
b uil di n gs wit hi n 4 m et ers a c c ur a c y or l ess. I n c o m p aris o n wit h i P h o n e 6- b as e d
A v e n z a s oft w ar e f or c a pt uri n g h ori z o nt al p ositi o ns at o p e n ar e a t h at is r e p ort e d
i n [ 4 4], o ur s yst e m a c hi e v es b ett er a c c ur a c y w hi c h is wit hi n 4 m et ers, w hil e t h e
ot h er s yst e m’s a c c ur a c y is wit hi n 7- 1 3 m et ers.

5. 1. 3 S e r v e r C o m p u t a ti o n al Ti m e

T h e s e cti o n ai ms t o e v al u at e t h e s er v er c o m p ut ati o n al ti m e of t h e pr o p os e d s ys-
t e m’s pr ot ot y p e b as e d o n t h e r e al e x p eri m e nt. I n a d diti o n t o a c c ur a c y as p e cts of
t h e pr o p os e d s yst e m, i n t h es e e x p eri m e nts w e h a v e als o c o nsi d er e d a n ot h er i m-
p ort a nt as p e ct t h at pl a ys a cr u ci al r ol e o n t h e o v er all’s q u alit y of t h e s yst e m. O ur
ai m i n t his c o nt e xt is t o e v al u at e t h e s er v er’s c o m p ut ati o n al ti m e of e a c h of t h e
v ari o us c o m p o n e nts of o ur pr o p os e d s yst e m’s pr ot ot y p e. As w e c a n s e e i n T a bl e
4, t h e G P S d at a pr e- pr o c essi n g c o m p o n e nt t o o k 1 8. 8 millis e c o n ds o n a v er a g e t o
pr e- pr o c ess e a c h s u b mitt e d p ositi o n fr o m t h e 1 4 1 8 4 p ositi o ns a n d t o st or e t his
i nt o t h e t w o t a bl es of t h e r e p osit or y c o m p o n e nt. O n t h e ot h er h a n d, t h e c o m p u-
t ati o n al ti m e f or p ost- pr o c essi n g t h e r e c ei v e d G P S d at a a n d f urt h er vis u ali zi n g it
i n t h e f or ms of n or m al a n d h e at m a ps f or t h e ni n e us ers w h o w er e m o vi n g c o n-
c urr e ntl y w as r e c or d e d b y t h e s yst e m. T h e t ot al n u m b er of r u ns r e c or d e d i n e a c h
c o m p o n e nt w as 1 1 3 0 ti m es. T h e a v er a g e c o m p ut ati o n al ti m e f or p ost- pr o c essi n g
G P S d at a (t o pr o c ess a n d r etri e v e t h e c urr e nt p ositi o ns) a n d s e n d t h e m t o t h e
vis u ali z ati o n c o m p o n e nt f or all r u ns w as 0. 4 3 millis e c o n ds. F or t h e vis u ali z ati o n
c o m p o n e nt, t h e a v er a g e c o m p ut ati o n al ti m es n e e d e d t o vis u ali z e n or m al m a ps a n d
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h e at m a ps w er e 1 2. 3 4 millis e c o n ds a n d 8. 8 millis e c o n ds, r es p e cti v el y. T h e c o m p u-
t ati o n al ti m e di ff er e n c e b et w e e n b ot h t e c h ni q u es i n cr e as es si g ni fi c a ntl y w h e n t h e y
ar e a p pli e d o n m or e d at a p oi nts. S e e Fi g ur e 9 a n d t a bl e 4. I n t h e n e xt s e cti o n
5. 2, w e d e m o nstr at e t h e i m p a ct of i n cr e asi n g t h e n u m b er of d at a p oi nts o n t h e
r e q uir e d ti m e f or vis u ali zi n g b ot h t y p es of m a ps.

T a bl e 4: T h e c o m p ut ati o n al ti m e of e a c h c o m p o n e nt is b as e d o n t h e r e al- w orl d e x p eri m e nt.

C o m p o n e n t N u m b e r of r u n s C o m p u t a ti o n al ti m e ( milli s e c o n d )

P r e- P r o c e s si n g 1 4 1 8 4 1 8. 7 9 3 4 4 6
P ost- Pr o c essi n g 1 1 3 0 0. 4 2 6 0 8
Vis u ali z ati o n- N or m al M a p 1 1 3 0 1 2. 3 4
Vis u ali z ati o n- H e at M a p 1 1 3 0 8. 8
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Fi g ur e 9: T h e c o m p ut ati o n al ti m e of t h e m ai n c o m p o n e nts.

T h e p ost- pr o c essi n g c o m p o n e nt t o o k l ess ti m e c o m p ar e d t o t h e vis u ali z ati o n
c o m p o n e nt f or all r u ns. T h e m ai n r e as o n is b e c a us e t h e pr e- pr o c essi n g c o m p o n e nt
( w hi c h is r es p o nsi bl e f or st ori n g o nl y t h e a c c ur at e p ositi o ns wit hi n t h e s p e ci fi e d
ar e a i n a s e p ar at e t a bl e) d el et es t h e pr e vi o us p ositi o n of t h e s a m e us er fr o m t h e
d at a ar c hi vi n g t a bl e.

