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1.I ntr o d u cti o n 

T h e  pr o c ess  of  e xtr a cti n g  a n d tr a c ki n g  of  h u m a n fi g ur es i n i m a g e-s e q u e n c es is  a  k e y 

iss u e f or  vi d e o s ur v eill a n c e  a n d  vi d e o-i n d exi n g  a p pli c ati o ns.  T h e  n e e d f or  a ut o m at e d 

p ers o n  i d e ntifi c ati o n  s yst e ms  str o n gl y   m oti v at es  t his  i nt er est.   T h e   pr o c ess   c a n   b e  

br o k e n  d o w n i nt o t h e f oll o wi n g st e ps:  d et e c ti o n [ 5 1], tr a c ki n g,  cl assifi c ati o n [ 5 2]  a n d 

i d e ntifi c ati o n [ 5 3][ 8 2]  of  h um a n  m o v e m e nt  or  g ait.  T h er e  ar e s e v er al  a p pr o a c h es f or 

e a c h   of  t h es e  s u b- pr o bl e ms.   A   us ef ul   a n d   p o p ul ar   a p pr o a c h  is   b as e d   o n  sil h o u ett e  

a n al ysis  [ 5 5]   wit h  s p ati o-t e m p or al  r e pr es e nt ati o n,   w h er e   t h e   g o al  is  t o   a c hi e v e   a n  

i n v ari a nt r e pr es e nt ati o n  of t h e  d et e ct e d  o bj e ct. I n [ 8 2] s y m m etri es of t h e sil h o u ett e  ar e 

utili z e d  as  a  g ait  p ar a m et er f or  p ers o n-i d e ntifi c ati o n.  Ot h er  m et h o ds f o c us  o n t h e l e gs 

[ 5 6]   a n d   p eri o di cit y   of   h u m a n   m o v e m e nts  [ 5 1][ 5 7].   W e   pr es e nt   a  si m pl e   m oti o n  

p att er n  g e n er ati o n  a n d  e xtr a cti o n  m et h o d,  w hi c h  e xtr a cts  a n d tr a c ks t h e s y m m etri es  of 

o bj e cts   usi n g  t h e  i m a g es   of   e x a ctl y  t w o  l e gs   w al ki n g.   T his  t as k  is   a   bi n ar y  

cl assifi c ati o n   pr o bl e m:  t h e   p eri o di cit y   of   h u m a n   w al ki n g,  t o g et h er   wit h  t h e  

c h ar a ct eristi c  h u m a n s h a p e  of t h e t ar g et,  pr o vi d es  k e y  diff er e n c es  w hi c h  e n a bl e  us t o 

disti n g uis h  p e d estri a ns fr o m t h e  m oti o n  p att e r ns  of  ot h er  o bj e cts.  O ur  a p pr o a c h  us es 

t h e   m oti o n  i nf or m ati o n   c o nt ai n e d  i n   vi d e o  s e q u e n c es,  s o  t h at  t h e   e xtr a ct e d   m oti o n  

p att er ns  c o nsist i nf or m ati o n  a b o ut t h e s p at i o-t e m p or al  c h a n g es  of  a  m o vi n g  o bj e ct. 

R efl e cti o ns  a n d  c ast s h a d o w i n s ur v eill a n c e  vi d e os  us u all y  c a us e  pr o bl e ms i n 

i m a g e  a n al ysis [ 2 9].  T hi s is  b e c a us e it  ap p e ars i n t h e f or e gr o u n d  m as k  e xtr a ct e d  b y 

usi n g  a n  a d a pti v e  b a c k gr o u n d  m o d el  e. g. [ 3 0] . I n t ur n, t h e i n a c c ur at e  m as k r e d u c es 

t h e  p erf or m a n c e  of t h e f urt h er i m a g e- pr o c essi n g st e ps. C o ns e q u e ntl y, t e c h ni q u es f or 

t h e  a v oi d a n c e  of s u c h  dist ur b a n c es  c o nstit ut e  a n  a cti v e  c urr e nt r es e ar c h  ar e a [ 2 9][ 3 1]. 

C o nstr u cti o n  of  a n  a c c ur at e  g e o m etri c  m o d el  of t h e  c a m er a- mirr or s c e n e f or ms t h e 

b asis f or  o ur  ulti m at e  g o al,  n a m el y t h e i nt e gr ati o n  of t h e  m o d el  a n d st atisti cs i nt o  a 

f or e gr o u n d- e xtr a cti o n  m et h o d  w hi c h is  m or e r eli a bl e t h a n  pr e vi o us  a p pr o a c h es.  W e 

pr es e nt  a  m et h o d  w hi c h i nt e gr at es t h e  esti m at e d  g e o m etri c  m o d el  a n d t h e  e xtr a ct e d 

st atisti cs t o  e n a bl e r e m o v al  of t h e  pi x els  r el at e d t o r efl e cti o n  a n d  c ast s h a d o w.  O ur 

g o al is  n ot t o  pr es e nt  a n  all-i n- o n e  al g orit h m f or s h a d o w  d et e cti o n,  b ut t h e  m ai n i d e a 
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is  t o   cl a m p  f e at ur es  i nt o   a   pr o b a bilisti c  fr a m e w or k.   D uri n g   e v al u ati o n   o ut d o or  

s e q u e n c es  will  b e  us e d,  w hi c h is i m p air e d  b y str o n g s h a d o w  a n d s h o wi n g  p e d estri a ns. 

I n  r e c e nt   y e ars  t h er e   h as   b e e n   a   dr a m ati c  i n cr e as e  i n  t h e   n u m b er   of   vi d e o  

s ur v eill a n c e  s yst e ms  i n   us e;   a n d  t h es e   h a v e  i n  t ur n   g e n er at e d   a  l ar g e   q u a ntit y   of  

ar c hi v e d  vi d e o r e c or di n gs,  w hi c h  ar e  us u all y  st or e d  wit h o ut  a n y i m a g e- pr o c essi n g. I n 

m ost  c as es f or s u c h r e c or di n gs  o n e  d o es  n ot  k n o w t h e r el ati v e  a n d  gl o b al  g e o m etri c al 

pr o p erti es   of  t h e  s ur v eill a n c e   c a m er as.   D es pit e  t his,  t h er e  is   a  stri ki n g  l a c k   of  

p u bli c ati o ns   c o n c er ni n g  t h e   e xtr a cti o n   of   g e o m etri c   c h ar a ct eristi cs  fr o m  i m a g es  

c o nt ai n e d i n  vi d e o r e c or di n gs.  W e  m a y  n ot e t h at t his t as k is  m u c h si m plifi e d i n t h e 

c as e   w h er e  s o m e   k n o w n  t est   o bj e ct  is   us e d   d uri n g  s yst e m   c ali br ati o n.  I n  t his  

diss ert ati o n  h o w e v er  a st atis ti c al fr a m e w or k is i ntr o d u c e d  w hi c h  all o ws  us,  wit h o ut 

s u c h  c ali br ati o n t o  d eri v e t h e  h ori z o nt al  v a nis hi n g li n e ( V L). 

I n  vi d e os  c a pt ur e d  b y  a n al o g s ur v eill a n c e  c a m er as t h e  c o ntr ast  a n d f o c us  ar e 

oft e n   b a dl y   a dj ust e d,   a n d  t h us   pr e cis e   m e as ur e m e nts   ar e   n ot   p ossi bl e  i n  i n di vi d u al  

fr a m es.  T his  c o nsi d er ati o n l e d t o  o ur  c o nc e pt  of s u m m ari zi n g t h e i nf or m ati o n fr o m  a 

s e q u e n c e   of   a   n u m b er   of  fr a m es  ( as   m a n y   as   p ossi bl e)  i n   or d er   t o   a c hi e v e   hi g h er  

a c c ur a c y i n t h e  a v er a g e d r etri e v e d i nf or m a ti o n.  T h e  o nl y i nf or m ati o n t h at is  us e d is 

t h e   c h a n g e- m as k   of   m o vi n g   o bj e cts,   or  m or e   g e n er all y  t h e   c h a n g e- d et e cti o n  

( bi n ari z e d i nt e nsit y- c h a n g e)  m as k.  T his is t h e  b asi c i nf or m ati o n t hat  c a n  b e  e xtr a ct e d 

fr o m  a  vi d e o s e q u e n c e  wit h o ut  m a ki n g  a n y a  pri ori   ass u m pti o ns  a b o ut s c e n e  c o nt e nt. 

B ot h t h e  e m piri c al  a n d t h e t h e or eti c al r es ult s  c o nfir m t h at t h e  m et h o d is r o b ust  a n d is 

f airl y i ns e nsiti v e t o i n a c c ur a c y  of t h e m oti o n- m as k.  F urt h er m or e, t h e  m et h o d  h as  n o 

r e q uir e m e nt  f or   a n y  ti m e- c o ns u mi n g   pr e pr o c essi n g  st e ps  ( e. g.   o bj e ct   d et e cti o n,  

tr a c ki n g  or  m oti o n  a n al ysis). A n ot h er  a d v a nt a g e  of t h e  m et h o d is t h at it is  c a p a bl e  of 

w or ki n g   o n  l o w  fr a m e-r at e   vi d e os,  si n c e  t h e  r el e v a nt   p ar a m et er  f or  t h e  st atisti c al  

i nf or m ati o n  e xtr a cti o n is  n ot t h e r efr es h r at e its elf,  b ut r at h er t h e t ot al fr a m e- c o u nt  of 

t h e  pr o c ess e d s e q u e n c e. 

W e  i ntr o d u c e   a   n o v el   e x pl oit ati o n   of  t h e  s o- c all e d   c o- m oti o n  st atisti cs   of   a  

vi d e o  s e q u e n c e,   a n d   d e m o nstr at e  t h e   m et h o d’s  r o b ust n ess  f or   c orr es p o n d e n c e  

d et e cti o n. I n [ 7],  c o- m oti o n st atisti cs  w e r e  us e d f or i m a g e-r e gistr ati o n ( h o m o gr a p h y 

esti m ati o n)  a n d t h e  m et h o d  w as t est e d i n i m a g es  of  o ut d o or s c e n es. I n  c o ntr ast t o [ 7] 

t h e st atisti cs  h a v e  b e e n i n v esti g at e d i n a  m o d el- b as e d fr a m e w or k i n t his  w or k.  W e  
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h a v e i ntr o d u c e d  a t h e or eti c al  i n v esti g ati o n  of t h e  m et h o d 's r o b ust n ess.  H a p pil y, t h e 

a n al ysis s u p p orts  o ur  e m piri c al  c o nfi d e n c e i n t his st atisti c al  m et h o d. 
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2. E x a mi n e d  g e o m etri c al  m o d els 

T h e   c a m er a’s  s e ns or   arr a y  r efl e cts   a   2 D  i m a g e   a b o ut  t h e   3 D  r e al   w or d.   T his  

tr a nsf or m ati o n  is   a   pr oj e ctio n   o nt o  t h e   c a m er a   pl a n e.   D es pit e  t h e  i nf or m ati o n  l oss  

aft er t h e  3 D t o  2 D tr a nsf or m ati o n t h e  2 D i m a g e still  c o nt ai ns  us ef ul  d es cri pti o n  a b o ut 

t h e s c e n e  g e o m etr y. 

T his  c h a pt er  d es cri b es t h e i n v esti g at e d  g e o m etri c al  m o d els  a n d  t h eir  pr o p erti es  wit h 

t h e   b asi c   c o m p ut ati o n al   m et h o ds.   W e   will  s h o w  t h e   m ost  i m p ort a nt   pr o p erti es   of  

m o d els  wit h t h e  e x pl a n ati o n  of   us u al  c o m p ut ati o n t e c h ni q u es. 
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2. 1.   Pl a n e  h o m o gr a p h y 

R e gistr ati o n  b et w e e n  p arti all y  o v erl a p pi n g  wi d e  b as eli n e  vi e ws  of t h e s a m e s c e n e is 

a n i m p ort a nt t as k i n  a  n u m b er  of  a p pli c ati o ns i n v ol vi n g  m ulti- c a m er a s yst e ms, s u c h 

as  st er e o visi o n,  t hr e e- di m e nsi o n al  r e c o nstr u c ti o n,   or   o bj e ct  tr a c ki n g/ o bs er v ati o n  i n  

s ur v eill a n c e s yst e ms [ 7][ 5 9]. 

R e gistr ati o n  b et w e e n  n o n- o v erl a p pi n g  vi e ws is  still  a  c h all e n g e  a n d it is  o nl y s ol v e d 

i n s p e ci al  c as es [ 6 0][ 6 1][ 6 2]. It  will  b e sh o w n  e x p eri m e nt all y t h at , i n  c as e  of li n e ar 

m oti o n,  o ur f e at ur e  d et e cti o n  m et h o d  pr o vi d e  us a bl e i nf or m ati o n f or r e gistr ati o n  of 

n o n- o v erl a p pi n g  vi e ws.  T h e  c a m er as i n t his t e st  ar e  p oi nt e d i n  o p p osit e  dir e cti o ns  a n d 

t h e y  ar e  m o u nt e d  o n  diff er e nt si d es  of t h e s a m e  w all. 

2. 1. 1.  O v erl a p pi n g  vi e ws 

T h e  pr o bl e m  c a n  b e s u m m ari z e d  as f oll o ws:  gi v e n  a s et  of  p oi nts  x i i n  a  vi e w  a n d  a 

c orr es p o n di n g s et  of  p oi nts  x’ i i n  a n ot h er  vi e w,  w e  n e e d  t o  c o m p ut e t h e  pr oj e cti v e  

tr a nsf or m ati o n  ( 2 D   h o m o gr a p h y) t h at  t a k es   e a c h   el e m e nt   x i t o   x’ i ( v e ct ors   ar e  i n  

h o m o g e n o us  f or m).   T h e   pr o bl e m is  t o   c o m p ut e   a   3 x 3   m atri x,   H  ( p oi nt   m a p),  s u c h  

t h at: 

x H x′ =  ( 2. 1)  

T his  c o m p ut ati o n  c a n  b e  a c c o m plis h e d i n s e v er al  w a ys;  d et ails  c a n  b e f o u n d i n [ 2 4]. 

T o s ol v e t h e  pr o bl e m,  w e  n e e d  at l e ast f o ur  p oi nt- c orr es p o n d e n c es. 

2. 1. 2.  N o n- o v erl a p pi n g  vi e ws 

I n  o ur s ur v eill a n c e s yst e m, t h er e is  a  n o n- o v erl a p pi n g  c a m era  c o nfi g ur ati o n  w h er e t h e 

p ers o ns  w al k fr o m t h e  vi e w  of  “ e ntr a n c e ”  c a m er a t o t h e  vi e w  of  “ m ai n  h all ”  c a m er a. 

T h e   m oti o n  fr o m   o n e   vi e w  t o  t h e   ot h er  is   r e ctili n e ar  i n  t his   c o nfi g ur ati o n   a n d  t h e  

f oll o wi n g  c o m p ut ati o n is utili zi n g t his  pr o p ert y. 

T h e   c o m p ut ati o n   diff ers  fr o m  t h e   o v erl a p pi n g   c as e   b e c a us e   c orr es p o n di n g   p oi nts  

c o ul d  n ot  b e  d et e ct e d.  A n  alt er n at i v e  w a y t o  d et er mi n e t h e  m atri x H  is t h e  us e  of li n e 

c orr es p o n d e n c es  i nst e a d   of   p oi nt   c orr es p o n d e n c es  [ 2 4].   T his   a p pr o a c h   n e e ds  t h e  
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ass u m pti o n t h at t h e  m oti o n is  al o n g  a str a i g ht li n e  a n d t h es e li n e fr a g m e nts  m a y  b e 

d et e ct e d i n  b ot h  vi e ws.  E q u ati o n ( 2. 2) f o r m ul at es t h e  pr o bl e m t o  c o m p ut e  m atri x H : 

i
T

i lHl −='  ( 2. 2)  

W h er e H - T (i n v ers e-tr a ns p os e) is t h e li n e m a p  c orr es p o n di n g t o t h e  p oi nt  m a p H   a n d l 

is  a t hr e e  el e m e nts  v e ct or r e pr es e nt ati o n  of  a li n e i n  2 D  d efi n e d  b y t h e j oi n  of t w o 

p oi nts.  T h e  p oi nts li e  o n t h e li n e l =[ A  B  C]  w h e n s atisf y t h e  e q u ati o n: 

0=++ CB yA x  ( 2. 3)  

T h e li n e s ets  b uilt fr o m t w o s u c c essi v e  w al k -st e ps ( a  w al k  c y cle)  w hi c h  d efi n e t w o 

p oi nts  o n t h e  gr o u n d- pl a n e, t h us  t h e  p ar a m et ers  of t h e li ne  a cr oss t h es e  p oi nts  c a n  b e 

c al c ul at e d   dir e ctl y.   T h e   m atri x   e q u ati o n   wit h   a   mi ni m al  s ol uti o n  r e q uir es  f o ur  

c orr es p o n di n g li n es i n  g e n er al  p ositi o n. 

2. 2.   V a nis hi n g  p oi nt i n  a si n gl e  vi e w 

S ets  of  p ar all el li n es i n  3 D  s p a c e  ar e  pr oj e ct e d i nt o  a  2 D i m a g e  o bt ai n e d  wit h  a  pi n-

h ol e  c a m er a t o  a s et  of  c o n c urr e nt li n es.  T h e  m e eti n g  p oi nt  of t h es e li n es i n t h e i m a g e 

pl a n e, is  c all e d  a  v a nis hi n g  p oi nt ,  a n d  m a y  e v e nt u all y  b el o n g t o t h e li n e  at i nfi nit y  of 

t h e i m a g e  pl a n e i n t h e  c as e  of  3 D li n es  p ar all el t o t h e i m a g e  pl a n e. 

T h e  d et er mi n ati o n  of t h e  p ositi o n  of t h e  v a ni s hi n g  p oi nt [ 2 3] ( or f o c us  of  e x p a nsi o n, 

F O E [ 2 4],  or  mirr or  p ol e [ 2 5])  i n  c as e  of  a s k e w-s y m m etri c f u n d a m e nt al  m atri x is  a 

t as k t h at  h as r ar el y  b e e n t h e  o bj e ct  of i n v esti g ati o n,  es p e ci all y f or  c as es  w h er e t h e 

i n p ut is  a  n ois y  o ut d o or  vi d e o s e q u e n c e  w hi c h c o nt ai ns  a  pl a n ar r efl e cti v e s urf a c e,  or 

of s h a d o ws  c ast  o n t h e  gr o u n d- pl a n e.  T h e i m p ort a n c e  of t his  t as k li es i n t h e f a ct t h at 

k n o wl e d g e   of  t h e   p ositi o n   of  t h e   v a nis hi n g   p oi nt  ( h e n c ef or w ar d:   V P)   e n a bl es  t h e  

g e o m etri c al   m o d eli n g   of  s e c o n d ar y  i m a g es   visi bl e  i n   a   pl a n ar  r efl e cti v e  s urf a c e.  

T h es e  sit u ati o ns   o c c ur  fr e q u e ntl y  i n  s ur v eill a n c e   vi d e os,   a n d  t h e y  i n e vit a bl y   c a us e  

pr o bl e ms  i n  f urt h er  i m a g e- pr o c essi n g  st e ps   a n d  r e d u c e  t h e   pr o c essi n g  s yst e m's  

p erf or m a n c e.  M ost  pr e vi o us  p u bli c ati o ns  w h i c h  h a v e f o c us e d  o n t h e  us e  of  a  mirr or t o 

a c c o m plis h  t h e   3- D  r e c o nstr u cti o n  t as k   h a v e   d o n e  s o   o nl y  f or   a n  i n d o or  s c e n e  

[ 2 3][ 2 5][ 2 6];   m or e o v er,   m ost   of  t h es e   w or ks   h a v e  r eli e d   o n   h a n d-s el e ct e d   p oi nt  

c orr es p o n d e n c es. 

A  pri n ci p al t h e or eti c al f o u n d ati o n i n  h a n dli n g  t his  as p e ct  of t h e t o pi c is t h e  mirr or-

st er e o t h e or e m.  T his  p osits t h at t h e  vi e w   of  a s c e n e  c o nt ai ni n g  a  mirr or t a k e n  wit h  a 
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pr oj e cti v e  c a m er a is  e q ui v al e nt t o  a  c o m b i n ati o n  of t w o  vi e ws fr o m t w o  pr oj e cti v e 

c a m er as;  a n d  h e n c e t h at tr a diti o n al  pr o c es si n g  m et h o ds f or t w o- vi e w st er e o i m a g es 

c a n   b e   a p pli e d  [ 2 6].   H er e   t h e  s e c o n d   c a m er a  is  t er m e d   a   virt u al   c a m er a.   T h us  t h e  

d et er mi n ati o n   of  t h e   m o d el  is   e q ui v al e nt  t o   d efi ni n g  t h e   g e o m etri c al   c o n n e cti o n  

(tr a nsf or m ati o n)  b et w e e n t h e t wo  vi e ws;  w hi c h i n t ur n is  e q ui v al e nt t o  V P  esti m ati o n 

i n   a   c a m er a- mirr or   c as e.   S h af er  i n  r ef.  [7 2]   p oi nts   o ut  t h at   a n   o bj e ct   a n d  its   c ast  

s h a d o w  s h ar e   a  si mil ar   g e o m etri c al  r el ati o ns hi p  t o  t h at  f o u n d  i n  t h e   c a m er a- mirr or  

c as e.  T h e  a p pr o a c h  w e i ntr o d u c e t h er ef or e  a p pli es t o t h e  c ast-s h a d o w  c as e  as  w ell; 

a n d   w e   d es cri b e   pr a cti c al  r e s ults   usi n g  i n p ut  fr o m   a  r e al-lif e   vi d e o  t est-s e q u e n c e  

w hi c h  d e m o nstr at e t h e  a p pli c a bilit y  of  o ur  m et h o d i n t his sit u ati o n. 

Si n c e  t h e   d et er mi n ati o n   of  t h e   m o d el  is   e q ui v al e nt  t o   d efi ni n g  t h e  tr a nsf or m ati o n  

b et w e e n  t h e  ori gi n al   a n d  t h e   virt u al   vi e ws   i n  c a m er a- mirr or  c as e, t his  p oi nt-t o-li n e 

tr a nsf or m ati o n   m a y   b e   d et er mi n e d   b y   usi ng   c orr es p o n di n g   p oi nt   p airs  i n  t h e  t w o  

vi e ws. 

2. 2. 1.  Mirr or  p ol e i n  c a m er a- mirr or s c e n es 

T his s e cti o n i ntr o d u c es t h e  m at h e m ati c al  d es cri pti o n  of t h e  g e o m etri c  m o d el r el at e d 

t o  a  c a m er a- mirr or s c e n e.  T h e  pr o p erti es  will  h o w e v er  b e  d eri v e d  usi n g  a n  al g e br ai c 

a p pr o a c h, r at h er t h a n  a  g e o m etri c  o n e [ 2 6].  T h e  n ot ati o ns  a n d i nt er pr et ati o ns t h at  w e 

us e  ar e  b as e d  o n t h e  p u blis h e d  b o o k  of   H artl e y  a n d  Ziss er m a n [ 2 4]. 

Fi g ur e  2. 1 s h o ws i n  di a gr a m m ati c f or m  a  c o m m o n  c as e  of  a r efl e cti v e s urf a c e ( e. g.  a 

mirr or),  d e n ot e d  b y Ω ,  w hi c h li es i n t h e ( x- y)  pla n e (ri g ht- h a n d e d s yst e m).  C   d e n ot es 

t h e  c a m er a  c e nt er, a n d t h e i m a g e  pl a n e is  d e n ot e d  b y Π ( 3- D  p oi nts  ar e  m a p p e d t o 

t his   pl a n e   vi a   c e ntr al   pr oj e cti o n).   T h e   u p p er c as e   b ol d  l ett ers  ( e. g.  X )   d e n ot e   3- D  

p oi nt   c o or di n at es  (i n   v e ct or  f or m),  t h e   el e m e nts   of   w hi c h   will   b e   d e n ot e d   b y  

[ ]1 2 3, ,
T

x x x=X .  T h e l o w er c as e  b ol d l ett ers  ar e t h e 2- D  p oi nts (i n  v e ct or f or m)  o n t h e 

c a m er a   pl a n e.   N ot e  t h at  t h es e   c o or di n a t es   ar e   n ot   h o m o g e n o us.   T h e   h o m o g e n o us  

v e ct ors  ar e  d esi g n at e d  b y  a n  o v er b ar,  e. g.  X ,  w hi c h  c orr es p o n ds t o X   a c c or di n g t o 

t h e tr a nsf or m ati o n [ ]1 2 3, , , 1
T

x x   x→ =X X ,  w hil e t h e r e v ers e tr a nsf or m ati o n is  gi v e n 

b y [ ]1 4 2 4 3 4/ , / , /
T

x x x   x x   x→ =X X . 
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Fi g u r e  2. 1:  Si m pl e  m o d el  f o r  r efl e cti v e s u rf a c e: [ ]1 2 3, ,
T

c c   c=C  is t h e  c a m e r a  c e nt e r  a n d Π  is t h e 

pl a n e f o r  c e nt r al  p r oj e cti o n (i m a g e  pl a n e).  A n  a r bit r a r y  3- D  p oi nt X   h as  a  vi rt u al  p oi nt  p ai r 
b e c a us e  of t h e  mi r r o r  pl a n e ( Ω ),  a n d t e r m e d  b y ′X , li k e wis e ′C .  C o nsist e ntl y, t h e  2- D  p oi nts i n 

t h e i m a g e  a r e x , ′x   a n d ′c . 

 

Wit h o ut l oss  of  g e n er alit y, i n t h e f oll o wi n g  r el ati o ns hi ps  w e  ass u m e t h at t h e  ori gi n al 

p oi nts li e  o n t h e  p ositi v e si d e  of t h e  z  a xis, t h us t h e t hir d  c o or di n at e is  al w a ys  p ositi v e 

f or   all   ori gi n al   p oi nts  ( e. g.  3 0c > ).  I n  t h e   di a gr a m  t h e  t w o   a n gl es  α a n d β   ar e  

i n cl u d e d  a n gl es  of  3-D  v e ct ors,  d efi n e d  b y   a n d α β′ ′   ′= =C C   C X   C C   C X . 

I n  o ur  m o d el t h e  c a m er a is  a  g e n er al pr oj e cti v e  c a m er a [ 2 4].  T h e  m atri x P   d e n ot es t h e 

c a m er a  w hi c h  m a ps  w orl d  p oi nts X  t o i m a g e  p oi nts x   a c c or di n g t o: 

P=x X  ( 2. 4)  

N ot e t h at t h e  c a m er a  c e nt er is t h e  1- di m e nsi o n al ri g ht  n ull-s p a c e C   of P: 

0P =C  ( 2. 5)  

F urt h er m or e,  w e i ntr o d u c e t h e  n ot ati o n t h at t h e  c ol u m ns  of P   ar e ip : 

1 1  1 2  1 3  1 4  1

2 1  2 2  2 3  2 4  2

3 1  3 2  3 3  3 4  3

T

T

T

p p p p

P p   p   p   p

p p p p

⎡ ⎤⎡ ⎤
⎢ ⎥⎢ ⎥= = ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦

p

p

p

 ( 2. 6)  

T h e  eff e ct  of  mirr or Ω   m a y  b e  d es cri b e d  b y t h e f oll o wi n g  c o or di n at e tr a nsf or m ati o n: 

M′ =X X  ( 2. 7)  

w h er e M  is  a  3 x 3  m atri x  or  a  4 x 4  m atri x i n  c as e  of  h o m o g e no us  c o or di n at es: 
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1 0 0 0
1 0   0

0 1   0   0
0  1  0    a n d 

0 0   1 0
0 0   1

0 0   0   1

M M

⎡ ⎤
⎡ ⎤ ⎢ ⎥
⎢ ⎥ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥−
⎢ ⎥− ⎢ ⎥⎣ ⎦

⎣ ⎦

 ( 2. 8)  

T his tr a nsf or m ati o n is t h e r efl e cti o n i n t h e ( x- y)  pl a n e  w hi c h  o p er at es  o nl y  o n t h e  z 

c o or di n at e.  T h us, t h e i m a g e  p oi nt  of t h e  virt u al  p oi nt ′X   g e n er at e d  b y t h e r efl e cti o n is 

P P M′ ′= =x X   X  ( 2. 9)  

W e st art t h e  al g e br ai c  d eri v a ti o n  of t h e  m o d el si mil ar f as hi o n t o t h e  w or k  of  X u  a n d 

Z h a n g [ 3 2].  T h e r a y  b a c k- pr oj e ct e d fr o m x   b y  P is  o bt ai n e d  b y s ol vi n g ( 2. 4).  T h e 

s ol uti o n  is   gi v e n   as   a   3- D  li n e  i n   p ar a m etr i c  f or m  (t h e  r a y  is  p ar a m etri z e d   b y  t h e  

s c al ar λ ): 

( ) Pλ λ+= +X x C  ( 2. 1 0)  

w h er e P +  is  t h e   ps e u d o  i n v ers e   of  P  (i. e.  P P  I+ = ).   T h e   e pi p ol ar  li n e  is  t h e  li n e  

j oi ni n g t h e  pr oj e cti o ns  of t w o r efl e ct e d  p oi nts: ′C   a n d ′X .  T h es e  pr oj e ct e d  p oi nts  ar e 

e x pr ess e d  b y  usi n g ( 2. 7)  a n d  t h e  e q u ati o n  of t h e  e pi p ol ar li n e is  d et er mi n e d  b y t h e 

cr oss  pr o d u ct: 

( ) ( )P M   P M P   F+= ×   =l C   x x  ( 2. 1 1)  

w h er e F  is t h e f u n d a m e nt al  m atri x.  T his f or mul a  d efi n es  a  p oi nt-li n e  m a p, t h us t h e F  

m a y  b e  e x pr ess e d  b y  

( ) ( ) [ ]F P M   P M P   P M P+ +

×
′= ×   =C c  ( 2. 1 2)  

w h er e t h e  n oti o n [ ]
×

a  i n  g e n er al f or m is  d efi n e d  b y [ 2 4]  as f oll o ws: 

[ ]
3 2

3 1

2 1

0

0  

0

a a

a a

a a
×

−⎡ ⎤
⎢ ⎥= −⎢ ⎥
⎢ ⎥−⎣ ⎦

a  ( 2. 1 3)  

T h us,  t h e   cr oss   pr o d u ct  is  r el at e d  t o  s k e w -s y m m etri c   m atri c es  a c c or di n g  t o  t h e  

e q ui v al e n c e [ 2 4]: 

[ ]
×

× =a b   a b  ( 2. 1 4)  

 

D OI: 1 0. 1 5 7 7 4/ P P K E.I T K. 2 0 2 4. 0 0 6



 

 

- 1 9- 

M o d el  pr o p erti es 

I n t h e  n e xt s u bs e cti o ns t w o  m ai n  pr o p erti es  of  c a m er a- mirr or s c e n e  g e o m etr y  will  b e 

dis c uss e d.  T h es e  pr o p erti es  pl a y  a n i m p ort a nt r ol e i n t h e s u bs e q u e nt s e cti o ns:  m o d el 

p ar a m et er  esti m ati o n  a n d f or e gr o u n d  cl assifi c ati o n. 

P r o p e rt y   1.  T h e  f u n d a m e nt al   m atri x   c orr es p o n di n g  t o  t h e   ori gi n al  i m a g e   a n d  t h e  

virt u al  i m a g e  i n   a   c a m er a- mirr or  s c e n e  is   of  t h e  f or m  [ ]F
×

′= c ,   w h er e  ′c is  t h e  

v a nis hi n g  p oi nt ( V P).  C o ns e q u e ntl y,  F  h as  2  d e gr e es  of fr e e d o m  a n d  is i d e ntifi e d  wit h 

t h e  V P. 

P r o of.   T h e  k e y st e p is t h e  e x pr essi o n  of ′x  i n t er ms  of x   b as e d  o n ( 2. 4)  a n d ( 2. 9) t h us: 

3 32P M   P  x′ = = −x X X p  ( 2. 1 5)  

B y s u bstit uti n g t his f or m ul a i nt o ( 2. 1 2)  a n d  utili zi n g t h e  d efi niti o n  of t h e  c a m er a  c e nt er 

( 2. 5), F   m a y  b e  writt e n  as 

( ) ( ) ( ) ( ) ( )3 3 3 3  3 3 3 32 2 2 2T TF P M   P M P   P   c   P P c   I+ + + += ×   = − × −   = − × −C C p p p p p p

 ( 2. 1 6)  

T h e  n e xt st e p  e m pl o ys t h e f oll o wi n g r el ati o ns hi p: 

( )3 3   3 3  3 3   3 3   3   32 2   4   4T T Tc c c+ + +− ×   = − ×   = −   =p p p   p p p   0 p 0  ( 2. 1 7)  

S u bstit uti n g t his i nt o ( 2. 1 6) t h e fi n al f or m ul a f or F   e m er g es  as: 

[ ] [ ]3 32F c
× ×

′= −   =p c  ( 2. 1 8)  

Fr o m t his f or m ul a  w e s e e t h at F  is s k e w-s y m m etri c  a n d is f or m e d fr o m t h e  V P.   

N ot e t h at t h e l a y o ut  of F  is si mil ar t o ( 2. 1 3): 

2

1

2 1

0 1

1 0    

0

c

F c

c c

′−⎡ ⎤
⎢ ⎥′= −⎢ ⎥

′ ′⎢ ⎥−⎣ ⎦

 ( 2. 1 9)  

I n  c as e  of s k e w s y m m etri c  m atri x F  t h e f u n d a m e nt al  c o nstr ai nt  m a y  b e tr a nsf or m e d 

i nt o t h e  c olli n e arit y  c o nstr aint:  n a m el y t h at t h e  p oi nts x , ′x   a n d ′c  li e  o n  a  c o m m o n 

li n e.  T his f oll o ws  dir e ctl y fr o m t h e r e writt e n f or m  of t h e f u n d a m e nt al  c o nstr ai nt: 

( )1 2   1   2   1   2, 0T TF ′ ′= × = × =x x   x c x   x c x  ( 2. 2 0)  

w h er e 1x   a n d 2x   ar e  a n  ar bitr ar y  c orr es p o n di n g  p oi nt  p air ( ×   a n d .,.   d e n ot e t h e 

cr oss   pr o d u ct   a n d  t h e   d ot   pr o d u ct,  r es p e cti v el y.).  I n  t h is  f or m ul a  t h e   h o m o g e n o us  
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f or ms  of t h e  v e ct ors  ar e  us e d.  B e c a us e  of t he f a ct t h at t h e  cr oss  pr o d u ct  of t h e  v e ct ors 

e x pr ess es t h e  e q u ati o n  of  a  str ai g ht li n e t hr o u g h t h es e t w o  p oi nts,  a n d f urt h er m or e 

t h at  t h e   d ot   pr o d u ct  is   a  si m pl e  s u bstit uti o n  i nt o  t his  li n e   e q u ati o n,  t h e   w h ol e  

e x pr essi o n   b e c o m es   z er o   w h e n  t h e  t hir d   p oi nt  li es   o n  t h e  li n e   d efi n e d   b y  t h e  t w o  

p oi nts. 

I n  s u m m ar y,  t h e  first   pr o p ert y  st at es  t h at t h e   g e o m etri c   m o d el   of   a   c a m er a- mirr or  

s c e n e  c a n  b e  d efi n e d  wit h  a  2- D  p oi nt,  n a m e l y  wit h t h e  v a nis hi n g  p oi nt  w hi c h is t h e 

p ar a m et er  of t h e  m o d el. 

P r o p e rt y  2.  Fr o m  a  gi v e n  c orr es p o n di n g  p oi nt  p air,  t h e  n e ar est  p oi nt t o t h e  V P is t h e 

r efl e cti o n  of t h e s e c o n d  p oi nt. 

P r o of.   T his st at e m e nt  m a y s e e m  o bvi o us,  b ut  n e v ert h el ess  w e s h all  gi v e  a s h ort  pr o of. 

