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(57)  The  present  invention  provides  a  system  and 
method  for  determining  the  3D  location  of  an 
object  from  2D  images,  wherein  the  images  are 
obtained  from  cameras  mounted  at  a  fixed  dist- 
ance  from  each  other  and  having  a  number  of 
markers  located  within  the  field  of  view  of  each 
camera,  said  markers  being  positioned  in  a 
single  plane.  The  system  comprises  :  entry 
means  for  entering  information  relating  to  the 
location  of  the  cameras  and  markers  in  real  3D 
space  ;  a  calculation  means  for  calculating  the 
equation  of  the  single  plane  containing  the 
markers  from  the  information  provided  by  the 
entry  means  ;  projection  means  programmed  to 
receive  a  succession  of  images,  and  for  each 
image  to  project  a  point  of  interest  in  the  image 
onto  the  single  plane,  and  to  evaluate  an 
equation  of  the  line  passing  through  the  loca- 
tion  of  the  camera  and  the  location  of  the  point 
of  interest  in  the  single  plane  ;  and  means  for 
determining  the  position  in  3D  space  of  the 
point  of  interest  responsive  to  lines  generated 
by  the  projection  means  relating  to  correspond- 
ing  images  from  the  cameras. 
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The  invention  relates  to  the  field  of  motion  analy- 
sis,  which  can  be  loosely  defined  as  the  study  of  mov- 
ing  objects,  and  in  particular  to  the  field  of  biome- 
chanics,  which  is  the  study  of  human  motion. 

Motion  analysis  as  a  science  relies  on  the  ability 
to  capture  sequences  of  images  of  a  moving  object. 
This  is  done  using  eitherfilmor  sol  id-state  video  cam- 
eras,  which  capture  sequences  of  images. 

In  most  -  if  not  all  -  such  applications,  it  is  neces- 
sary  to  ascertain  from  the  images  the  position  in 
three  dimensions  of  objects  seen.  This  requires  a 
number  of  objects  or  points  whose  position  is  known, 
which  are  used  to  calibrate  the  camera.  This  calibra- 
tion  relates  a  position  in  the  image  to  known  coordin- 
ates  in  three  dimensional  world  space. 

The  mathematical  relationship  between  world 
space  and  the  image  is  known  as  a  perspective  pro- 
jection,  and  is  described  mathematically  by  a  projec- 
tion  matrix.  In  the  case  of  a  three  dimensional  per- 
spective  projection,  this  is  a  3  by  4  matrix  with  twelve 
elements.  One  of  these  controls  the  overall  scale  of 
the  transformation  and  can  be  arbitrarily  set  to  one. 
This  leaves  eleven  unknown  coefficients  which  must 
be  found  in  order  to  compute  the  perspective  projec- 
tion  that  we  need.  If  we  know  the  position  of  a  point 
in  world  space,  this  can  be  used  to  provide  two  con- 
straints  to  the  solution  since  we  can  derive  one  equa- 
tion  each  in  x  and  y  for  the  point.  Thus,  we  require  six 
known  points,  as  we  have  eleven  unknowns. 

Unfortunately  having  six  points  yields  twelve 
equations,  and  we  only  have  eleven  unknowns.  The 
system  is  said  to  be  mathematically  overdetermined, 
and  iterative  techniques  need  to  be  employed  to  solve 
it.  Typically  this  is  done  using  least  squares  methods. 
Apart  from  being  time  consuming,  the  solution  to  an 
overdetermined  system  is  an  approximation,  and 
therefore  contains  errors. 

An  additional  constraint  is  that  at  least  two  of  the 
six  points  must  not  be  coplanarwith  the  other  four.  If 
this  is  not  obeyed,  the  resulting  projective  mapping 
becomes  singular  and  cannot  be  solved  mathemati- 
cally. 

Once  successfully  calibrated,  a  point  on  an  image 
can  directly  be  related  to  a  known  point  in  world  space 
by  3D  perspective  projection. 

Current  state  of  the  art  employs  three  dimension- 
al  reference  frames  that  are  placed  into  the  cameras 
field  of  view.  These  frames  are  of  known  size  and  are 
placed  in  a  known  position.  The  corners  of  the  frame 
or  markers  attached  to  it  are  then  used  to  provide  the 
required  six  points.  Since  they  are  three  dimensional 
objects  it  is  always  possible  to  find  six  points  obeying 
the  coplanarity  restriction. 

Unfortunately  solid  reference  frames  often  get  in 
the  way  of  what  you  are  trying  to  film,  and  have  to  be 
moved.  For  example,  if  the  performance  of  athletes 
is  being  studied,  it  is  not  possible  to  leave  a  reference 
frame  in  the  middle  of  a  running  track  or  on  top  of  a 

diving  board. 
Accordingly  it  is  an  object  of  the  present  invention 

to  provide  a  system  which  can  calculate  the  position 
of  an  object  in  3D  space  from  the  images  without  re- 

5  quiring  a  three  dimensional  reference  frame  to  be 
placed  in  the  camera's  field  of  view. 