B as e d o n t h e r e al- w orl d e x p eri m e nt, t h e r es ults s h o w t h at t h e s yst e m’s pr o-
t ot y p e c a n pr o c ess, st or e a n d vis u ali z e t h e ni n e p e d estri a n p ositi o ns i n l ess t h a n
3 5 millis e c o n ds. O n t h e ot h er h a n d, p ost- pr o c essi n g wit h n or m al m a p vis u ali z ati o n
a n d p ost- pr o c essi n g wit h h e at m a p vis u ali z ati o n r e q uir e d a b o ut 4 1 % a n d 3 4 %, r e-
s p e cti v el y of t h e c o m p ut ati o n al ti m e r e q uir e d b y t h e pr e- pr o c essi n g a n d r e p osit or y
c o m p o n e nts w hi c h n e e d e d m or e t h a n 5 0 % of t h e c o m p ut ati o n al ti m e. H o w e v er,
t h es e p er c e nt a g es will c h a n g e w h e n a p pli e d t o l ar g er d at as ets of tr aj e ct or y p oi nts
b e c a us e e v er y r e q u est i n t h e pr e- pr o c essi n g c o m p o n e nt is a p pli e d o n o n e p ositi o n
(it pr o c ess es m ulti pl e r e q u ests at t h e s a m e ti m e i n p ar all el), w hil e e v er y r e q u est
i n t h e p ost- pr o c essi n g a n d vis u ali z ati o n c o m p o n e nts is a p pli e d o n all c urr e nt p o-
siti o ns. T his m e a ns t h at t h e t ot al c o m p ut ati o n al ti m e of p ost- pr o c essi n g a n d
vis u ali z ati o n c o m p o n e nts i n cr e as es w h e n t h e n u m b er of t h e c urr e nt p ositi o ns i n-
cr e as es. T h er ef or e, t h e r e al- w orl d e x p eri m e nt t h at w as c o n d u ct e d t o e v al u at e t h e
s yst e m’s pr ot ot y p e w as n ot s u ffi ci e nt t o e v al u at e t h e c o m p ut ati o n al ti m e of t h e
p ost- pr o c essi n g a n d vis u ali z ati o n c o m p o n e nts. T h er ef or e, i n n e xt s e cti o n, w e t est
t h e p ost- pr o c essi n g a n d vis u ali z ati o n c o m p o n e nts o v er m or e p ositi o ns.
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5. 2 Si m ul a ti o n- b a s e d E x p e ri m e n t al R e s ul t s

I n t his s e cti o n, w e e v al u at e t h e s er v er’s c o m p ut ati o n al ti m e r e q uir e d b y t h e p ost-
pr o c essi n g a n d vis u ali z ati o n c o m p o n e nts o v er a gr e at er n u m b er of p ositi o ns. As
w e h a v e p oi nt e d o ut i n t h e pr e vi o us s e cti o n, t h e n u m b er of p ositi o ns t h at c a n b e
h a n dl e d b y t h e p ost- pr o c essi n g a n d vis u ali z ati o n c o m p o n e nts a ff e cts t h e c o m p u-
t ati o n al ti m e of t h es e c o m p o n e nts. I n a n att e m pt t o d e m o nstr at e t his e ff e ct, w e
h a v e r e pl a c e d t h e r e al- w orl d a n dr oi d- b as e d m o bil e a p pli c ati o n wit h a P H P s cri pt
t h at g e n er at e d a gr e at er n u m b er of p ositi o ns r a n d o ml y wit hi n t h e ar e a of t h e o p e n
t h e at er a n d s u b mitt e d t h e m t o a w e b s er v er. T o d o s o, ni n et e e n e x p eri m e nts t h at
st art e d fr o m 1 0 0 p ositi o ns a n d fi nis h e d wit h 5 0 0 0 p ositi o ns w er e c o n d u ct e d t o
e v al u at e t h e c o m p ut ati o n al ti m e f or t h e e m pl o y e d c o m p o n e nts o v er di ff er e nt d at a
si z es. T a bl e 5 s h o ws t h e r es ults of t his st e p. T o r e d u c e t h e e ff e cts of fl u ct u ati o ns
i n t h e c o m p ut ati o n al ti m e, e a c h e x p eri m e nt w as r u n t w e nt y ti m es, a n d w e t o o k
t h e a v er a g e of all ti m es f or e a c h r u n.