T h e st at e m e nt is  e q ui v al e nt t o  

′ ′ ′− >   −c x   c x  ( 2. 2 1)  

w h er e x   d e n ot es t h e  E u cli di a n l e n gt h  of  v e ct or x .  T h e si m pl est f or m  c a n  b e  d eri v e d 

b as e d  o n t h e  a n gl es i n di c at e d i n  Fi g ur e  2. 1: α β< . It  c a n  b e j ustifi e d  b y  usi n g s o m e 

el e m e nt ar y li n e ar  al g e br a.  

T h e i m p ort a n c e  of t his  pr o p ert y li es i n t h e  f a ct t h at  k n o wl e d g e  of t h e  p ositi o n  of t h e 

V P  m a k es it  p ossi bl e t o  d e ci d e  w h et h er  a  gi v e n  p oi nt is tr ul y t h e  r efl e cti o n  of  a n ot h er 

p oi nt, i. e.  w h et h er t h e y f o r m  a  c orr es p o n di n g  p oi nt  p air. 

2. 2. 2.  Li g ht  dir e cti o n i n  c as e  of  c ast s h a d o w 

F or   m ost   o ut d o or  sit u ati o ns,  t h e   dir e cti o n   of   d a yli g ht  s h a d o ws  is   c o nt r oll e d   b y  t h e  

p ositi o n  of s u n.  B e c a us e t h e r a ys  of s u nli g ht   ar e  ess e nti all y  p ar all el, t h e y  c o n v er g e i n 

a n i nfi nit e  v a nis hi n g  p oi nt. 
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 S ol ar  p oi nt 

Li g ht  v a nis hi n g  p oi nt 

O bj e ct

S h a d o w

v

S h 

O 

S 

 

Fi g u r e  2. 2:  G e o m et r y  of s h a d o w: t h e t h r e e  p oi nts;  o bj e ct ( o ri gi n al), s h a d o w  a n d  v a nis hi n g  p oi nt 
a r e  c olli n e a r.  B e c a us e i n  o ut d o o r  c as es t h e  dist a n c e  of t h e li g ht s o u r c e f r o m  t h e  o bj e ct  c asti n g t h e 

s h a d o w is  n e a r i nfi nit y, t h e  k n o wl e d g e  of  a  c o m m o n  di r e cti o n ( v ) is s uffi ci e nt i nst e a d  of  p ositi o n 
of  v a nis hi n g  p oi nt. 

B e c a us e   of  t h e  f ar   v a nis hi n g   p oi nt  t h e   g e o m etri c al   m o d el   m a y   b e  si m plifi e d;  t h e  

k n o wl e d g e  of  a  dir e cti o n ( 2 D  v e ct or) is  e n o u g h f or t h e  esti m ati o n  of s h a d o w r e gi o n. 

D et ails   a b o ut  t h e   g e o m etr y   c a n   b e  f o u n d  i n  [ 7 2].  I n   o ur   pr e vi o us   w or k   w e   h a v e  

d es cri b e d  a  m et h o d t o  c o m p ut e t h e  v a nis hi n g  p oi nt i n  c as e  of  c a m er a- mirr or s etti n g 

usi n g  m oti o n st atisti cs [ 1].  

T h e i m p ort a n c e  of  k n o wl e d g e  of t h e li g ht  v a nis h i n g  p oi nt li es i n t h e fa ct t h at it si m pl y 

e n a bl es t h e i nt e gr ati o n  of  g e o m etri c al  c o nstr ai nt i nt o t h e s h a d o w  d et e cti o n  pr o c ess. 

O b vi o usl y, t h e s h a d o w  p oi nt  m ust li e  o n t h e  li n e  g oi n g t hr o u g h t h e ori gi n al  p oi nt  wit h 

dir e cti o n v .  

N ot e t h at, v   h as  u nit l e n gt h: 1v = .  U nf ort u n at el y, t his  g e o m etri c al  m o d el is  n ot 

e n o u g h f or t h e  e x a ct  d et er mi n ati o n  of t h e  c o rr es p o n di n g s h a d o w  p oint,  b e c a us e it is  a 

p oi nt-t o-li n e tr a nsf or m ati o n i nst e a d  of  a  p oi nt-t o- p oi nt  a n al o g y.  A c c or di n gl y,  w e  will 

us e t his  e xtr a  k n o wl e d g e t o g et h er  wit h  ot h er  f e at ur es ( c ol o ur,  m oti o n  et c.) t o  a c hi e v e 

a  b ett er  cl assifi c ati o n r es ults.  
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2. 3.   V a nis hi n g li n e  p ar a m etri z ati o n 

P ar all el  pl a n es i n  a  3- di m e nsi o n al s p a c e i nt e rs e ct  a  pl a n e  at i nfi nit y i n  a  c o m m o n li n e, 

a n d t h e i m a g e  of t his li n e is t h e  h ori z o nt al  v a nis hi n g li n e,  or  h ori z o n.  G e o m etri c all y 

t h e  v a nis hi n g li n e is  c o nstr u ct e d,  b y i nt ers e cti n g t h e i m a g e  wit h  a  pl a n e  p ar all el t o t h e 

s c e n e  pl a n e t hr o u g h t h e  c a m er a  c a n et er.  T h e  v a nis hi n g li n e ( V L)  d e p e n ds  o nl y  o n t h e 

ori e nt ati o n  of t h e  c a m er a.  T h e f oll o wi n g t h r e e  e x a m pl es  d e m o nstr at e t h e  us ef ul n ess 

of  h ori z o n [ 2 4]: 

•  T h e   pl a n e’s   ori e nt ati o n  r el ati v e  t o  t h e   c a m er a   m a y   b e   d et er mi n e d  fr o m  its  

v a nis hi n g li n e. 

•  T h e  pl a n e  m a y  b e  m etri c all y r e ctif i e d  gi v e n  o nl y its v a nis hi n g li n e. 

•  T h e  a n gl e  b et w e e n t w o s c e n e  pl a n es  c a n  b e  d et er mi n e d fr o m t h eir  v a nis hi n g 

li n es. 

 

T h us,  t h e   v a nis hi n g  li n e  is   us ef ul  f or   c a m er a   ori e nt ati o n   a n d   e xtri nsi c   p ar a m et er  

d et er mi n ati o n [ 4 5].  A  c o m m o n  w a y t o  d et er mi n e t h e  v a nis hi n g li n e  of  a s c e n e  pl a n e is 

first t o  d et er mi n e t h e  v a nis hi n g  p oi nts f or t w o s ets  of li n es  p ar all el t o t h e  pl a n e,  a n d 

t h e n t o  c o nstr u ct t h e li n e t hr o u g h t h e t w o  v a nis hi n g li n e. 

F or still i m a g es [ 4 6], it  c a n  b e s u c c essf ull y  d et er mi n e d  o nl y  w h e n t h er e  ar e  d et e ct a bl e 

p ar all el li n es;  a n d i n i m a g e-s e q u e n c es,  o nl y  w h e n  c ert ai n  ass u m pti o ns  ar e s atisfi e d 

w hi c h   e n a bl e   us  t o   d et e ct   a n d  tr a c k   k n o w n   o bj e cts  [ 4 5].  I n  s u m m ar y,   m ost   of  t h e  

p u blis h e d  still-i m a g e   b as e d   m et h o ds   ar e   u ns uit a bl e  f or   pr o c essi n g  t h e  i m a g es   of   a  

t y pi c al s ur v eill a n c e s c e n e.  F urt h er m or e, i n t y pi c al s ur v eill a n c e s c e nes  of  p u bli c  pl a c es 

t h e  ass u m pti o ns  o n  w hi c h t h e  vi d e o- b as e d m et h o ds  ar e  p osit e d  ar e  n ot s atisfi e d. 

I n s u m m ar y, t h e  d et er mi n ati o n  of t h e  v a nis hi n g li n e is  p ossi bl e  wit h  k n o wl e d g e  of  at 

l e ast  t w o   v a nis hi n g   p oi nts  (t h es e  li e  i n  t h e   V L);  th us  t hr e e   c orr es p o n di n g  li n e  

s e g m e nts ( e. g.  d eri v e d fr o m t h e  h ei g ht  of  a  gi v e n  p ers o n i n t h e i m a g e),  or  els e  k n o w n 

p ar all el li n es i n t h e s a m e  pl a n e,  ar e  n e c ess ar y.  
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3. E xtr a cti o n  of  m oti o n  c h ar a ct eristi cs 

T h e   us e   of  still  i m a g es  f or  t h e   e xtr a cti o n   of   c orr es p o n d e n c es  is  li mit e d.   T his  is  

b e c a us e t h e  a d diti o n al i nf or m ati o n  a b o ut t h e s c e n e  pr o vi d e d  b y i m a g e s e q u e n c es is 

l ost.  H er e b y t h e i m pl e m e nt ati o n  of  cl assific ati o n  a n d f e at ur e  e xtr a cti o n t as ks  ar e  m or e 

c o m pli c at e d.  T h e n  a g ai n t h e s c e n e  d y n a mi cs  pr o vi d e  us ef ul i nf or m ati o n  wit h o ut  usi n g 

a p p e ar a n c e  b as e d i m a g e  a n al ysis  or  m at c hi n g. 

I n t his  c h a pt er  w e s h o w t h at, t h e  h u m a n m oti o n  a n d t h e  c o- m oti o n st atisti cs  c a n  b e 

e xtr a ct e d  r o b ustl y  fr o m   vi d e o  s e q u e n c es.   T h is  s e cti o n   pr es e nts   a   w al k   d et e cti o n  

m et h o d  usi n g  n o n-li n e ar  cl assifi c ati o n  a n d  a  m o d el  b as e d  a p pr o a c h f or t h e  pr o c essi n g 

of  m oti o n st atisti cs.  T h es e  m et h o ds  e xtr a ct  t h e  b asi c s p ati al ( 2 D) i nf or m ati o n f or t h e 

i ntr o d u c e d  g e o m etri c al  m o d el  c o m p ut ati o n. 
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3. 1.   D et e cti o n  of  g ait  c h ar a ct eristi cs i n  vi d e os 

T h e  m ai n  ai m  of t h e s e cti o n is t o  pr es e nt  a  m et h o d f or t h e  d et e cti o n  of  h u m a n  w al ki n g 

i n  vi d e os  a n d f or t h e  e xtr a cti o n  of  g ait fe at ur es.  O ur f e at ur e  e xtr a cti o n  m et h o d,  w hi c h 

is  b as e d  o n  m et h o d  pr o p os e d i n [ 2],  utiliz es  e xt e n d e d t hir d-l e v el s y m m etri es  of t h e 

e d g e  m a p t o  d et e ct  a n d tr a c k str u ct ur al  c h a n g es  of  m o vi n g  o bj e ct s i n  vi d e o s e q u e n c es. 

I n  [ 2]   w e  i ntr o d u c e d   a   n o v el   w al k   d et e cti o n   al g orit h m  i n  st a bl e   e x p eri m e nt al  

c o n diti o ns  t h at  is   a bl e  t o   d et e ct   p e d estri a ns   b y  r e c o g n i zi n g  t h eir   c h ar a ct eristi c  

s y m m etr y  p att er ns,  usi n g  K er n el  Fis h er  Dis cri mi n a nt  A n al ysis ( K F D A t e c h ni q u e). 

T his  m et h o d is  b as e d  o n  d et e cti n g t h e  m o vi n g l e g  p airs  a n d  d e v el o pi n g t h e s y m m etr y 

b as e d  a p pr o a c h i n [ 2] f or  m or e r o b ust  c as es: i n d e p e n d e n c e  of  n ois e  a n d t h e  v ar yi n g 

fr a m e  r at e  [ 5 8].   W e   a p pl y  a n  i n v ari a nt   a n d   eff e cti v e   d at a  r e pr es e nt ati o n  i n  t h e  

Ei g e n w al k s p a c e,  b as e d  o n s pli n e i nt er p ol a ti o n  a n d  a  di m e nsi o n-r e d u cti o n t e c h ni q u e. 

H er e   w e   pr es e nt   a   m or e   est a blis h e d   p a tt er n   cl assifi c ati o n  m et h o d   b as e d   o n  t h e  

c o nti n u o us  i nt er p ol ati o n   of  t h e  s y m m etr y   p att er ns.   A   m or e  r o b ust   cl assifi c ati o n  is  

c arri e d  o ut  vi a  S u p p ort  V e ct or  M a c hi n e ( S V M)  wit h  G a ussi a n  k er n el f u n cti o n. 

F or t esti n g t h e  effi ci e n c y  a n d t h e r o b ust n e ss  of t h e  a b o v e f e at ur e  e xtr a cti o n  m et h o d it 

h as   b e e n   a p pli e d  f or   c a m er a  r e gistr ati o n.   T h e  f e at ur es   w e   us e d  ( c o n c urr e nt   w al k-

st e ps,   a n d  l e a di n g-l e g  i d e ntit y)  s e e m  t o   b e   b e n efi ci al  t o   pr o vi d e   d at a  ( m at c hi n g  

p oi nts) f or t h e  esti m ati o n  of tr a nsf or m ati o n  b et w e e n t w o  diff er e nt  c a m er a  vi e ws  of 

t h e  s a m e  s c e n e.   T h e   a c c ur a c y   of  t h e  r e gistr ati o n  r es ults   pr o v e s  t h e   us ef ul n ess   of  

d et e ct e d f e at ur es. 

 

T h e  b asis  of  o ur  al g orit h ms is t h e  a bilit y  t o  d et e ct  h u m a n  m o v e m e nts.  T h e  m ai n st e ps 

of t h e  al g orit h m  ar e 

•  B a c k gr o u n d s u btr a cti o n,  c h a n g e- d et e cti o n 

•  E d g e m a p  d et e cti o n  a n d s y m m etr y   c o m p ut ati o n (first l e v el) 

•  E xt e nsi o n  of s y m m etr y  c o m p ut a ti o n  u p t o t hr e e l e v els ( L 3 S) 

•  T e m p or al tr a c ki n g  usi n g r e c o nstr u ct e d  m as ks 

S a m pl es  of t h e i m a g e  pr o c essi n g st e ps  ar e s h o w n i n  Fi g ur e  3. 1,  w hi c h ill ustr at es t h e 

r es ults  of t h e  al g orit h mi c  pr o c e d ur es  u p t o t h e st a g e  of s y m m etr y  p att er n  e xtr a cti o n 

fr o m t h e r e c o nstr u ct e d  m as ks.  
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T h e  ass u m pti o ns  w e  us e  ar e 

•  T h e  c a m er a is i n  ar bitr ar y st ati c  p ositi o n. 

•  T h e i m a g e  m oti o n  c a n  b e fr o m  m or e t h a n  o n e  p ers o n. 

•  T h e i m a g e  c a pt ur e r at e is  at l e ast  1 0f ps. 

•  T h e  h ei g ht  of  e a c h  “t ar g et ”  p ers o n is  at l e ast  1 0 0  pi x els. 

•  L e g- o p e ni n g is  visi bl e i n  m ost  c as es. 

3. 1. 1.  W al k  d et e cti o n i n  Ei g e n W al k s p a c e 

S y m m etr y  p att er n  e xtr a cti o n 

S y m m etr y  is   a   b asi c   g e o m etri c   attri b ut e,   a n d   m ost   o bj e cts   h a v e   a   c h ar a ct eristi c  

s y m m etr y- m a p.   T his   u ni q u e   a n d  i n v ari a nt   pr o p ert y  l e a ds  t o  t h e   a p pli c a bilit y   of  

s y m m etri es i n  o ur  a p pr o a c h  f or i m a g e- pr o c essi n g.  

T h e  m e di al  a xis is f or m all y  d efi n e d  as t h e  cl os ur e  of t h e l o c us  of   c e nt ers  of  m a xi m al 

s p h er es t h at  ar e  at l e ast t a n g e nt t o t h e  s urf a c e  at t w o  pl a c es.  T h e s y m m etr y s et is  a 

r el at e d r e pr es e nt ati o n,  w hi c h  m a k es  e x pli cit  m or e  of t h e s y m m etri es  of t h e s h a p e  b y 

r e m o vi n g t h e  m a xi m alit y  c o n diti o n [ 8 0].  T h e G e n er ali z e d  S y m m etr y  O p er at or [ 9 0] 

a p pli es   dist a n c e   w ei g ht  f u n cti o n  ( aff e ct e d   b y  s p a ci n g),   a   p h as e   w ei g ht  f u n cti o n  

( aff e ct e d  b y  e d g e  dir e cti o n),  a n d  a l o g arit h mi c  m a p pi n g  of  p oi nts’ i nt e nsit y.  A l ar g e 

v ari et y  of  n u m eri c al t e c h ni q u es  h a v e  b e e n  d e v el o p e d t o  e xtr a ct  m e di al  a xis fr o m  a  2 D 

s h a p e  [ 8 0];  t hi n ni n g   m et h o ds,   w hi c h  it er ati v e l y   p e el   off  t h e  s urf a c e  i n  t h e   dis cr et e  

d o m ai n   w hil e   m ai nt ai ni n g   o bj e ct  t o p ol o g y.   T h e  s k el et o n  is   a  li n e ar   p att er n  

r e pr es e nt ati o n t h at is  g e n er all y r e c o g ni z e d  as  a  g o o d s h a pe  d es cri pt or.  A n  eff e cti v e 

i m pl e m e nt e d s k el et o n  al g orit h m  b y  usi n g  bi n ar y  p yr a mi d is  c all e d  m ultis c al e s k el et o n 

[ 7 8].   T h es e  t e c h ni q u es  r e q uir e   a  f ull y  s e g m e nt e d,   a n d   c o n n e ct e d   o bj e ct.   T h e  

a v ail a bilit y   of   effi ci e nt   di st a n c e  tr a nsf or m   al g orit h ms   h as  l e d  t o  ri d g e-f oll o wi n g  

al g orit h ms t h at  vi e w t h e  m e di al  a xis  as ri d g es  of t h e  dist a n c e  m a p.  A n ot h er  cl ass  of 

m et h o ds  c asts t h e s urf a c e  as  t h e l e v el s et  of  a n  e m b e d d e d o bj e ct  a n d fi n ds t h e  w e a k 

s ol uti o ns  of  a  P D E  w hi c h  m o d els t h e  w a v e  pr o p a g ati o n  pr o c ess  w h os e si n g ul ariti es 

yi el d t h e  m e di al  a xis. 
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a)                                         b) 

  

c)                                         d) 

  

e)                                      f) 

  

g)                                       h) 

 

i) 

Fi g u r e  3. 1:  O v e r vi e w  of f e at u r e  e xt r a cti o n st e ps:  a) I m a g e f r o m i n p ut s e q u e n c e.   b)  R es ult  of 
c h a n g e- d et e cti o n.  c)  Filt e r e d  C a n n y  e d g e  m a p.   d)  Fi rst l e v el s y m m et ri es.   e)  S e c o n d l e v el 

s y m m et ri es.  f)  T hi r d-l e v el s y m m et ri es ( L 3 S).   g)  R e c o nst r u ct e d  m as ks f r o m s y m m et ri es.   h) 
T r a c ki n g, s h o wi n g  c o h e r e nt  m as ks i n t h e s e q u e n c e  ( of  7 f r a m es).  i)  S ym m et r y  p att e r n ( of  2 5 

f r a m es). 
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B a c k gr o u n d s u btr a cti o n 

A n   el e m e nt ar y   m et h o d  t o  r e d u c e  t h e   c o m p ut ati o n   c ost   of   m et h o ds   usi n g   m oti o n  

i nf or m ati o n   d eri v e d  fr o m  st ati c- p ositi o n   c a m er as  is   b a c k gr o u n d  s u btr a cti o n  ( or  

c h a n g e- d et e cti o n),  t h at  is,  r e m o v e   all   b ut   w h at   ar e  i m p ort a nt   artif a cts,  s e e   Fi g ur e  

3. 1( b).  I m pl e m e nti n g   a   m or e  s o p histi c at e d   m et h o d  f or   b a c k gr o u n d  s u btr a cti o n  is   a  

c h all e n gi n g  t as k  [ 3 1]  [ 3 0].   W e   h a v e  t h er ef or e  i m pl e m e nt e d   a   mi x e d  s ol uti o n;  t h e  

al g orit h m  c a n  b e s el e ct e d fr o m  o n e  of t w o  m et h o ds:  eit h er  a si m pl e r u n ni n g  as  d ef a ult 

( as  us e d i n  Fi g ur e  3. 1( b));  or  a  G a ussi a n- mi xt ur e  m o d el [ 3 0] i n c as e  of  n ois y  o ut d o or 

s c e n es.  I n   o ur  tri als,   m ost   of  t h e   pr o bl e ms   w er e   c a us e d   b y  s h a d o ws.   F or  s h a d o w  

r e m o v al   w e   us e d  t h e   m et h o d   of  [ 3 1],   w hi c h  is   a   m o difi c ati o n   of  t h e   w ell   k n o w n  

S A K B O T  al g orit h m [ 6 3]. 

H oriz o nt al s y m m etr y  e xtr a cti o n 

O ur s y m m etr y  d et e cti o n  m et h o d [ 2] is  b as e d  o n t h e  us e  of  m or p h ol o gi c al  o p er at ors t o 

si m ul at e s pr e a di n g  w a v es fr o m t h e  e d g es. I n  t h at  p e d estri a n  d et e cti o n  a p pr o a c h,  o nl y 

h ori z o nt al  m or p h ol o gi c al  o p er at ors  ar e  us e d t o  e xtr a ct t h e s y m m etri es. 

T h e  m at h e m ati c al  d efi niti o n  of  t his  ki n d  of s y m m etr y  e xtr a cti o n is si mil ar t o s k el et o n 

al g orit h m [ 6 4]  wit h  dist a n c e  d e fi niti o n  of t a ki n g i nt o  a c c o u nt  o nl y t h e  x ( h ori z o nt al) 

c o or di n at es i nst e a d  of  E u cli d e a n  dist a n c e.  T h us, it is  p ossi bl e t o r e c o v er t h e  ori gi n al 

e d g e  m a p  gi v e n its s y m m etr y  m a p  a n d t h e  di st a n c e  of  e a c h s y m m etr y  p oi nt t o its  e d g e 

p oi nt [ 6 4].  

As  ill ustr at e d  i n   Fi g ur e   3. 1,  t h e  s y m m et r y   c o n c e pt   c a n   b e   e xt e n d e d   b y  it er ati v e  

o p er ati o ns.  T h e s y m m etr y  of t h e  L e v el  1 s y m m e tr y  m a p ( Fi g ur e  3. 1(d)) is t h e  L e v el  2 

s y m m etr y  ( Fi g ur e   3. 1( e));   a n d  t h e  s y m m etr y   of  t h e   L e v el   2   m a p  is  t h e   L e v el   3  

s y m m etr y ( L 3 S),  as s h o w n i n  Fi g ur e  3. 1(f).  

T h e s y m m etr y  a xis  d es cri b es  w ell  gl o b al  a n d l o c al str u ct ur al  pr o p erti es  of  a n  o bj e ct 

( e v e n   n o n-ri gi d).   Hi g h er   or d er  s y m m etri es   ar e   us e d  t o   d es cri b e  l o c al  str u ct ur e  

r efl e cti n g  t h e   o v er all   c o m pl e xit y   of   a n   o bje ct.   L 3 S  is   a  r e pr es e nt ati v e  f e at ur e   of  

o bj e cts  h a vi n g t w o  c o h er e nt  o bj e c ts  wit h t w o  p ar all el  e d g es.  T y pi c all y,  h u m a ns’ l e gs 

ar e s u c h  o bj e cts.  T h us,  L 3 S  c a n  b e  us e d t o i n di c at e t h e m. 

O ur  s y m m etr y- e xtr a cti o n   m et h o d  is  l ess  s e ns iti v e  t o   e d g e  fr a g m e nt ati o n  t h a n  t h e  

ori gi n al   “s k el et o n ”   m et h o d  is.   N e v ert h el e ss,  t h e   L 3 Ss   c o nt ai n  a n   a c c u m ul ati o n   of  

fr a g m e nts fr o m t h e  pr e c e di n g s y m m etr y l e v els.  T o r e d u c e t his  err or  w e  us e  v erti c al 
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m or p h ol o gi c al   cl osi n g   o p er at ors   at   e a c h  l e v e l   of   pr o c essi n g.  I n   a d diti o n,  it  is   a n  

i m p ort a nt f a ct or  w h e n t h e  o bj e cts  ar e s m all a n d  n e ar t o  o n e  a n ot h er  o n t h e i m a g e.  T h e 

v erti c all y- ori e nt e d  k er n els  h el p t o  a v oi d  p ossi bl e  c o nf usi o n  wit h  n e ar b y  n ei g h b o uri n g 

s y m m etri es. I n  c o ntr ast t o t h e  h ori z o nt al  m et h o d t h e  cir cl e- b as e d s pr e a di n g  pr o d u c es 

s e v er al s m all  a n d  o v er h a n gi n g  a x es  w hi c h  l e a d t o  u n us a bl e  hi g h er l e v el s y m m etri es 

as ill ustr at e d i n  Fi g ur e  3. 2. 

 

Fi g u r e  3. 2:  T h e  L e v el  1  a n d  L e v el  2 s y m m et r y  m a ps  d e ri v e d  usi n g  2 D  w a v e s p r e a di n g ( n ot 
o pti m al  ci r cl e). 

Fi g ur e  3. 3 s h o ws t h e st e ps  of t h e  al g orit h m  w h er e I n p ut  m e a ns t h e  bi n ar y i n p ut i m a g e 

( C a n n y  e d g e  m a p), S y m m etr y   m e a ns  a  bi n ar y i m a g e  wit h  t h e  d et e ct e d s y m m etri es, 

Siz e Y(I)   a n d Siz e X(I)   m e a n t h e si z e  of t h e  gi v e n i m a g e I a n d I( x, y)  m e a ns t h e  pi x el  of 

i m a g e I i n  x  c ol u m n  a n d  y r o w  p ositi o ns. 

 

 

 

 

 

 

 

 

 

Fi g u r e  3. 3:  T h e si m plifi e d s y m m et r y  e xt r a cti o n  al g o rit h m  o n  bi n a r y i m a g es 

T his  eff e cti v e  al g orit h m s c a ns  al o n g t h e li n es i n t h e  e d g e  m a p  a n d  pl a c es  a  pi x el t o 

t h e s y m m etr y  m a p  b et w e e n t w o  e d g e  pi x els. It is  a bl e t o  c al c ul at e  o n e it er ati o n  o n t h e 

s y m m etr y l e v els s o it s h o ul d r u n t hr e e ti m es   as t h e r es ulti n g s y m m etr y  m a p  c o nt ai ns 

F O R  y = 1  T O  Si z e Y(I n p ut)  { 
Pr e vi o us X =- 1; 
F O R  x = 1  T O  Si z e X(I n p ut)  { 
     if  (I n p ut( x, y) > 0)    {  
       if  ( Pr e vi o us X < >- 1)  {  
          S y m m etr y(( x + Pr e vi o us X)/ 2,  y) = 1;  
        } 
      Pr e vi o us X = x;  
      } 
    } 
  }  
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t h e   L 3 S.   Wit h  t h e  i m pl e m e nt e d   al g orit hm   w e   a c hi e v e d   a   pr o c essi n g  s p e e d   of   8 0  

fr a m e/s e c  at  3 2 0 x 2 4 0 r es ol uti o n o n  a  2. 4 G H z  P e nti u m  C P U. 

T e m p or al tr a c ki n g 

I n  g e n er al, t h e i m a g e  m a y  c o nt ai n  a  n u m b er  of s y m m etr y-s a m pl es,  w hi c h  h a v e  aris e n 

fr o m   err ors  i n   c h a n g e- d et e cti o n   or  fr o m t h e   c o m pl e xit y   of  t h e   b a c k gr o u n d;  f or  

e x a m pl es, s e e  Fi g ur e  3. 1(f).  H o w e v er,  e v e n t h e  e xist e n c e  of  p erf e ct s y m m etri es i n  a 

si n gl e st ati c i m a g e  d o es  n ot  n e c ess aril y  pr o vi d e  us a bl e i nf or m ati o n  a b o ut t h e i m a g e-

c o nt e nt; f or t his,  w e tr a c k t h e  c h a n g es  of t h e s y m m etr y s a m pl es  b y  usi n g t e m p or al 

c o m p aris o ns.  W e  h a v e i m pl e m e nt e d  a n  ef f e cti v e tr a c ki n g  m et h o d  usi n g  m as ks  ar o u n d 

t h e s y m m etri es.  T h e  al g orit h m  g e n er at es t his  m as k  ar o u n d t h e  L 3 S s a m pl es fr o m t h eir 

r a dii; s u c h  m as ks  c a n  b e s e e n i n  Fi g ur e  3. 1( g).  T his  g e n er ati o n  pr o c e d ur e is si mil ar t o 

r e c o nstr u cti o n  pr o c ess i n s k el et o ni z ati o n [ 6 4]. 

T h e first  L 3 S  a p p e ars  w h e n t h e l e gs  ar e  o p e ni n g  a n d t h e l ast is  d et e ct e d j ust  b ef or e 

t h e l e gs  ar e  cl os e d; s o  a s y m m etr y- p att er n of  a  w al ki n g  p ers o n’s  st e p  c orr es p o n ds t o 

t h e  m o v e m e nt  of t h e l e gs fr o m  o p e ni n g t o cl osi n g.  T h e  d et e ct e d  L 3 S s y m m etri es  ar e 

filt er e d  b y t h eir si z e,  o nl y s y m m etri es  3  pi x els l o n g  or l o n g er  ar e  pr o c ess e d. I n t h e 

f oll o wi n g  d es cri pti o ns,  o n e  c y cl e  d e n ot es t wo st e ps.  D uri n g tr a c ki n g, t h e  al g orit h m 

c al c ul at es t h e  o v erl a p pi n g  ar e as  b et w e e n s y m m etr y  m as ks i n s u c c essi v e fr a m es,  a n d 

t h e n  c o nstr u cts t h e s y m m etr y  p att er ns  of t h e l ar g est  o v erl a p pi n g s y m m etri es fr a m e  b y 

fr a m e  as t h e s eri es  of s y m m etr y s a m pl es. A n  o v erl a p pi n g  m a s k s e q u e n c e  c a n  b e s e e n 

i n   Fi g ur e   3. 1( h),   a n d  t h e  s y m m etr y   p att er n  i n   Fi g ur e   3. 1(i).   T h e  a d v a nt a g e   of  t his  

si m pl e  al g orit h m is t h at it is tr a c ki n g t h e  c o m pl et e l e g  m o v e m e nt  a n d t h e  ass o ci at e d 

str u ct ur al   c h a n g es,  i nst e a d   of  j ust  tr a c k i n g  s el e ct e d  f e at ur e   p oi nts   o n  t h e  i m a g e   b y  

m e a ns   of  s o m e   o pti c al   c orr el ati o n   m et h o d.   T his  i n h er e nt  f e at ur e   of  t h e   m et h o d  

i n cr e as es t h e st a bilit y  a n d t h e r o b ust n ess  of t h e r es ults i n  c as es  w h er e t h e  e d g es  of t h e 

t ar g et  ar e  p arti all y  “ d a ma g e d ” i n s o m e fr a m es. 

I n  o ur s a m pl e  vi d e os,  w e f o u n d t h at t h e  m ost  criti c al f a ct or is t he i m a g e r efr es h r at e: 

w e f o u n d t h at t h e r at e  of  at l e ast  1 0 fr a m es/s e c o n d is r e q uir e d. 

D et e cti o n  of  w al k  p att er ns 

T h e  e xt e n d e d s y m m etr y f e at ur e  gi v es  a s p e ci fi c  p att er n  w h e n it is tr a c k e d t hr o u g h t h e 

fr a m es   of   1- 2   w al ki n g  st e ps.   H o w e v er,  it  diff ers  fr o m   ot h er   m et h o ds   d e ali n g   wit h  

D OI: 1 0. 1 5 7 7 4/ P P K E.I T K. 2 0 2 4. 0 0 6



 

 

- 3 0- 

p eri o di cit y  a n al ysis [ 5 1][ 8 2]  t h at  w e  d o  n ot  c o nsi d er  a n y s pe cifi c str u ct ur e i n ti m e  or 

i n s p a c e.  M or e o v er,  w e  c a n  d efi nit el y  diff er e nti at e  b et w e e n t h e s y m m etr y  p att er n  of 

w al ki n g l e gs  a n d t h at  of  ot h e r  p arts,  e. g.  ar ms  a n d  h e a d. 

R e pr es e nt ati o n  a n d r e-s a m pli n g 

T h e  e xtr a ct e d s y m m etr y  p att er ns  ar e r e pr es e n t e d  wit h t h e  u p p er  a n d l o w er  e n d  p oi nts 

( 2  e a c h)  of t h e  L 3 S i n  e a c h fr a m e, s e e  Fi g ure  3. 4.  T h us t h er e  ar e f o ur  3 D (s p a c e  a n d 

ti m e)   c o or di n at es,   w hi c h   c orr es p o n d   a p pr o xim at el y  t o  t h e   “ e n d- p oi nts ”   of  t h e  t w o  

l e gs.  

( x1 ,  y1 ) ( x3 ,  y3 ) 

( x2 ,  y2 ) ( x4 ,  y4 )
rL  

rU  

 

Fi g u r e  3. 4:  T h e  e n d  p oi nts  us e d t o  d efi n e s y m m et r i es f o r t h e  r e-s a m pli n g  a n d  cl assifi c ati o n t as ks. 

T e m p or all y t h es e  p att er ns  d e p e n d  b ot h  o n t h e fr a m e r at e  a n d t h e  w al ki n g s p e e d, s o  a 

p att er n  us u all y  c o nt ai ns  d at a fr o m  5- 3 0 fr a m es, s e e  Fi g ur e  3. 5.  All t h e s y m m etri es 

c o m p os e d  of f o ur  or f e w er fr a m es  ar e filt e r e d  o ut  a n d  n ot  cl assifi e d,  b e c a us e t h e y  ar e 

us u all y   pr o d u c e d   b y   n ois y   b a c k gr o u n ds.   B ef or e   a n y  f urt h er   a n al ysis,  t h e   d at a  is  

n or m ali z e d  wit h r es p e ct t o ti m e f or  pr es e nti n g  a n i n v ari a nt  d es cri pti o n  of t h e  m oti o n; 

w e   p erf or m  t his  t as k   wit h   B e zi er  s pli n e  i nt er p ol ati o n  [ 6 5].   T his  t e c h ni q u e   h as  t h e  

a d v a nt a g e t h at it  p erf or ms t w o t as ks: (i)  d a t a is r e-s a m pl e d i n  a  d efi n e d ti m e i nt er v al 

wit h  a fi x e d- p oi nt  c o u nt; (ii)   n ois e-filt eri n g is  p erf or m e d   o n  t h e  tr aj e ct ori es,   w hi c h  

r es ults i n  a s m o ot h er s y m m etr y  p att er n.  T h e  n ois e- cl e a ni n g is  criti c al  b e c a us e i n r e al 

s c e n es  t h es e   p att er ns   ar e   oft e n   d a m a g e d,  s e e   Fi g ur e   3. 5.   T h e   B e zi er  s pli n e  ( B- B  

s pli n e)  [ 6 5]  is   a   g o o d   c h oi c e   b e c a us e  t h e   e ff e ct   of   b as e   p oi nts  is   gl o b al;  s o  t h e  

pr es e n c e  of s o m e  d a m a g e d  p oi nts,  c o mi n g  fr o m  err o n e o us s y m m etr y  e xtr a cti o n  a n d 

u nst a bl e  vi d e o fr a m e r at e,  d o es  n ot  c a us e si g n ifi c a nt  c h a n g e i n t he  w h ol e tr aj e ct or y.  
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Fi g u r e  3. 5:  O ri gi n al s y m m et r y  p att e r n  a n d t h e  t r aj e ct o ri es  of  9 f r a m es.  T h e f o u r  c u r v es 
(t r aj e ct o ri es)  a r e t h e  u p p e r  a n d l o w e r  –  b ot h l eft a n d  ri g ht -  e n d  p oi nts  of t h e s y m m et r y s a m pl e 

e x p a n d e d  wit h its  r a di us.  T h e i n p ut  c o nt ai ns s e v e r el y  c o r r u pt e d  d at a. 

T his  ti m e- e xt e n d e d   d at a  r e pr es e nt ati o n   p er m its  t h e  i nt e gr at e d   a n al ysis   of   d at a  

o bt ai n e d fr o m s e v er al  c a m er as  w h er e t h e fr a m e r at es  ar e  diff er e nt  a n d  u nst a bl e ( e. g. 

n et w or k  c a m er as); t h e  e xtr a ct e d f e at ur es  m u st  b e r es a m pl e d  wit h  a  c o nti n u o us ti m e-

di visi o n.  T h e r es ult  of  B e zi er  s pli n e i nt er p ol ati o n  of  d at a  c a n  b e s e e n i n  Fi g ur e  3. 6. 

T h e  c urr e nt i m pl e m e nt ati o n  g e n er at es  1 0 0 i nt e r p ol at e d  p oi nts  of b ot h  c o or di n at es  of 

e v er y   e n d   p oi nt.   T h es e   p oi nts   ar e  t er m e d   wit h  t h e  f oll o wi n g   v e ct ors  ( e a c h   h as  

di m e nsi o n  of  1 0 0) 1 1 2   2 3   3 4   4, , ,   , , , ,x y x   y   x   y x   y . 

 

 

        a)                        b)                   c) 

Fi g u r e  3. 6: I nt e r p ol at e d t r aj e ct o ri es  of  1 0 0  p oi nts  b y  usi n g  B- B s pli n es ( a)  a n d  B-s pli n es ( c)  a n d 
t h e  n u m e ri c all y i nt e g r at e d s u rf a c e ( b)  of t h e  p att e r n  d efi n e d  b y  e q. ( 3. 3). (I n p ut  d at a is t h e s a m e 

as f o r  Fi g u r e  3. 5.)  T h e s u rf a c e is f o r m e d f r o m  t h e i nt e r p ol at e d  u p p e r  a n d l o w e r  e n d  p oi nts  of 
s y m m et ri es  w hi c h  r e p r es e nts t h e  h ei g ht  of t h e  visi bl e  a r e a  of l e g- o p e ni n g. 

A   p o p ul ar   c ur v e  i nt er p ol ati o n   m et h o d  is   t h at   k n o w n   as   N U R B S  ( N o n   R ati o n al   B-

S pli n e).  T his is  a n  e xt e n d e d  B-s pli n e  m et h o d,  a n d t h e  b as e  p oi nts  h a v e l o c al  eff e ct. 

H o w e v er, f or  o ur  a p pli c ati o n it  h as  dr a w b a c ks: its  c o m p ut ati o n  c ost is  hi g h er t h a n f or 

t h e   B e zi er-s pli n e   m et h o d,   a n d  t h e  r es ults  m a y   b e  l ess   g o o d.   T h e  r es ults   of   a n   8t h-

or d er   B-s pli n e   pr o c essi n g,   o n  t h e  s a m e  i n p ut   d at a   as   b ef or e,   ar e  s h o w n  i n   Fi g ur e  

3. 6( c).   N ot e  t h at  t h e   d a m a g e d   d at a   gi v e s   a  l ess  s m o ot h   o ut p ut  t h a n  t h e   pr e vi o us  

m et h o d. 
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Di m e nsi o n r e d u cti o n 

T h e i nt er p ol at e d  3 D ( X Y T)  p oi nts  ar e r e arr a n g e d i nt o  a r o w- v e ct or  wit h  di m e nsi o n  of 

8 0 0 ( b e c a us e it is t h e  c o n c at e n ati o n  of  t h e  ei g ht  v e ct ors  of  c o or di n at es): 

1 1 2   2 3 3 4   4[ ,   ,   ,   ,   ,   ,   ,   ]x x y x y x y x y=  ( 3. 1)  

T h e li n e arit y  of t h e ti m e  c o or di n at e  m a k es  a s m o ot h ti m e- di visi o n (ti m e is li n e arl y 

r el at e d t o t h e s u c c essi v e s a m pl es t h a n ks t o t h e r e-s a m pli n g).  C o ns e q u e ntl y,  w e  c a n 

o mit t his  c o or di n at e; it  h as  n o  dis cri mi n ati v e i nf or m ati o n  c o nt e nt.  Aft er  w e  c e nt er t h e 

p att er ns f or  b ot h t h e  x  a n d  y,  b ot h  c o or di n at es  ar e  n or m ali z e d  usi n g  a  c o nst a nt  c h os e n 

s u c h t h at  m a x( y) =  1  a n d  mi n( y) =  – 1;  w e  d o t h is  b e c a us e  w e  h a v e f o u n d t h at t h e  y-si z e 

of t h e  p att er ns  v ari es l ess t h a n  d o es t h e  x-si z e.  W e  d o  n ot  n or m a li z e  wit h i n di vi d u al 

c o effi ci e nts f or  x  a n d  y, si n c e i n t h at  c as e  t h e i nf or m ati o n  c o nt e nt  of t h e r ati o  of  x  a n d 

y  v al u es  w o ul d  b e l ost. 

A  w ell- k n o w n t e c h ni q u e f or  di m e nsi o n r e d u cti o n is t h e  P C A  m et h o d [ 6 6].  T o fi n d t h e 

pri n ci p al  c o m p o n e nts  of t h e  di stri b uti o n  of t h e f e at ur e s p a c e  w e first  o bt ai n t h e  m e a n 

a n d  t h e   c o v ari a n c e   m atri x  ( Σ )   of  t h e   d at a  s et.   T h e n   w e   c a n   c o m p ut e   N≤ r a n k(Σ ) 

n o n z er o   ei g e n v al u es   a n d  t h e   as s o ci at e d   ei g e n v e ct ors   of   Σ   b as e d   o n   S V D.   T h e  

ei g e n v e ct ors  ass o ci at e d  wit h  a s m all  n u m b er   of t h e l ar g est  ei g e n v al u es  c orr es p o n d t o 

l ar g e  c h a n g es i n tr ai ni n g  p att er ns; t h us  a tr a nsf or m e d  m atri x  c a n  b e  c o nstr u ct e d fr o m 

ei g e n v e ct ors  t o   pr oj e ct  t h e   ori gi n al   d at a  i nt o   a   p ar a m etri c   ei g e ns p a c e   wit h   a  

dr asti c all y r e d u c e d  n u m b er  of  di m e nsi o ns.  W e  c o nsi d er e d t h e s p a c e s p a n n e d  b y t h e  3 

m ost si g nifi c a nt  ei g e n v e ct ors  of t h e  c o v ari a n c e  m atri x  of t h e i nt er p ol at e d  d at a s et t h at 

a c c o u nt f or  9 3 %  of t h e  v ari ati o n i n t h e i n p ut  s p a c e:  w e  c all t his t h e  Ei g e n w al k s p a c e. 

T h e  ass o ci at e d  ei g e n v e ct ors f or m t h e  ei g e ns p a c e tr a nsf or m ati o n  m atri x. 

0 2 0 0 4 0 0 6 0 0 8 0 0
- 0. 0 2

0

0. 0 2

0. 0 4

0. 0 6

0. 0 8

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

- 0. 0 5

0

0. 0 5

0. 1

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

- 0. 0 5

0

0. 0 5

0. 1

 

Fi g u r e  3. 7:  T h e fi rst t h r e e  ei g e n v e ct o rs  o bt ai n e d  b y  P C A t r ai ni n g. 

Fr o m  Fi g ur e  3. 7  w e  c a n s e e t h at t h es e  ei g e n- w al ks  ar e  p eri o di c,  w hi c h r e v e als t h e  

c o nstr u cti o n   m et h o d   of  r a w   d at a.   F urt h er m or e  w e  c a n  d et er mi n e t h at t h e  d o mi n a nt  

i nf or m ati o n is t h e  h ori z o nt al ( x)  dir e cti on al  m oti o n  of l o w er  e n d  p oi nts (first  ei g e n-
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v e ct or)  a n d  w al k  h as  a  c h ar a ct eristi c s y m m etr y  o n t h e  v erti c al ( y)  dir e cti o n al  m oti o n 

of  e n d  p oi nts (s e c o n d  ei g e n- v e ct or). 

 

Fi g u r e  3. 8:  “ W al k ”  a n d  “ n o n- w al k ”  p att e r ns i n t h e  ei g e ns p a c e.  W h e r e 1v , 2v   a n d 3v   a r e fi rst 

t h r e e t h e  ei g e n- v e ct o rs. 

Fi g ur e   3. 8   d e m o nstr at es  t h e  r es ults   usi n g   t h e  t est-s et   of  l a b el e d   “ w al k ”   a n d   “ n o n-

w al k ”  s y m m etr y   p att er ns.   T his   dr asti c all y  r e d u c e d   n u m b er   of   di m e nsi o ns   gr e atl y  

assists i n i n cr e asi n g t h e  cl assifi c ati o n s p e e d,  w hi c h is  a n i m p ort a nt f a ct or i n r e al-ti m e 

a p pli c ati o ns. 

N o n-li n e ar  cl assifi c ati o n   of s y m m etr y  p att er ns 

L e v el  3 s y m m etri es  c a n  als o  a p p e ar i n  ot h e r  p arts  of t h e i m a g e, n ot  o nl y  b e t w e e n t h e 

l e gs;  a n d t h e tr a c ki n g  m et h o d  als o  c oll e cts  all  of t h es e r el at e d s y m m etri es, s e e  Fi g ur e 

3. 1(f).   W al k   p att er ns  li e   o n   a   n o n-li n e arl y  s h a p e d   m a nif ol d  i n  t h e   ei g e ns p a c e,  s e e  

Fi g ur e   3. 8.   T h e   cl assifi c ati o n   pr o c ess  is   c arri e d   o ut   vi a   n o n-li n e ar   m et h o d,   n a m el y  

S u p p ort  V e ct or  M a c hi n e ( S V M) [ 6 7]  wit h r a di al  b asis  k er n el f u n cti o n: 

( )

2

22,
ix x

ik x x   e σ

−
−

=  ( 3. 2)  

T h e tr ai ni n g  d at a s et,  ass e m bl e d fr o m i n d o or  vi d e o s e q u e n c es,  c o nt ai n e d  7 5 0  “ w al k ” 

a n d  1 4 2 0 0  “ n o n- w al k ”  p att er ns i n t h e  ei g e ns p a c e.  T h e  p ar a m et er ( σ )  w as  d et er mi n e d 

i n t h e i nt er v al  0. 1- 6. 0; fr o m t his  a n  o pti m al  v al u e is  0. 4 (s e e  Fi g ur e  3. 9)  w h er e t h e 

v ali d  cl assifi c ati o n r at e is  9 3. 8 %  o n t h e tr ai ni n g s et  wit h  2 1 7 s u p p ort  v e ct ors.  O ur 

m ai n  g o al  w as t o r eli a bl y  d e t e ct  h u m a n  m o v e m e nts,  b ut  at t h e s a m e ti m e  wit h  a f als e-

p ositi v e ( 5. 2 %)  d et e cti o n r at e  as s m all  as  p os si bl e (t h e f als e- n e g ati v e r at e  w as  1. 0 %). 

1v

2v

3v
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Fi g u r e  3. 9:  R el ati o n  b et w e e n t h e  k e r n el  p a r a m et e r  a n d t h e  cl a ssifi c ati o n  e r r o r  r at e f o r t h e 
G a ussi a n  k e r n el. 

Fi g ur e  3. 1 0 s h o ws  a t y pi c al s ur v eill a n c e  vi d e o s h ot,  d e m o nstr ati n g t h e  d et e ct e d  L 3 S 

p att er ns  c o nt ai ni n g  n ois es  a n d  r e al  w al ki n g  p att er ns.  F or si mil ar i m a g e s e q u e n c es t h e 

n u m b er  of  d et e ct e d  L 3 Ss is  a b o ut  1 0- 4 0, fr o m  w hi c h r e al  w al ki n g  p att er ns  ar e  a b o ut 

1- 5  wit h t h e  a b o v e   d et e cti o n r ati o. 

  

a)          b) 

 

c) 

Fi g u r e  3. 1 0:  R e p r es e nt ati v e i n d o o r  s h ot:  a)  L 3 S,  b)  o ut p ut  of t r a c ki n g  c)  d et e ct e d  w al k  p att e r ns. 
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3. 1. 2.  I d e ntifi c ati o n  of l e a di n g l e g 

A c c or di n g  t o   o ur  t er mi n ol o g y,  t h e  l e a di n g  l e g  is  t h e   “st a n di n g ”  l e g,   w hi c h   at  t h at  

i nst a nt   c arri es  t h e   p ers o n’s   w ei g ht  (s e e   Fi g ur e   3. 1 1( b)   a n d  ( c)).  I n  t his  s e cti o n   w e  

pr es e nt  a  m et h o d t o  d et er mi n e, fr o m  o n e  d et e ct e d  w al k  c y cl e (t w o  c o ns e c uti v e st e ps), 

w h et h er t h e l e a di n g l e g is t h e ri g ht  or t h e  l eft l e g  b y  esti m ati n g  2 D  dir e cti o n  of  w al k 

a n d t h e  “r ati o ”  of  c o ns e c uti v e  w al k  p att er ns. 

T h e   2 D   m oti o n   v e ct or   o n  t h e   i m a g e- pl a n e,   a n d  t h e   w al k er’s   g ait- p eri o d,   c a n   b e  

e xtr a ct e d  dir e ctl y fr o m t h e  d et e ct e d  p att er n s:  w e  esti m at e t h e  m oti o n  v e ct or  b y fitti n g 

a r e gr essi o n li n e t o t h e l ast  h alf-tr aj e ct or y  of t h e l o w er t w o  p oi nts  of t h e  p att er n.  

T h e  n o n-ri gi d  h u m a n  b o d y  d uri n g  a  w al ki n g  c y cl e  h as  a  us ef ul  pr o p ert y,  w hi c h  assists 

us i n r e c o g ni zi n g t h e l e a d i n g l e g.  D e p e n di n g  o n t h e  3 D w al k- dir e cti o n,  a n d  o n  w hi c h 

is  c urr e ntl y t h e l e a di n g l e g,  o n e l e g  or t he  ot h er  pr a cti c all y  o bs c ur es t h e  visi bl e  ar e a 

b et w e e n t h e l e gs ( Fi g ur e  3. 1 1( b)  a n d ( c)). 

                      

a)                     b)               c)      d)                 e) 

Fi g u r e  3. 1 1:  a)  A n i m a g e s h o wi n g t h e l o c ati o n  of t h e  d e ri v e d s y m m et r y  p att e r n ( m a r k e d  wit h 
w hit e  b o r d e r;  “ x ”  m a r ks  a f e at u r e- p oi nt.  b),  c) Ill ust r ati o ns  of  o u r  d efi niti o n  of  “l e a di n g l e g ”; t h e 
“st a n di n g ”  o r l e a di n g l e g is t h e  ri g ht l e g i n  b),  a n d t h e l eft l e g i n   c) (l e gs  hi g hli g ht e d  m a n u all y). 
d),  e)  T h e  d et e ct e d  p att e r ns f o r t h e s a m e st e ps  as  s h o w n i n  b)  a n d  c); t h e  2 D  di r e cti o n is  b ott o m-

l eft t o  u p p e r- ri g ht ( c as e  2 i n  T a bl e  3-I). 

D uri n g  o n e  c y cl e, t h e l eft l e g  a n d ri g ht l e g i n t ur n  ar e i n t h e l e a di n g  p ositi o n.  T h e 

a b o v e- d es cri b e d  m et h o d  c a n  d et e ct  o n e st e p .  T o  c o n n e ct t w o s u c c essi v e st e ps  as  o n e 

w al k- c y cl e,   w e   c al c ul at e  t h e   2 D   dis pl a c e m e n t   v e ct or   of   a   d et e cte d  st e p,   a n d  t h e n  

s e ar c h f or  a n ot h er st e p ( w al k  p att er n) i n  t h e  esti m at e d  2 D  p ositi o n  a n d  at  a ti m e- p oi nt 

aft er  a f or e c ast e d  w al k- p eri o d. 

D uri n g  a  w al k- c y cl e (t w o  c o ns e c uti v e st e ps,  s e e  Fi g ur e  3. 1 1( d)  a n d ( e)) t h e r ati o  of 

t h e  visi bl e l e g- o p e ni n g  ar e as, t o g et h er  wit h t h e  2 D  dir e cti o n  o n t h e i m a g e- pl a n e,  c a n 

b e   us e d  t o  i d e ntif y   w hi c h  is  t h e  l e a d i n g  l e g.   T h e   visi ble  l e g- o p e ni n g   ar e a  is  

a p pr o xi m at e d   b y  t h e  s urf a c e   d efi n e d   b y  s y m m etri es   b et w e e n  t h e  l e gs  fr o m  

c o ns e c uti v e  fr a m es.   T o   m e as ur e  t h e   ar e a   b et w e e n  t h e  l e gs,   w e   us e d   a   n u m eri c al  
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i nt e gr al  of t h e s urf a c e  d efi n e d  b y t h e i nt er pol at e d  p att er ns ( 3. 3) (s e e  Fi g ur e  3. 6( b)). 

T h e  ar e a  of s urf a c e  w as  a p pr o xi m at e d  b y  di vi di n g it i nt o tri a n gl es  a n d s u m mi n g  ar e as 

of tri a n gl es: 

( ) ( )( ) ( ) ( )( )

( )   ( )( ) ( ) ( )( )∑
−

=
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

−+×−+

+−+×−
≈

1

1 11

1n

i LLLU

LULU

iriririr

iriririr
ar e a  ( 3. 3)  

w h er e  n = 1 0 0, t h e  n u m b er  of  i nt er p ol at e d  p oi nts  a n d, r U   a n d r L   ar e t h e  u p p er  a n d l o w er 

mi d p oi nts  of t h e i nt er p ol at e d   p att er ns (s e e  Fi g ur e  3. 4): 

( )
( ) ( ) ( ) ( )

( )
( ) ( ) ( ) ( )1 3 1 3 2 4 2   4; ,  ;

2 2  2   2
U L

x i x i y i y i   x i x i y i y i
r i r i

⎡ ⎤ ⎡  ⎤+ +  +   +
= =⎢ ⎥ ⎢  ⎥

⎣ ⎦ ⎣  ⎦
 ( 3. 4)  

w h er e t h e r u n ni n g i n d e x i is  al o n g t h e tr aj e ct ori es  of t h e s y m m etr y  p att er n. 

T a bl e   3-I  s u m m ari z es  t h e  r el ati o ns hi p   b e t w e e n  t h e  l e a di n g  l e g   a n d  t h e  r ati o   of  

s urf a c es fr o m t w o s u c c essi v e  p att er ns.  A li mit a ti o n  of t h e  d es cri b e d  m et h o d is t h at it 

c a n n ot i d e ntif y t h e l e a di n g l e g  w h e n t h e  m oti o n is  p ar all el  t o t h e  c a m er a  pl a n e, si n c e 

i n s u c h  c as es t h e  ar e as  ar e  n e arl y  e q u al ( c as es  3,  4  a n d  9,  1 0 i n  T a bl e  3-I). 

T A B L E 3-I:  S U R F A C E D E P E N D E N CI E S  O N 2 D  W A L K - DI R E C TI O N  A N D L E A DI N G L E G . 

C as e   2 D  Dir    L e a di n g  L e g    R ati o 

1   Ri g ht  > 1  
2  L eft   < 1  
3   Ri g ht  ≈   1 
4  L eft ≈   1 
5   Ri g ht  < < 1  
6  L eft   > > 1  
7   Ri g ht  < 1  
8  L eft   > 1  
9   Ri g ht  ≈   1 
1 0  L eft ≈   1 
1 1   Ri g ht  > > 1  
1 2  L eft   < < 1  

3. 1. 3.  E x p eri m e nt al r es ults 

C ar ef ul  i m pl e m e nt ati o n   of  t h e   m et h o d   wit h  t h e   n e w  filt eri n g   a n d   d et e cti o n  st e p  

r es ult e d i n  1 0- 1 5  ms e c  pr o c essi n g s p e e d f or a s y m m etr y  p att er n,  o n  a st at e  of t h e  art 

d es kt o p   P C.   T h e   n u m b er   of   e xtr a ct e d  s y m m etri es   aff e cts  t h e  s p e e d   of  filt eri n g  

d a m a g e d   p oi nts  (i nt er p ol a ti o n).   H e n c e,  t h e   pr o c essi n g  s p e e d   d e p e n ds   o n   c a m er as  

fr a m e r at e. 
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D uri n g  t h e  t est   w e   us e d  t h e  fr a m e  s e q u e n c es   as   c a pt ur e d,  r e c o g ni zi n g   w al ki n g  

p att er ns r e al-ti m e.  W e  h a v e t est e d  o ur  m et h o ds  usi n g t est-i n p uts  fr o m  b ot h i n d o or  a n d 

o ut d o or  vi d e os,  w h er e t h e f oll o wi n g f a ct ors  w er e  v ari e d :  c a m er a  vi e w p oi nt,  n u m b er 

of  “t ar g ets ”,  a n d i m a g e- c a pt ur e r at e.  T h es e  vi d e os  c o nt ai n e d  4 2 0 st e ps  a n d  1 5 0  w al k-

c y cl es i n t h e i n d o or s c e n es,  a n d  3 5 0 st e ps  a n d  1 1 0  c y cl es i n  o ut d o or  e n vir o n m e nts. 

Fi g ur e  3. 1 2  a n d  Fi g ur e  3. 1 3 s h o w s a m pl e r es ults  of s y m m etr y  p att er n  e xtr a cti o n i n 

v ari o us  vi d e os.  As it  c a n  b e s e e n fr o m r es u lts t h e  al g orit h m  p erf or ms  w ell i n  c as e  of 

v er y   diff er e nt  li g hti n g   c o n diti o ns,  i m a g e   q u alit y,   b a c k gr o u n d   a n d   vi d e o  fr a m e  r at e  

( 1 0,  1 5  a n d  2 5  F P S). 

     

         

Fi g u r e  3. 1 2:  D et e cti o n  of s y m m et r y  p att e r ns i n  v a ri o us  o ut d o o r  vi d e os. 
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Fi g u r e  3. 1 3:  D et e cti o n  of s y m m et r y  p att e r ns i n  v a ri o us i n d o o r  vi d e os. 

     

     

Fi g u r e  3. 1 4:  D et e cti o n  of s y m m et r y  p att e r n i n  c as e  of  p o o r sil h o u ett e  e xt r a cti o n ( r efl e cti o n  o n 
g r o u n d- pl a n e  c a us es  e r r o r). 
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Fi g u r e  3. 1 5:  T y pi c al  p r o bl e m ati c  c as es ill ust r at e t h e  li mit ati o ns  of s y m m et r y  e xt r a cti o n  a n d 
t r a c ki n g  m et h o ds:  b a c k- vi e w, l o n g  c o at,  p a r all el  o v e rl a p pi n g  a n d  hi d d e n l e gs. 

T h er e  ar e s e v er al  o b vi o us li mit ati o ns  of t h e tr a c ki n g  al g orit h m. It is  u n a bl e t o  d et e ct 

dir e ct  fr o nt- vi e w   w al ks.   Als o,   w h e n  t h e   l e a di n g  l e g   c o v ers  t h e  r e ar  l e g,  t h e  

s y m m etri es  d o  n ot  a p p e ar. I n  Fi g ur e  3. 1 5,  w e s u m m ari z e d s o m e  pr a cti c al li mit ati o ns 

of t h e s y m m etr y tr a c ki n g  m et h o d. 

W e  o bt ai n e d  a  d et e cti o n r at e  of  7 8. 1 % f or  o ut d o or  a n d  8 9. 5 % f or i n d o or  vi d e os, i n 

c as es  w h er e t h e l e g  m oti o n ( a n d t h e l e g  o p e ni n g)   w as  visi bl e ( d et ail e d r es ults i n  T a bl e 

3-II).  

T A B L E 3-II:  E X P E RI M E N T A L  R E S U L T S  O N D E T E C TI O N  O F  W A L K  P A T T E R N  

M et h o d   D at a  s et  
D et e cti o
n  R at e 

F als e-
P ositi v e 

F als e-
N e g ati v e 

K F D A [ 8] 
( G a ussi a n  k er n el) 

Tr ai ni n g   8 9. 2 %  8. 2 %  2. 6 %  

S V M 
( G a ussi a n  k er n el) 

Tr ai ni n g   9 3. 8 %  5. 2 %  1 %  

K F D A [ 8]   I n d o or t est   7 5. 7 %   1 5. 3 %   9 % 
S V M  I n d o or  t est  8 9. 5 %  8. 9 %  1. 6 %  
S V M   O ut d o or  t est  7 8. 1 %  1 4. 1 %  7. 8 %  
L D A   T est  6 6. 4 %  2 2. 8 %  1 0. 8 %  

 

 T h e   m et h o d   c o ul d   n ot   d et e ct   “ n e ar-fr o nt al ”   h u m a n   m o v e m e nts    ( m oti o n   dir e ctl y  

t o w ar d   c a m er a,   or   n e arl y  s o),   n or  st e ps  i n  t w o  s p e ci al   c as es   w h er e  t h e   w al k er  is  

a p pr o a c hi n g  “ cl os e ” ( T a bl e  3-I,   5- 6  a n d  1 1- 1 2  c as es),  vi z.: (i) t o p l eft t o  b ott o m ri g ht, 

a n d ri g ht l e g l e a di n g;  or (ii)  t o p ri g ht t o  b ott o m l eft,  a n d l eft l e g l e a di n g.  T h e l e a di n g 

l e g  i d e ntifi c ati o n   w or k e d   w ell,   wit h   9 9 %   c orr e ct  i d e ntifi c ati o n  i n   c as es   w h er e  t h e  

w al k- c y cl e   w as   d et e ct e d   c orr e ctl y.   T h is   w al k- d et e cti o n   pr o c e d ur e   h as   b e e n  

i m pl e m e nt e d i n t h e  c a m er a-s yst e m  of  u ni v ersit y  c a m p us. 
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3. 2.   St atisti c al  e v al u ati o n  of  vi d e o s e q u e n c es 

As  wit h  m ost  " n or m al "  m ulti- c a m er a  c o nfi g ur ati o ns, i n t h e  c a m er a- mirr or s etti n g t h e 

tr a nsf or m ati o n  m a y  b e  c o m p ut e d  b y  usi n g c orr es p o n di n g  p oi nt  p airs.  A  c orr es p o n di n g 

p oi nt  p air  m a y  b e  d efi n e d  as t h e  k n o wl e d g e  of t h e  p ositi o n  b ot h  of t h e  ori gi n al  p oi nt, 

a n d   of  its  tr a nsf or m ati o n  (i n   o ur   c as e,  its   r efl e cti o n).   F or   a  t y pi c al   o ut d o or  i m a g e,  

s m all  o bj e cts (s u c h  as  p e o pl e)  visi bl e i n t h e  fi el d  of  vi e w  of t he  virt u al  c a m er a  h a v e 

t e xt ur es  w hi c h  ar e l o w- d et ail e d ( or  ar e  missi n g t e xt ur e  alt o g et h er, f or s h a d o ws); t his 

is  a  pri n ci p al r e as o n  w h y t h e e xtr a cti o n  of  c orr es p o n d e n c es is s u c h  a  c h all e n gi n g t as k 

i n t his sit u ati o n. I n f a ct, f or  a st ati c i m a ge t h e  c o nfi d e nt i d e ntifi c ati o n  of t h e i m a g e  of 

t h e   virt u al   c a m er a  is  i m p ossi bl e,   wit h o ut  k n o wl e d g e   of  t h e   m o d el.   F ort u n at el y  

h o w e v er, t h e  us e  of  vi d e o s e q u e n c es  gi v es t h e  p ossi bilit y  of t h e  e xtr a cti o n  of s o m e 

a d diti o n al i nf or m ati o n  b as e d  o n  m oti o n.  T h e  s e cti o n  d es cri b es  a f e asi bl e  m et h o d f or 

c orr es p o n d e n c e   e xtr a cti o n   b as e d   o n   m oti o n   i nf or m ati o n   d et er mi n e d  fr o m  i m a g e-

s e q u e n c es. 

 

T h e  ass u m pti o ns  w e  us e  ar e: 

•  T h e  c a m er a is st ati c i n  p ositi o n 

•  T h e  mirr or is  pl a n ar 

•  T h er e is  o nl y  o n e  mirr or i n t h e i m a g e ( a n d i n  c as e  of s h a d o ws,  o nl y  o n e, fl at, 

gr o u n d- pl a n e) 

•  T h er e is  o nl y  o n e  p oi nt  li g ht s o ur c e; t h e s u n 

•  T h e i m a gi n g s urf a c e  of t h e  c a m er a is   n ot  p ar all el t o t h e  mirr or s urf a c e 

•  T h er e is s uffi ci e nt  m oti o n i n t h e  vi d e o s e q u e n c e t o  g e n er at e r eli a bl e  m oti o n-

st atisti cs 

•  N o nli n e ar l e ns  dist orti o ns  c a n  b e  n e gl e ct e d. 

3. 2. 1.  T est s e q u e n c es 

Vi d e o   d at a  f or   o ur  t ests   w as   o bt ai n e d  i n   v ari o us   e n vir o n m e nts,   b ot h  i n d o or   a n d  

o ut d o or.   N o  vi d e o filt eri n g f or i m a g e  e n h a n c e m e nt  w as  us e d.  T h e  c a pt ur e r at e  w as 

2 0  f ps  f or   all  t h e  s e q u e n c es.   T h e  i n d o or   s e q u e n c es   w er e   c a pt u r e d   usi n g   di git al  

c a m er as  w hil e  a n al o g s ur v eill a n c e  c a m er a  w a s  us e d f or t h e  o ut d o or  vi d e os.  T h e t est 

d at a is  d eri v e d fr o m f o ur  vi d e o s e q u e n c es (s e e  Fi g ur e  3. 1 6).  T h e  “ A nts ”  a n d  “ Mi c e ” 
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s e q u e n c es   ar e  r e c or di n gs   of  i n d o or   e x p eri m e nt al  sit u ati o ns   c o nt ai ni n g   a  l ar g e  

r efl e cti v e s urf a c e; t h e first  c o nt ai ns  n u m ero us  p oi nt-li k e  o bj e cts ( a nts),  w hil e i n t h e 

s e c o n d t h er e  ar e r el ati v el y l ar g e  m o vi n g  o bj e ct s (t w o  mi c e).  T h e  ot h er t w o t est i n p uts, 

t h e  “ S h o p ”  a n d t h e  “ S h a d o w ”  vi d e os,  ar e t y pi c al  o ut d o or s ur v eill an c e s e q u e n c es.  T h e 

“ S h o p ”   vi d e o   pr es e nts   a   c h all e n gi n g  sit u at i o n:   o nl y   a  s m all   p art   of  t h e  r efl e cti v e  

s urf a c e is  visi bl e;  a n d t h e  mirr or is  p ositi o n e d f ar fr o m t h e  m oti o n  p at hs, s o t h at t h e 

V P  is   n e arl y   at  i nfi nit y.   T h e  r es ults   of   c ast-s h a d o w   g e o m etri c al   m o d eli n g   will   b e  

d e m o nstr at e d   usi n g  t h e   “ S h a d o w ”  s e q u e n c e.   T a bl e   3-III  s u m m ari z es  t h e   m ai n  

pr o p erti es  of t h es e  vi d e o s e q u e n c es. 

   

  

Fi g u r e  3. 1 6:  F r a m es  of t h e t est  vi d e os:  “ A nts ”,  “ Mi c e ”,  “ S h o p ”  a n d  “ S h a d o w ”  vi d e os 

T A B L E 3-III:  T E S T  S E Q U E N C E S  

N a m e 
L e n gt h 
(fr a m es) 

R es ol uti o n 
( pi x el) 

D es cri pti o n 

A nts   1 4 0 2 4 9  6 4 0 x 4 8 0  
C o nt ai ns   p oi nt-li k e   m o vi n g   o bj e cts,   wit h   a  
pl a n e  mirr or 

Mi c e   2 5 5 6 4  6 4 0 x 4 8 0  
C o nt ai ns r el ati v el y l ar g e  m o vi n g  o bj e cts,  wit h 
a  pl a n e  mirr or. 

S h o p   2 0 0 4 7 6  3 2 0 x 2 4 0  
O nl y   a  s m all   p art   of   t h e  r efl e cti v e  s urf a c e  is  
visi bl e. 

S h a d o w   7 0 1 8 5   3 2 0 x 2 4 0    C ast s h a d o w is  visi bl e  o n t h e  gr o u n d pl a n e. 
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3. 2. 2.  I ntr o d u ci n g  c o- m oti o n st atisti cs 

O ur   c orr es p o n d e n c e- d et e cti o n   m et h o d  is   b as e d   o n   pr o c essi n g   of  t h e  s o- c all e d   c o-

m oti o n  st atisti cs  [ 7].   T h es e  st atisti cs   h a v e   b e e n  s u c c essf ull y   us e d  f or  i m a g e  

r e gistr ati o n i n  c as e  of  wi d e- b as eli n e  c a m er a  p airs.  

Bri efl y, t h e  c o- m oti o n st atisti c s  of  a  p oi nt is  a  d es cri pt or of s p ati al  c orr el ati o ns t o t h e 

ot h er  i m a g e- p oi nts.  Its   al g orit h mi c  i m pl e m e n t ati o n  is   e x e c ut e d   wit h  t h e  t e m p or al  

i nt e gr ati o n   of   m oti o n   m as ks;   w hi c h  l e a ds  t o   a n   a p pr o xi m ati o n   of  t h e   c o- m oti o n  

st atisti cs.   H er e  t h e  st atisti c s   ar e   c oll e ct e d  fr o m   o nl y   o n e   c a m er a  (i n   c o ntr ast  t o  t h e  

sit u ati o n  i n  [ 7]),   w hi c h   gi v es   us  i m m e di at e   a c c essi bilit y  t o  t h e  l o c al   c o- m oti o n  

st atisti cs.  T h es e st atisti cs  c o m e fr o m t h e t e m p oral s u m m ati o n  of t h e  bi n ari z e d  m oti o n 

m as ks; t h es e  ar e ( )tm x   w h er e t is t h e fr a m e  p ositi o n  a n d t h e  2- D  v e ct or x  is t h e  p oi nt 

i n t h e i m a g e.  T h us: 

( )
1,   w h er e  c h a n g e is  d et e ct e d i n  p oi nt 

0,   ot h er wis e
tm

⎧
= ⎨

⎩

x
x  ( 3. 5)  

W e  i ntr o d u c e  t h e   n ot ati o n   of  t h e  tr u e   f or e gr o u n d   m as k,  (t his  is   a v ail a bl e   o nl y  

t h e or eti c all y,  b e c a us e  n o  al g orit h m is  a bl e t o  d et e ct t h e f or e gr o u n d  wit h o ut  err ors i n 

e v er y sit u ati o n):  

( )
1,   w h er e  o bj e ct i s  m o vi n g i n  p oi nt 

ˆ
0,   ot h er wis e

tm
⎧

= ⎨
⎩

x
x  ( 3. 6)  

F or t h e s a k e  of l at er si m plifi c ati o n  w e  als o i ntr o d u c e t h e  n ot ati o n S , t h e s et  of  pi x els 

i n  t h e  i m a g e:  { }2 a n d    is i n t h e i m a g eS = ∈x x   x .   T h e   gl o b al   m oti o n  st atisti cs,  

w hi c h is t h e  m oti o n i nt e nsit y, is f or m ali z e d  wit h t h e r el ati o ns hi p: 

( )
( )t

t
g

m

P
t

=
∆

∑ x

x  ( 3. 7)  

( B e c a us e   of  t h e   dis cr et e  ti m e  st e ps,  t∆   d e n ot es  t h e  fr a m e   c o u nt   of  t h e   pr o c ess e d  

s e q u e n c e.)  T h e  gl o b al  m oti o n st at isti cs  of s a m pl e  vi d e os  are  d e m o nstr at e d i n  Fi g ur e 

3. 1 7. 
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Fi g u r e  3. 1 7:  Gl o b al  m oti o n st atisti cs:  “ A nts ”,  “ Mi c e ”  a n d  “ S h o p ”.  T h e  li g ht e r is t h e  hi g h e r 
m oti o n f r e q u e n c y. 

T h e  c o n c urr e nt- m oti o n  pr o b a bilit y  of  a n  ar bitr ar y i m a g e- p oi nt u   wit h  a n ot h er i m a g e-

p oi nt  x   m a y  b e  d efi n e d  wit h t h e f oll o win g  c o n diti o n al- pr o b a bilit y f or m ul a: 

( ) ( )
( ) ( )

( )
,

t t
t

c o

t
t

m m

f P
m

= =
∑

∑

x u

u x   u x
x

 ( 3. 8)  

I n  t h e  i m pl e m e nt ati o n  t h e   a b o v e- d efi n e d  ( ).f   aft er   n or m ali z ati o n  (i. e.  