T a bl e 5: C o m p ut ati o n al ti m e of p ost- pr o c essi n g n or m al a n d h e at m a ps

C o m p u t a ti o n al ti m e ( milli s e c o n d s )
C a s e P o si ti o n s n u m. P o s t- P r o c e s si n g N o r m al vi s u ali z a ti o n H e a t vi s u ali z a ti o n

1 1 0 0 0. 9 9 1 3 6. 5 5 1 2 0. 2
2 2 0 0 1. 4 1 5 8. 2 1 1 9. 2
3 4 0 0 1. 9 5 6 2 1 1. 5 6 1 2 2. 7
4 6 0 0 2. 6 9 8 2 5 6 1 2 5
5 8 0 0 3. 2 6 2 3 1 1. 8 6 1 4 6. 2
6 1 0 0 0 3. 7 9 1 0 6 3 5 6. 8 1 5 5. 2
7 1 2 0 0 4. 9 5 2 3 9 1 1 5 9. 7
8 1 4 0 0 4. 9 9 7 8 6 4 0 9 1 6 1. 2
9 1 6 0 0 5. 8 0 7 5 4 5 1 1 6 1. 8
1 0 1 8 0 0 6. 7 4 5 0 4 1 6 1. 9
1 1 2 0 0 0 6. 7 9 0 8 5 5 3 1 6 3. 6
1 2 2 2 0 0 7. 4 4 3 9 5 7 1 1 6 3. 4
1 3 2 6 0 0 8. 8 4 4 9 6 5 5 1 7 5. 4
1 4 3 0 0 0 1 0. 3 9 0 8 8 2 2. 6 3 1 8 4. 8
1 5 3 4 0 0 1 1. 9 3 9 9 8 8 3 2 0 5
1 6 3 8 0 0 1 3. 0 0 9 0 8 2 1 0 5 0 2 2 6. 6
1 7 4 2 0 0 1 3. 8 3 7 5 1 1 4 0 2 3 4. 2
1 8 4 6 0 0 1 4. 8 3 5 3 1 2 9 4 2 4 5. 4
1 9 5 0 0 0 1 6. 4 7 9 1 4 7 0 2 6 0. 4

T h e r es ults i n T a bl e 5 a n d Fi g ur e 1 0 s h o w t h at t h e c o m p ut ati o n al ti m e f or p ost-
pr o c essi n g a n d n or m al a n d h e at m a ps vis u ali z ati o n c o m p o n e nts i n cr e as es w h e n
t h e n u m b er of p ositi o ns i n cr e as es. Fi g ur e 1 0 pr es e nts t h e c o m p ut ati o n al ti m e
n e e d e d t o vis u ali z e t h e c urr e nt p ositi o ns i n h e at m a p a n d n or m al m a p f or m ats
f or 1 9 c as es. E a c h vis u ali z ati o n pr o c ess c o nsists of t w o c o m p o n e nts, r etri e vi n g
c urr e nt p ositi o ns ( Li v e T a bl e) b y p ost- pr o c essi n g c o m p o n e nt a n d vis u ali zi n g t h e m
b y vis u ali z ati o n c o m p o n e nt b as e d o n t h e m a p’s f or m at. T h e o bt ai n e d r es ults s h o w
t h at t h e p ost- pr o c essi n g c o m p o n e nt t o o k v er y s h ort c o m p ut ati o n al ti m e c o m p ar e d
t o t h e m a p vis u ali z ati o n c o m p o n e nt. A n d t h e c o m p ut ati o n al ti m e n e e d e d f or
vis u ali zi n g all p ositi o ns i n t h e l ar g est c as e ( 5 0 0 0 p ositi o ns) i n n or m al a n d h e at
m a ps w er e 1 4 8 7 millis e c o n ds a n d 2 7 7 millis e c o n ds, r es p e cti v el y. T h e m ai n r e as o n
of t h e di ff er e n c e i n ti m e b et w e e n t h e m ar e t h e l e a fl et pl u gi ns t h at ar e us e d b y t h e
s yst e m. N or m al vis u ali z ati o n us e d m ar k er pl u gi n [ 3 6] w hil e h e at m a p vis u ali z ati o n
us e d h e at m a p pl u gi n [ 3 7]. T h e r e pr es e nt ati o n of e a c h p oi nt wit h i c o n i n m ar k er
pl u gi n [ 3 6] i n cr e as es t h e c o m p ut ati o n al ti m e f or l o a di n g a n d r e n d eri n g, w hil e t h e
h e at m a p pl u gi n d o es n ot us e a n y i c o n f or r e pr es e nt ati o n [ 4 5]. I n a d diti o n t o
t h at, L e a fl et. h e at pl u gi n [ 3 7] us e d a si m pl e- h e at al g orit h m [ 4 0] t h at is v er y f ast.
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I n Fi g ur e 1 0, n or m al m a p is a ff e ct e d si g ni fi c a ntl y b y i n cr e asi n g t h e a m o u nt of
d at a. T h e ti m e i n n or m al m a p is d u pli c at e d 1 1 ti m es w hil e it is d u pli c at e d t wi c e
i n h e at m a p fr o m t h e first c as e u ntil t h e l ast c as e. L e a fl et. h e at pl u gi n a c hi e v es
m u c h l o w er r e n d eri n g ti m es t h a n t h e n or m al m a p ( p oi nts m a p). A c c or di n g t o
[ 4 5], t h e l e a fl et. h e at pl u gi n r e n d er e d a m a xi m u m of t hr e e milli o n p oi nts i n 1 6, 3 1 3. 7
millis e c o n ds, w hil e n or m al m a ps [ 3 6] r e n d er e d a m a xi m u m of 1 0 0, 0 0 0 p oi nts. T his
m e a ns, t h e h e at m a p vis u ali z ati o n is m or e s uit a bl e f or vis u ali zi n g a l ar g e a m o u nt
of d at a i n r e al ti m e t h a n n or m al m a ps. I n a d diti o n t o t h at, n or m al m a ps c o v er
a n e ntir e m a p ar e a, m a ki n g e a c h f e at ur e i m p ossi bl e t o b e i d e nti fi e d [ 4 5].
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Fi g ur e 1 0: C o m p ut ati o n al ti m e f or p ost- pr o c essi n g a n d vis u ali zi n g n or m al a n d h e at m a ps o v er
di ff er e nt n u m b ers of P ositi o ns.

5. 3 P a g e L o a d Ti m e E x p e ri m e n t al R e s ul t s

I n t his s e cti o n, w e e v al u at e t h e p erf or m a n c e of t h e r e al ti m e vis u ali z ati o n m o d ul e
of t h e pr o p os e d s yst e m’s pr ot ot y p e. I n p arti c ul ar, w e c o m p ar e t h e e x e c uti o n
( a. k. a. P a g e L o a di n g) ti m e r e q uir e d b y t h e pr o p os e d s yst e m’s pr ot ot y p e, M a pti v e
[ 4 6] a n d e S p ati al [ 4 7] s yst e ms t o l o a d a n d dis pl a y b ot h n or m al a n d h e at m a ps
o v er 1 3 G P S d at a s ets w hi c h ar e g e n er at e d r a n d o ml y. A P a g e l o a di n g ti m e i n
t his c o nt e xt is d e fi n e d as t h e a v er a g e a m o u nt of ti m e it t a k es f or a p a g e t o s h o w
u p o n a cli e nt d e vi c e s cr e e n, a n d it is c al c ul at e d fr o m t h e m o m e nt at w hi c h t h e
us er cli c ks o n a p a g e li n k or t y p es i n a We b a d dr ess u ntil t h e p a g e is f ull y l o a d e d
o n t h e cli e nt’s br o ws er [ 4 8]. T his c o m p aris o n crit eri o n is hi g hl y v ari a bl e d u e t o
di ff er e nt f a ct ors, s u c h as cli e nt d e vi c es, n et w or k c o n n e cti o n, i n a d diti o n t o ot h er
t e c h ni c al s p e ci fi c ati o n as r e p ort e d i n [ 4 8]. T h er ef or e, t o m a k e a f air c o m p aris o n, w e
h a v e us e d t h e s a m e i nt er n et c o n n e cti o n, cli e nt d e vi c e, cli e nt br o ws er a n d C hr o m e
D e v T o ols t o m e as ur e t h e w e b p a g e l o a di n g ti m e. B ot h M a pti v e a n d e S p ati al ar e
e ffi ci e nt, a v ail a bl e o nli n e a n d w ell- k n o w n r e al ti m e w e b- b as e d s p ati al vis u ali z ati o n
s yst e ms t h at s u p p ort t h e vis u ali z ati o n of b ot h n or m al a n d h e at m a ps. T o c arr y o ut
t h e e x p eri m e nt, w e us e d C hr o m e D e v T o ols [ 4 9] t o m e as ur e t h e w e b p a g e l o a di n g
ti m e at e a c h r u n. E a c h e x p eri m e nt w as r u n t w e nt y ti m es, a n d w e c al c ul at e d t h e
a v er a g e r es ults pr o d u c e d p er e a c h r u n.

T a bl e 6, Fi g ur e 1 1 a n d Fi g ur e 1 2 s h o w t h e e x p eri m e nt al r es ults of w e b p a g e
l o a di n g ti m e f or t h e pr o p os e d s yst e m’s pr ot ot y p e, M a pti v e a n d e S p ati al w e b- b as e d
s yst e ms. As t h e r es ults d e m o nstr at e, usi n g t h e pr o p os e d s yst e m, w e w er e a bl e t o
a c hi e v e t h e b est w e b p a g e l o a di n g ti m e r e q uir e d t o vis u ali z e b ot h n or m al a n d h e at
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T a bl e 6: We b p a g e l o a di n g ti m e r e q uir e d b y o ur pr o p os e d s yst e m a g ai nst M a pti v e a n d e S p ati al
s yst e ms.

D a t a s e t  P o si ti o n s n u m.  M a p ti v e e S p a ti al  T h e p r o p o s e d s y s t e m
N or m al m a p H e at m a p N or m al m a p H e at m a p N or m al m a p H e at m a p