( ), 1
S

f
∈

=∑
u

u x )  as  a  2- D  dis cr et e  P D F ( pr o b a bilit y distri b uti o n f u n cti o n) is  assi g n e d t o 

e v er y   pi x el  i n  t h e  i m a g e.  It  f oll o ws  t h at   t h er e   will   b e  l o c al   m a xi m a  ( p e a ks)  i n  t h e 

pr o b a bilit y- m a ps i n  p ositi o ns  w h er e  m oti o n  w a s  oft e n  d et e ct e d  c o n c urr e ntl y.  S a m pl e 

st atisti cs  c a n  b e s e e n i n  Fi g ur e  3. 1 8. 

   

Fi g u r e  3. 1 8:  S a m pl es f r o m  c o- m oti o n st atisti cs , f o r  “ A nts ”,  “ Mi c e ”,  a n d  “ S h o p ” s e q u e n c es. 

B e c a us e   of  t h e   cir c u mst a n c e  t h at  i n  t h e   c urr e ntl y  i m pl e m e nt e d   al g orit h m  t h e   c o-

m oti o n st atisti cs  ar e  att a c h e d t o   e v er y  p oi nt i n t h e i m a g e  as  a  2- D  arr a y, t h e r es ol uti o n 

of  i m a g es   m ust   b e  r e d u c e d   i n   or d er  t o  r estri ct  t h e  r e q uir e d   m e m or y   us a g e  t o   a  

pr a cti c al fi g ur e.  F or t h e  ori gi n al i m a g e r e s ol uti o n ( e. g.  6 4 0  b y  4 8 0  pi x els) t h e  m e m or y 

r e q uir e m e nt  w o ul d  b e  u n m a n a g e a bl y l ar g e ( h u n dr e ds  of  Gi g a b yt es);  c o ns e q u e ntl y,  a 

r e d u c e d  8 0 x 6 0  pi x els i m a g e r es ol uti o n  will  b e  us e d.  T o  d e m o nstr at e t h at t his s c ali n g 

d o es  n ot  c a us e  pr o bl e ms  d uri n g  m o d el  esti m ati o n  w e s h all  dis c uss t h e  eff e ct  of t h e 

s c al e f a ct or  o n t h e  a c c ur a c y  of  t h e  e x p eri m e nt al r es ults.  As w e s h all s e e, t h a n ks t o t h e 

m o d el- b as e d  pr o c essi n g  of st atisti cs  a s u b- pi x el  a c c ur a c y  c a n  b e  a c hi e v e d  usi n g t h e 
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a ut o m ati c all y   e xtr a ct e d   c orr es p o n d e n c es;   a c c u r a c y   w hi c h  is  i n  f a ct   c o m m e as ur a bl e  

wit h t h at  of t h e  m a n u al r es ults  d eri v e d  e m pl o yi n g t h e  ori gi n al f ull r es ol uti o n. 

W e   pr o p os e d   a   m et h o d  i n  [ 4 0]   w hi c h   o v e r c o m es  t h e  li mit ati o ns   of   n u m eri c al  

c o m p ut ati o n  of st atisti cs r u n ni n g  o n t h e f ull -si z e d i m a g e i n  a s p e cifi c  pr o bl e m.  T h at 

n o n- m o d el   b as e d   m et h o d  is   c a p a bl e  t o   d e t e ct  t h e   c o m m o n  fi el d- of- vi e w   b et w e e n  

c a m er as. 

3. 2. 3.  M o d ell- b as e d  pr o c essi n g  of  m oti o n st atisti cs 

T h e   b asi c   ass u m pti o n   u p o n   w hi c h  t h e   us e   of  st atisti cs  f o r   c orr es p o n di n g   p oi nt  

e xtr a cti o n is f o u n d e d is t h at  t h e st atisti cs i n  q u esti o n  h as t o  c o nt ai n s o m e i nf or m ati o n 

a b o ut  t h e   p ositi o n   of  t h e   c o n c urr e nt   p oi nt.   T his  i nf or m ati o n  is  i n d e e d   a v ail a bl e,  

b e c a us e t h e s eri es  of  d et e ct e d t e m p or al  c o n c urr e nt  m oti o ns  c a us es  a  p e a k i n t h e  2- D 

distri b uti o n  d efi n e d  b y ( 3. 8).  T h es e  distri b uti o ns  ar e  n or m a l  distri b uti o ns  b e c a us e t h e 

c e ntr al  li mit  t h e or e m  s a ys  t h at  t h e   c u m ul ati v e   dist ri b uti o n  f u n cti o n   of  i n d e p e n d e nt  

r a n d o m  v ari a bl es ( e a c h  h a v e  a n  ar bitr ar y  pr o b abilit y  distri b uti o n  wit h  m e a n  a n d fi nit e 

v ari a n c e)  a p pr o a c h es  a  n or m al  distri b uti o n  [ 3 9]. I n  c as e  of  a  visi bl e r efl e cti v e s urf a c e 

t w o  p e a ks  ar e  pr o b a bl e i n t h e  c o- m oti o n st atisti cs, t h us t h e  P D F is  m o d el e d  wit h  a 

si m pl e  G a ussi a n  mi xt ur e  m o d e l ( G M M)  wit h t w o  c o m p o n e nts: 

( ) ( ) ( )
( ) ( )

, ,  , ,

= ,  a n d  1

c o n e ar  n e ar  n e ar  c oll  c oll  c oll

n e ar c oll n e ar  c oll

P w  w

P P   w w

≈ Ν   Σ + Ν   Σ

+ + =

x x x x x x

x x

u x   u µ u µ

u x   u x
 ( 3. 9)  

w h er e t h e  2- D  n or m al  dist ri b uti o n is  d efi n e d  b y: 

( )
( )

( ) ( )1

2

1 1
, ,  e x p

22 π

−⎛ ⎞
Ν Σ =  − − Σ −⎜ ⎟

⎝ ⎠Σ
x µ x µ x µ  ( 3. 1 0)  

T h e  m o d el  p ar a m et ers  c a n  b e  est a blis h e d  b y  usi n g t h e si m pl e  E M  al g orit h m [ 3 3]  or 

o n e   of  its   v ari a nts  [ 3 4].   T h e  first   c o m p o n e nt  i n  f or m ul a  ( 3. 9),   wit h   w ei g ht  n e arw x , 

a p pli es t o  p oi nts i n t h e  n e ar  vi ci nit y  of t h e i n v esti g at e d  p oi nt x , t er m e d  b y ( ).n e arP .  T h e 

s e c o n d  c o m p o n e nt ( wit h  w ei g ht c ollw x )  d es cri b es t h e f ar  c o n c urr e nt  m o v e m e nts ( e. g. i n 

t h e r efl e cti o n), t his  c o m p o n e nt is  d e n ot e d  b y ( ).c ollP . It  c a n  b e  e x pr ess e d  g e o m etri c all y 

wit h c oll n e ar− >   −x xµ x µ x .  S a m pl e  c o- m oti o n st atisti cs c a n  b e f o u n d i n  Fi g ur e  3. 1 9, 

w h er e t h e  esti m at e d  m o d els  ar e  als o  dis pl a y e d.  N ot e t h at t his  m o d el  esti m ati o n is  n ot 
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“i nt elli g e nt ”;  a  G M M is  ali g n e d t o  e v er y  P D F  w h er e t w o  n o n- z er o  p e a ks  ar e  a v ail a bl e. 

T his is  w h y t h e i niti al s et  h as  a l ar g e  n u m b er  of  c orr es p o n d e n c es,  w hi c h i n cl u d e f als e 

p oi nt  p airs. 

 

a)          b) 

 

c)          d) 

Fi g u r e  3. 1 9:  A  c o- m oti o n st atisti cs  of t h e  “ Mi c e ”  a n d  “ S h o p ”  vi d e os is  dis pl a y e d  as  a  3- D s u rf a c e 
i n  a)  a n d  c),  w hil e t h ei r  G M M  esti m ati o ns  a r e i n  b)  a n d  d).  T h e  hi g h e r  p e a k  c o r r es p o n ds t o 

( ).n e a rP ,  a n d t h e l o w e r  o n e t o ( ).c ollP . 

3. 2. 4.  R o b ust n ess  a n al ysis 

T h e   m ai n   a d v a nt a g e   of  t h e   a b o v e   d es cri b e d   d et e cti o n   m et h o d   b as e d   o n  

c orr es p o n d e n c es  i n   c o- m oti o n  st atisti cs  is   t h at  t h er e  is   n o   n e e d  f or   g o o d  i m a g e  

q u alit y,   n or  f or   a n   a c c ur at e   m oti o n   d et e cti o n   m et h o d  ( w hi c h  is   us u all y   a  ti m e  

c o ns u mi n g t as k).  N o n et h el ess  a n i m p ort a nt  q u esti o n is t h e  m et h o d's r o b ust n ess, i. e. 

t h e  eff e ct  of  n ois e  o n t h e r es ults  o bt ai n e d.  T h e r o b ust ness  c a n  b e  m e as ur e d  b y t h e  

diff er e n c e  b et w e e n t h e  c o- m oti o n  pr o b a biliti es  of t h e r e al  c o n c urr e nt  p oi nt  a n d  of  a n y 

ot h er   ar bitr ar y   p oi nts.   T his  is   a n   a c c e p t a bl e   m e as ur e   b e c a us e  t h e   G M M   c a n   b e  

esti m at e d  a c c ur at el y  o nl y  w h e n t h e  G a ussi a ns  ar e t h e  m ost si g nifi c a nt  p e a ks  o n t h e 
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P D F. I n t his s e cti o n  aft er s o m e si m plifi c ati o n  a n  e x pr essi o n  will  b e  gi v e n  w hi c h is 

b as e d  o n  el e m e nt ar y  pr o b a bilit y t h e ori es. 

N o w   w e  i n v esti g at e   a  s et   of   diff er e nt   2- D   p oi nts  a , r   a n d  u   w h er e  a  is   a   p oi nt  

c orr es p o n di n g  t o   a   m o vi n g   o bj e ct,  r  is  its  r efl e cti o n   p oi nt  ( w e   ass u m e  t h at  it  is  

visi bl e)  a n d u  is  a n  ar bitr ar y  p oi nt i n t h e i m a g e.  W e  c a n  d efi n e t h e t w o i n d e p e n d e nt 

e v e nts: A x  (t h er e is r e al  m oti o n  at t h e  gi v e n  p oi nt)  a n d B x  (t h e  m oti o n  d et e ct or f ails), 

a n d f urt h er m or e  w e i ntr o d u c e t h e  n ot ati o ns  of  pr o b a biliti es of
x   a n d nf

x , r es p e cti v el y: 

( )( ) ( ) ( ) ( )( ) ( )ˆ ˆ1   a n d o o t o n n t   t   nf P m   P A   q   f   P m   m   P B   p= = = = = ≠ = =x x
x xx x x ( 3. 1 1) 

T h e  p ar a m et ers  ar e t h e r e al   m oti o n i nt e nsit y q   a n d t h e  err or r at e p  (f als e  p ositi v e  a n d 

f als e   n e g ati v e   d et e cti o n  r at es   of  t h e   al g orit h m),  r es p e cti v el y.   T h e   pr o b a bilit y   of  

m oti o n  d et e ct e d  at  pi x el a i n ti m e t is: 

( )( ) ( ) ( ) (   )1 1 1m t o n   o nP m   P A B   A B   f f   f f   p q   q p= =   +   =   +   = −   + −a a   a a
a a   a aa  ( 3. 1 2)  

W h er e t h e  o v er b ar i n di c at es t h e r e v ers e  e v e nts.  T his  pr o b a bilit y r efl e cts t h e d et e ct e d  

m oti o n  i nt e nsit y.   T h e   eff e ct   of  t h e   mirr or  is  s u m m ari z e d   b el o w.   T h e   c o n diti o n al  

pr o b a bilit y ( )mP A Ar a  ( pr o b a bilit y   of  t h e   c o n c urr e nt   m oti o n   of   ori gi n al   p oi nt   a n d  

r efl e cti o n, s e e ( 3. 8)) is  e q uiv al e nt t o  1,  b e c a us e  w e  ass u m e t h at t h e  visi bl e  p oi nt ( a ) 

h as r efl e cti o n  p oi nt ( r )  w hi c h is  als o  visi bl e.  T h us, 

( )m oP A A   f   q= =a
r a  ( 3. 1 3)  

Si mil arl y,  w h e n t h er e is  n o  o bj e ct i n a  (t h e  o bj e ct is  n ot  visi bl e), 

( ) 1m oP A A   f   q= = −a
r a  ( 3. 1 4)  

N ot e t h at t h es e f or m ul as  d o  n ot t a k e  a c c o u nt  of t h e  eff e ct  of  n ois e.  Si n c e  w e  ass u m e d 

t h at t h e r efl e cti o n  e xists i n  e v er y  c as e  w h er e t h e  o bj e ct is  visi bl e, t h e n: 

( )
( )
( )

( )0 0
m

m m

m

P A A
P A A P A A

P A
= = ⇒   =

r a

r a r a

a

 ( 3. 1 5)  

T h us t h e j oi nt  pr o b a bilit y (t h e  d et e ct or  w or ks  c orr e ctl y,  a n d t h er e is  m oti o n  at  b ot h 

p oi nts)  m a y  b e  writt e n i n t h e f or m: 

( ) ( ) ( ) ( ) ( )
2

1o n nP A B A B   P A A   P B   P B   f   f   f   q   p= = = −a a r
a a r r   a r   a   r ( 3. 1 6) 
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F urt h er m or e, f or t h e  c as e  w h er e t h er e is  m o ti o n i n  n eit h er  of t h e t w o  p oi nts,  a n d t h e 

d et e ct or f ails  at  b ot h  p oi nts,  w e  h a v e: 

( ) ( ) ( ) ( ) ( ) 21o n nP A B A B   P A A   P B   P B   f   f   f   q p= = = −a a r
a a r r   a r   a   r ( 3. 1 7) 

B e c a us e  of ( 3. 1 5), it  w as  ass u m e d t h at t h e r e fl e cti o n  of  a n  ori gi n al  p oi nt  c o ul d  n ot  b e 

hi d d e n 

( ) 0P A B A B =a a r r  ( 3. 1 8)  

Fi n all y,  w e  h a v e t h e  c as e  w h er e t h er e is  n o  m oti o n  at t h e  ori gi n al  p oi nt  b ut t h er e is 

s o m e  ot h er r e al  m o vi n g  o bj e ct  i n t h e  pl a n e  of t h e  mirr or: 

( ) ( ) ( )1 1o n o nP A B A B   f   f   f   f   q p q   p= = −   −a a r r
a a r r  ( 3. 1 9)  

T h e  c o n diti o n al  pr o b a bilit y  of t h e tr u e  c o- m oti o n  pr o b a bilit y is  e x pr ess e d  b y  usi n g t h e 

a b o v e  d efi n e d  e x pr essi o ns,  w h er e t h e  d et e ct e d  m oti o n is  pr es e nt  at  p oi nt a  ( b e c a us e 

t h e  al g orit h m  c oll e cts  m oti o n i nf or m ati o n  o nl y  w h e n t h er e is  d et e ct e d  m oti o n): 

( ) ( )( )
( )( )

(   ) ( ) (   ) ( )
( ) ( )

2 2

1 1
1

1 1 1 1

1 1

o n n   o n o n   o n n
m t  t

m t

f f f   f f f f   f f f
P m   m

P m

q p   q p q p   q p

p q   q   p

+ +
= = = =

=

− + −   − + −

− + −

a a r   a a r r   a a r

r a
a

( 3. 2 0) 

B e c a us e   of  t h e   m oti o n   at   p oi nts  u   a n d  a   ar e   u n c orr el at e d  ( a n d  t h e   e v e nts   ar e  

i n d e p e n d e nt  of  e a c h  ot h er), t h e f oll o wi n g pr o b a bilit y  e x pr essi o n  d es cri b es t h e f als e 

c o- m oti o n  pr o b a bilit y  b et w e e n t h e t w o  p oi nts: 

( ) ( )( )
( )( ) ( )( )

( )( )
1 1

1 1  2
1

m t  m t

m t  t

m t

P m   P m
P m   m p q   p q

P m

= =
= = = = + −

=

u a
u a

a
( 3. 2 1) 

T h e   pr o p os e d   c orr es p o n di n g   p oi nt   e xtr a c ti o n   m et h o d   w or ks   d e p e n d a bl y   w h e n  t h e  

pr o b a bilit y  of tr u e  c o- m oti o n ( 3. 2 0) is si g nif i c a ntl y l ar g er t h a n t h e  pr o b a bilit y  of f als e 

c o- m oti o n ( 3. 2 1).  T his  diff er e n c e  assists  us t o  d et er mi n e t h e  m o d el  p ar a m et ers (s e e 

( 3. 9))  a c c ur at el y; t h us t h e r ati o  of t h es e  pr o b abiliti es  m a y  b e r e g ar d e d  as  a n i n dir e ct 

i n d e x t o  m e as ur e t h e r o b ust n ess  of t h e  c orr es p o n d e n c es  e xtr a cti o n: 

( ) ( )( )
( ) ( )( )

( ) ( )
( )

2 2

2

1 1 1 1
1

1 1 2

m t  t

m t  t

P m   m q p q   q   p   q q

P m   m p q   p q
η

= = − + + − +
= =  >

= = + −

r a

u a
( 3. 2 2) 
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W e   m a y   m e nti o n  t h at  t his  i n e q u alit y  is   al w a ys  s atisfi e d;  t his  is   pr o v a bl e   b y  

i n v esti g ati n g t h e  diff er e n c e s u m  b et w e e n t h e  n u m er at or  a n d t h e  d e n o mi n at or.  T a ki n g 

t h e   c as e   wit h  t h e  l ar g er  r ati o  is   a n   e as y   a n d   a c c ur at e   w a y  t o   e xtr a ct  t h e   G M M  

p ar a m et ers.   T h e   n e xt  fi g ur e   d e m o nstr at es  t h e   d e p e n d e n ci es   of  t h e  r ati o  η  t o  t h e  

d et e cti o n  err or r at e  a n d t h e  m oti o n i nt e nsit y. 

 

a)            b) 

Fi g u r e  3. 2 0:  T h e  v al u e  of η   wit h  v a r yi n g  m oti o n i nt e nsity  a n d  d et e cti o n  e r r o r  r at e.  W e 

e x p e ri m e nt all y  d efi n e t h e  r e as o n a bl e  c as es  wit h 2η > , s e e  b),  w hi c h s h o ws t h e  “ g o o d ”  r e gi o ns. 

T h e r es ults  p oi nt  o ut  a n i nt e r esti n g  pr o p ert y,  n a m el y t h e e xist e n c e  of  a s e c o n d  ar e a 

w h er e  q > 0. 5  a n d  p > 0. 5. I n t his  c as e t h e  m o ti o n i nt e nsit y  a n d t h e  d et e cti o n  err or r at e 

ar e  b ot h  v er y  hi g h. It is  e q ui v al e nt t o t h e  e xtr a cti o n  of  c orr es p o n d e n c es  b y  usi n g t h e 

n o n- m o vi n g  (st ati c)   p oi nts.   W e   c a n   c all   t his   c as e   " c o n c urr e nt   n o n- m o vi n g   p oi nts ".  

N o n et h el ess, t h e  utili z ati o n  of t his  pr o p ert y i n  r e al s c e n es is  diffi c ult  b e c a us e t h er e  ar e 

r e gi o ns  (s u c h   as  t h e  s k y)  w h er e   a n y   m oti o n  r ar el y   o c c urs,   a n d   c o ns e q u e ntl y  t h es e  

r e gi o ns  c o ul d  b e  c o n c urr e nt f or  a n y  p oi nt. I n  o ur  e x p eri e n c e t h e  us u al  c o n diti o n   2η >  

is s uffi ci e nt f or t h e  e xtr a cti o n  of  c orr es p o n d e n c es.  T h e  a c c e pt a bl e  c o nfi g ur ati o ns  of 

p ar a m et er-s p a c e  c a n  b e s e e n i n  Fi g ur e  3. 2 0( b),  w h er e t h e  wi d e r a n g e  of t h e  a c c e pt a bl e 

p   a n d   q   c o nfir m   a p pli c a bilit y   of   o ur   m oti o n  st atisti cs   b as e d   m et h o d  i n   v ari o us  

e n vir o n m e nt. 

A n ot h er i m p ort a nt  a n d  pr a cti c al  q u esti o n is  t h e l e n gt h  of  vi d e o s eq u e n c e  n e c ess ar y t o 

pr o d u c e   v ali d  r es ults.   T h e   k n o wl e d g e   of  t h e   mi ni m al  l e n gt h   assists   us  t o  st art  t h e  

o pti mi z ati o n   pr o c ess   at   a   m o m e nt   w h e n   g o o d   a c c ur a c y   m a y   b e   a c hi e v e d.   A n  

esti m ati o n  of t h e r e q uir e d l e n gt h (fr a m e  c o u nt) is  p ossi bl e  b y  us i n g t h e  B er n o ulli’s 

t h e or e m  or w e a k l a w  of l ar g e  n u m b ers  [ 3 5]: 

D OI: 1 0. 1 5 7 7 4/ P P K E.I T K. 2 0 2 4. 0 0 6



 

 

- 4 9- 

( )
2

1q qk
P q

n n
ε χ

ε

−⎛ ⎞
− ≥   ≤   ≤⎜ ⎟

⎝ ⎠
 ( 3. 2 3)  

T h e   a b o v e  f or m ul a   esti m at es  t h e   pr o b a bilit y   of  t h e   d e vi ati o n   of  r el ati v e  fr e q u e n c y  

( wit h  k/ n,  w h er e  k is t h e  n u m b er  of  p ositi v e  c as es  n is t h e t ot al  n u m b er  of  c as es) fr o m 

a  pr o b a bl e  v al u e q   wit h  a  pr e d efi n e d  all o w a bl e  err or  v al u e ε . It  gi v es  a n  esti m at e d 

v al u e  of  n   w hi c h is t h e t ot al s a m pl e  c o u nt. I n o ur  c as e t his f or m ul a r e pr es e nts  a  w a y 

t o  d et er mi n e t h e  n e c ess ar y fr a m e  c o u nt t o a c hi e v e t h e  d esir a bl e  c o- m oti o n st atisti cs 

w h e n t h e  m oti o n  pr o b a bilit y ( q )  c a n  b e  esti m at e d f or t h e s e q u e n c e.  F or t his  p ur p os e 

w e  h a v e t o  d efi n e  a n  a p pr o pri at e  err or  v al u e ( ε )  w hi c h  m a y  b e  c o m p ut e d f or  a  gi v e n 

q   b y  usi n g ( 3. 2 2)  w h er e t h e  c o n diti o n   2η >  is s atisfi e d. I n  o ur  c o nt e xt t his  c o n diti o n 

m e a ns t h at t h e  e xtr a cti o n  of  c o - m oti o n st atisti cs is  p ossi bl e.  T h e l ast  p ar a m et er t o  b e 

d et er mi n e d is χ ,  d efi n e d  b y ( 3. 2 3).  T his  p ar a m et er d efi n es t h e  pr o b a bilit y t h at t h e 

sti p ul at e d  err or r at e  will  b e  a c hi e v e d.  A n  a c c e pt a bl e  v al u e is   0. 0 5χ = ,  w hi c h  m e a ns 

t h at t h e  all o w a bl e  err or r at e will  b e  a c hi e v e d i n  9 5 %  of  c as es,  a n d t h e  pr o b a bilit y t h at 

t h e   d e vi ati o n  is  l ar g er  t h a n  t h e   gi v e n   v al u e  is  s m all er  t h a n   0. 0 5.  I n  t his   c as e  t h e  

f oll o wi n g i n e q u alit y f or n  is i m pli e d: 

( )
2

1q q
n

ε χ

−
≤  ( 3. 2 4)  

O ur   e x p eri m e nts  r el ati n g  t o  t his  t h e or eti c a l  i n v esti g ati o n   ar e   pr es e nt e d  i n   a  l at er  

s e cti o n. 
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3. 3.   C o n cl usi o ns 

I n  t his   c h a pt er,   w e   h a v e  i ntr o d u c e d   a  ro b ust   p e d estri a n   d et e cti o n   a n d   g ait  f e at ur e  

e xtr a cti o n  m et h o d. It is  a bl e t o  a c hi e v e  a  r eli a bl e  d et e cti o n r at e i n i n d o or  or  o ut d o or 

c a m er a  c o nfi g ur ati o n  a n d  e n vir o n m e nt al  c o n di ti o ns  usi n g  a n i n v ari a nt  a n d  eff e cti v e 

d at a  r e pr es e nt ati o n  i n  t h e   Ei g e n w al k  s p a c e,   b as e d   o n  s pli n e  i nt er p ol ati o n   a n d   a  

di m e nsi o n-r e d u cti o n  t e c h ni q u e.   A   n o v el   m et h o d  f or  l e a di n g  l e g   i d e ntifi c ati o n   h as  

b e e n  pr es e nt e d; t his is  a  p ossi bl e  g ait  c h ar a ct eristi c f or  w al k er r e gistr ati o n  b et w e e n 

m ulti pl e  c a m er as  c a pt uri n g  diff er e nt  vi e ws  of t h e s a m e t ar g et.  A n i m p ort a nt  g o al  w as 

t o  us e t his f e at ur e f or t h e  p ur p os e  of  m ulti pl e- c a m er a r e gistr ati o n. 

W e   h a v e  i ntr o d u c e d   a   n o v el   a p pli c ati o n   of   c o- m oti o n  st atisti cs   a p pli c a bl e  t o   vi d e o  

s e q u e n c es,  w hi c h  all o ws  esti m ati o n  of t h e  v a nis hi n g- p oi nt i n  a  g e o m etri c al  m o d el  of  a 

vi e w  c o nt ai ni n g  a  pl a n e  mirr or.  T h e  mirr or-r efl e cti o n  m a y  b e r e pl a c e d  wit h t h e i m a g e 

fr o m  a  virt u al  pr oj e cti v e  c a m er a.  T o  d et er mi n e t h e  g e o m etri c al  c o n n e cti o n  b et w e e n 

t h e r e al  a n d t h e  virt u al  vi e ws ( e v e n i n  a  wi d e- b as eli n e c o nfi g ur ati o n)  w e  m a d e  us e  of 

t h e   e xtr a  i nf or m ati o n  t h at  is   pr o vi d ed   b y  t h e   vi d e o  s e q u e n c e;  t h e   n e c ess ar y  

c orr es p o n di n g  p oi nt- p airs  ar e r etri e v e d fr o m t h e  c o n c urr e nt- m oti o n st atisti cs. 

I n  c o n cl usi o n, t h e  m ai n  a d v a nt a g e  of  o ur m et h o d is t h at it is  n ot  d e p e n d e nt  o n s c e n e 

c o nt e nt  a n d it is r o b ust i n s it u ati o ns  w h er e  m a n u al  c o nfi g urati o n is  diffi c ult.  H o w e v er, 

its  pr er e q uisit e is t hat t h e i n p ut is  a v ail a bl e  as  a  vi d e o s e q u e n c e;  a n d t o  a c hi e v e  g o o d 

r es ults  a s uffi ci e ntl y l ar g e fr a m e  c o u nt  a n d t h e  pr es e n c e  of s uffi ci e nt t ar g et  m oti o n  ar e 

n e c ess ar y. 
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4. Esti m ati o n  of  m o d el  p ar a m et ers 

K e y st e ps f or  p ar a m et er  esti m ati o n  pr o bl e ms  ar e t h e  d at a  pr e pr o c essi n g  a n d t h e fi n al 

p ar a m et er  o pti mi z ati o n.  B ot h st e ps  ar e  cr u c i al i n  p oi nt  of  a c c ur a c y  a n d r o b ust n ess. 

M ost   a p pr o a c h es   us e   n o n-li n e ar   o pti mi z ati o n   aft er  t h e   i niti al   g u ess   a b o ut  t h e  

p ar a m et er  v e ct or.  T his is  b e c a us e t h er e is  n o  a n al yti c al f or m  of s ol uti o n, t h us t h e  us e 

of s o m e s e ar c hi n g  m et h o d is  n e c ess ar y i n t h e  p ar a m et er s p a c e. 

I n t his  c h a pt er  w e  d es cri b e  m et h o ds f or o utli er r ej e cti o n  w hi c h  n at ur e  d e p e n ds  o n t h e 

pr o p erti es  of t h e  m o d el  a n d t h e  d at a.  W e  w ill s h o w t h at t h e  m o d el  p ar a m et ers  c a n  b e 

d et er mi n e d fr o m t h e  e xtr a ct e d f e at ur es  wit h  n ot a bl e  a c c ur a c y. 
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4. 1.   H o m o gr a p h y  c o m p ut ati o n  usi n g  D L T  a n d 

R A N S A C 

A n  a ut o m ati c r e gistr ati o n  m et h o d  n e e ds  a f e at ur e s el e cti o n  a n d  m at c hi n g  al g orit h m 

t o s el e ct  c orr es p o n di n g  p oi nts  b et w e e n t h e vi e ws  o bt ai n e d fr o m t w o  c a m er as. I n  3 D 

m oti o n- b as e d   c a m er a   c ali br ati o n,   a   m aj or   pr o bl e m  is  t o   esti m at e  t h e   h ei g ht   of  t h e  

m oti o n  a b o v e t h e  d efi n e d  gr o u n d- pl a n e. I n  o ur   c as e,  h o w e v er, si n c e  w e  c a n  d et e ct t h e 

l e gs i n  m oti o n, t h eir l o w er  p oi nt  c a n  co n v e ni e ntl y  b e  us e d f or r e gist eri n g  c o m m o n 

p oi nts  o n t h e  gr o u n d- pl a n e. 

T o   d et e ct  s u c h   c orr es p o n di n g   p oi nts,   w e   us e   o ur   w al k- d et e cti o n   a n d  l e a di n g-l e g  

i d e ntifi c ati o n   m et h o ds.   B ot h   m et h o ds   pr o vid e  i nf or m ati o n,   w hi c h  is   us ef ul  i n  

m at c hi n g  p oi nts  b et w e e n t h e t w o  vi e ws:  d et e ct e d  w al k  p att er ns  m ust  b e  c o n c urr e nt i n 

b ot h  vi e ws;  a n d, li k e wis e, t h e  l e a di n g l e g  m ust  b e t h e s a m e. I n  b ot h  vi e ws, t h e  c e ntr al 

l o w er  p oi nts  of t h e  d et e ct e d  w al k- p att er ns ar e t h e f e at ur e  p oi nts ( e. g. t h e  o n e  m ar k e d 

wit h  a  bl a c k  “ x ” i n  Fi g ur e  3. 1 1( a)).  S e ar c h i n g f or its  c o u nt er p art i n t h e  ot h er  vi e w 

f oll o ws  t h e   e xtr a cti o n   of   a  f e at ur e   p oi nt  fr o m   o n e   of  t h e   vi e ws.   T h e   al g orit h m  

s e ar c h es f or  c o n- c urr e nt  p oi nts  b y  e x a mi ni n g  t h e ti m est a m ps  of  p oi nts,  a n d f or  p oi nts, 

w hi c h   w er e   d et e ct e d   d uri n g   w al k   c y cl es   w it h  t h e  s a m e  l e a di n g  l e g.   N e v ert h el ess,  

n o n e  of t h es e f e at ur es is  u ni q u e f or  p ers o n  i d e ntifi c ati o n (i n  c as es  w h er e  m or e t h a n 

o n e   p ers o n  is   visi bl e).   T his  f a ct  r es ults   i n  s o m e   o utli ers  i n  t h e   d et e ct e d   p oi nts.  

H o w e v er,   b e c a us e  t h e  l e a di n g  l e g  is   a  str o n g er  f e at ur e  f or  i d e ntifi c ati o n,  t h er e   ar e  

f e w er  o utli ers t h a n if  w e  w er e t o  us e  o nl y t h e  c o n c urr e nt  c o n diti o n.  F or t h e  esti m ati o n 

of t h e tr a nsf or m ati o n  H t h at  m a ps  p oi nts  of   o n e  c a m er a s c e n e  o nt o t h e  ot h er,  a n d f or 

r ej e cti o n  of  o utli ers fr o m t h e s et  of  c a n di d at e  p oi nt- p airs,  w e  h a v e i m pl e m e nt e d  b ot h 

t h e si m pl e  D L T ( Dir e ct  Li n e ar  Tr a nsf or m ati o n)  m et h o d,  a n d its  e xt e nsi o n  usi n g t h e 

R A N S A C  ( R A N d o m   S A m pl e   C o n s e ns us)   al g orit h m  [ 2 4].  I n   D L T   a  si m pl e  li n e ar  

s ol uti o n f or  H  m a y  b e  d eri v e d fr o m t h e  e x pr essi o n  of ( 2. 1).  T h e  R A N S A C  al g orit h m 

p artiti o ns  t h e   d at a s et  i nt o  i nli ers   a n d   o utli ers,  a n d   als o  d eli v ers  a n   esti m at e   of t h e 

m o d el  H (t h e  h o m o gr a p h y i n  o ur  c as e). 
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4. 1. 1.  E x p eri m e nt al r es ults 

W e   e v al u at e d  t h e  r e gistr ati o n   al g orit h m   b y   usi n g  s ur v eill a n c e   c a m er as   pl a c e d  i n   a  

p u bli c  ar e a l o c at e d i n t h e  u ni v ersit y  b uil di n g.   T h e  a n gl e  b et w e e n t h e  vi e w- a x es  of t h e 

t w o  o v erl a p pi n g  c a m er as  e m pl o y e d  w as  n e arl y  9 0 ° ( h e n c e, t o  d e t e ct  c orr es p o n di n g 

p oi nts   usi n g  st a n d ar d   o pti c al   m et h o ds   w o ul d   b e   diffi c ult).  I n  t h e   n o n- o v erl a p pi n g  

l a y o ut t h e t w o  c a m er as  ar e  pl a c e d  o p p osit el y t o  e a c h  ot h er. 

O v erl a p pi n g  vi e ws 

I n  o ur s eri es  of t ests, t h e s u c c essf ull y  d ete ct e d  a n d  cl assifi e d  w al k- p att er ns  w er e  2 4 1 

f or t h e first  c a m er a,  a n d  2 2 0 f or t h e s e c o n d c a m er a (s e e  Fi g ur e  4. 1). I n  o ur s yst e m t h e 

c a m er as  ar e  a p pr o xi m at el y s y n c hr o ni z e d,  b ut  t h er e is  a s m all t e m p or al  drift  b et w e e n 

t h e   w al k   p att er ns   g e n er at e d   b y   e a c h   c a m er a;   h e n c e   w e   d efi n e   a   p er mitt e d  ti m e-

wi n d o w  f or   e v e nts,   w hi c h   ar e   cl ass e d   as   “ c o n c urr e nt ”.   T his  ti m e- wi n d o w  f or  

c o n c urr e nt  c h e c ki n g  w as  5 fr a m es.  Aft er s u c h  c h e c ki n g, t h er e r e m ai n e d  4 6  c o n c urr e nt 

c orr es p o n di n g  p oi nts ( S 1  d at as et)   a n d  8  wit h t h e l e a di n g l e g v erifi e d ( S 2  d at as et).  W e 

f o u n d   1 5  i n v ali d   p oi nts  i n  t h e   S 1   d at as et.  T a bl e   4-I  s u m m ari z es  t h e  r es ults   of  t h e  

si m pl e  D L T  a n d t h e  R A N S A C + D L T  m et h o ds  a p pli e d t o s e v er al  c o m bi n ati o ns  of t h e 

S 1   a n d   S 2   d at as ets  ( c as es   1  t o   5).   W e   ass ess e d  t h e   a c c ur a c y   of  t h e   c o m p ut e d  

tr a nsf or m ati o ns (ri g ht m ost  c ol u m n)  usi n g  m a n u all y-s el e ct e d  c o ntr ol  p oi nts. 