1 5 0 0 0 9, 2 0 4 9, 7 0 8 4, 9 6 8 5, 8 5 6 4, 4 5 8 0, 8 4 7
2 4 6 0 0 8, 6 7 8 9, 5 0 6 4, 8 0 8 5, 6 8 6 4, 2 5 4 0, 6 9 6 2
3 4 2 0 0 8, 6 2 6 9, 3 1 2 4, 3 0 6 5, 3 4 4 3, 8 0, 5 8 9
4 3 8 0 0 8, 5 9 9, 2 2 4 3, 7 1 2 5, 2 6 2 3, 2 0, 5 3 8 8
5 3 4 0 0 8, 4 1 2 9, 1 3 2 3, 5 3 8 5, 1 6 4 3, 0 1 8 0, 4 7 0 2
6 3 0 0 0 8, 1 1 4 9, 0 7 3, 4 6 8 4, 8 2 4 2, 5 1 6 0, 3 9 4 4
7 2 6 0 0 7, 9 9 4 8, 8 7 8 3, 1 8 6 4, 1 5 6 2, 3 4 4 0, 3 9 0 2
8 2 2 0 0 7, 8 4 8, 5 9 2 3, 1 5 4 3, 9 3 8 1, 8 5 6 0, 3 8 7
9 1 8 0 0 7, 7 2 2 8, 4 3 2 3, 0 7 3, 8 2 4 1, 5 1 0, 3 6 6 6
1 0 1 4 0 0 7, 6 8, 2 9 4 2, 9 9 4 3, 7 0 4 1, 3 4 2 0, 3 5 4 4
1 1 1 0 0 0 7, 5 8 8, 1 9 2 2, 9 2 2 3, 6 9 4 1, 0 9 2 0, 3 4 3 8
1 2 6 0 0 7, 5 6 6 8, 1 6 6 2, 8 2 8 3, 6 1 8 0, 7 9 0, 3 3 8 6
1 3 2 0 0 7, 4 6 8 8, 0 9 2, 6 6 3, 5 8 4 0, 5 0 2 0, 3 3 8 2
A v e r a g e
( s e c o n d )

8, 1 1 8, 8 2 3, 5 1 4, 5 1 2, 3 6 0, 4 7
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Fi g ur e 1 1: We b p a g e l o a di n g ti m e of n or m al m a p vis u ali z ati o n o v er a di ff er e nt n u m b er of P ositi o ns.
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Fi g ur e 1 2: We b p a g e l o a di n g ti m e of h e at m a p vis u ali z ati o n o v er a di ff er e nt n u m b er of P ositi o ns.

m a ps o v er all d at a s ets. O n a v er a g e, t h e pr o p os e d s yst e m t o o k 0. 7 1 % a n d 0. 3 3 %
l ess t h a n M a pti v e a n d e S p ati al w e b- b as e d s yst e m r es p e cti v el y, t o vis u ali z e t h e
n or m al m a p. M or e o v er, it n e e d e d 0. 0 5 % a n d 0. 1 % fr o m t h e w e b p a g e l o a di n g ti m e
t h at ar e n e e d e d i n M a pti v e a n d e S p ati al t o vis u ali z e h e at m a ps. I n ot h er w or ds,
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o ur s yst e m’s pr ot ot y p e vis u ali z e d 5 0 0 0 d at a p oi nts i n h e at m a p r e pr es e nt ati o n i n
l ess t h a n a s e c o n d w hil e M a pti v e a n d e S p ati al c ost e d 5. 8 s e c o n ds a n d 9. 2 s e c o n ds
r es p e cti v el y. T h e m ai n r e as o n f or t h es e r es ults is t h e e ffi ci e n c y of t h e L e a fl et
li br ari es f or d e pi cti n g t h e m a ps t h at ar e us e d i n o ur s yst e m [ 4 5]. I n p arti c ul ar,
w e us e a hi g h p erf or m a n c e h e at m a p vis u ali z ati o n al g orit h m c o m bi n e d wit h p oi nt
cl ust eri n g t e c h ni q u es t o dr a w h e at m a ps t h at ar e c h ar a ct eri z e d b y t h eir si m pli cit y
[ 4 0]. I n ot h er w or ds, T h e e ffi ci e n c y of t h e si m pl e- h e at al g orit h m m a k es t h e h e at
m a p vis u ali z ati o n f ast [ 4 0].