B e c a us e  of t h e  n e ar- ort h o g o n al  ori e nt ati o n  of  t h e t w o  c a m er as  us e d f or t h e t ests, t h e 

al g orit h m  c a n r ar el y  d et e ct t w o s u c c essi v e  w al ks f or l e a di n g-l e g i d e ntifi c ati o n,  a n d 

t h er ef or e t h er e  ar e  o nl y  a f e w  p oi nts i n t h e  S 2  d at as et.  N e v ert h el ess, i n  c as e  1,  all t h e 

p oi nts  i n   S 2   ar e   c orr e ct   p oi nts;   a n d  t h e  si m pl e   D L T   m et h o d   c a n   c o m p ut e   a   g o o d  

tr a nsf or m ati o n.   T h e   D L T   m et h o d  f ails   w h e n t h er e   ar e   o utli ers  ( as  f or  t h e   S 1 + S 2  

d at as et),  a n d i n t his  c as e ( c as e  2) t h e  p ositi o n  err or is  e xtr e m el y  hi g h. I n  c as es  4  a n d 

5, t h e  R A N S A C  al g orit h m  h as  m a n a g e d t o  r ej e ct t h e  o utli ers fr o m  S 1,  a n d t h e  D L T 

m et h o d t h e n  c o m p ut es  a n  a p pr o pri at e tr a n sf or m ati o n. I n  c as e  3,  R A N S A C + D L T f ails 

t o  gi v e  g o o d  a c c ur a c y  b e c a us e t h er e  ar e o nl y  a f e w  p oi nts i n t h e  S 2  d at as et. 
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a)          b) 

 

c) 

Fi g u r e  4. 1:  T r a nsf o r m ati o n f r o m t h e fi rst- c a m e r a  vi e w (l eft) t o t h e s e c o n d ( ri g ht):  D et e ct e d 
c o r r es p o n di n g  p oi nts,  a n d  a s y nt h eti c li n e-t r aj e ct o r y  i n  a)  a n d  b)  a n d  ali gn m e nt  of  vi e ws i n  c).  

 

T A B L E 4-I:  E X P E RI M E N T A L  R E S U L T S  O N  D A T A  F R O M “ EN T R A N C E ”  C A M E R A S ( R A N S A C  DI S T A N C E 

T H R E S H O L D I S  T = 0. 0 1) 

C as e  I n p ut  
P oi nt
s 

C orr e c
t 
p oi nts 

D et e ct e d 
o utli ers 

A v g.  err or 
i n  pi x el 

M et h o d:  D L T 
1   S 2  8  8  -    6. 4  
2   S 1 + S 2  5 4  3 9  -    2 5 0. 2  
M et h o d:  R A N S A C + D L T 
3   S 2  8  8  4    1 2. 5  
4   S 1 + S 2  5 4  3 9  2 5   7. 8  
5   S 1  4 6  3 1  2 8   6. 2  

 

I n t h e i n d o or t est s e q u e n c es t h e  h ei g ht  of  p e o pl e  w as  1 1 5 pi x els  a n d t h eir  wi dt h  w as 

4 0   pi x els  i n   a v er a g e.   T h e   c a m er a   vi e w   r e gistr ati o n  is   a   g o o d  t est   b e d  f or  t h e  

e v al u ati o n  of t h e  pr o p os e d f e at ur e  e xtr a cti o n  m et h o d.  T h e  n ot s o  hi g h  a v er a g e  err or  of 

ali g n m e nt ( c c.  5 % r el ati v e  err or t o t h e  h ei g ht  of  o bj e ct)  wit h r es p e ct t o t h e  o bj e ct si z e 

pr o v es t h e  us a bilit y  of t h e l o c ali z e d f e at ur es. 

D OI: 1 0. 1 5 7 7 4/ P P K E.I T K. 2 0 2 4. 0 0 6



 

 

- 5 5- 

 

T o s u m m ari z e t h e t est-r es ults: t h e  D L T  m et h o d  is f ast  e n o u g h t o r u n i n r e al-ti m e,  b ut 

it  n e e ds  a n i n p ut  c o nt ai ni n g  o nl y  “ g o o d ”  p oi nts (li k e  o ur  S 2  d at as et).  O n t h e  ot h er 

h a n d t h e  R A N S A C  al g orit h m  c a n s u c c essf ull y  r ej e ct  o utli er  p oi nts (s u c h  as  c o nt ai n e d 

i n  o ur  S 1  d at as et)  b ut it d o es r e q uir e  m u c h  m or e  c o m p uti n g ti m e ( 5- 2 0 s e c o n ds). 

N o n- o v erl a p pi n g  vi e ws 

I n t h e l ast  e x p eri m e nt,  w e  ali g n e d i m a g es  of  c a m er as  wit h  n o n-o v erl a p pi n g fi el d  of 

vi e w.  T h e s c h e m ati c  m a p  of  e x p eri m e nt  a n d t h e i m a g es  of t h e  “ M ai n  h all ”  a n d t h e 

“ E ntr a n c e ”  c a m er as  ar e s h o w n i n  Fi g ur e  4. 2.  

It  c a n  b e s e e n t h at t h e fi el d  of  vi e ws  of t h e  c a m er as  ar e  n ot  o v erl a p p e d  b e c a us e  of t h e 

w all  b et w e e n  “ M ai n  h all ”  a n d  “ E ntr a n c e ”  ar e as   b ut  virt u all y t h e y  d o.  T h e  esti m ati o n 

of  t h e   h o m o gr a p h y  is   b as e d   o n  li n e   c orr es p o n d e n c es   a n d   n ot   o n   p oi nt  

c orr es p o n d e n c es   as  i n   pr e vi o us   e x p eri m e nts.   T w o  s u c c essi v e   w al k  st e ps   w er e  

d et e ct e d  a n d  a li n e  w as  c al c ul at e d t hr o u g h t h e m. 

T h e   m aj or   ass u m pti o n  i n  t his   e x p eri m e nt   is  t h at   p e o pl e   ar e  m o vi n g   al o n g  str ai g ht  

li n es fr o m  “ M ai n  h all ” t o  “ E ntr a n c e ”  a n d vi c e  v ers a.  E v er y li n e fr o m  o n e  vi e w  w as 

p air e d  wit h  e v er y li n e i n  t h e  ot h er  vi e w  a n d t h e  R A N S A C  al g orit h m  w as  us e d f or t h e 

esti m ati o n  of t h e  m o d el  a n d r ej e cti o n  of  o utli ers. 

   

 

M ai n  h all 

E ntr a n c e 

 

Fi g u r e  4. 2: I m a g es  of  “ M ai n  h all ”  a n d  “ E nt r a n c e ”  c a m e r as  wit h  c o nt r ol li n es  o n t h e  g r o u n d 
( m a r k e d  wit h t w o l o n g  p a p e r t a p es) f o r  v e rifi c ati o n.  S c h e m ati c  m a p  of t h e  e x p e ri m e nt: 

pl a c e m e nt  of  c a m e r as  a n d t h ei r fi el d  of  vi e ws. 

D OI: 1 0. 1 5 7 7 4/ P P K E.I T K. 2 0 2 4. 0 0 6



 

 

- 5 6- 

T h e r es ults  of  ali g n e d i m a g es   ar e s h o w n i n  Fi g ur e  4. 3. T h e r es ults  ar e  b as e d  o n  2 3 5 

d et e ct e d  w al ks;  4 2  w al k  c y cl e (t w o  w al ks  f or m  a li n e fr a g m e nt  as  m e nti o n e d  a b o v e) 

a n d  9 i nli ers l eft  aft er t h e  R A N S A C  h as  b e e n  p erf or m e d.  T h e  a v er a g e  d e vi ati o n  of t h e 

gr a di e nt  of t h e r e al  “ p a p er t a p e ” li n es  w as  1 2. 5 °. 

 

Fi g u r e  4. 3:  R es ult  of  ali g n m e nt  of  n o n- o v e rl a p pi n g  vi e ws  wit h t h e  hi g hli g ht e d  c o nt r ol li n es. 
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4. 2.   V a nis hi n g  p oi nt  d et er mi n ati o n 

T h e   d et er mi n ati o n   of   V P   c o or di n at es  (t h e   m o d el   p ar a m et er)  is   p erf or m e d   as  t h e  

c o m p ut ati o n  of t h e i nt ers e cti o n  of li n es  d efi n e d  b y  c orr es p o n di n g  p oi nt- p airs.  T h er e 

ar e s e v er al  a p pr o a c h es f or  m o d el  esti m ati o n i n  c a m er a s yst e ms,  g o o d s ur v e ys  c a n  b e 

f o u n d i n [ 2 4]  a n d [ 3 6].  T h e m et h o ds  c o m m o nl y  us e d i n  3- D r e c o nstr u cti o n i n  c a m er a-

mirr or  c as e  ar e  e. g. t h e  d at a s y m m etriz ati o n  [ 3 7][ 2 5]  a n d s e ar c hi n g  wi n d o w t e c h ni q u e 

[ 2 3].  T h es e  m et h o ds  c a n t ol er at e  o nl y  a s m all  a m o u nt  of  n ois e i n t h e  p oi nt  p ositi o ns 

( a n d,  li k e wis e,  it   c a n n ot   h a n dl e   o utli ers   pr o b a bl y).   G e n er all y,  t h e   m o d el  

d et er mi n ati o n  pr o bl e ms  n e e d s o m e r o b ust  esti m at or [ 2 4] t h at  h a n dl es t h e f u n cti o n  as 

a n ( gl o b al)  o pti mi z ati o n t as k, t h us t h er e is   n o  a n al yti c s ol uti o n [ 4 9] f or s u c h r o b ust 

p ar a m et er  esti m ati o n  pr o c e d ur es, f or s ur v e y s e e [ 3 6]. 

I n   o ur  i m pl e m e nt ati o n  t h e   p ar a m et er   esti m ati o n   c o m pris es  t w o  st e ps.   Firstl y   w e  

r e d u c e t h e  n u m b er  of  o utli ers,  a n d s e co n dl y  a  n o n-li n e ar  o pti mi z ati o n is  p erf or m e d 

f or fi n al  V P  esti m ati o n.  T h e i n cl usi o n  of t h e i nf or m ati o n  e xtr a ct e d fr o m  gl o b al  a n d 

c o- m oti o n  st atisti cs  i nt o  t h e   o bj e cti v e   f u n cti o n   c o n v e ni e ntl y   pro vi d es   a n   a p pr o a c h  

w hi c h is sli g htl y  diff ers fr o m  pr e vi o us  m et h o ds. 

4. 2. 1.  C orr es p o n di n g  p oi nts i n si n gl e  vi e w 

T h e   e xtr a cti o n   of   c orr es p o n di n g   p oi nts  i n  r el at e d  i m a g e- p airs  is   a n   e xt e nsi v el y-

st u di e d  r es e ar c h   ar e a  i n   c o m p ut er   visi o n   [ 5 9][ 2 4].   B ut   d es pit e  t his,  t h e   n u m b er   of  

s p e ci ali z e d  m et h o ds  w hi c h  ar e  a p pli c a bl e t o  c a m er a- mirr or s c e n es is r at h er li mit e d. I n 

[ 2 8]  a  m et h o d  w as i ntr o d u c e d  w hi c h  us es t h e s o- c all e d s u p p ort li n es   of t h e sil h o u ett es 

of  t h e  i m a g e- c o m p o n e nts  i n   or d er  t o  fi n d   c orr es p o n di n g   p oi nt- p airs.   T his   m et h o d  

ass u m es t h at t h e  w h ol e  3- D  mirr or  h ull (t h e   c o n v e x  h ull  of t h e  o bj e ct  a n d its  mirr or 

i m a g e) is  al w a ys  visi bl e  b y t h e  c a m er a,  a n d t h at t h er e is  o nl y  o n e  o bj e ct i n t h e s c e n e. 

I n  a n  o ut d o or  e n vir o n m e nt,  h o w e v er, t h es e ass u m pti o ns  ar e  us u all y  n ot s atisfi e d. I n 

o ur   a p pr o a c h,   w e   d o   n ot  r e q uir e   a n y  s o p hist i c at e d  f e at ur e- d et ecti o n  i n   a c hi e vi n g  

m at c hi n g  of t h e  vi e ws. 

4. 2. 2.  O utli er r ej e cti o n 

D e p e n di n g  o n t h e  c o nfi g ur ati o n  of t h e  o bs er v e d s c e n e,  n ot  e v er y  m o vi n g  p oi nt  will 

n e c ess aril y   h a v e   a   visi bl e  r efl e cti o n,  t h us   t h er e  is   a   n e e d  f or   a  filt eri n g   b ef or e  t h e  
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o pti mi z ati o n  st e p  is   p erf or m e d.   T h e  f o ll o wi n g   m et h o d   e n a bl es   us  t o   e x cl u d e   a  

c o nsi d er a bl e  pr o p orti o n  of t h es e  o utli er s ( p oi nts  w hi c h  h a v e  n o r efl e cti o n). 

1 2
n e ar

c oll

w

w
ε ε< <

x

x
 ( 4. 1)  

T h e r e q uir e d s u bs et  of  S   c a n  b e  d efi n e d  wit h  p oi nts t hat s atisf y t h e  a b o v e  c o n diti o n: 

( ){ }2 a n d  .    e xi stsc oS S P= ∈x x  x  ( 4. 2)  

F or  t h e   p ur p os e   of  t his   dis cri mi n ati o n   w e   m a k e   us e   of  t h e   ori e nt ati o n   of  t h e  li n e  

d et er mi n e d  b y t h e t w o  p oi nts  of  a  c orr es p o n d i n g  p oi nt  p air. I n  c as e  of i nli ers t h es e 

li n es   p oi nt  t o  ( or   n e ar  t o)  t h e   V P,  t h us  t h e   dir e cti ons   ar e   cl ust er e d   ar o u n d   a  

c h ar a ct eristi c  v al u e,  d e p e n di n g  o n t h e s c e n e  s etti n g.  T his is  a  w ell- k n o w n t e c h ni q u e 

f or   pr o c essi n g   m oti o n   v e ct ors  i n   n a vi g ati o n  t as ks.   F or   d et ail e d   d es cri pti o n   of  t his  

t e c h ni q u e  a n d i m pl e m e nt ati o n iss u es  w e r ef er t o [ 4 1].  

F or t h e  p ur p os e  of t his  dis cri mi n ati o n  w e  m a k e  us e  of t h e i n cl u d e d  a n gl e  b et w e e n t h e 

h ori z o nt al  li n e   a n d  t h e  li n e   d et er mi n e d   b y  t h e  t w o   p oi nts   of   a   c orr es p o n di n g   p oi nt  

p air, s e e fi g ur e. 

 

Fi g u r e  4. 4: I nt e r p r et ati o n  of i n cl u d e d  a n gl e f o r t h e  c o m p ut ati o n  of  o ri e nt ati o n  hist o g r a m  of 
c o r r es p o n di n g  p oi nt. 

I n   c as e   of  i nli ers  t h es e  li n es   p oi nt  t o  ( or   n e ar  t o)  t h e   V P,  t h us  t h e   dir e cti o ns   ar e  

cl ust er e d  ar o u n d  a  c h ar a ct eristi c  v al u e,  d e p e n di n g  o n t h e s c e n e s etti n g.  T o filt er  o ut 

t h e li n es t h at  d o  n ot  p oi nt i n t h e  m o st  pr o b a bl e  dir e cti o n is str aig htf or w ar d,  b y  usi n g  a 

w ei g ht e d  hist o gr a m  of  a n gl es  c o m p ut e d  b y  usi n g  p oi nt  p airs fr o m  S 2 .  T h e  w ei g hti n g 

f a ct or   c o m es  fr o m  t h e   gl o b al   m oti o n  st atisti cs   w hi c h   assists   us  t o   pr o v e  t h e  

d o mi n a n c e  of t h e r el e v a nt  p oi nt  p airs: 

( ) ( )
( )2 1

1..
, ,k c oll n e ar   k

gk N
S

h k P
α α +

=
∈ <   ≤

= ∑
x xx µ µ

x  ( 4. 3)  
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w h er e  w e  d efi n e  N   bi ns  o n t h e ( 0..π ) i nt er v al,  a n d t h e i nt er v al li mits  ar e  d e n ot e d  b y 

kα .  T h e  e x pr essi o n ( ),a b  s y m b oli z es t h e  a n gl e  b et w e e n t h e  h ori z o nt al  a n d t h e li n e 

t hr o u g h  p oi nts a   a n d b . It is  o b vi o us t h at t h er e  will b e  o n e  or  m or e  p e a ks i n t his 

hist o gr a m.  B e c a us e t h e  pr e-filt eri n g  d efi n e d  b y ( 4. 1)  h as r e m o v e d  a l ar g e  pr o p orti o n 

of  o utli ers, t h e  m ai n  p e a k i n t h e  hist o gr a m  c a n  b e  ass o ci at e d  wit h  t h e tr u e i nli ers. 

T h e  hist o gr a ms ( b ef or e  a n d  aft er  o utli er r e j e cti o n)  a n d t h e filt er e d  c orr es p o n d e n c es 

c a n  b e s e e n i n  Fi g ur e  4. 5.  T his si m pl e  m e t h o d  als o  w or ks  w ell i n i n d o or i m a g es ( e. g. 

o ur  “ A nts ”  a n d  “ Mi c e ” s e q u e n c es)  b e c a us e  n ot   o nl y t h e  p oi nts  a ct u all y  at t h e  m ai n 

p e a k  ar e r et ai n e d i n t h e fi n al  d at a s e t,  b ut  als o t h e  p oi nts  ar o u n d t his  p e a k. 

 

a)          b) 

 

c)          d) 

Fi g u r e  4. 5:  R ej e cti o n  of  o utli e rs  f o r t h e  “ S h o p ” s e q u e n c e.  O nl y t h e  di r e cti o ns  c o r r es p o n di n g t o 
t h e  m ai n  p e a k ( m o d e)  of t h e  hist o g r a m ( d et e r mi n e d f ro m t h e li n e  di r e cti o ns)  will  b e  us e d f o r 

l at e r  c o m p ut ati o ns.  a)  b ef o r e  r eje cti o n ( o nl y  3 2 0  of t h e t ot al  3 5 6 6  p oi nt  p ai rs  a r e  dis pl a y e d),  c) 
aft e r  r ej e cti o n ( 3 8 2  p o i nt  p ai rs);  b)  a n d  d) s h o w t h e  c o r r es p o n di n g  hist o g r a ms  of  a n gl es. 

4. 2. 3.  O pti mi z ati o n  pr o c e d ur e 

B e c a us e t h e  V P is  c o m p ut e d fr o m li n e i n t ers e cti o ns, t h e r e m ai ni n g  o utli ers  a n d t h e 

m e as ur e m e nt   err ors  i n   p oi nt   c o or di n at es   c a us e   c o ns i d er a bl e   pr o bl e ms   d uri n g  

p ar a m et er  esti m ati o n.  T h e  m ost  n ot a bl e  pr o bl e m  wit h  o ut d o or s c e n es ( e. g. t h e  “ S h o p ” 

vi d e o, s e e  Fi g ur e  4. 5( c)) is t h at t h e  n e ar   p ar all el li n es t hr ou g h  c orr es p o n di n g  p oi nts 

r a d

r a d
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l e a d  t o  l ar g e   d e vi ati o ns  i n  t h e   p ositi o n   of  li n e  i nt ers e cti o ns.   F urt h er m or e,  t h e   n e ar  

p ar all el  li n es  i nt ers e ct   e a c h   ot h er   o nl y  t o w ar d  i nfi nit y .   T h e   m et h o d  t h at   h as   b e e n  

i ntr o d u c e d  utili z es t h e  e xtr a i nf or m ati o n  e xtr a ct e d fr o m  vi d e os: t h e  m oti o n st atisti cs 

a n d  t h e  l ar g e   n u m b er   of   c orr es p o n d e n c es  f or  t h e   c o m p ut ati o n   of   g e o m etri c   m o d el  

fitti n g. 

I n t h e f oll o wi n g s e cti o n  w e i ntr o d u c e t h e  g o o d ness- of-fit f u n cti o n t o   ass ess t h e fitti n g 

of  a  p ossi bl e  V P  p ositi o n t o  t h e  e xtr a ct e d  c orr esp o n di n g  p oi nts; t h e  “ b est ”  V P is t h e 

ar g u m e nt  of t h e  g o o d n ess- of-fit f u n cti o n  at its  gl o b al  m a xi m u m: 

( ) ( )( )
2

ar g   m a x ,g c oll
S

V P P   P δ
∈

′= = ∑
u

x

c x x u x  ( 4. 4)  

T h e  f u n cti o n  ( ),δ x u  r et ur ns  t h e   2- D   p ositi o n  r el at e d  t o  t h e  l ar g est   v al u e   of  t h e  

G a ussi a n f u n cti o n  c orr es p o n di n g t o ( )c ollP v x   w h er e t h e  p oi nts n e ar
xµ , u   a n d v   ar e 

c olli n e ar: 

( ) ( )
2

,  ar g   m a x    a n d   ,  0c oll n e a r
S

Pδ
∈

= × =x

v
x u v x   µ   u v  ( 4. 5)  

N ot e t h at t his  e x pr essi o n  h as  a  cl os e d f or m s ol uti o n [ 4 9].  

I n s u m m ar y, t his  a p pr o a c h  e n a bl es  a s m all s hift  ar o u n d  p oi nt 
coll
xµ  ( c e nt er  of  c o n c urr e nt 

ar e a,  s e e  ( 3. 9))   w hil e   p oi nt  
near
xµ  i s  fi x e d.   T h e   all o w a bl e  s hift  is   d efi n e d   wit h  t h e  

G a ussi a n   distri b uti o n  ( ( ).c ollP ),   w hi c h  is   a n   a p pr o xi m atio n   of  t h e  si z e   of   o c c urri n g  

o bj e cts i n  p oi nt 
coll
xµ .  T his is  a n ot h er  a d v a nt a g e  of  c o- m oti o n st atisti cs; t h e  a d missi bl e 

err or (i n  p ositi o n)  at  e v er y  p oi nt  m a y  b e  es ti m at e d fr o m t h e st atisti cs,  a n d t h e  a b o v e-

d es cri b e d  o pti mi z ati o n  m et h o d  us es t his i nf or m ati o n t o o.  Fi g ur e  4. 6,  b el o w, s h o ws t h e 

pr o c ess  of  o pti mi z ati o n. 

D OI: 1 0. 1 5 7 7 4/ P P K E.I T K. 2 0 2 4. 0 0 6



 

 

- 6 1- 

 

Fi g u r e  4. 6:  T h e t h r e e  c o r r e s p o n d e n c es ill ust r at e t h e o pti mi z ati o n  p r o c ess.  O p e n  ci r cl es s h o w t h e 
i niti al i nt e rs e cti o ns (t h es e  diff e r f r o m  o n e  a n ot h e r).  D as h e d li n es  a r e t h os e  d r a w n t o t h e  m o difi e d 
p oi nts  aft e r  o pti mi z ati o n is  c o m pl e t e d.  T h e  m e a ni n g  of  v e ct o r-f u n cti o n ( ).δ  is  d e m o nst r at e d: it 

r et u r ns t h e  p ositi o n  o n t h e li n e  w h e r e t h e  G a ussi a n is  m a xi m al. 

G o o d n ess- of-fit  v al u es  ar e  ill ustr at e d i n  Fi g ur e  4. 7 wit h  a  c o nt o ur  gr a p h.  

x

 

Fi g u r e  4. 7:  G o o d n ess- of-fit f u n cti o n  r e p r es e nt e d  usi n g  a  c o nt o u r  g r a p h; t h e  V P is  m a r k e d  wit h 
“ x ”. 
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M or e  g e n er al  crit eri a  c a n   b e  d eri v e d  w hi c h  e n a bl e  a  c orr e cti o n  n ot  o nl y i n c oll
xµ   b ut i n 

p oi nt n e ar
xµ   as  w ell (t his  m o difi c ati o n  aff e cts ( 4. 4) a n d ( 4. 5)).  U nf ort u n at el y,  aft er t his 

m o difi c ati o n ( 4. 5)  will  n ot  h a v e  a n  a n al yti c s ol uti o n; t h us  d uri n g t h e  o pti mi z ati o n  a n 

al g orit h mi c s c a n  w o ul d  h a v e  t o  b e r u n f or  e v er y  c orr es p o n din g  p oi nt  p air, i nst e a d  of  a 

si m pl e  e q u ati o n s u bstit uti o n. 

 

T h e  k n o wl e d g e  of t h e  V P  p osit i o n  assists i n t h e  p artiti o ni n g  of t h e  G M M  c o m p o n e nts 

-   c orr es p o n di n g  t o   a n   ar bitr ary   c o- m oti o n  st atisti cs  -  i n t o  t w o   p arts:   o n e  f or  t h e  

ori gi n al  p oi nt,  a n d t h e  ot h er f or its r efl e cti o n.  T his is si m pl e  b e c a us e  usi n g  pr o p ert y  2 

t h e   n e ar est   p oi nt  t o  t h e   V P  is  t h e  r efl e cti o n.   A   n e w   n ot ati o n  is  i ntr o d u c e d  i n  t h e  

f oll o wi n g  c o n v ersi o n  of ( 3. 9): 

( ) ( ) ( )c o ori g r eflP P   P= +u x   u x   u x  ( 4. 6)  

w h er e ori g r efl
′ ′− >   −x xµ c µ c .  B as e d  o n t his r e p artiti o ni n g w e  c a n  d efi n e t h e f oll o wi n g 

p air  of  2- D  P D Fs f or  m oti o n  pr o b a bilit y;  o n e f or  m oti o n  pr o b a bilit y i n t h e f or e gr o u n d 

r e gi o n: 

( ) ( ) ( )
2

f g g  ori g
S

P F   P P
∈

= ∑
u

x u x u  ( 4. 7)  

a n d t h e  ot h er f or  m oti o n  pr o b a bil it y i n t h e  r efl e cti o n r e gi o n: 

( ) ( ) ( )
2

rf g  r efl
S

P F   P P
∈

= ∑
u

x u x u  ( 4. 8)  

4. 2. 4.  E x p eri m e nt al r es ults 

O ur   b asi c   m oti o n   d et e cti o n   m et h o d  [ 1 2]  is  f o u n d e d   o n  t h e   b a c k gr o u n d   m o d el  

i ntr o d u c e d  b y  St a uff er;  his  a c c ur at e  b ut r at h er ti m e- d e m a n di n g f or e gr o u n d  d et e ct or is 

a  g o o d  b asis f or f urt h er  cl assifi c ati o n  of t h e f or e gr o u n d  m a s k. Its  o ut p ut  h as  alr e a d y 

b e e n  m e nti o n e d i n f or m ul a ( 3. 5).  T h e i nit i al  c ol or- b as e d s h a d o w  d et e cti o n  m et h o d is 

a  m o difi c ati o n  of t h e  c orr es p o n di n g  p art  of  S A K B O T.  T h e  us e  of  b ot h t h e s h a d o w 

a n d  m oti o n  m as k t o g et h er is  p ossi bl e  aft e r t h e f oll o wi n g  m o difi c ati o n  of ( 3. 8): 

( ) ( )
( ) ( )

( )   ( )( )
,

t t
t

s h c o

t t
t

m s

f P
m s

= =
+

∑

∑

x u

u x   u x
x u

 ( 4. 9)  
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I n t h e f or m ul a ( )ts u   d e n ot es t h e  bi n ari z e d s h a d o w  m a s k.  T h er e  ar e t hr e e  disj u n cti v e 

cl ass es i n t his  c as e (f or e g r o u n d, s h a d o w,  a n d  b a c k gr o u n d): a  gi v e n  p oi nt  m a y  n ot  b e 

i n  b ot h t h e f or e gr o u n d  m as k  a n d t h e s h a d o w  m as k. 

I n   o ur   e x p eri m e nt  t h e   err or  r at e   of  t he  f or e gr o u n d   d et e ct or   w as   2- 5 %;   w hil e  t h e  

si m pl e   c ol or   b as e d  s h a d o w   d et e ct or   a c hi e v e d   n e arl y   a   7 5 %  s u c c ess  r at e   ( w e 

d eli b er at el y   di d   n ot  t u n e  t h e   c ol or   m o d el   p ar a m et ers,  i n   or d er  t o  t est  t h e   m et h o d’s  

r o b ust n ess).   T h e   o ut p uts   of  t h e  f or e gr o u n d  a n d  s h a d o w   d et e cti o n   al g orit h ms   ar e  

ill ustr at e d i n  Fi g ur e  4. 8. 

 

   

  

Fi g u r e  4. 8:  C o m p ut ati o n st e ps: i n p ut i m a g e, f o r e g r o u n d  a n d s h a d o w  m as ks,  a  c o- m oti o n st atisti c 
a n d  e xt r a ct e d  c o r r es p o n d e n c es  i n  “ S h a d o w ” s e q u e n c e.  T h e  c o r r es p o n di n g  p oi nts  a r e t h e 

e xt r a ct e d  o bj e ct-s h a d o w  p oi nt  p ai rs  aft e r  o utli e r  r ej e cti o n. 

T h e  n u m eri c al r es ults  of  V P  esti m ati o n  ar e  s u m m ari z e d i n  T a bl e  4-II.  T h e  n u m b ers  of 

p oi nt  p airs i n t h e  pr o c essi n g st e ps  a n d t h e  g o o d n ess- of-fit   v al u e  c orr esp o n di n g t o t h e 

o pti mi z e d  V P  ar e  dis pl a y e d f or  4  diff er e nt t e st  vi d e os.  T h e r es ult s  ar e ill ustr at e d i n 

Fi g ur e   4. 9,   w h er e  t h e   c olli n e ariti es   ar e   o bs er v a bl e,   a n d   w hi c h   d e m o nstr at e  t h e  

a c c ur a c y  a c hi e v e d. ( B e c a us e  of  t h e l ar g e  c o or di n at e  v al u es, t h e  V Ps t h e ms el v es  ar e 

n ot s h o w n i n t h e i m a g es.)  
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Fi g u r e  4. 9:  R es ults  a r e  d e m o nst r at e d  wit h t h e  c o lli n e a riti es  of  V P,  o ri gi n al  p oi nt  a n d  r efl e ct e d 
p oi nt. 

I n  t h e   T a bl e   4-II,  t h e  tr u e  V P   v al u es   ar e   b as e d   o n   m a n u al   e xtr a p ol ati o n.  It  is  

i m p ort a nt t o  n ot e t h at  –  as is  als o  d e m o nstrat e d i n t h e s a m pl e i m a g es  – t h e  a p p ar e nt 

i n a c c ur a c y  i n  t h e   V P’s   p ositi o n  i n   c ase   of  t h e   “ S h o p ”   vi d e o   h as   n ot   c a us e d   a  

p er c e pti bl e  err or i n t h e  c olli n e arit y.  T his is  b e c a us e t h es e  V Ps  ar e  n e arl y  at i nfi nit y. 

T A B L E 4-II:  R E S U L T S  O N  M O D E L  O P TI MI Z A TI O N  

V a nis hi n g  p oi nt S e q u e n c e 
N a m e 

P oi nt # 
(S 2 ) I niti al *   O pti mi z e d  Gr o u n d  tr ut h  

Fit 
M o d el 
err or 

A nts   1 2 1 8  ( 1 0 8 1,- 6 2 9)  ( 1 1 0 3,- 6 7 4)  ( 1 1 2 8,- 6 7 6)  0. 9 4 5 1  0. 3 8 °  
Mi c e    2 5 8 7  ( 2 5 3,- 2 3 7)  ( 2 5 6,- 2 6 0)  ( 2 6 0,- 2 5 8)  0. 9 6 1 4  2. 0 6 °  
S h o p   3 8 2  ( 3 0 0, 1 0 6)  ( 6 7 5,- 1 6 3)  ( 1 2 0 0,- 2 0 0)  0. 8 6 2 3  1. 0 6 °  
S h a d o w   3 5 0 9  (- 1 3, 5 3)  (- 1 9 1 8, 6 8 0)  ( 2 1 1 0, 8 5 0)  0. 9 8 4 7  4. 5 8 °  

*:  T h e i niti al  esti m at e is  gi v e n  b y  L M S  m et h o d. 

 

Pr o b a bl y t h e l ar g er  o bj e cts ( a s i n t h e  “ Mi c e ”  vi d e o) r es ult e d i n  b ett er  g o o d n ess- of-fit 

v al u es  b e c a us e t h e  all o w a bl e  m ar gi n is l ar g er  t h a n is t h e  c as e f or s m all er  o bj e cts s u c h 

as   o c c ur  i n  t h e   “ A nts ”   a n d   “ S h o p ”  s e q u e n c es.  I n   e v al u ati o n,  t h e   a c c ur a c y   of  t h e  

c o m p ut e d  V P is  c o ns pi c u o us f or t h e  “ A nts ”   vi d e o; t h e r e as o n is t h at t h e s m all  a n d 

r ar el y- m o vi n g  o bj e cts  g e n er at e d  a c c ur at e  c orr es p o n di n g  p oi nt  p airs.  T h e  err or i n t h e 

“ Mi c e ”  vi d e o  aris es fr o m t h e l ar g e  o bj e cts  a n d t h e  “str o n g ”  pr oj e c ti o n.  T h e r el ati v el y 

l ar g e  err or i n t h e  “ S h a d o w ”  vi d e o is  b e c a us e  of t h e r at h er s m all tr a c k i n t h e i m a g e 
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w h er e  m oti o n is  a p p ar e nt.  T h e i nli er  p oi nts  cl ust er  ar o u n d t his tr a c k  a n d t h us  di d  n ot 

pr o vi d e  t h e   u nif or m   di stri b uti o n  i n  t h e   w h ol e  i m a g e   w hi c h   w o ul d   all o w   a   b ett er  

r es ult. 

Li mits  o n s c al e f a ct or 

I n  o ur t ests, t h e i m a g e r es ol uti o n  w as r e d uc e d t o  o nl y  8 0 x 6 0  pi x els.  B e c a us e t his st e p 

m a y  s e e m  r at h er   dr asti c,   w e   als o   d eri v e d   t h e   m o d el   at   diff er e nt  s c al es  i n   or d er  t o  

d e m o nstr at e  t h at  t h e  s c ali n g   h as   n o   a d v e rs e   eff e ct.   T h e  r es ults   a n d   c o m p ut ati o n al  

d et ails ( m e m or y  us a g e  a n d  c o m p ut ati o n ti m e)  ar e s u m m ari z e d i n  T a bl e  4-III.  As  c a n 

b e s e e n,  e v e n  a  m u c h  m or e  dr asti c all y  r e d u c e d r es ol uti o n  d o es  n ot  c a us e i n a c c ur a c y; 

t h e  r es ults   ar e  still   n e ar  t o  t h e   “tr u e ”  r es ults.   T his  is   a   pr o misi n g   pr o p ert y   of   o ur  

st atisti c al   m et h o d;  it   all o ws  s u b- pi x el   pr e cisi o n.   T h es e  r es ults   w er e   g e n er at e d   b y  

usi n g  a si m pl e r u n ni n g- a v er a g e  pr o c ess [ 4 4]  f or  c h a n g e  d et e cti o n i n  or d er t o  g e n er at e 

t h e   m oti o n   m as k,  i nst e a d   of  t h e   m o d el-b as e d   b a c k gr o u n d  s u btr a cti o n   m et h o d  [ 1 2].  

T his   c h a n g e   d et e ct or  is  l ess   pr e cis e  t h a n  t h e  l att er   m et h o d   b ut  it   is   wi d el y   us e d  i n  

c o m m o n  a p pli c ati o ns,  a n d  w e  us e d it  e x cl usi v el y f or t h e  g e n er ati o n  of t h e r es ults i n 

Fi g ur e  4. 1 0.  T h e  err or r at e  of t his  d et e ct or is  si g nifi c a ntl y l ar g er t h a n t h at  of t h e  m or e 

s o p histi c at e d  m o d el- b as e d  m et h o d.  T h us, t h e r es ults s u p p ort  b ot h t h e r o b ust n ess  a n d 

t h e  a p pli c a bilit y i n l o w-r es ol uti o n  vi d e o str e a ms  w h er e  a si m pl e  c h a n g e- d et e ct or is 

us e d.   A  s a m pl e   m oti o n   m as k   c a n   als o   b e  s e e n  i n   Fi g ur e   4. 1 0,   w h er e  t h e   d et e cti o n  

err ors  ar e  visi bl e  at  e v er y s c al e l e v el. 