6 C o n cl u si o n s a n d F u t u r e W o r k

T h e wi d e us a g e of s m art p h o n es i n P al esti n e a n d i n t h e w orl d m oti v at es us t o
utili z e s m art p h o n es t o tr a c k a n d e x pl or e p e d estri a n d y n a mi cs at o p e n e v e nts; t o
a v oi d p ot e nti al cr o w d m o v e m e nt r el at e d i n ci d e nts. I n t his arti cl e, w e h a v e pr o-
p os e d a r e al ti m e vis u ali z ati o n s yst e m f or p e d estri a n d y n a mi cs at o p e n e v e nts.
T h e pr o p os e d s yst e m i nt e gr at e d s m art p h o n e’s G P S s e ns or, w e b s er v er a n d o p e n
s o ur c e /fr e e s oft w ar e t o pr o vi d e a n e ffi ci e nt, o nli n e, a c c ur at e a n d l o w c ost r e al
ti m e s yst e m f or c oll e cti n g, st ori n g a n d vis u ali zi n g t h e p e d estri a n m o v e m e nts. I n
a d diti o n, t his p a p er pr es e nt e d t h e first s m art p h o n e- b as e d G P S a c c ur a c y st u d y i n
o p e n e v e nts / ar e as i n P al esti n e. T o e v al u at e o ur a p pr o a c h, a pr ot ot y p e w as d e v el-
o p e d a n d t est e d usi n g a r e al- w orl d e x p eri m e nt at di ff er e nt o p e n ar e as, ni n et e e n
si m ul ati o n e x p eri m e nts, a n d 1 3 w e b p a g e l o a di n g ti m e e x p eri m e nts. T h e r es ults
d e m o nstr at e d t h at o ur s yst e m c oll e ct e d t h e p ositi o ns of p e d estri a ns i n o p e n e n vi-
r o n m e nt i n r e al ti m e a n d wit hi n a n a c c ur a c y of 4 m et ers. M or e o v er, it pr o c ess e d
a n d st or e d t h e c oll e ct e d p ositi o n i n 1 8. 8 millis e c o n ds, w hil e r etri e v al a n d vis u al-
i z ati o n of h e at m a ps f or 5, 0 0 0 us ers t o o k ar o u n d 0. 2 7 7 s e c o n ds. Als o, t h e w e b
p a g e l o a di n g ti m e i n t h e d e v el o p e d s yst e m’s pr ot ot y p e f or h e at m a p vis u ali zi n g
f or 5, 0 0 0 us ers w as l ess t h a n a s e c o n d c o m p ar e d t o M a pti v e a n d e S p ati al w hi c h
w er e 5. 8 s e c o n ds a n d 9. 2 s e c o n ds r es p e cti v el y.

B as e d o n t h e s yst e m’s pr ot ot y p e i m pl e m e nt ati o n a n d i niti al r es ults, o ur pr o-
p os e d s yst e m s h o w e d pr o misi n g r es ults. It is e x p e ct e d t o tr a c k t h e p e d estri a n a n d
v e hi cl es i n r e al ti m e at o p e n a n d l ar g e ar e as e ffi ci e ntl y. T h er ef or e, i n t h e f ut ur e
w or k, w e pl a n t o d e v el o p a n i O S- b as e d m o bil e a p pli c ati o n t o c o v er a l ar g er-s c al e
p orti o n of p e d estri a ns w h o us e v ari o us m o bil e pl atf or ms, a n d c o n d u ct e xt e nsi v e
r e al e x p eri m e nts usi n g b ot h a n dr oi d a n d i O S a p pli c ati o ns. We pl a n i n t his c o nt e nt
t o i n v esti g at e t h e e ffi ci e n c y of o ur s yst e m o n r e al l ar g e G P S d at a s ets. I n a d di-
ti o n, w e pl a n t o d e v el o p a n e w n e ur al n et w or k a p pr o a c h t o pr e di ct p e d estri a ns’
m o v e m e nt b e h a vi or, a n d d et e ct a b n or m al e v e nts at r e al ti m e t h at m a y o c c ur i n
l ar g e o p e n e v e nts.

A c k n o wl e d g e m e n t

T his w or k w as s u p p ort e d b y t h e G er m a n Fe d er al Mi nistr y of E d u c ati o n a n d
R es e ar c h ( B M B F: F u n di n g n u m b er 0 1 D H 1 6 0 2 7) wit hi n t h e fr a m e w or k of t h e
P al esti ni a n- G er m a n S ci e n c e Bri d g e pr oj e ct.

Di s cl o s u r e S t a t e m e n t

N o p ot e nti al c o n fli ct of i nt er est w as r e p ort e d b y t h e a ut h ors.
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O R C I D

A h m e d Ali a h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 2 - 3 0 4 9 - 4 9 2 4
M o h a m m e d m ar e e h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 2 - 6 1 1 4 - 4 6 8 7
M o h ci n e C hr ai bi h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 2 - 0 9 9 9 - 6 8 0 7
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1 4 9

http://doi.org/10.34734/FZJ-2023-05241
http:doi.org/10.34734/FZJ-2023-02439
http://hdl.handle.net/2128/34078
http://hdl.handle.net/2128/34078
http://doi.org/10.1109/AICCSA56895.2022.10017883
http://hdl.handle.net/2128/32081
http://hdl.handle.net/2128/32081
 http://hdl.handle.net/2128/29436
 http://hdl.handle.net/2128/29436




S of t w a r e C o n t ri b u ti o n s

1. D L 4 P u D e: A H y bri d Fr a m e w or k of D e e p L e ar ni n g a n d Vis u ali z ati o n f or
P us hi n g B e h a vi or D et e cti o n i n P e d estri a n D y n a mi cs, 2 0 2 2. h t t p s : / / g i t h u b .
c o m / P e d e s t r i a n D y n a m i c s / D L 4 P u D e , h t t p : d o i . o r g / 1 0 . 5 2 8 1 / z e n o d o . 6 4 3 3 9 0 8 .

2. Cl o u d F a s t- D L 4 P u D e: A Cl o u d- b as e d D e e p L e ar ni n g Fr a m e w or k f or E arl y
D et e cti o n of P us hi n g at Cr o w d e d E v e nt E ntr a n c es, 2 0 2 3. h t t p s : / / g i t h u b .
c o m / P e d e s t r i a n D y n a m i c s / C l o u d F a s t - D L 4 P u D e , h t t p : d o i . o r g / 1 0 . 5 2 8 1 / z e n o d o .
7 5 7 0 2 0 8 .