T A B L E 4-III:  R E S U L T S  A T  V A R YI N G  S C A L E  F A C T O R S  

R es ol uti o n  ( pi x els)    8 0 x 6 0   6 4 x 4 8   4 0 x 3 0   3 2 x 2 4    2 0 x 1 5  
M a x.  m e m or y  us a g e 
( M B yt e) 

8 8  3 6   6   2. 5   0. 5  

C o m p ut ati o n ti m e 
( millis e c o n ds/fr a m e) 

2 5   2 0   1 8   1 5    1 2  

Mi c e  ( 2 4 6,- 3 0 7) ( 2 4 4,- 3 1 1) ( 2 4 0,- 3 3 7)  ( 2 3 8,- 3 5 8)  ( 2 2 7,- 3 6 5)
V P  of  S e q u e n c e 

S h o p *  ( 6 7 0,- 8 9)  ( 6 3 0,- 6 0)  ( 7 3 5,- 1 6 5)  ( 9 4 2,- 1 0 7)  ( 4 7 4, 3 1)  

*: i n t h e i m a g es  b el o w t h e  eff e ct  of  a l ar g e  E u cli d e a n  err or  o n t h e  V P  p ositi o n  c a n  b e 

s e e n;  us u all y, it is  n e gli gi bl e  c o m p ar e d t o t h e  c olli n e ariti es 
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R es ol uti o n    C h a n g e  d et e cti o n  m as k    R es ult 

8 0 x 6 0 

  

6 4 x 4 8 

  

4 0 x 3 0 

  

3 2 x 2 4 

  

2 0 x 1 5 

  

Fi g u r e  4. 1 0:  R es ults  d e m o nst r at e d f o r  diff e r e nt s c al es. I n t h e l eft  c ol u m n s a m pl e  m oti o n  m as ks  of 
“ S h o p ”  vi d e o  a r e  e xt r a ct e d  usi n g  a si m pl e  r u n ni n g- a v e r a g e  c h a n g e  d et e ct o r; t h e  ri g ht  c ol u m n 
d e m o nst r at es t h e  r es ults  of  V P  esti m ati o n  b as e d  o n s u c h  a m bi g u o us  m oti o n  m as ks. 

Eff e ct  of  pr o c ess e d  vi d e o l e n gt h 

W e  r e c all  t h at  t h e   pr o c ess e d  fr a m e   c o u nt  is  i m p ort a nt,  si n c e  t h er e  is   a   mi ni m al  

i nf or m ati o n  c o nt e nt  w hi c h is  n e c ess ar y f or t h e  e xtr a cti o n  of  c orr es p o n di n g  p oi nt  p airs 

a n d f or t h e  d et er mi n ati o n  of t h e  V P  p osit i o n  wit h  a c c e pt a bl e  a c c ur a c y.  T h e f or m ul a 

( 3. 2 4)  gi v es  a n  esti m ati o n  of t h e l o w est  ne c ess ar y fr a m e  c o u nt,  w hi c h i n f a ct  d e p e n ds 

o n t h e  m oti o n i nt e nsit y  a n d t h e  d et e cti o n  er r or r at e.  T e m p or all y,  w e f o u n d t h at t h e 
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m oti o n  a cti vit y  w as s m o ot h i n i n d o or  vi d e os ,  b ut r at h er  u n b al a n c e d i n  o ut d o or  vi d e os. 

T h e f oll o wi n g t a bl e s u m m ari z es t h e  n u m eri c al  esti m ati o n  of  p ar a m et ers. 

T A B L E 4-I V:  R O B U S T N E S S  A N A L Y SI S  R E S U L T S  

S e q u e n c e  n a m e η  q  p  ε  n  
A nts   5. 3 7  0. 0 0 2 3  0. 0 2  0. 0 0 2 2  9 4 8 2  
Mi c e   5. 3 9  0. 0 6 7 8  0. 0 5  0. 0 6 3 8  3 1 0  
S h o p   3. 3 2  0. 0 0 9 3  0. 0 5  0. 0 0 5 3  6 5 6 0  

 

q :  m e a n  of  gl o b al  m oti o n st atisti cs ( esti m at e d  m oti o n i nt e nsit y) 

η :  esti m ati o n  b as e d  o n t h e s u bstit uti o n  of  p   a n d q  i nt o ( 3. 2 2) 

ε :  b as e d  o n  q   a n d η , it t a k es i nt o  a c c o u nt t h e  c o n diti o n 2η >  

n :  n e c ess ar y fr a m e  c o u nt  b y s u bstit uti n g  v al u es i nt o ( 3. 2 4) 

 

I n  T a bl e  4-I V, t h e  esti m at e  of p is  b as e d  o n s u bj e cti v e j u d g m e nt  a n d q  is t h e  m e a n  of 

gl o b al  m oti o n st atisti cs.  T h e l o w  v al u e  of p  is r e alisti c,  b e c a us e it is r el at e d t o t h e 

f ull i m a g e  ar e a.  F urt h er m or e, t h e  c a pt ur e r at e  w as  2 0 f ps i n  e a c h s e q u e n c e,  a n d t his is 

pr o b a bl y t h e r e as o n f or t h e r el ati v el y l o w q  ( m oti o n i nt e nsit y).  T h e  v al u e η  is  b as e d 

o n ( 3. 2 2)  b y  usi n g t h e  v al u e  of q . It  c o nfir ms t h at t h e  p ar a m et ers  of  G M M  c a n  b e 

est a blis h e d.  

Fi n all y,  Fi g ur e  4. 1 1 s u m m ari z es t h e r es ult s  of  e x p eri m e nts  o n t h e  “ S h o p ” s e q u e n c e  at 

diff er e nt  pr o c ess e d fr a m e  c o u nts.  As  c a n  b e  s e e n, t h e  v al u e  of  T a bl e  4-I V is  cl os e t o 

t h e  tr u e  r e q uir e d  fr a m e   c o u nt.  I n   Fi g ur e   4. 1 1,   w e  s e e  t h at   w h e n  t h e   pr o c ess e d  

s e q u e n c e  l e n gt h  is  l ar g er  t h a n   6 0 0 0  fr a m es   t h e   V P  is   n e ar  t o  t h e  tr u e   v al u e.   T h e  

os cill ati o n  of t h e  m oti o n i nt e nsit y  c a n  b e s e e n i n  Fi g ur e  4. 1 1( b),  w hi c h  d e m o nstr at es 

t h at i n t h e  o ut d o or  vi d e o t h e  m oti o n  w as  n ot  u nif or m.  T his  c a us e d t h e r es ult  of  V P 

esti m ati o n t o  os cill at e  as  w ell,  alt h o u g h i n  pr a cti c e t his  eff e ct is f airl y i n c o ns pi c u o us 

( ~ 0. 1° ).  W e  als o f o u n d t h e s a m e r es ults  o n t h e  ot h er t w o s e q u e n c es. 
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a)          b) 

 

c)          d) 

Fi g u r e  4. 1 1:  R es ults  o n t h e  v a r yi n g  p r o c ess e d  vi d e o  l e n gt h (i n f r a m es)  of t h e  “ S h o p ” s e q u e n c e.  a) 
Gl o b al  m oti o n i nt e nsit y;  b)  N u m b e r  of  e xt r a ct e d  c o r r es p o n d e n c es;  c)  P a r a m et e r  of  V P (i n 

d e g r e es; t h e t r u e  v al u e is  1 6. 5 °° );  d)  T h e  e pi p ol a r li n es.  T h e  c o n v e r g e n c e t o t h e  v ali d  V P is  als o 
visi bl e. I n  d) t h e  r es ults  a r e  dis pl a y e d  aft e r  2 0 0 0,  4 0 0 0,  6 0 0 0, ... f r a m es,  u p t o  8 0 0 0 0  p r o c ess e d 

f r a m es. 

4. 3.   C o m p ut ati o n  of t h e  v a nis hi n g li n e 

I n s u m m ar y, t h e  d et er mi n ati o n  of t h e  v a nis hi n g li n e is  p ossi bl e  wit h  k n o wl e d g e  of  at 

l e ast t hr e e  c orr es p o n di n g li n e s e g m e nts.  T h es e li n e s e g m e n ts  c a n  b e  c o m p ut e d fr o m 

t h e  a p p ar e nt  h ei g ht  of t h e s a m e  o bj e ct  as s e e n  at  diff er e nt  p ositi o ns ( d e pt hs)  o n t h e 

gr o u n d- pl a n e.  T h e  o bj e cts  m a y f or i nst a n c e  b e  p e d estri a ns [ 4 5],  a n d t h e li n e s e g m e nts 

d e n ot e  t h eir   h ei g ht.   H o w e v er,  t h e   pr e cis e   d et e cti o n   of   s u c h   n o n-ri gi d   o bj e cts  is   a  

c h all e n gi n g  t as k  i n   o ut d o or  i m a g es.  I n   o ur  fr a m e w or k  t h e   n e c ess ar y   h ei g ht  

i nf or m ati o n  c a n  b e  e asil y  d et er mi n e d fr o m t h e l o c al st atisti cs.  B e c a us e t h e st atisti cs 

ar e   g e n er at e d  fr o m   m o vi n g   o bj e ct   m as ks,  its   m o d el   p ar a m et er   –   n a m el y  t h e  

c o v ari a n c e  m atri x  – is t h e  esti m ati o n  a b o ut  t h e  a v er a g e si z e  of  p ot e nti al  o bj e cts.  T h e 

i nf or m ati o n   d eri v e d  fr o m  st atisti cs  is   v ali d   o nl y  if  t he  f oll o wi n g   ass u m pti o n  is  

fr a m esfr a m es

fr a m es
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s atisfi e d:  t h er e   ar e  r e gi o ns   w h er e  t h e   s a m e   o bj e cts   ar e   m o vi n g   wit h   e q ui v al e nt  

pr o b a bilit y ( e. g.  p at h w a y  or r o a d). 

4. 3. 1.  H ei g ht  esti m ati o n  of  a v er a g e s h a p es 

T h e  f oll o wi n g  fi g ur e  ill ustr at es  t h e  r es ult s   of   m oti o n  st atisti c s  i n   b ot h  i n d o or   a n d  

o ut d o or s e q u e n c es. 

 

x 
x

 

Fi g u r e  4. 1 2:  S a m pl e f r a m es i n  u p p e r  r o w,  a n d  r a w  m oti o n st atisti cs i n t h e  b ott o m  r o w.  T h e 
c o r r es p o n di n g  p oi nt is  m a r k e d  b y ‘ x’ 

Fr o m t his f e at ur e  e xtr a cti o n t h e i n p ut f or t h e  f urt h er  pr o c essi n g st e ps is t h e  p ar a m et ers 

of t h e  c o v ari a n c e  m atri x xΣ  i n  p oi nt x  (s e e ( 3. 9)).  T h e  di m e nsi o ns  a n d  ori e nt ati o n  of 

t h e  a v er a g e s h a p e  c o m e fr o m t h e  ei g e n- v al ue  d e c o m p ositi o n  of t h e  c o v ari a n c e  m atri x: 

, , ,   1, 2i i i iλ= =x x   x   xΣ v v  ( 4. 1 0)  

T h es e st atisti c al  c h ar a ct eristi c s  ar e  dis pl a y e d i n  Fi g ur e  4. 1 2. 

 

Fi g u r e  4. 1 3:  E x a m pl e t o s h a p e  p r o p e rti es:  a x es  of   n o r m al  dist ri b uti o ns,  d e ri v e d f r o m t h e  ei g e n-
v al u e  d e c o m p ositi o n  of t h e  c o v a ri a n c e  m at ri x. 

Fi n all y, t h e  h ei g ht  m e as ur e m e nt  c o m es fr o m t h e  pr oj e cti o n ( v er ti c al  c o m p o n e nt)  of 

t h e  m ost  v erti c al  ei g e n v e ct or: 
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( )
( )

( ),  m a x  ,  m a x , 1  , 1  , 2  , 2
,

, ar g m a x , , ,
λ

λ λ λ=x x x   x x   x
v

v e v e v , , m a x  , m a x,jh h λ= =x x   xe v

 ( 4. 1 1)  

w h er e e   d e n ot es t h e  v erti c al  u nit  v e ct or: [ ]0 1=e   a n d .  is t h e  d ot  pr o d u ct, 

r es p e cti v el y.  T h es e  h ei g ht  esti m ati o ns  ar e  dis pl a y e d i n  Fi g ur e  4. 1 4.  F or t h e s a k e  of 

l at er si m plifi c ati o n  w e tr a nsfor m t h e i n di c es fr o m  v e ct or  ( c o or di n at e) f or m  e. g. x  t o  a 

si m pl e s c al ar i n d e x  j.  H e n c ef or w ar d, j  d e n ot es  a  p oi nt i n t h e i m a g e;  vi z. jh  is t h e 

h ei g ht   m e as ur e m e nt  i n  i m a g e- p oi nt   j  a n d   v e ct or  jp   d et er mi n es  t h e   c o or di n at es   of  

p oi nt  j i n t h e i m a g e.  B e c a us e t h e s c h e m e ( 4. 1 1)  utili z es i nf or m ati o n  e xtr a ct e d fr o m 

st atisti cs,   a   m or e  s o p histi c at e d  f or m   m a y   b e   gi v e n  f or  t h e   h ei g ht   esti m ati o n   w hi c h  

t a k es i nt o  a c c o u nt t h e  u n c ert ai nt y: 

( ) ( ) ̂ ˆ , ,
jj j   j j   hP h   h   h   h ∆= Ν   Σ  ( 4. 1 2)  

w h er e 

( )
2

2
, m a xj jh h   j   jhσ λ∆ ∆Σ =   =   −  ( 4. 1 3)  

 

 

 

Fi g u r e  4. 1 4:  S a m pl es f r o m  h ei g ht  esti m ati o ns i n  o ut d o o r  e n vi r o n m e nt. 
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4. 3. 2.  O utli er r ej e cti o n  a n d  err or  pr o p a g ati o n 

O utli er r ej e cti o n 

I n  g e n er al,  wit h o ut  m a ki n g  a n y  pri or  ass u m pti o ns  a b o ut t h e s c e n e  e v er y  p oi nt  m a y  b e 

p air e d t o  e v er y  ot h er  p oi nt.  B ut t h e  pr a cti c al  pr o c essi n g  of  t his  h u g e  d at a-s et r e q uir es 

t h at  w e  h a v e  a n  eff e cti v e  w a y t o  dr o p  “ o utli er ”  p oi nts  a n d  e xtr a ct i nf or m ati o n f or  V L 

esti m ati o n.  

First,  w e  d es cri b e si m pl e  c o n diti o ns  w hi c h  c a n  b e  us e d t o r e d u c e t h e si z e  of t h e  d at a-

s et.  T h e  o utli er r ej e cti o n i n t his  c as e  is si mil ar t o  dr o p pi n g  p oi nts  w h er e t w o  o bj e cts 

ar e  m o vi n g  b ut  ar e  n ot t h e s a m e si z e.  L et  j r e pr es e nts  a n  ar bitr ar y  p oi nt i n t h e i m a g e 

a n d  k   d e n ot es  a n ot h er ( corr es p o n di n g)  p oi nt: j k≠  

W e r e c k o n t w o  p oi nts  as  c orr es p o n di n g  p oi nts  ( w hi c h is  pr o b a bl e,  w h er e s a m e-si z e d 

o bj e cts  ar e  c o n c er n e d) if 

, 1 , 1

1 2

, 2  , 2

/
j k

j k

λ λ
σ σ

λ λ
< <  ( 4. 1 4)  

a n d 

( ), 1  , 1,j k αΦ <v v  ( 4. 1 5)  

w h er e  t h e   n ot ati o ns   c o m e  fr o m  t h e   ei g e n v al u e   d e c o m p ositi o n   of  t h e   c o v ari a n c e  

m atri c es  of t w o  p oi nts, s e e ( 4. 1 0),  a n d ( ).Φ   d e n ot es t h e  a n gl e b et w e e n t w o  v e ct ors 

(t h e  d e vi ati o n  of  ei g e n v e ct ors i n  o ur  c as e).  T h es e si m pl e  c o n diti o ns l e a d t o  a s et  of 

p oi nts   w h er e  t h e   o bj e cts   h a v e  si mil ar   ori e nt ati o n   a n d   as p e ct   r ati o.   Fi g ur e   4. 1 5  

d e m o nstr at es t h e  p oi nt s et ( m ar k e d  b y  cir c l es)  c orr es p o n di n g t o  a  p oi nt ( m ar k e d  b y 

x).  

 

X

 

Fi g u r e  4. 1 5:  C o r r es p o n di n g  p oi nts ( m a r k e d  wit h  ci r cl es)  a r e  r el at e d t o  a n  a r bit r a r y i m a g e  p oi nt 
( m a r k e d  b y l a r g e ‘ x’). 
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Aft er t his  pr e pr o c essi n g  e v er y  p oi nt  will  h a v e s e v er al  pr o b a bl e   c orr es p o n di n g  p oi nt-

p airs.  H o w e v er, s e v er al  o utli ers r e m ai n, t h us   w e  h a v e t o  us e  all  p oi nts t o  d et er mi n e 

v a nis hi n g  p oi nts  a n d  a n  esti m ati o n  a b o ut  h ori z o n. 

Err or  pr o p a g ati o n 

A n i niti al  g u ess  a b o ut t h e  h ori z o n  c a n  b e  c o m p ut e d  usi n g t h e  h ei g ht i nf or m ati o n  of 

c orr es p o n di n g  p oi nts t o  a n  ar bitr ar y  p oi nt  j: 

  ˆ
j

l : 

jp

, 1jc
,j ic

ˆ
jh

1ĥ

ˆ
ih

, 1
ˆ

ja

…

,
ˆ

j ia

 

Fi g u r e  4. 1 6:  Usi n g  v e rti c al si z e  i nf o r m ati o n t o  g et t h e  h o ri z o n ( ˆ
jl )  a n d  v a nis hi n g  p oi nts 

,
ˆ

j ia . 

T h e  2 D  p oi nt 
jp  is  a n  a r bit r a r y i m a g e  p oi nt,  w hil e 

, 1jc   a n d 
,j ic   a r e t w o s a m pl es f o r 

c o r r es p o n di n g  p oi nts. 

T o si m plif y t h e f urt h er  c o m p ut ati o ns t h e  tr a nsf or m ati o n  b et w e e n  h ei g ht i nf or m ati o n 

a n d t h e  2 D i m a g e  pl a n e is  n e c ess ar y.  W e  h a v e t o  c o m p ut e  p oi nt  c o or di n at es i n t h e 

gr o u n d- pl a n e,  as it is  d e m o nstr at e d i n t h e f oll o wi n g fi g ur e. 

  

0x =
2 , 1j j

x p= =   −p c

2 1
ĥ h=

1
ˆ

jh h=

Gr o u n d- p l a n e: 0y =

d̂

x

y

 

Fi g u r e  4. 1 7:  D et e r mi n ati o n  of  a  v a nis hi n g  p oi nt,   w hi c h i n i d e al  c as e li es i n t h e  h o ri z o nt al 

v a nis hi n g li n e ( h o ri z o n).  T h e t as k  m a y  b e s u m m a ri z e d  as t h e  c o m p ut ati o n  of ˆd  t a ki n g i nt o 
a c c o u nt t h e i n a c c u r a c y  of  h ei g ht  m e as u r e m e nts. 

T h e  d et er mi n ati o n  of d̂   wit h o ut  u n c ert ai nt y  c o m es fr o m  el e m e nt ar y  al g e br a: 

2
1

1 2

 ̂ ˆ
 ̂ ˆ
p

d h
h h

=
−

 ( 4. 1 6)  
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T o  d eri v e  a f or m ul a  w hi c h  c o nt ai ns t h e  u n c ert ai nt y  –  b as e d  o n t h e  m et h o d  d es cri b e d 

i n [ 4 7]  –  w e  d efi n e t h e r el ati o ns hi p  b et w e e n t h e i n p ut  a n d t h e  o ut p ut  q u a ntit y i n  a n 

i m pli cit f or m.  F or t his s c h e m e  w e  d efi n e t h e i d e al i n p ut  v e ct or X   a n d t h e  o bs er v e d 

v e ct or X̂ .  T h e i d e al  p ar a m et er  v e ct or Θ   a n d t h e  o bs er v e d Θ̂ , r es p e cti v el y.  T h e Θ̂  

a n d X̂   ar e r el at e d t hr o u g h  a n  o pti mi s ati o n f u n cti o n ( ).F ,  a n d ˆΘ  is  d et er mi n e d  b y 

mi ni misi n g ( )ˆˆ ,F X Θ . I n t his  p h as e  of  o ur  m et h o d t h e i n p ut  m e as ur e m e nts  ar e  h ei g ht 

i nf or m ati o n   a b o ut  t h e   o bj e cts,   w hil e  t h e  o ut p ut  is  t h e   esti m at e d   p ositi o n   of  t h e  

i nt ers e cti o n   of   gr o u n d   pl a n e  a n d  t h e  li n e  t hr o u g h   p oi nts  ( )1
ˆ0, h   a n d  ( )2 2

ˆ,p h ,  s e e  

Fi g ur e  4. 1 7.  T his li n e- pl a n e i nt ers e cti o n  d et er mi n es  o n e  p oi nt,  a c c or di n gl y t h e i n p ut 

v e ct or is 

1 2
 ̂ ˆˆ ,h h⎡ ⎤= ⎣ ⎦

X  ( 4. 1 7)  

a n d t h e  o bs er v ati o n is 

ˆˆ d⎡ ⎤= ⎣ ⎦Θ  ( 4. 1 8)  

T h e  a n al yti c  c ur v e f u n cti o n  e x pr ess e d  as 

( ) ( ) ( )1 2   2 1
 ̂  ̂  ̂ ˆˆˆ , 0F h p d h p d= − −   − =X Θ  ( 4. 1 9)  

Err or  pr o p a g ati o n r el at es t h e  u n c ert ai nt y  of i n p ut  m e as ur e m e n ts t o t h e  p ert ur b ati o n  of 

Θ̂ .  L et X∆Σ b e t h e  c o v ari a n c e  m atri x  of  m e as ur e m e nts: 

2

2

0

0
X

X

X

σ

σ
∆

∆

∆

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
Σ  ( 4. 2 0)  

w h er e 

2 2

2

2

j kh h

X

σ σ
σ

∆ ∆

∆

+
=  ( 4. 2 1)  

B as e d  o n t h e  c o v ari a n c e  pr o p a g ati o n t h e or y [ 4 8],  w e  h a v e  

1

22
T

X

g
σ

−

∆ Θ   ∆

⎡ ⎤∂⎛ ⎞
= ⎢ ⎥⎜ ⎟

∂⎝ ⎠⎢ ⎥⎣ ⎦
Σ

Θ
 ( 4. 2 2)  

w h er e 
( ),g∂

∂

X Θ

Θ
 is  d efi n e d  as 
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2

2 2

1 2

2

F

g

F F

h h

∂⎛ ⎞
⎜ ⎟∂ ∂⎝ ⎠=

∂ ⎛ ⎞ ⎛   ⎞∂ ∂
+⎜ ⎟ ⎜   ⎟

∂ ∂⎝ ⎠ ⎝   ⎠

Θ

Θ
 ( 4. 2 3)  

T h us,  w e  h a v e 

( )
( )

2
2

22 2

4

2 1

 ̂ ˆ

 ̂ ˆ
X

p d d

h h
σ σ∆ Θ   ∆ Θ   ∆

− +
= =

−
Σ  ( 4. 2 4)  

T h e r es ult is ill ustr at e d i n t h e f oll o wi n g fi g ur e. 

2ĥ
1

ĥ

d̂

 

 

Fi g u r e  4. 1 8:  Si m ul ati o n  of  e r r o r  p r o p a g ati o n f r o m i n p ut  d at a ( h ei g ht  esti m ati o ns) i nt o  1 D 
p ositi o n  c o o r di n at e.  T h e t w o  u n c e rt ai nt y  h ei g hts  a r e  us e d t o  d et e r mi n e t h e i nt e rs e cti o n  of li n e 

t h r o u g h t h es e  p oi nts  a n d t h e  x  a xis.  T h e f o r mul a f o r  u n c e rt ai nt y  of t his i nt e rs e cti o n  w as 
e x p r ess e d  b y ( 4. 2 4). 

Fi n all y,   w e   h a v e  t o   c o n v ert  t h e  r es ult   of  ( 4. 2 4)  i nt o  t h e   2 D  i m a g e   pl a n e.   T his  

c o n v ersi o n  c a n  b e  a c c o m plis h e d  b y  c o ns tr u cti n g  a  2 D  c o v ari a n c e  m atri x: 

,

2 0

0 0j i

T
V P

σ ∆ Θ
∆

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
Σ U U  ( 4. 2 5)  

w h er e U  is t h e  m atri x  of  ei g e n- v e ct ors ( N ot e t h at, T =U U  I .): 

a n d  ,  0i

i i

i

⎡ ⎤
= =⎢ ⎥

⎣ ⎦

v
U v v

v
 ( 4. 2 6)  

wit h  ei g e n- v e ct ors f or m e d fr o m t h e  u nit l e n gt h  v e ct or t hr o u g h  p oi nts jp   a n d ,j ic : 

,

,

j i   j

i

j i   j

−
=

−

c p
v

c p
 ( 4. 2 7)  

W hil e  t h e   c e ntr oi d  ( p ositi o n   of   v a nis hi n g   p oi nt   d efi n e d   b y   p oi nts  j  a n d  i)  is  

d et er mi n e d fr o m t h e  esti m at e d  dist a n c e d̂   al o n g t h e li n e  wit h  dir e cti o n iv : 

,
ˆˆ

j i   j   id= +a p v  ( 4. 2 8)  
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T h us,  w e  h a v e t h e f or m ul a f or  pr o b a b ilit y  d e nsit y  of  m e as ur e m e nt  n ois e: 

( ) ( )
,, ,  , ,

ˆ ˆ , ,
j ij i   j i j i   j i   V PP ∆= Νa a   a a Σ  ( 4. 2 9)  

4. 3. 3.  O pti mi z ati o n  pr o c e d ur e i n  H o u g h s p a c e 

M e as ur e m e nt  c o n v ersi o n i nt o  H o u g h s p a c e 

Aft er  t h e   e v al u ati o n   of  t h e   err or   pr o p a g ati o n  f or m ul a   t o   e v er y   c orr es p o n di n g   p oi nt  

p air  w e  will  h a v e s e v er al  u n c ert ai n  2 D  p oi nt  c o or di n at es.  T h es e  esti m ati o ns r e pr es e nt 

a n i niti al  g u ess  a b o ut  h ori z o n, si n c e t h e i nli ers  of t h e  d at a-s et li e i n t h e  h ori z o n.  T his 

li n e  esti m ati o n  pr o bl e m is  w ell  k n o w n  a n d t h ere  ar e s e v er al  a p pr o a c h es t o s ol v e it i n 

v ari o us   c as es:   e. g.  l e ast  s q u ar es  ( L S) ,  t ot al  l e ast  s q u ar es  ( T L S)   a n d   H o u g h  

tr a nsf or m ati o n [ 4 9][ 3 6]. 

•  I n s h ort,  o ur  c as e  h as t h e f oll o wi n g s p e ci al  pr o p erti es: 

•  Err or i n  b ot h  c o or di n at es i n  t h e  2 D  pl a n e ( x  a n d  y). 

•  T h er e is  c orr el ati o n  b et w e e n t h e  n ois e i n t h e t w o  c o or di n at es. 

•  T h e   n ois e   c o v ari a n c e   m atri c es   ar e   diff er e nt  f or   diff er e nt   d at a   p oi nts  

( h et er os c e d asti c  n ois e). 

•  N ot a bl e  a m o u nt  of  o utli ers  c a n  b e f o u n d i n t h e  d at as et. 

B e c a us e   of  t h es e  s p e cifi c   c h ar a ct eristi cs  t h e  li n e  fitti n g  is   vi e w e d   as   a   gl o b al  

o pti mis ati o n   pr o c e d ur e.   G e n er all y,  t h er e  is   n o   a n al yti c  s ol uti o n  f or  t h e   c as es   of  

h et er os c e d asti c  a n d  c orr el at e d  n ois e,  w h er e  w e   ass u m e t h at t h e  n ois e i n  x is  c orr el at e d 

t o t h e  n ois e i n  y, f urt h er m ore, t h e  v ari a n c e  of t h e  n ois e is  n ot i d e nti c al f or  all  d at a 

p oi nts.  H et er os c e d asti c r e gr essi o n  pr o bl e m i n  c o m p ut er  visi o n is st u di e d i n [ 4 9].  B ot h 

L S   a n d   T L S   m et h o ds  f ail   w h e n  t h e   d at a-s et   c o nt ai ns   o utli ers.   Li n e  fitti n g   o n  s u c h  

d at a-s et   n e e ds   a  r o b ust   esti m at or,  f or  s ur v e y  s e e  [ 3 6].   T h e   H o u g h  tr a nsf or m  is   a n  

eff e cti v e  a n d  p o p ul ar  w a y f or li n e-fitti n g [ 5 0] . I n t h e st a n d ar d  v ersi o n,  a n  a c c u m ul at or 

arr a y  is   us e d  t o   c oll e ct  t h e   p oi nts   w hi c h  li e   al o n g  t h e  s a m e  li n e.   T h e  li n e  is  

p ar a m etri z e d  b y ( ),θ ρ : 

( ) ( )c os  si nx yρ θ θ= +  ( 4. 3 0)  

I n t his s e cti o n t h e  err or  pr o p a g ati o n  will  b e c o nti n u e d,  a n d  a n  o pti m al li n e  p ar a m et er 

h as  b e e n  d et er mi n e d  b y  usi n g  n o n-li n e ar  o p ti mis ati o n  pr o c e d ur e.  B e c a us e t h e  H o u g h 

tr a nsf or m ati o n  g e n er at es si n us oi d al  v oti n g  p att er ns i n t h e  p ar a m et er s p a c e  w e  will  n ot 
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us e t h e s a m e  err or  pr o p a g ati o n f or m ul a  as i n  t h e  pr e vi o us s e cti o n. I n t h e  e n d  of t h e 

s e cti o n  a si m pl e f or m ul a f or t h e  err or  esti m ati o n i n t h e  p ar a m et er s p a c e  will  b e  gi v e n. 

L et  2 D  p oi nt ( ), ,j i   i   ix y=a   b e t h e  u n k n o w n  a c c ur at e  p ositi o n  of t h e it h  v a nis hi n g  p oi nt 

i ntr o d u c e d i n t h e  pr e vi o us s e cti o n.  T h e  m e as ur e m e nts  ar e ( ),
ˆ  ̂ ˆ,j i   i   ix y=a   b as e d  o n t h e 

err or   pr o p a g ati o n  f or m ul a.   D u e  t o   n ois e,  , ,
ˆ

j i   j i≠a a .   T h e   pr o b a bilit y   d e nsit y   of  

m e as ur e m e nt   n ois e  is   m o d ell e d   as   a   2 D   h e t er os c e d asti c   G a ussi a n,   wit h   c orr el at e d  

n ois e i n f or m ul a ( 4. 2 9).  W e  d efi n e t h e li n e-fitti n g t as k  as fi n di n g t h e  m a xi m u m  of t h e 

o bj e cti v e f u n cti o n: 

( )
( ) ( ),

,

ˆ ar g   m a xj g i j i
i

P C
θ ρ∈

= ∑
l

l p l  ( 4. 3 1)  

w h er e t h e  m a xi m u m  v al u e  of  pr o b a bilit y ( 4. 2 9)  al o n g t h e li n e l  is  d efi n e d  b y: 

( ) ( ), ,m a xj i j iC P
∈

=
u l

l u a  ( 4. 3 2)  

( T his li n e is  als o  p ar a m etri z e d  b y ( )ˆˆ ˆ,j j jθ ρ=l  .) 

T h e  o pti m u m  v al u e is  d et er mi n e d  b y  u n c o nstr ai nt  n o n-li n e ar  o pti mis ati o n   of ( 4. 3 1), 

t h e  i niti al   esti m at e  is   gi v e n   b y   L M S   m eth o d.   T h e  i ntr o d u c e d  f or m ul a   h a n dl es  t h e  

o utli ers, t h us t h er e is  n o  n e e d f or r o b ust  M- esti m at or,  w h er e t h e  err or  e x pr essi o ns  ar e 

r e pl a c e d  b y s o m e s at ur ati o n f u n cti o n [ 3 6].  W e n ot e t h at, t h e  c o m p ut ati o n  of ( 4. 3 2) is 

si m pl e; it  h as  a n al yti c s ol uti o n, s e e [ 4 9] f or  d et ails.  Si n c e t h e r esi d u al  o utli ers  c a us e 

a n  err or i n li n e-fitti n g,  w e  d efi n e t h e  err or i n li n e-fitti n g  wit h  a  2 D  G a ussi a n: 

( ) ( ) ̂ ˆ , ,
jj j   j j   V LP ∆= Ν   Σl l   l l  ( 4. 3 3)  

w h er e t h e  c o v ari a n c e  m atri x is  d efi n e d  as 

2

1

2

t a n 0

0

j

Y

V L X

X

l

l

l

−

∆

⎡ ⎤⎛ ⎞∆
⎢ ⎥⎜ ⎟= ∆⎢ ⎥⎝ ⎠
⎢ ⎥∆⎣ ⎦

Σ  ( 4. 3 4)  

T h e  n ot ati o ns  ar e  d et ail e d i n t h e f oll o wi n g fi g ur e. 
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jl

, 1ja

,j ia( ), ,j i   jd ⊥ a l

( )( ), ,Y j i j
i

l E d ⊥∆ = a l

Xl∆
 

Fi g u r e  4. 1 9:  D e m o nst r ati n g t h e  p a r a m et e rs f o r t h e  e x p r essi o n  of li n e-fitti n g  e r r o r (s e e ( 4. 3 4)) i n 
p a r a m et e r s p a c e. 

T h e f u n cti o n ( ).d ⊥   c o m p ut es t h e  dist a n c e  b et w e e n t h e li n e jl   a n d  p oi nt ,j ia ,  w hil e 

t h e  e x p e ct e d  v al u e  d e n ot e d  b y ( ).E . 

T h us, t h e  g u ess  a b o ut t h e  h ori z o n  at  p oi nt  j is  d et er mi n e d  b y ( 4. 3 3)  w hi c h  d es cri b es 

u n c ert ai nt y i n t h e  p ar a m et er s p a c e ( 2 D  H o u g h-s p a c e). 

Fi n al  o pti mis ati o n 

T h e   esti m ati o n   a b o ut  t h e   h ori z o n   a n d  t h e   esti m ati o n   err or   ar e   att a c h e d  t o  s e v er al  

p oi nts i n t h e i m a g e.  T h e  a c c ur at e  d et er mi n a ti o n  of  h ori z o n is  c arri e d  o ut i n  p ar a m et er 

s p a c e  usi n g  all  esti m ati o ns: 

( )
( ) ( )

,
ar g   m a xh g i i

i

P P
θ ρ∈

= ∑
l

l p l l  ( 4. 3 5)  

It  h as  b e e n f ulfill e d  wit h t h e s a m e  o pti mis ati o n t e c h ni q u e  as i n  pre vi o us s e cti o n.  T h e 

f oll o wi n g  fi g ur e   dis pl a ys  t h e   2 D   p ar a m et er  s p a c e   w hi c h   h as   b e e n  fill e d   wit h  

n u m eri c all y  c o m p ut e d  v al u es  of ( 4. 3 5). 

 

    a)                   b) 

Fi g u r e  4. 2 0:  T h e  pi ct u r e i n  a)  d e pi cts t h e  H o u g h  s p a c e  of  o ut d o o r s c e n e,  w hil e  b)  r el at es t o 
i n d o o r s c e n e,  r es p e cti v el y.  T h e s el e ct e d  p oi nt is  r el at e d t o t h e  m ost  p r o b a bl e  p a r a m et e rs  of t h e 

h o ri z o n. 
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4. 3. 4.  E x p eri m e nt al r es ults 

W e  p erf or m e d  a  pr a cti c al  e v al u ati o n  of t h e  m et h o d i n  w hi c h  b ot h i n d o or  a n d  o ut d o or 

vi d e os   w er e   us e d   as  i n p ut.   T h e   p ar a m et ers  i ntr o d u c e d  i n  t h e   pr e vi o us  s e cti o ns   ar e  

assi g n e d t h e f oll o wi n g  v al u es i n  e m piri c al f as hi o n: 1 0. 8σ = a n d 2 1. 2 5σ =  i n ( 4. 1 4), 

w hil e   1 0α =  i n ( 4. 1 5).  T o  d et er mi n e t h e  bi n ar y  m oti o n  m as k ( ( ),m t x )  a  m oti o n-

d et e cti o n  m et h o d  w as  us e d  w hi c h is  b as e d  o n t h e  b a c k gr o u n d  m o d el i ntr o d u c e d  b y 

St a uff er [ 3 0]. 

T h e  m a n u al  e xtr a p ol ati o n  of t h e  v a nis hi n g li n e  is  a  diffi c ult t as k,  b e c a us e: i) t h er e  ar e 

n ot  e n o u g h st ati c f e at ur es f or  a c c ur at e  ali g n m e nt;  a n d ii) t h e  o bj e c ts  ar e  us u all y t o o 

s m all i n  c as e  of  o ut d o or i m a g es.  T h e  o ut d o or  vi d e o  us e d f or t esti n g s h o ws  n ot  o nl y 

p e d estri a ns,  b ut  c ars  as  w ell;  t his is  w h y t h e  p ar a m et er  c o nfi g ur ati o ns ( dist a n c e  a n d 

ori e nt ati o n  of t h e  h or i z o n li n e) i n  H o u g h s p a ce s h o w s c att er, s e e  Fi g ur e  4. 2 0( a).  T h e 

d e vi ati o n fr o m  o pti m al  p ar a m et er  v al u es is   m u c h s m all er i n i n d o or  c as e, s e e  Fi g ur e 

4. 2 0( b).  

T h e  r es ults   d e m o nstr at e d   b y  str ai g ht  li n e  i n   2 D   c o or di n at e  s p a c e   aft er  fi n al  

o pti mis ati o n  of  H o u g h s p a c e  ar e  dis pl a y e d i n  Fi g ur e  4. 2 1. 

  

Fi g u r e  4. 2 1:  H o ri z o n  c o m p ut ati o n i n i n d o o r  a n d  o ut d o o r  vi d e os. 

4. 4.   C o n cl usi o ns 

A   c a m er a  r e gistr ati o n   m et h o d   h as   b e e n   pr es e nt e d   w hi c h   us es   w al k- p ar a m et ers   as  

f e at ur es  t o  i d e ntif y   c orr es p o n di n g   p oi nts.  T h e  f e at ur es   w e   us e d  ( c o n c urr e nt   w al k-

st e ps, l e a di n g-l e g i d e ntit y  a n d  2 D  m oti o n  v e ct or) s e e m  p ot e nti a ll y t o  pr o vi d e  g o o d 
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d at a  f or  t h e   esti m ati o n   of   h o m o gr a p h y   b e t w e e n  t w o   diff er e nt   c a m er a   vi e ws   of  t h e  

s a m e s c e n e  a n d  a n  o c c urri n g  c o nfi g ur ati o n  of  n o n- o v erl a p pi n g  vi e ws.  T h e r e gistr ati o n 

m et h o d  h as  b e e n  v erifi e d  o n  a n  a ct u al i n d o or  c a m er a s ur v eill a n c e s yst e m,  a n d  w as 

a bl e t o  pr o vi d e r e al-ti m e f e at ur e ( w al k)  d et e ct i o n.  T his  effi ci e nt  c a m er a r e gistr ati o n 

pr o v es t h e  a c c ur a c y  of t h e l o c a li z ati o n  of  o ur  g ait f e at ur es. 

W e   h a v e  s h o w n  t h at   usi n g  t h e   pr o p os e d   al g orit h m  it  is  f e asi b l e  t o   c o m p ut e  t h e  

h ori z o n   wit h   g o o d   a c c ur a c y   e v e n  fr o m   a  r e al -lif e   n ois y   d at a  s et   w hi c h   c o nt ai ns  

s e v er al   o utli ers.   T h e   pr o p os e d   a p pr o a c h   e x e c ut es  t w o  st atisti c al   p ar a m et er  

o pti mi z ati o n st e ps  b y  usi n g t h e  b e n efits  of  err or  pr o p a g ati o n f or m ul a. 
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5.I m pr o v e d  e xtr a cti o n  of f or e gr o u n d 

i m a g e  m as k 

M o vi n g   o bj e ct   d et e cti o n  is   a   k e y  iss u e  i n   m ost   c o m p ut er   visi o n   a p pli c ati o ns  

es p e ci all y f or s ur v eill a n c e  p ur p os es.  D e p e n di n g  o n t h e s c e n e s etti n gs t h e  c ast s h a d o w 

us u all y   g e n er at es   pr o bl e ms   w hil e   e xtr a cti n g   m o vi n g   o bj e cts  ( e. g.  sil h o u ett es).   T h e  

pr o bl e m  o c c urs  oft e n i n  o ut d o or s c e n es  a n d i n d o or  c o nfi g ur ati o ns  w h e n t h e fl o or is  a 

r efl e cti v e  s urf a c e.  I n   m ost   c as es  s h a d o w  c a n   c a us e   m er gi n g   of   o bj e cts,  s h a p e  

dist orti o n   a n d   o bj e ct  l oss es.   T h us,  s h a d o w   d et e cti o n  is   criti c al  f or   a c c ur at e   o bj e ct  

d et e cti o n,  w hi c h is  a r el e v a nt st e p  of i n f or m ati o n  e xtr a cti o n f or f urt h er  pr o c essi n g: 

tr a c ki n g,  e v e nt  d et e cti o n [ 6 8]  or tr affi c  m o nit ori n g [ 6 3]. 

T his s e cti o n f o c us es  o n t h e  cl assifi c ati o n  of  m oti o n  m as k.  W e  will s h o w t h at t h e  us e 

of   g e o m etri c al   m o d el   a n d  st atisti c al   m o ti o n  i nf or m ati o n   c a n   b e  i nt e gr at e d.   T h e  

a m o u nt  of  pi x els r el at e d t o s h a d o w  a n d r efl e cti o n is si g nif i c a ntl y r e d u c e d i n t h e fi n al 

f or e gr o u n d i m a g e  m as k.  T his i m pr o v e d f or e gro u n d  m as k is  a  g o o d  b asis f or f urt h er 

pr o c essi n g st e ps. 
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5. 1.   I ntr o d u cti o n 

M a n y  a p pr o a c h es  h a v e  b e e n  pr o p os e d i n t h e  lit er at ur e t h at  d e al wit h s h a d o w.  A  g o o d 

s ur v e y  c a n  b e f o u n d i n [ 6 9][ 2 9].  M ost  of  t h e  p u bli c ati o ns  ar e f o c us e d  o n t h e  c ol o ur 

b as e d  s h a d o w   d et e cti o n  [ 6 3][ 6 9][ 3 1][ 7 1].  I n   or d er  t o  r e m o v e  s h a d o w   p oi nts,  t h es e  

m et h o ds  h a v e  d efi n e d  c o n diti o ns  i n s o m e  pr o p er  c ol o ur s p a c e. 

M et h o d,  c all e d  S A K B O T,  w as i ntr o d u c e d i n  [ 6 3]. It  w as  d e v el o p e d f or  m o vi n g  o bj e ct 

d et e cti o n   a n d  tr a c ki n g.   T h is   c o m pl e x   al g orit h m   c o nt ai ns   b ot h   c ol o ur   a n d   m oti o n  

i nf or m ati o n.   A d diti o n all y,  t h e  fi n al  f or e gr o u n d   m as k  is  i m pr o v e d   wit h   k n o wl e d g e-

b as e d  f e e d b a c ks.   T h e   m et h o d  i ntr o d u c e d  i n  [ 7 0]   utili z es  s o m e   pr e d efi n e d   o bj e ct  

m o d el   pr es e nt   esti m ati o n   a b o ut  s h a d o w   pi x els   n e ar   t o  t h e   d et e ct e d   o bj e cts.  

S u m m arisi n g, t h e  b asi c f e at ur es t h at  c a n  b e   us e d t o  disti n g uis h  b et w e e n s h a d o w  a n d 

o bj e ct   p oi nts   ar e:   c ol o ur,  t e xt ur e,   m oti o n.  I n  s pit e   of  t h e   n ot a bl e   a m o u nt   of  

p u bli c ati o ns t h er e is  n o  a p pr o a c h  w hi c h  utili z es t h e  g e n er al  g e o m et ri c al  m o d el  of  c a st 

s h a d o w   a n d  i n cl u d es  t h e   g e o m etri c al   c h ar a ct eristi cs  i nt o  t h e   cl assifi c ati o n   pr o c ess.  

G e o m etri c al i nf or m ati o n is i m p ort a nt i n  d es c ri bi n g t h e  cr e ati o n  of s h a d o w.  Li k e  ot h er 

c h ar a ct eristi cs, t h e  g e o m etri c al  d es cri pti o n is  n ot  a  u ni q u e f e at ur e, s o  wit h o ut  ot h er 

f e at ur es it is  n ot s uffi ci e nt f or  a c c o m plis hi n g of  cl assifi c ati o n  p ur p os es i n  all  c as es. 

5. 2.   D et e cti o n  of r efl e cti o ns i n  B a y es i nf er e n c e 

I n t his s e cti o n  w e  pr es e nt a  p ossi bl e  a p pli c ati o n  of t h e  d et er mi n e d  V P  a n d  c o- m oti o n 

st atisti cs.  W e  d e m o nstr at e t h e  us e  of t h e  d eri v e d  g e o m etri c  m o d e l t o g et h er  wit h t h e 

c o- m oti o n  st atisti cs  f or  t h e   p ur p os e   of  r e fi ni n g  t h e   cl assifi c ati o n   of  t h e  f or e gr o u n d  

el e m e nts  of t h e s c e n e (t h e f or e gr o u n d  m as k).   T h e  ess e n c e  of t his t as k is t h e r e m o v al 

of t h os e  pi x els fr o m t h e f or e gr o u n d  m a s k  w hi c h  c orr es p o n d t o r efl e cti o n.  

Firstl y,  w e s h o ul d  e x pl ai n  w h y  k n o wl e d g e  of  t h e  V P is  n ot  e n o u g h  b y its elf f or  us t o 

s ol v e t his  cl assifi c ati o n  pr o bl e m  eff e cti v el y.  T his is  b e c a us e  of t h e f a ct t h at,  b as e d  o n 

t h e   m o d el,   o nl y  t h e  f u n d a m e nt al   c o nstr aint   c a n   b e   us e d,   w h i c h  is   a   p oi nt-li n e  

tr a nsf or m ati o n.  T his  m e a ns t h at f or t h e i d e ntifi c ati o n  of t h e r efl e cti o n r el at e d t o  a n 

ar bitr ar y  p oi nt  w e  h a v e t o s c a n  al o n g t h e  li n e  a n d tr y t o fi n d t h e r efl e cti o n  of s o m e 

( u n k n o w n)  o bj e ct  b y  usi n g  a s uit a bl e  c orr el ati o n  m e as ur e. T his is  a  c h all e n gi n g t as k 
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i n   c as e   of  l o w- d et ail e d  r efl e cti o ns;   b ut  i n   a n y   c as e,  t his  s e ar c hi n g   d e m a n ds  

c o nsi d er a bl e  c o m p ut ati o n ti m e. 

W e s h all  n ot  dis c uss  all r el at e d iss u es  o n  d e cisi o n t h e or y;  w e  c o n c e ntr at e  o n  a si m pl e 

pr es e nt ati o n  o n t h e  d e cisi o n  as  t o  w h et h er  or  n ot  a  gi v e n  p oi nt is t o  b e  c o nsi d er e d  as 

p art  of  a r efl e cti o n.  T h e  cl as sifi c ati o n  m et h o d  w e  a p pl y is  b as e d  o n t h e  B a y es  d e cisi o n 

r ul e [ 7 3].  S e v er al  ot h er ( m or e  c o m pl e x)  m eth o ds  ar e  als o  a v ail a bl e f or  cl assifi c ati o n; 

f or  d et ails s e e [ 7 3].  W e  will s h o w  h o w t h e  g e o m etri c  m o d el  a n d t h e st atisti cs  c a n  b e 

i n cl u d e d  i nt o  t h e   cl ass- c o n diti o n al   d e nsit y  f u n cti o n.   C o nsi d er  t h e  t w o   cl ass es:  

r efl e cti o n,   a n d  f or e gr o u n d  { },L f g rf= .   P oi nts  i n  t h e   m otio n   m as k   b el o n g  t o  t h e  

cl ass es ( ){ }, ,   1tS L mϑ ϑϒ =   ∈   ∈   =x xx x   wit h t h e a  pri or   pr o b a biliti es  

( ) ( )f gP f g P Fϑ = =x x    ( 5. 1) 

f or  o c c urr e n c e  of t h e f or e gr o u n d  cl ass,  a n d  

( ) ( )rfP rf P Fϑ = =x x  ( 5. 2)  

f or  o c c urr e n c e  of t h e r efl e cti o n  cl ass (t h es e pr o b a biliti es  w er e  d eri v e d i n t h e  pr e vi o us 

s e cti o n, s e e ( 4. 7)  a n d ( 4. 8).  F urt h er m or e, t h e  d e cisi o n r ul e  m a y  b e  writt e n i n t h e f or m: 

assi g n  x  t o f or e gr o u n d  cl ass ( fgϑ =x ) if 

( ) ( ) ( ) ( )P f g P f g P rf P rfϑ ϑ   ϑ ϑ= = > = =x x  x xx x  ( 5. 3)  

T h us, t h e  d e nsit y f u n cti o n f or  a f or e gr o u n d  pi x el is f or m ul at e d  as 

( ) ( ) ( ) ( )m a x  ,e r e fl t
S

P f g P F P mϑ
∈

= =x
r

x r x r x r  ( 5. 4)  

T his  e x pr essi o n t a k es i nt o  a c c o u nt t h e  p ossi bilit y t h at  a f or e gr o u n d  pi x el  m a y  h a v e  a 

r efl e cti o n; t his i nf or m ati o n  c o m es fr o m ( 4. 6)  a n d is s y m b oli z e d  wit h t h e t er m ( ).r eflP . 

T h e first  c o m p o n e nt i n ( 5. 4) is r el at e d t o t h e  g e o m etri c  m o d el,  a n d is  d efi n e d  b y 

( ) ( )0 0, , 0, 2T
eP F   F µ σ= Ν = ≈r x   r   x  ( 5. 5)  

It  d et er mi n es  a li n e ( a n d its s urr o u n di n gs) fr o m  a  gi v e n  p oi nt  x  t hr o u g h t h e  V P.  T h e 

us e  of  a  n or m al  distri b uti o n ( d efi n e d i n ( 3. 1 0))  assists  us t o i n cr e as e t h e r o b ust n ess; 

t his is  b e c a us e  w e  d o  n ot  us e  a li n e  wit h  “ o n e  pi x el ” t hi c k n ess,  b ut r at h er  a li n e  wit h  a 

t hi c k n ess  of 0σ   w hi c h  e n a bl es  err or i n  V P  p ositi o n.  A c c or di n gl y, ( 5. 4) is  e q ui v al e nt 

t o t h e  pr o b a bilit y t h at  e x pr ess es t h at  x   h as  a r efl e cti o n s o m e w h er e i n t h e i m a g e  at 

D OI: 1 0. 1 5 7 7 4/ P P K E.I T K. 2 0 2 4. 0 0 6



 

 

- 8 3- 

fr a m e  t.   B as e d   o n  t h e   a b o v e   dis c ussi o n,  t h e   cl ass- c o n diti o n al  f u n cti o n  f or  t h e  

"r efl e cti o n "  cl ass is  gi v e n  b y 

( ) ( ) ( ) ( )m a x  ,e o rig t
S

P rf   P F P mϑ
∈

= =x
r

x r x r x r  ( 5. 6)  

S o m e  of t h e  2- D  pr o b a biliti es  a n d t h e  cl assi fi c ati o n r es ults  ar e  d e m o nstr at e d i n  Fi g ur e 

5. 1.  N ot e t h at t h er e  ar e s o m e  c as es  w h e n  w e s h o ul d  n ot  m a k e  a n y  d e cisi o n  d uri n g 

cl assifi c ati o n  [ 7 3]  ( e. g.  t h os e   p oi nts   w h er e  t h er e  is   n o  r efl e cti o n).  I n  t h es e  

u n cl assifi a bl e  c as es t h e  pr o d u cts  i n ( 5. 3)  ar e  c o ns pi c u o usl y l o w.  T o  eli mi n at e t h es e 

p oi nts  w e i ntr o d u c e  a t hr es h ol d  v al u e; it  w as  d et er mi n e d   e x p eri m e nt all y t h at  1 0- 6 i s  a 

s uit a bl e  or d er  of  m a g nit u d e f or t his  t hr es h ol d f or  all t est s e q u e n c es. 

a) 
I n p ut 

 

 

b) 
M oti o n 
m as k 

c) 
( ).f gP  

 

d) 
( ).rfP  

e) 

( ).r eflP * 

 

f) 

( ).eP * 

g) 
fgϑ =x

 

 

h) 
rfϑ =x

 

*: s el e ct e d  p oi nt is  m ar k e d  wit h  x i n  b) 

Fi g u r e  5. 1:  M ai n st e ps  of t h e  cl assifi c ati o n  p r o c ess  w hi c h s u p p o rts t h e  r e m o v al  of  r efl e cti o ns 
f r o m t h e f o r e g r o u n d  m as k.  F o r  d et ails s e e t e xt. 

x 
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Fi n all y,   w e   h a v e  t o   dis c uss  t h e   eff e ct   of   t h e   o utli er  r ej e cti o n  st e ps.   T h e  r es ulti n g  

s u bs et  of i m a g e  p oi nts ( S 3 )  a n d t h e i m a g e s c ali n g r es ult i n t h e f a ct t h at t h er e  will  b e 

p oi nts t h at  d o  n ot  h a v e  v ali d  c o- m oti o n st atis ti cs. I n t h e  c as e  of t h es e  p oi nts, t h er e is 

n e e d  f or  i nt er p ol ati o n   b y   usi n g  t h e   a v ail a bl e   v ali d  st atis ti cs   of  t h e   n ei g h b or h o o d  

p oi nts. I n t h e  cl assifi c ati o n st e p  w e  h a v e t o  esti m at e t h e ( )r eflP r x   a n d ( )o ri gP r x   wit h 

t h e f oll o wi n g f or m ul as: 

( )
( ) ( ) ( )

( )

g o ri g   r efl
C

r efl

g
C

P P   P

P
P

∈

∈

=
∑

∑
u

u

u x u r u

r x
u

 ( 5. 7)  

( )
( ) ( ) ( )

( )

g  o ri g o ri g
C

o ri g

g
C

P P   P

P
P

∈

∈

=
∑

∑
u

u

u x u   r u

r x
u

 ( 5. 8)  

W h er e  C is t h e s et  of  t h e  n e ar est  n ei g h b ors  of u   w h er e t h e  c o- m oti o n st atisti cs  ar e 

v ali d.   T his   missi n g  i nf or m ati o n   c a n   b e   c o m p ut e d  str ai g ht   a w a y   aft er  t h e   m o d el  

o pti mi z ati o n,  a n d t h us it  will  n ot r e d u c e t h e  p erf or m a n c e  d uri n g  cl assifi c ati o n. 

5. 2. 1.  E x p eri m e nt al r es ults 

B as e d   o n  t h e   m a n u al   v ali d ati o n,   w e   h a v e   f o u n d  t h at  t h e   err or  r at e   of  f or e gr o u n d  

e xtr a cti o n  w as r e d u c e d.  T h e  pr o p os e d  cl assifi c ati o n  e v al u at e d  o nl y  p oi nts  w hi c h  w er e 

d et e ct e d   as  f or e gr o u n d   b y  [ 1 2].   T h e   p erf or m a n c e  is   c h ar a ct eri z e d   b y  t h e   m e as ur es  

pr o p os e d i n [ 2 9]: ‘ D et e cti o n  R a t e  –  D R’  a n d ‘ F als e  Al ar m R at e  –  F A R’.  T h es e  v al u es 

ar e   o bt ai n e d  as  f oll o ws:   D R = T P/( T P + F N)   a n d   F A R = F P/( T P + F N),   w h er e   T P  is  t h e  

n u m b er  of  c orr e ctl y  d et e ct e d  o bj e ct’s  pi x els,  F N t h e  miss e d  o bj e ct’s  pi x els,  a n d  F P 

t h e r efl e cti o n  pi x els i n c orr e ctl y  d et e ct e d  as  o bj e ct’s  pi x els.  T h e  D R  a n d  F A R r at es f or 

t hr e e s e q u e n c es  ar e s h o w n i n  T a bl e  5-I. 

T A B L E 5-I:  T H E D R S  A N D F A R S  F O R  T H R E E  VI D E O  S E Q U E N C E S  

S e q u e n c e 
n a m e 

D R   F A R  

A nts   0. 9 9 1  0. 0 3 1  
Mi c e   0. 8 9 2  0. 0 7 5  
S h o p   0. 8 2 2  0. 1 2 0  

 

T h e f u n d a m e nt al li mit ati o n  of t h e  cl assifi c a ti o n  pr o c e d ur e is t h at it is  us u all y  u n a bl e 

t o  disj oi nt t h e  m oti o n  m as k i n  c as es  w h e n t h e r e al  o bj e ct  m as k a n d its r efl e cti o n  ar e 

li n k e d.  Fi g ur e  5. 2: ill ustr at es s u c h sit u ati o ns. I n s u m m ar y,  t h e r es ults  ar e  pr o misi n g i n 
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s pit e   of  t h e  f a ct  t h at  t h e  a p pli e d   cl assifi c ati o n   m et h o d   is   v er y  si m pl e.   S o m e   of  t h e  

m or e  s o p histi c at e d   m et h o ds  ( e. g.   M R F  [ 3 1] )   ar e   a bl e  t o  i n cr e ase  t h e   a c c ur a c y;   b ut  

o nl y  wit h s u bst a nti all y  hi g h er  c o m p ut ati o n  c ost. 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

Fi g u r e   5. 2:   C h all e n gi n g  sit u ati o ns   of  f o r e g r o u n d  s e g m e nt ati o n  i n  s c e n es  f r o m  t h e   “ Mi c e ”   a n d  
“ S h o p ”  s e q u e n c es.  I n  t h e   d et e ct e d   m oti o n   m as k  f o r  ( a),  ( b)   a n d  ( c),  t h e   o bj e ct  f us es   wit h  its  
r efl e cti o n.  T h e  p r o p os e d  m et h o d is  a bl e t o  r e m o v e  o nl y  a s m all  p a rt  of t h e  r efl e cti o n. 
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5. 3.   S h a d o w r e m o v al  usi n g  B a y esi a n it er ati o n 

T h e  g o al  of s h a d o w  d et e cti o n is t o  eli mi n at e t h e s h a d o w  p oi nts fr o m t h e  e xtr a ct e d 

f or e gr o u n d  m as k.  T h e f or e gr o u n d  m as k  c a n  b e d et er mi n e d  usi n g s e v er al  a p pr o a c h es. 

O ur i m pl e m e nt ati o n  b as e d  o n [ 3 0]  w hi c h is  a  p o p ul ar  b a c k gr o u n d  m o d elli n g  m et h o d 

f or t h e  e xtr a cti o n  of f or e gr o u n d  m as k.  T h e  o ut p ut  m as k is  d efi n e d  b y: 

{ }

1,   w h er e  c h a n g e i s  d et e ct e d
 

0,   ot h er wis e

,

i

i

m

M m i S

⎧
= ⎨

⎩

= ∈

 ( 5. 9)  

w h er e S   d e n ot es   all   pi x els   i n  t h e  i m a g e  (i n d e x  i  c orr es p o n ds  t o   o n e   pi x el).  I n  t h e  

f oll o wi n gs I  d et er mi n es  t h e  i n p ut  i m a g e   a n d  B   d e n ot es  t h e   c o m p ut e d   b a c k gr o u n d  

i m a g e, r es p e cti v el y. I nt e nsit y  c h a n g es  c a us e c h a n g es i n  o bj e ct  pi x els  as  w ell  as i n  c ast 

s h a d o w  pi x els. 

T h us,  t h e  i niti al  f or e gr o u n d- b a c k gr o u n d   m as k  M   c o nt ai ns   b ot h   o bj e ct   a n d  s h a d o w  

pi x els  as f or e gr o u n d. 

T h e  us u al  m et h o d t o  disti n g uis h  b et w e e n  m o vi n g  c ast s h a d o w  a n d  o bj e ct  p oi nts is t h e 

i n v esti g ati o n   of   pi x els  i n   H u e- S at ur atio n- V al u e  ( H S V)   c ol o ur  s p a c e  [ 6 3][ 3 1].   T hi s  

pr e- pr o c essi n g st e p is  a si m pl e filt eri n g  b ef or e  hi g h er l e v el  pr o c essi n g.  W e f o c us  o n 

str o n g s h a d o w i n  o ut d o or  e n vir o n m e nt, t h us   w e  h a v e i m pl e m e nt e d  o nl y t h e  c o n diti o n 

r el at e d t o  V al u e ( V): 

( )
( )

( )

{ }

1, i f 0. 6

0,  ot h er wis e

,

i
i

i i

i

V I
V I

c V B

C c i S

α β
⎧

≤ ≤ ∧ <⎪
= ⎨

⎪
⎩

= ∈

 ( 5. 1 0)  

H er e C d e n ot es  a s h a d o w  m as k  wit h  el e m e nts ic   e q u al  “ 1 ” f or s h a d o w  pi x els  a n d  “ 0 ” 

ot h er wis e,  a c c or di n g t o  c ol o ur  b as e d  c o n diti o ns: α   a n d β   ar e  b o u n ds  o bt ai n e d fr o m 

e x p eri m e nts. 

I n   o ur   e x p eri m e nts  t his   c ol o ur   b as e d   m et h o d   w or ks  r eli a bl e   o nl y  i n   c as e   of   w e a k  

s h a d o w. If t h e s h a d o w is str o n g, t h e r ati o is  ar o u n d  0. 4.  U nf ort u n at el y,  h o w e v er t h e 

r ati o  c h a n g es t o  0. 9  n e ar t o t h e  b o u n d ar y  of s h a d o w.  T h at is  wh y s h a d o w  eli mi n ati o n 
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is  n ot  p ossi bl e  b y  usi n g  o nl y t he  c ol o ur i nf or m ati o n.  Fi g ur e  5. 3  dis pl a ys t h e  hist o gr a m 

of t h e r ati o i nsi d e t h e  m a n u all y s el e ct e d s h a d o w  m as k. 

 

 

Fi g u r e  5. 3:  Diffi c ult y  of  c ol o u r  b as e d s h a d o w  d et e cti o n i n  c as e  of st r o n g s h a d o w: t h e s h a d o w 
r e gi o n  h as  n ot  a  hist o g r a m  wit h  o nl y  o n e  p e a k,  a n d t h r es h ol ds αα   a n d ββ   a r e  n ot t h e s a m e f o r t h e 

w h ol e i m a g e. 

A n ot h er  pr o bl e m is t h at t h e  a d a p ti v e  d et er mi n ati o n  of t h e  b o u n ds α   a n d β  is still  a 

c h all e n gi n g t as k.  T h us, i n  o ur i m pl e m e nt ati o n  t h es e  v al u es  w er e  a dj ust e d t o  c o v er  a 

r el ati v el y  l ar g e  r e gi o n   of  t h e  f ull  r a n g e  (α = 0. 4, β = 0. 8).   D et e cti o n  r es ults   ar e  

s u m m ari z e d i n t h e f oll o wi n g fi g ur e. 

  

  

Fi g u r e  5. 4:  R es ults  of  c ol o u r  b as e d s h a d o w  d e t e cti o n:  u p p e r l eft-i n put i m a g e,  u p p e r  ri g ht-
m oti o n- d et e cti o n  m as k, l o w e r l eft-f o r e g r o u n d  m as k   d et e r mi n e d  b y  usi n g  c ol o u r f e at u r es  a n d 
l o w e r  ri g ht- “ w o rs e- c as e ” s h a d o w  m as k (αα = 0. 4, ββ = 0. 8)  us e d f o r i n p ut t o  cl assifi c ati o n  m et h o d. 

( T h e  bi n a r y  m as ks  a r e  wit h o ut  m o r p h ol o gi c al  p ost- p r o c essi n g.) 

5. 3. 1.  O utli n e  of t h e it er ati o n s c h e m e 

T h e   ai m   of   cl assifi c ati o n  is  t o   d e ci d e   a b o ut   e v er y  f o r e gr o u n d   pi x el  i n  t h e  i niti al  

f or e gr o u n d- b a c k gr o u n d  m as k (M )  w h et h er it is  a f or e gr o u n d  pi x el  or  a s h a d o w  pi x el. 

n u
 m

 b 
er

  o
f 
 p
i x

 el
s 

r ati o 
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T his t w o- cl ass es  pr o bl e m is  e q ui v al e nt t o fi n d t h e  pr o b a bl e  cl ass f or  a n  ar bitr ar y  pi x el 

i n  t h e   gi v e n  s c e n e  s etti n g  (M   a n d  C ).  I n  t h e  lit er at ur e  t h er e   ar e  s e v er al   diff er e nt  

a p pr o a c h es t o  a c c o m plis h s u c h  cl assifi c ati o n t a s ks [ 7 3].  N e v ert h el ess,  i n t his s e cti o n  a 

si m pl e   B a y esi a n  it er ati o n   will   b e  i ntr o d u c e d.   W e  s el e ct e d  t his   pr o b a bilisti c  

fr a m e w or k,  b e c a us e it is r at h er  g e n er al  a n d is s uit a bl e f or f urt h er i m pr o v e m e nts.  T hi s 

m et h o d  w as  us e d s u c c essf ull y f or  bli n d  d e c o n v ol uti o n i n [ 7 5]  a n d [ 7 4]. 

W e  d efi n e t h e  u n k n o w n s h a d o w  m as k  as  

{ },iH h i S= ∈  ( 5. 1 1)  

a n d f or e gr o u n d  m as k  as 

{ },iF f i S= ∈  ( 5. 1 2)  

T o g et h er  wit h  d efi niti o n  of t h e  d et e ct e d i niti al f or e gr o u n d- b a c k gr o u n d  m as k M  ( 5. 9), 

usi n g  B a y es  c o n diti o n al  pr o b a bilit y f or m ul a  w e   c a n  g et t h e  pr o b a bilit y  of  o bs er vi n g H  

a n d F   wit h  gi v e n M  i n t h e f oll o wi n g f or m (t h e f or m ul as f or F   ar e si mil ar): 

( )
( ) ( )

( ) ( )
,   ,

j i   i

i j

j k   k
k

P m   h   P h
P h m  i j   S

P m   h   P h
= ∈
∑

 ( 5. 1 3)  

S u bstit uti n g t his  e q u ati o n i nt o t h e  c o n diti o n al  pr o b a bilit y f or m ul a,  w e  g et: 

( ) ( ) ( ) ( )

( ) ( ) ( )
( ) ( )

,   ,

i i j i j j
j j

j i   i   j

j j k   k
k

P h   P h m   P h m   P m

P m   h   P h   P m
i j   S

P m   h   P h

= =  =

∈

∑ ∑

∑
∑

 ( 5. 1 4)  

B as e d  o n t his f or m ul a t h e f oll o wi n g it er ati o n s c h e m e  c a n  b e  writt e n [ 1 2]: 

( )

( )
( ) ( )

( ) ( )

1

,   ,  ,

k i

j i   j

k i
j j k   k

k

P h

P m   h   P m
P h  i j k   S

P m   h   P h

+ =

∈∑
∑

 ( 5. 1 5)  

W h er e k  is t h e it er ati o n  c o u nt er.  W e  d efi n e t h e i niti al  pr o b a biliti es  as f oll o ws, 

( )
1,   w h er e   1

 , 
0,   ot h er wi s e

i

i

m
P m  i   S

=⎧
= ∈⎨

⎩
 ( 5. 1 6)  

a n d 
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( )

( )   ( )

1/ 2,  w h er e   1
 , 

0,   ot h er wi s e

1

i

i

i i

c
P h i   S

P f   P h

=⎧
= ∈⎨

⎩

= −

 ( 5. 1 7)  

D uri n g  t h e  it er ati o n  st e ps  t h e   v al u es   of  ( )iP f   a n d  ( )iP h   will   c h a n g e.   T h es e  

pr o b a biliti es   c o n v er g e  t o  st a bl e   v al u es   w hi c h   d es cri b e  t h e   m ost   pr o b a bl e  

s h a d o w/f or e gr o u n d  c o nfi g ur ati o n i n  a  gi v e n  m oti o n  m as k.  H er e b y t h e  cl assifi c ati o n 

st e p is  a si m pl e  d e cisi o n t o  t h e  m ost  pr o b a bl e  cl ass: 

( ) ( )1,  if   <   ˆ
0,  ot h er wis e

i i

i

P h   P   f
f

⎧⎪
= ⎨

⎪⎩
 ( 5. 1 8)  

b e c a us e, 

( ) ( ) 1      w h er e   1i i iP h   P   f   i   S   m+ = ∀ ∈   =  ( 5. 1 9)  

T h e   k e y  iss u e  i n  t h e   a b o v e  i ntr o d u c e d  f or m ul a  ( 5. 1 5)  is  t h e   d et er mi n ati o n   of  t h e  

c o n diti o n al   pr o b a bilit y  t er m  ( ( )j iP m   h ).   T his  t er m   e n a bl es  t h e   c o m pl eti o n   of  

pr o b a bilit y   m o d el   wit h   a d di ti o n al   k n o wl e d g e   a b o ut  t h e   pr o bl e m.   First,  i n   c as e   of  

s h a d o w t h e i n di c es i n t h e s u m m ari z ati o ns  c a n   b e r e d u c e d. I n t h e  a b o v e- d efi n e d f or m 

t h e s u m m ati o ns  ar e  p erf or m e d  o v er t h e  w h ole i m a g e.  A c c or di n g t o t h e  g e o m etri c al 

m o d el t h es e  2 D s u m m ati o ns  m a y  b e r e pl a c e d  wit h s u m m ati o ns  al o n g  a str ai g ht li n e 

( p ar a m et eris e d  i n   1 D),   dir ecti o n   of   w hi c h  is   e q u al  t o  v .   T his   pr o c e d ur e  is  

d e m o nstr at e d i n  Fi g ur e  5. 5. 

v

ih

jm

k

j

 

Fi g u r e  5. 5:  Si m pl e  g e o m et ri c a l  c o nst r ai nt: i n cl u di n g t h e  c olli n e a rit y t o t h e  c o n diti o n al 
p r o b a biliti es.  T h e  n ot ati o ns  a r e i nt r o d u c e d i n t h e t e xt.  T h e i n di c es j  a n d k   a r e  r el at e d t o t h e 

c y cli c al s u m m a ri z ati o ns. 

T o  all o w t his f e at ur e,  a  m o difi e d  f or m ul a  of ( 5. 1 5)  c a n  b e  writt e n: 
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( )

( )
( )( ) ( )( )
( )   ( )( ) ( )( )

1

, ,

, ,   ,

, 

     a n d   ,

k i

ir j i r j i

k i
j

r j i   r k i   r k i
k

P h

P m   h   P m
P h

P m   h   P h

i S   j k N

+ =

∈ ∈

∑
∑

  ( 5. 2 0) 

w h er e t h e f u n cti o n ( ).r  r et ur ns  a n i m a g e  p oi nt,  w hi c h is  c o m p ut e d fr o m  a n i niti al 

p ositi o n ( i)  a n d  a st e p  c o u nt er (j)  al o n g t h e li n e: 

( ),r j i   i   j v= +  ( 5. 2 1)  

B as e d   o n  t his   n ot ati o n  t h e   e x pr essi o n   of   c o n diti o n al   pr o b a bilit y   m a y   b e  r e writt e n  

usi n g t w o st e p- c o u nt ers  al o n g t h e li n e: 

( ) ( )   ( )( ), ,
, ,     ,i r p i   r l i

d p l   P m   h   p l   N= ∈  ( 5. 2 2)  

F or  d et er mi n ati o n  of t his  v al u e,  a si m pl e f or m ul a is  gi v e n: 

( ) ( )   ( )   ( ) ( )( )( ), , ,  ,
, 1i r p i   r p i   r l i  r l i

d p l   c   m   m   P f= −  ( 5. 2 3)  

T his  e x pr essi o n  v ali d at es  o nl y t h e  mi ni m al  c o n diti o ns;  m oti o n  m ust  b e  pr es e nt i n  b ot h 

p oi nts  a n d t h e s h a d o w  p oi nt  m ust  b e i n t h e  c ol o ur  m as k ( v al u e  of ( ),r p i
c  is  d efi n e d  b y 

( 5. 1 0)).  T h e l ast  c o m p o n e nt r el at es t o t he f or e gr o u n d  m as k, s o, t h e  pr o b a bilit y t h at  a 

gi v e n  p oi nt  b el o n gs t o s h a d o w  is  e q ui v al e nt t o t h e  pr o b a bilit y t h at t h e  p oi nt is  n ot  a 

f or e gr o u n d   p oi nt.   T his   e xt e nsio n   m a k es   c o n n e cti o n   b et w e e n   F   a n d   H   d uri n g  t h e  

it er ati o ns. 