3. V C N N 4 P u D e: A N o v el V or o n oi- b as e d C N N Fr a m e w or k f or P us hi n g P ers o n
D et e cti o n i n Cr o w d Vi d e os, 2 0 2 3. h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s /
V C N N 4 P u D e , h t t p : d o i . o r g / 1 0 . 5 2 8 1 / z e n o d o . 8 1 7 5 4 7 6 .

4. G P S d a t a C ol Vi s: G P S D at a C oll e cti o n a n d Vis u ali z ati o n S yst e m, 2 0 2 1.
h t t p s : / / g i t h u b . c o m / P e d e s t r i a n D y n a m i c s / G P S d a t a C o l V i s .

1 5 1

https://github.com/PedestrianDynamics/DL4PuDe
https://github.com/PedestrianDynamics/DL4PuDe
http:doi.org/10.5281/zenodo.6433908
https://github.com/PedestrianDynamics/CloudFast-DL4PuDe
https://github.com/PedestrianDynamics/CloudFast-DL4PuDe
http:doi.org/10.5281/zenodo.7570208
http:doi.org/10.5281/zenodo.7570208
https://github.com/PedestrianDynamics/VCNN4PuDe
https://github.com/PedestrianDynamics/VCNN4PuDe
http:doi.org/10.5281/zenodo.8175476
https://github.com/PedestrianDynamics/GPSdataColVis




S c hrift e n d e s F or s c h u n g s z e ntr u m s J üli c h 
I A S S eri e s 
 

 
B a n d / V ol u m e 5 0 
Utili zi n g I n erti al S e n s or s a s a n E xt e n si o n of a C a m e r a Tr a c ki n g 
S y st e m f or G at h eri n g M o v e m e nt D at a i n D e n s e Cr o w d s 
J. S c h u m a n n ( 2 0 2 2), xii, 1 5 5 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 6 2 4- 3 
 
B a n d / V ol u m e 5 1 
Fi n al r e p ort of t h e D e e p R ai n pr oj e ct 
A b s c hl u ß b eri c ht d e s D e e p R ai n Pr oj e kt e s 
( 2 0 2 2), c a. 7 0 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 6 7 5- 5 
 
B a n d / V ol u m e 5 2 
J S C G u e st St u d e nt Pr o gr a m m e Pr o c e e di n g s 2 0 2 1 
I. K a b a d s h o w ( E d.) ( 2 0 2 3), ii, 8 2 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 6 8 4- 7 
 
B a n d / V ol u m e 5 3 
A p pli c ati o n s of v a ri ati o n al m et h o d s f or q u a nt u m c o m p ut er s 
M. S. J att a n a ( 2 0 2 3), vii, 1 6 0 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 0 0- 4 
 
B a n d / V ol u m e 5 4 
Cr o w d M a n a g e m e nt at Tr ai n St ati o n s i n C a s e of  
L ar g e- S c al e E m er g e n c y E v e nt s 
A. L. Br a u n ( 2 0 2 3), vii, 1 2 0 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 0 6- 6 
 
B a n d / V ol u m e 5 5 
Gr a di e nt- Fr e e O pti mi z ati o n of A r tifi ci al a n d Bi olo gi c al N et w or k s  
u si n g L e ar ni n g t o L e ar n 
A. Y e ğ e n o ğ l u ( 2 0 2 3), II, 1 3 6 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 1 9- 6 
 
B a n d / V ol u m e 5 6 
R e al-ti m e si m ul ati o n s of tr a n s m o n s y st e m s wit h 
ti m e- d e p e n d e nt H a milt o ni a n m o d el s 
H. A. L a g e m a n n ( 2 0 2 3), iii, 1 6 6, X X X p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 2 0- 2 
 
B a n d / V ol u m e 5 7 
Pl a s m a Br e a k d o w n a n d R u n a w a y M o d elli n g i n I T E R- s c al e T o k a m a k s 
J. C h e w ( 2 0 2 3), x v, 1 7 2 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 3 0- 1 
 
 
 



S c hrift e n d e s F or s c h u n g s z e ntr u m s J üli c h 
I A S S eri e s 
 

 
B a n d / V ol u m e 5 8 
S p a c e U s a g e a n d W aiti n g P e d e stri a n s at Tr ai n St ati o n Pl atf or m s  
M. K ü p p er ( 2 0 2 3), i x, 9 5 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 3 3- 2 
 
B a n d / V ol u m e 5 9 
Q u a nt u m a n n e ali n g a n d it s v ari a nt s: A p pli c ati o n t o q u a dr ati c  
u n c o n str ai n e d bi n ar y o pti mi z ati o n 
V. M e ht a ( 2 0 2 4), iii, 1 5 2 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 5 5- 4 
 
B a n d / V ol u m e 6 0 
El e m e nt s f or m o d eli n g p e d e stri a n m o v e m e nt 
fr o m t h e or y t o a p pli c ati o n a n d b a c k 
M. C hr ai bi ( 2 0 2 4), vi, 2 7 9 p p 
I S B N: 9 7 8- 3- 9 5 8 0 6- 7 5 7- 8 
 
B a n d / V ol u m e 6 1 
Artifi ci al I nt elli g e n c e Fr a m e w or k f or Vi d e o A n al yti c s: 
D et e cti n g P u s hi n g i n Cr o w d s 
A. Ali a ( 2 0 2 4), x viii, 1 5 1 p p 

I S B N: 9 7 8- 3- 9 5 8 0 6- 7 6 3- 9 

 
 
 
W eit er e S c hrift e n d e s V erl a g s i m F or s c h u n g s z e ntr u m J üli c h  u nt er 
htt p:// w w w z b 1.f z-j u eli c h. d e/ v erl a g e xt er n 1/i n d e x. a s p  





I A S S eri e s

B a n d  /  V ol u m e  6 1

I S B N 9 7 8 - 3 - 9 5 8 0 6 - 7 6 3 - 9

I A S S eri e s

B a n d  /  V ol u m e  6 1

I S B N 9 7 8 - 3 - 9 5 8 0 6 - 7 6 3 - 9

A rti fi ci al I nt elli g e n c e Fr a m e w o r k f o r Vi d e o A n al yti c s: 
D et e cti n g P u s hi n g i n Cr o w d s

A h m e d Ali a

6 1

AI 
Fr

a
m
e

w
or

k 
fo

r 
Vi

d
e
o 

A
n
al

yt
i
cs

A
h

m
e
d 

Ali
a

I
A
S 

S
er

i
es


	Acknowledgements
	Abstract
	Zusammenfassung
	Abbreviations
	List of Publications and Awards
	Author's Contributions
	Introduction
	Overview
	Background and Motivation
	Challenges of Automatic Pushing Detection
	Preliminary Concepts
	State-of-the-Art CNN-based Approaches
	Objectives
	Contributions
	Ethical Considerations
	Thesis Structure

	Summary of Publications
	Publication i: A Hybrid Deep Learning and Visualization Framework
	Publication ii: A Cloud-based Deep Learning Framework
	Publication iii: A Novel Voronoi-based Convolutional Neural Network Framework 
	Publication iv: GPS-based Data System

	Discussion and Outlook 
	References
	Publication i
	Introduction
	Related Work
	The Proposed Framework
	Motion Information Extraction
	Pushing Patches Annotation
	Datasets Preparation
	MIM-based Datasets Preparation
	Data Collection and Manual Rating
	MIM Labeling and Dataset Creation
	The Proposed Patch-based Approach
	Patch-based MIM Dataset Creation
	Experimental Results
	Parameter Setup and Performance Metrics
	Our Classifier Training and Evaluation, the Impact of Patch Area and Clip Size
	The Impact of the Patch-Based Approach
	The Impact of RAFT

	Comparison between the Proposed Classifier and the Customized CNN-Based Classifiers in Related Works
	Framework Performance Evaluation
	Conclusions, Limitations, and Future Work
	References
	Publication ii
	Introduction
	Related Work
	The Proposed Framework
	Preprocessing 
	Motion Descriptor
	Pushing Detection and Annotation 
	Adapted EfficinetNetV2B0 Architecture
	Adapted EfficientNetV2B0 Training


	Evaluation and Results
	Dataset Preparation
	Data Collection
	Dataset Generation
	Implementation Details and Evaluation Metrics
	Evaluation of Our Classifier Performance 
	A Comparison with Eleven Popular CNNs 
	A Comparison with Customized CNNs in Abnormal Behavior Detection
	A Comparison with Related Work in Pushing Detection 


	The Overall Framework Evaluation
	Performance in terms of Accuracy and F1-score 
	Computational Time Analysis

	Conclusion
	References
	Publication iii
	Introduction
	Related Work
	Voronoi Diagram-based Deep Learning in Computer Vision
	CNN-based Abnormal Behavior Detection 
	CNN-based Pushing Behavior Detection

	Proposed Framework Architecture
	Feature Extraction Component
	Voronoi-based Local Region Extraction
	EfficientNetV1B0-based Deep Feature Extraction

	Detection Component
	Training and Evaluation Metrics
	A Novel Dataset Preparation
	Parameter Setup
	Evaluation Metrics and Performance Improvement
	Experimental Results and Discussion
	Performance of the Proposed Framework
	Comparison with Five Baseline Frameworks based on Popular CNN Architectures
	Comparison with Customized CNN Architectures in Abnormal Behavior Detection Field
	Impact of Deep Feature Extraction Module

	Impact of Dummy Points
	Performance Evaluation Against Existing Pushing Detection Approaches
	Conclusion and Future Work
	References
	Publication iv
	Introduction
	Related Work
	Architecture of the Proposed System 
	Experimental Setup 
	Evaluation and Results
	Real-World Scenario Experimental Results
	Data Collection
	Accuracy Evaluation
	Server Computational Time

	Simulation-based Experimental Results
	Page Load Time Experimental Results
	Conclusions and Future Work
	References
	Conference Contributions
	Software Contributions
	Leere Seite
	Leere Seite



