Si n c e, t h e it er ati o n f or m ul a  c o nt ai ns t h e s u m  of t h es e  v al u es ( a n d  b e c a us e it is  a  2 D 

pr o b a bilisti c  distri b uti o n f u n cti o n), t h e  n or m ali z ati o n is  n e c ess ar y  b ef or e  us e: 

( )
,

, 1i
p l

d p l =∑  ( 5. 2 4)  

Till  n o w,  w e  us e d i n di c es  al o n g t h e li n e  wit h o ut  a n y  u p p er  a n d l o w er  b o u n ds.  T h er e is 

n o  n e e d t o  c o m p ut e t h e s u ms  al o n g t h e f ull li n e,  b e c a us e  w e  c a n  d efi n e t h e  pr o b a bl e 

ut m ost  dist a n c e  b et w e e n t h e  ori gi n al  p oi nt   a n d its  c orr es p o n di n g s h a d o w  p oi nt.  T his 

dist a n c e is s y m b oli z e d  b y  p ar a m et er γ .  T h us t h e r a n g es  of t h e i n di c es  ar e 

...

0...

p

l

γ γ

γ

= −

=
 ( 5. 2 5)  
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T h e  v al u es  of ( ).id  f or m  a  2 D  p df f u n cti o n. Its l a y o ut is  vis u ali z e d i n  m atri x f or m i n 

Fi g ur e  5. 6. 

0

0

γγ−

γ

0
0

p

l

 

Fi g u r e  5. 6:  L a y o ut  of  m at ri x ( ).id .  T h e fill e d  r e gi o n i n di c at es t he  p r o b a bl e  n o n- z e r o  el e m e nts. 

T his  z o n e-st r u ct u r e is  b e c a us e t h e  pl a c e  of s h a d o w is  al w a ys  r el ati v e t o t h e  o ri gi n al  p oi nt. 

Aft er s u bstit uti n g ( 5. 2 2) i nt o ( 5. 2 0)  w e  g et t h e fi n al f or m ul a  of t h e it er ati o n st e p: 

( )   ( )
( ) ( )( )
( ) ( )( )

,

1

,

0,
, 

,

     a n d   ,  0...

i r j i

k i   k i
j i r k i

k

d j P m
P h   P h

d k   j j P h

i S   j k γ

+ =
−

∈ =

∑
∑  ( 5. 2 6)  

T h e  f or m ul as  f or  t h e  f or e gr o u n d   pr o b a biliti es  ( ( )iP f )   c a n   b e   d eri v e d  i n  t h e  s a m e  

w a y. 

5. 3. 2.  E x p eri m e nt al r es ults 

I n  t h e  f oll o wi n g,   w e   pr es e nt  s o m e  s a m pl es   of   o ut d o or  s e q u e n c e.   T h e  first  r o w  

c o nt ai ns  t h e  r el e v a nt   p art   of  i n p ut  i m a g es.   T h e  s e c o n d  r o w   dis p l a ys  t h e   d et e ct e d  

m oti o n   m as k,  s e e  ( 5. 9).   T h e  f urt h er  r o ws   d e m o nstr at e  t h e  f or e gr o u n d   a n d  s h a d o w  

pr o b a biliti es  d uri n g t h e it er ati o n st e ps. 
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S a m pl e fr a m e  # 1   S a m pl e fr a m e  # 2 

I n p ut: I 

M oti o n  m as k:  M  

S h a d o w   pr o b a biliti es   P( H )   aft er  t h e   5t h 
it er ati o n 

F or e gr o u n d   pr o b a biliti es   P( F )   aft er  t h e   5t h 
it er ati o n 

Fi n al f or e gr o u n d  m as k ˆF  (s e e ( 5. 1 8)) 

Fi g u r e  5. 7:  E x p e ri m e nt al  r es ults  o n st r o n g s h a d o w.  T h e fi n al f o r e g r o u n d  m as k is t h e  o ut p ut  of 
t h e  cl assifi e r, f o r  d et ails s e e t e xt. 

5. 4.   C o n cl usi o ns 

B as e d  o n t h e  esti m at e d  g e o m etri c al  m o d el  a  si m pl e  m et h o d  h as  b e e n  gi v e n f or t h e 

i m pr o v e m e nt   of  t h e  f or e gr o u n d  s e g m e nt ati o n  st e p.   T his   p ost- pr o c essi n g  st e p  is   a  

p ossi bl e   w a y  t o  r e m o v e  r efl e cti o ns  fr o m   t h e   pr e vi o usl y   e xtr a ct e d  f or e gr o u n d   m as k  

( d et er mi n e d  b y s o m e  ar bitr ar y  al g orit h m). 
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W e   h a v e   pr es e nt e d   a n  it er ati v e   B a y esi a n  fr a m e w or k  t o   d et er mi n e  t h e  s h a d o w   a n d  

f or e gr o u n d  m as ks t a ki n g i nt o  a c c o u nt  b ot h  c ol o ur  a n d  g e o m etri c al i nf or m ati o n.  T h e 

g e o m etri c al   m o d el   of   c ast  s h a d o w  is  r e d u c e d  t o   a  si m pl e   dir e cti o n  (t o w ar d  li g ht  

v a nis hi n g   p oi nt),   w hi c h   assists  t o  i m pl e m e nt   a n   effi ci e nt  l o c ali z e d   v ari a nt   of  t h e  

it er ati o n s c h e m e. 
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6. S u m m ar y 

I n   C h a pt er   2   a n   o v er vi e w   a b o ut   diff er e nt  g e o m etri c al  s c e n e   c h ar a ct eristi cs  is  

pr es e nt e d:   p oi nt   a n d  li n e   h o m o gr a p h y,  s k e w  s y m m etri c  f u n d a m e nt al   m atri x   a n d  

h ori z o nt al  v a nis hi n g li n e ( h ori z o n).  T h e  n at ur e  of  p ar a m et e r  esti m ati o n t as ks is  als o 

d efi n e d i n cl u di n g t h e  ki n d  a n d  a m o u nt  of  n e c ess ar y i nf or m ati o n f or  c o m p ut ati o n.  T h e 

i m pl e m e nt e d f e at ur e  e xtr a cti o n  m et h o ds  w er e  pr es e nt e d i n  C h a pt er  3. I n  d et ail e d, t h e 

w al k   d et e cti o n   a n d   g ait  f e at ur e  i d e ntifi c ati o n   w er e   d e s cri b e d  i n   S e cti o n   3. 1,   w hil e  

S e cti o n   3. 2  s u m m ari z es  t h e   us e   of   m oti o n   m a s k  i n   a  st atisti c al  fr a m e w or k  f or  t h e  

d et e cti o n  of s p ati al  c orr es p o n d e n c es.  A  dis c ussi o n  a b o ut t h e r o b ust n ess is  pr es e nt e d 

i n   S e cti o n   3. 2. 4.  It   w as  sh o w n  t h at  t h e  s c e n e   d y n a mi c  ( m o vi n g   o bj e cts)   pr o vi d es  

st a bl e   a n d   us ef ul  f e at ur es  f or  f urt h er   pr o c essi n g.   C h a pt er   4   pr es e nts   d et ail e d  

d es cri pti o ns   a b o ut  t h e   p ar a m et er   o pti mi z a ti o n   a p pr o a c h,  i n cl u din g   o utli er   r ej e cti o n 

a n d   e x pl a n ati o n   of   o bj e cti v e  f u n cti o ns.   S u c c essf ul   e v al u ati o ns   o n   b ot h  i n d o or   a n d  

o ut d o or t est  vi d e os  pr o v e t h e f e as i bilit y  of t h e  pr o p os e d  m et h o ds. 
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6. 1.   M et h o ds  us e d i n t h e  e x p eri m e nts 

I n  t h e   c o urs e   of   m y   w or k,  t h e or e ms   a n d   ass erti o ns  fr o m t h e  fi el d   of   m at h e m ati c al  

st atisti cs,   n u m eri c al   g e o m etr y,   o pti mi z a ti o n,  r e p ort e d  r es ults   of  i m a g e   a n d   vi d e o  

pr o c essi n g  w er e  e x pl or e d.  

T h e  e x p eri m e nts f or  c a m er a r e gistr ati o n  w er e  p erf or m e d  b y  usi n g t h e  M DI C a m  m ulti-

c a m er a s oft w ar e s yst e m t h at  w as  d esi g n e d  i n t h e  A n al o gi c al  a n d  N e ur al  C o m p uti n g 

L a b or at or y.   T h e  s e c o n d  t est   e n vir o n m e nt  is  t h e   P P K E y e s   w hi c h  is   a   di git al   vi d e o  

s ur v eill a n c e s yst e m t h at  w as  d e v el o p e d i n t h e  P P K E-I T K  a n d it is  o p er ati n g i n t h e 

u ni v ersit y  c a m p us.  F or  u ni q u e  e x p eri m e nts  I  h a v e  als o  d esi g n e d si m ul ati o n s yst e ms 

i n   M atl a b.   T esti n g   of  t h e   pr o p os e d   alg orit h ms   w as   p erf or m e d   o n   v ari o us   vi d e o  

s e q u e n c es  fr o m   p ers o n al   e x p eri m e nts   a n d  fr o m   p u bli cl y   a v ail a bl e   vi d e o   d at a b as es.  

F or t h e  d esi g n  a n d t esti n g  of  al g orit h ms I  h a v e  us e d  a s oft w ar e t o ol b o x es  pr o vi d e d  b y 

I nt el.  

6. 2.   N e w s ci e ntifi c r es ults 

T h e  First  T h esis s u m m ari z es t h e r es ults t h at r el at e d t o t h e  us e  of  d et e cti o n  of  h u m a n 

a cti vit y ( w al ki n g) f or  e v e nt  d et e cti o n  a n d  c a m er a r e gistr ati o n, t h e  S e c o n d  T h esis is 

a b o ut   a  st atisti c al  fr a m e w or k  f or   g e o m et ri c al  s c e n e   a n al ysis.   T h e   T hir d   T h esis  

pr es e nts r es ults t h at r el at e d t o t h e  f or e gr o u n d i m a g e  m as k s e g m e nt ati o n  pr o bl e m. 

6. 2. 1.  First t h esis 

T h e  hi g h-l e v el t e m p o r al  d es c ri pt o r  of  t h e st r u ct u r al  c h a n g es  of  a  m o vi n g 

n o n- ri gi d  ( h u m a n)   o bj e ct  is  f e asi b l e  t o   d et e ct  t h e   h u m a n   a cti vit y  

( w al ki n g)  a n d t o  d et e r mi n e i nf o r m ati o n  a b o ut t h e  g ait. 

 

I  gi v e  a  n e w  m et h o d t o  d et e ct  h u m a n  a cti vit y  a n d t o  d et er mi n e  a s p e cifi c f e at ur e  of 

w al ki n g i n  vi d e o s e q u e n c e. I  h a v e i ntr o d u c e d  t h e  ei g e n w al k s p a c e  w hi c h is  utiliz a bl e 

t o   d et e ct  t h e   h u m a n   w al ki n g.   T h e   pr o p os e d  m et h o d  is   a p pli c a bl e  t o  i d e ntif y  t h e  

l e a di n g l e g,  w hi c h is  a  d es cri pt or  of t h e  g ait. 
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T h e  d et e cti o n  of t h e  h u m a n  a cti vit y,  n a m el y  t h e  w al ki n g is  p ossi bl e  b y  cl assif yi n g t h e 

e xtr a ct e d  t e m p or al   d es cri pt ors   of   o bj e ct.   T h e   g e n er al   crit eri o n   of   w al ki n g  is  t h e  

m o vi n g l e gs,  b y  d et e cti n g t his  m oti o n t h e  w al ki n g is  p er c e pti bl e  a n d t h e l e a di n g l e g 

c a n  b e i d e ntifi e d fr o m t w o s u c c essi v e st e ps. 

T his i nf or m ati o n  a b o ut t h e s c e n e is s uit a bl e  n ot  o nl y f or t h e  e v e nt-l e v el  a n al ysis  of 

vi d e o s e q u e n c es  b ut f or t h e r e gistr ati o n  of  wi d e- b as eli n e i n d o or  c a m er a  c o nfi g ur ati o n, 

w hi c h is  a  c h all e n gi n g t as k. 

 

P u blis h e d i n  [ 3][ 2][ 1 5][ 6][ 1 7][ 1 8][ 2 0] 

 

1.  D et e cti o n   of   h u m a n   w al ki n g   usi n g  t h e  s p ati o-t e m p o r al   p att e r ns   of  

h o ri z o nt al s y m m et ri es. 

 

I  w or k e d  o ut  a  m et h o d,  w hi c h is  a bl e t o  c o m p ut e t h e  n e ar  h ori z o nt al s y m m etr y 

a x es. I  h a v e  d efi n e d t h e s y m m etr y l e v els, fr o m  w hi c h t h e t hir d is  c h ar a ct eristi c 

f or t h e  pr es e n c e  of t w o  p air  n e ar  p ar all el e d g es (l e gs).  Fr o m t his f a ct, t h e i n p ut 

of t h e  m et h o d is t h e  bi n ari z e d ri d g e  of  t h e  e d g e  m a p i nst e a d  of t h e i nt e nsit y 

m a p  or  o bj e ct sil h o u ett e. I  w or k e d  o ut  a  m et h o d f or t h e t e m p or al tr a c ki n g  a n d 

pr o c essi n g  (ti m e   c o nti n u o us  i nt er p ol ati o n   a n d   di m e nsi o n  r e d u cti o n)   of  

s y m m etr y s e g m e nts,  w hi c h is t h e  b asis f o r t h e  d et e cti o n  of p e d estri a ns fr o m 

w al k  p att er ns.  T h e t w o  cl ass es ( w al k  a n d  n o n- w al k)  w as s e p ar at e d  wit h  a  n o n-

li n e ar   h y p er- pl a n e.   T his   cl assifi c ati o n  st e p   w as   c arri e d   o ut   b y   usi n g  t h e  

S u p p ort  V e ct or  M a c hi n e ( S V M) i n t h e  ei g e n s p a c e  of  w al k  p att er ns  w hi c h is 

c all e d  ei g e n w al k s p a c e. I  h a v e  m a n a g e d t o  r e d u c e t h e  di m e nsi o n alit y  of  w al k 

p att er ns t hr o u g h t h e li n e ar  di m e ns i o n r e d u cti o n t e c h ni q u e ( P C A). 

 

2.  I d e ntifi c ati o n  of t h e l e a di n g l e g. 

 

I i ntr o d u c e d  a  m et h o d f or t h e i d e ntifi c atio n  of l e a di n g l e g fr o m  o n e  w al k  c y cl e 

(t w o s u c c essi v e st e ps).  T h e  n o n-ri gi d h u m a n  b o d y  d uri n g  a  w al ki n g  c y cl e  h as 

a  us ef ul  pr o p ert y,  w hi c h  assists  us i n  r e c o g ni zi n g t h e l e a di n g l e g.  D e p e n di n g 

o n t h e  3 D  w al k- dir e cti o n,  a n d  o n  w hi c h is   c urr e ntl y t h e l e a di n g l e g,  o n e l e g  or 

t h e  ot h er  pr a cti c all y  o bs c ur es t h e  visi ble  ar e a  b et w e e n t h e l e gs.  D uri n g  a  w al k-
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c y cl e t h e r ati o  of t h e  visi bl e l e g- o p e ni n g  ar e as, t o g et h er  wit h t h e  2 D  dir e cti o n 

o n t h e i m a g e- pl a n e,  c a n  b e  us e d t o i d e n tif y  w hi c h is t h e l e a di n g l e g. I  h a v e 

s h o w n  e x p eri m e nt all y t h at t h e  m et h o d  is r eli a bl e  a n d  a c c ur at e. I s u m m ari z e d 

t h e  c o n diti o ns  n e c ess ar y t o t h e  c orr e ct f u n cti o ni n g. 

I  h a v e list e d t h e r el ati o ns hi p  b et w e e n t he l e a di n g l e g  a n d t h e r ati o  of s urf a c es 

fr o m t w o s u c c essi v e  p att er ns i n t a bl e f or m.  F urt h er m or e t h e li mit ati o ns  of t h e 

m et h o d  ar e  als o  n a m e d.  T h e l e a di n g l e g  as  a  dis cri mi n ati v e  f e at ur e is  a  n o v el 

d es cri pti o n  of t h e  g ait. 

 

3.  R e gist r ati o n   of   p a rti all y   o v e rl a p pi n g   a n d   n o n- o v e rl a p pi n g   vi e ws   b y  

utili zi n g t h e  d et e ct e d  w al k  p att e r ns. 

 

I   h a v e  s h o w n   e x p eri m e nt all y  t h at  t h e  r e gistr ati o n   of   vi e ws   c a n   b e   d o n e   b y  

usi n g t h e s p ati al  p ositi o n  of  w al k  p att er n s. I  h a v e s h o w e d t h at t h e l e a di n g l e g 

is  a str o n g er  dis cri mi n ati v e f e at ur e  a n d t h e s p ati al  a c c ur a c y  of  w al k  d et e cti o n 

is s uffi ci e nt f or t h e  c o m p ut ati o n  of  h o m o gr a p hi es.  

I  us e d  k n o w n  o pti mi z ati o n  pr o c e d ur es  a n d I  h a v e  c o m p ar e d t h e  m o d el  err or  of 

t h es e   m et h o ds.  I n   c as e   of   n o n- o v erla p pi n g   vi e ws  I   utili z e d  t h e  li n e  

h o m o gr a p h y   a n d   c orr es p o n di n g  li n e  fr a g m e nts  i nst e a d   of   p oi nt-t o- p oi nt  

c orr es p o n d e n c es. 

 

6. 2. 2.  S e c o n d t h esis 

T h e   m o d el- b as e d,  st atisti c al   d es c ri pt i o n   of  t h e   p e r c e pti bl e   c h a n g es   of  

s c e n e  a n d  e n vi r o n m e nt is  a p pli c a bl e  t o  d et e r mi n e t h e  g e o m et ri c al  m o d el 

of t h e  pl a n e- mi r r o r,  c ast s h a d o w  a n d t h e  h o ri z o n. 

 

I  h a v e s h o w n t h at t h e  c u m ul ati v e i nf or m ati o n  w hi c h  c o m e fr o m s c e n e  c h a n gi n g  c a n 

b e  m o d el e d  wit h  G a ussi a n  mi xt ur e  a n d  c a n  b e  us e d i n  g e o m etri c al  m o d el  esti m ati o n 

pr o bl e ms. I  w or k e d  o ut  a fr a m e w or k f or  p ar a m etri c al  pr o c essi n g  of  m oti o n st atisti cs 

a n d f or t h e  us e i n  diff er e nt  g e o m etri c al s c e n e  a n al ysis  c o m p ut ati o ns. 
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T h e  d et e ct e d  c h a n g es i n t h e  c a m er a  pl a n e r efl e ct t h e  c h a n g es  of t h e  d y n a mi c s c e n e 

a n d  pr o vi d e i nf or m ati o n  a b o ut t h e  p ositi o n  of   c a m er a  a n d t h e  g e o m etri c al  pr o p erti es 

of t h e s c e n e.  T h e  v erti c al  pl a n ar s urf a c e,  or s h a d o w  c asts  o n t h e  gr o u n d- pl a n e  o c c ur 

fr e q u e ntl y i n s ur v eill a n c e  vid e os ( b ot h i n d o or  a n d  o ut d o or),   a n d t h e y i n e vit a bl y  c a us e 

pr o bl e ms  i n  f urt h er  i m a g e- pr o c essi n g  st e ps   a n d  r e d u c e  t h e   pr o c essi n g  s yst e m's  

p erf or m a n c e.   A  s p e cifi c   pr o bl e m  is  t h e   d e t er mi n ati o n   of   h ori zo nt al   v a nis hi n g  li n e  

( h ori z o n)   w hi c h   d es cri b es  t he  r el ati v e   c a m er a   ori e nt ati o n  t o  t h e   w orl d   c o or di n at e  

s yst e m.   T h es e  sit u ati o ns  c a n   b e   vi e w e d   as   a   g e o m etri c al   o pti mi z ati o n   pr o bl e m.   T o  

s ol v e t his  o pti mi z ati o n t as k I r etri e v e d t h e  s et  of  m e as ur e m e nts fr o m t h e  p ar a m etri c al 

d es cri pt ors  of  m oti o n st atisti cs. 

I n s u m m ar y, t h e i n v esti g at e d l o c al  c o- m oti o n st atisti cs  ar e f e asi bl e f or t h e  a n al ysis  of 

c a m er a  vi e w i n  c as e  of  u n k n o w n  e n vir o n m e nt al  c o n diti o ns. 

 

P u blis h e d i n  [ 1][ 9][ 1 1][ 5][ 8] 

 

1.  T h e  m o d el  b as e d  p r o c essi n g  of  m oti o n st atisti cs  all o ws  d et e r mi n ati o n  of 

s p ati al f e at u r es t o s u b- pi x el  a c c u r a c y. 

 

I   h a v e  j ustifi e d   e x p eri m e nt all y  t h at,  t h e   p ar a m etri c al   d es cri pt ors   of   m oti o n  

st atisti cs  c a n  b e  us e d f or t h e r o b ust  a n d  a c c ur at e  d et er mi n ati o n  of  2 D  p ositi o n 

i nf or m ati o n f or  p ar a m et er  c o m p ut ati o n t as ks. 

Bri efl y, t h e  c o- m oti o n st atisti cs  ar e  a  n u m eri c al  esti m ati o n  of t h e  c o n c urr e nt 

m oti o n  pr o b a bilit y ( c o n diti o n al  pr o b a bilit y)  of  diff er e nt  pi x els i n t h e  c a m er a 

pl a n e.  I  i n v esti g at e d  t h e  t h e or eti c al   b a c k gr o u n d   of  t h e   e v al u ati o n   of  s u c h  

st atisti cs  a n d I  h a v e  gi v e n t h e  c o n diti o n  of t h e  p ar a m etri c al  d es cri pti o n.  T h e 

a n al ysis s u p p orts  o ur  e m piri c al  c o nfi d e n c e i n t his st atisti c al  m et h o d. 

B ot h t h e  e m piri c al  a n d t h e  t h e or eti c al r es ults  c o nfir m t h at t h e  m et h o d is r o b ust 

a n d  is  f airl y  i ns e nsiti v e  t o  i n a c c u r a c y   of  t h e   m oti o n- m a s k.   B as e d   o n   o ur  

i n v esti g ati o ns, t h e l e n gt h (fr a m e  c o u nt)  of  vi d e o s e q u e n c e  n e c ess ar y f or t h e 

r o b ust  e xtr a cti o n  of  c orr es p o n d e n c es  m a y  b e  esti m at e d.  T h e  p ar a m et ers i n t his 

f or m ul a  ar e t h e  esti m at e d  m oti o n-i nt e nsit y ( w hi c h is  a  d es cri pt or  of t h e s c e n e 

d y n a mi cs),  a n d t h e  d et e cti o n  err or-r at e   of t h e  m oti o n- d et e ct or  al g orit h m. 
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2.  Usi n g   gl o b al   o pti m u m  s e a r c h   m e t h o d  f o r  t h e   d et e r mi n ati o n   of  

g e o m et ri c al  m o d el  of  c a m e r a- mi r r o r s c e n es  a n d  c ast s h a d o w. 

 

I  pr o v e d t h at t h e  g e o m etric al  m o d el  of  pl a n ar  mirr o r  a n d  c ast s h a d o w  c a n  b e 

d es cri b e d   wit h   a  s k e w-s y m m etri c  ( a ut o   e pi p ol e)  f u n d a m e nt al   m atri x.   T his  

m atri x   d et er mi n es   a   p oi nt-t o-li n e  tr a n sf or m ati o n   a n d  it  is  f or m e d  fr o m  t h e  

p ositi o n  of  v a nis hi n g  p oi nt ( 2 D  mirr or  p ol e). 

I   h a v e   d efi n e d   a n   o bj e cti v e  f u n cti o n  fr o m  t h e   g e o m etri c al  f e at ur es   a n d  

st atisti c al   c h ar a ct eristi c s.   T h e   m o d el   p ar a m et ers   ar e  t h e   ar g u m e nts   of  t h e  

o bj e cti v e f u n cti o n i n its  m a xi m u m, t h us  it l e a ds t o  a  gl o b al  o pti m u m s e ar c h 

t as k.  I   h a v e  s h o w n   e x p eri m e nt all y  t h e  r o b ust n ess   a n d   a c c ur a c y   of  t h e  

pr o p os e d  a p pr o a c h i n  b ot h i n d o or  a n d  o ut d o or  e n vir o n m e nt al  c o n diti o ns. 

I   h a v e  j ustifi e d   e x p eri m e nt all y  t h at  t h e  s u b- pi x el   a c c ur a c y   c a n   b e   a c hi e v e d.  

T h e r e d u c e d s p ati al r es ol uti o n  of i n p ut  d at a  d o es  n ot  aff e ct t h e  pr e cisi o n  of 

e xtr a ct e d  f e at ur es   a n d  t h e   m o d el   p ar a m et ers   b ut   e n h a n c es  t h e  r u n ni n g  

c a p a biliti es  of t h e i m pl e m e nt ati o n. 

 

3.  D et e r mi n ati o n   of  t h e   h o ri z o nt al   v a n is hi n g  li n e   –   w hi c h   d et e r mi n es  t h e  

o ri e nt ati o n   of   c a m e r a   –   b y   usi n g  t h e   h ei g ht  i nf o r m ati o n   of   o bj e cts  

e xt r a ct e d f r o m t h e  m oti o n st atisti cs. 

 

I  h a v e i ntr o d u c e d  a  m et h o d  w hi c h  b as ed  o n t h e st atisti c al  err or  pr o p a g ati o n 

a n d t h e  m e as ur e m e nt tr a nsf or m ati o n i nt o t h e  m o d el  p ar a m et er s p a c e. I s h o w e d 

t h at  t h e   c o m p ut ati o n   of   h ori z o n   c a n   b e   ori gi n at e d  i n  t h e  s a m e   o pti mi z ati o n  

pr o bl e m s u c h t h e  pr e vi o us s e cti o n  b ut it  o p er at es i n t h e  p ar a m et er s p a c e  of 

li n es   n a m el y  i n  t h e   H o u g h-s p a c e.  It   ass um es  t h at  t h e   d at a  r e pr es e nt ati o n  is  

c o nti n u o us i nst e a d  of t h e  dis cr et e  a c c u m ul at or  arr a y i n t h e  H o u g h-s p a c e, t h us 

t h e  f or m ul a   of   pr o p a g at e d   err or  is   ex pr ess e d   b y   G a ussi a n  f u n cti o n.  I   h a v e  

s h o w n   e x p eri m e nt all y  t h at  t h e   esti m at e d   h ei g ht   of   o bj e cts   c a n   b e   us e d  f or  

h ori z o n  d et er mi n ati o n. 
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6. 2. 3.  T hir d t h esis 

Us e   of   g e o m et ri c al   m o d el  f o r  i m p r o v e d   e xt r a cti o n   of  f o r e g r o u n d  i m a g e  

m as k i n  c as e  of  r efl e c ti o n  a n d  c ast s h a d o w. 

 

I   w or k e d   o ut   vi d e o  s e g m e nt ati o n   m et h o ds   wit h  t h e  i nt e gr ati o n   of   g e o m etri c al  

i nf or m ati o n i nt o t h e  d e cisio n  pr o c ess. I  h a v e s h o w n  e x p er i m e nt all y t h at t h e r es ult e d 

f or e gr o u n d i m a g e  m as k i s  m or e  a c c ur at e t h a n t h e  m as k  wit h o ut  usi n g t h e  g e o m etri c al 

k n o wl e d g e  a b o ut t h e s c e n e  c o nt e nt. 

 

D uri n g  t h e   pr o c essi n g   of   vi d e o  s e q u e n c es  t h e   b asi c  f e at ur e   e xtr a cti o n  st e p  is  t h e  

p er c e pti o n   of   c h a n g es   a n d  f or e gr o u n d   o bj e ct s.   R efl e cti o ns   a n d   c ast  s h a d o ws  i n  

s ur v eill a n c e  vi d e os  us u all y  c a us e  pr o bl e ms i n i m a g e  a n al ysis.  T his is  b e c a us e t h e y 

a p p e ar i n t h e f or e gr o u n d  m as k  e xtr a ct e d  b y  usi n g  a n  a d a pti v e  b a c k gr o u n d  m o d el. I n 

t ur n,  t h e  i n a c c ur at e   m as k  r e d u c es  t h e   p erfor m a n c e   of  t h e  f urt h er  i m a g e- pr o c essi n g  

st e ps.  C o ns e q u e ntl y, t e c h ni q u es f or t h e  a v oi d a n c e  of s u c h  dist ur b a n c es  c o nstit ut e  a n 

a cti v e  c urr e nt r es e ar c h  ar e a.  

I i ntr o d u c e d t w o  differ e nt  m et h o ds  b as e d  o n t h e  esti m at e d  g e o m etri c al  m o d els;  o n e 

f or  t h e  r e m o v al   of  str o n g  s h ad o w   pi x els   a n d   a n   ot h er  f o r  t h e  r e m o v al   of  r efl e ct e d  

pi x els r el at e d t o  a  v ali d f or e gr o u n d  o bj e ct ,  w hi c h  c a n l e a d t o  b ett er  p erf or m a n c e. 

 

P u blis h e d i n  [ 1 0][ 9][ 1] 

 

1.  T h e  r e m o v al  of  o bj e ct’s  r efl e cti o n  f r o m t h e f o r e g r o u n d i m a g e  m as k  b as e d 

o n  B a y es  d e cisi o n  r ul e. 

 

I  h a v e i ntr o d u c e d t h e i nt e grati o n  of t h e  g e o m etri c al  m o d el  a n d st atisti cs i nt o  a 

f or e gr o u n d- e xtr a cti o n   m et h o d   w hi c h  is  m or e  r eli a bl e  t h a n   pr e vi o us  

a p pr o a c h es.  B as e d  o n t h e  m o d el,  o nl y t h e  f u n d a m e nt al  c o nstr ai nt  c a n  b e  us e d, 

w hi c h  is   a   p oi nt-li n e  tr a nsf or m ati o n.   B e c a us e  t h e   c o- m oti o n  st atisti cs  st or e  

i nf or m ati o n   a b o ut  t h e   p ositi o n   of   c o n c urr e nt   p oi nts,  t h e  i n cl usi o n   of  t h e  

a p pr o pri at e   c o m p o n e nt   of  t h e  st atis ti cs  i nt o   a   cl ass- c o n diti o n al   d e nsit y  
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f u n cti o n  c o n v e ni e ntl y s ol v es t h e i d e ntifi c ati o n  of t h e r efl e cti o n r el at e d t o  a n 

ar bitr ar y  p oi nt. 

I  h a v e s h o w n  e x p eri m e nt all y  –  usi n g  b ot h i n d o or  a n d  o ut d o or  vi d e os  – t h at t h e 

d et e cti o n   err or  r at e   of  f or e gr o u n d  s e g m e nt ati o n   pr o c ess   c a n   b e  r e d u c e d   b y  

t a ki n g  i nt o   a c c o u nt  t h e   pr es e n c e   of  r efl e cti v e  s urf a c e   a n d   b y   usi n g  t h e  

pr o p os e d  p ost- pr o c essi n g  m et h o d. 

 

2.  T h e   r e m o v al   of   m o vi n g   c ast  (st r o n g)  s h a d o w  f r o m  f o r e g r o u n d  i m a g e  

m as k. 

 

I   gi v e   a   n o v el   a p pr o a c h  f or  t h e  i d e ntifi c ati o n   of   c ast  s h a d o w  r el at e d  t o  

f or e gr o u n d  o bj e cts.  T h e  a p pli e d  B a y esi a n it er ati o n s c h e m e is  a bl e t o  h a n dl e 

t h e a  pri or  i nf or m ati o n  a b o ut t h e  o bj e ct-s h ad o w  c o nfi g ur ati o n.  T h e  pr o p os e d 

m et h o d is  c a p a bl e t o r e m o v e t h e  c ast s h a d o w r e gi o ns fr o m f or e gr o u n d i m a g e 

m as k i n  c as e  of str o n g s h a d o w t o o. 

I n   c as e   of  s h a d o w  t h e   m oti o n  st atisti cs  c a n   b e   us e d  f or  t h e   esti m ati o n   of  

g e o m etri c al  m o d el  o nl y.  T his l a c k  of s p ati al i nf or m ati o n is  c o m p e ns at e d  b y 

usi n g t h e  B a y esi a n it er ati o n  c o m pl et e d  wit h t h e  k n o wl e d g e  of t h e  g e o m etri c al 

m o d el.  T h e  pr o p os e d  m et h o d  us es t h e  c o l or  b as e d s h a d o w s e g m e nt ati o n i n t h e 

i niti ali z ati o n st a g e.  

 

6. 3.   E x a m pl es f or  a p pli c ati o ns 

    All  t h e   d e v el o p e d   al g orit h ms   a n d  i m pl e m e nt ati o ns   off er  s ol uti o ns  f or  r e al  

a p pli c ati o n  pr o bl e ms. 

T h e   m ost  i m p ort a nt   utili z ati o n   of  t h e   m et h o ds  is  t h eir  i n t e gr ati o n  i nt o  s ur v eill a n c e  

s yst e ms.  T h es e s yst e ms  n e e d  al g orit h m  wit h t h e  c a p a bilit y  of r e al-ti m e f u n cti o ni n g 

a n d r o b ust  o p er ati o n.  

T h e  w al k  d et e cti o n i ntr o d u c e d i n t h e firs t t h esis is  a  us ef ul  pr o c e d ur e t o s c e n e 

a n al ysis  a n d  e v e nt  d et e cti o n i n  b ot h i n d o or   a n d  o ut d o or  c o nfi g ur ati o ns.  T h es e t as ks 

w er e  i m pl e m e nt e d  i n  t h e   P P K E y es   di git al   vi d e o  s ur v eill a n c e  s yst e m   w hi c h  is  

o p er ati n g i n t h e  u ni v ersit y  c a m p us. 
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   I n t h e s e c o n d t h esis t h e  pr es e nt e d g e o m etri c al  m o d el  esti m ati o n  pr o vi d es t h e 

n e c ess ar y i nf or m ati o n f or i m pr o vi n g t h e f o r e gr o u n d i m a g e  m as k. It  c a n  b e  us e d t o 

r e m o v e t h e  pi x els r el at e d t o  a r efl e cti v e s urf a c e.  T his sit u ati o n is  oft e n  o c c urr e d i n 

p u bli c  pl a c es.  T his  pr e pr o c essi n g st e p is  i m p ort a nt  b ef or e  usi n g t h e f or e gr o u n d  m as k 

i n s o m e  hi g h er l e v el  pr o c essi n g ( o bj e ct d et e cti o n, f e at ur e  e xtr a cti o n  et c.). 

    T h e   a p pr o a c h es   pr es e nt e d  i n  t h e  l ast  t h esis   ar e  t h e   a p pli c ati o ns   of  t h e  

g e o m etri c al  i nf or m ati o n   d et er mi n e d  i n  t h e   pr e vi o us  t h esis.   B ot h   cl assifi c ati o n  

m et h o ds  ar e  n o v el  a n d  d o  n ot  us e  a  pri or  ass u m pti o ns. 
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