Accordingly  the  present  invention  provides  an  im- 
age  processing  system  for  determining  the  3D  loca- 
tion  of  an  object  from  2D  images,  wherein  the  images 

10  are  obtained  from  cameras  mounted  at  a  fixed  dis- 
tance  from  each  other  and  having  a  number  of  mark- 
ers  located  within  the  field  of  views  of  each  camera, 
said  markers  being  positioned  in  a  single  plane  and 
the  system  comprising:  entry  means  for  entering  in- 

15  formation  relating  to  the  location  of  the  cameras  and 
markers  in  real  3D  space;  a  calculation  means  for  cal- 
culating  the  equation  of  the  single  plane  containing 
the  markers  from  the  information  provided  by  the  en- 
try  means;  projection  means  programmed  to  receive 

20  a  succession  of  images,  and  for  each  image  to  project 
a  point  of  interest  in  the  image  onto  the  single  plane, 
and  to  evaluate  an  equation  of  the  line  passing 
through  the  location  of  the  camera  and  the  location 
of  the  point  of  interest  in  the  single  plane;  and  means 

25  for  determining  the  position  in  3D  space  of  the  point 
of  interest  responsive  to  lines  generated  by  the  pro- 
jection  means  relating  to  corresponding  images  from 
the  cameras. 

Viewed  from  a  second  aspect  the  present  inven- 
30  tion  provides  a  method  for  determining  the  3D  loca- 

tion  of  an  object  from  2D  images,  wherein  the  images 
are  obtained  from  cameras  mounted  at  a  fixed  dis- 
tance  from  each  other  and  having  a  number  of  mark- 
ers  located  within  the  field  of  view  of  each  camera, 

35  said  markers  being  positioned  in  a  single  plane,  the 
method  comprising  the  steps  of:  entering  information 
relating  to  the  location  of  the  cameras  and  markers  in 
real  3D  space;  calculating  the  equation  of  the  single 
plane  containing  the  markers  from  the  information 

40  provided  by  the  entry  means;  receiving  a  succession 
of  images,  and  for  each  image  projecting  a  point  of  in- 
terest  in  the  image  onto  the  single  plane,  and  evalu- 
ating  an  equation  of  the  line  passing  through  the  lo- 
cation  of  the  camera  and  the  location  of  the  point  of 

45  interest  in  the  single  plane;  and  determining  the  pos- 
ition  in  3D  space  of  the  point  of  interest  responsive  to 
lines  generated  by  the  projection  means  relating  to 
corresponding  images  from  the  cameras. 

The  present  invention  overcomes  the  above- 
so  mentioned  problems  by  reducing  a  problem  that  cur- 

rently  requires  a  3D  projective  mapping  to  one  requir- 
ing  two  2D  projective  mappings.  This  is  done  using  a 
mathematical  simplification. 

The  present  invention  will  be  described  further, 
55  by  way  of  example  only,  with  reference  to  an  embodi- 

ment  thereof,  as  illustrated  in  the  accompanying 
drawings,  in  which: 

Figure  1  is  a  diagram  illustrating  the  measure- 
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merits  that  need  to  be  entered  by  the  entry 
means  in  order  to  calibrate  the  system  of  the  pre- 
ferred  embodiment; 
Figure  2  illustrates  an  embodiment  in  which  the 
four  known  points  are  formed  by  mounting  mark- 
ers  on  vertical  poles  beside  a  running  track;  and 
Figure  3  shows  a  typical  image  produced  by  the 
system  of  the  preferred  embodiment. 
In  the  preferred  embodiment  it  is  ensured  that 

the  four  points  that  are  known  all  lie  in  the  same 
plane.  This  can  be  simply  done  by  marking  them  on 
a  wall  or  other  convenient  surface,  or  by  mounting 
markers  on  vertical  poles.  The  distance  from  the  cam- 
eras  to  each  of  the  four  points  is  measured,  which  de- 
fines  the  plane  containing  them  in  world  space.  The 
four  points  now  define  the  corners  of  a  two  dimen- 
sional  polygon  on  a  known  plane  in  world  space.  This 
appears  in  the  camera  image  as  another  polygon. 
The  projective  mapping  of  one  polygon  onto  another 
is  a  2D  problem  and  the  projection  matrix  required  is 
now  3  by  3,  with  only  eight  unknown  coefficients. 
These  coefficients  can  be  uniquely  found  given  four 
known  points;  we  use  those  defining  the  polygon  it- 
self. 

For  each  point  in  our  image,  a  corresponding 
point  can  now  be  found  in  the  polygon  defined  in 
world  space,  since  any  point  lying  inside  the  known 
polygon  in  the  image  must  also  lie  on  a  line  starting 
at  the  camera  and  ending  at  the  world  space  polygon. 
Since  we  have  already  defined  the  plane  containing 
this  polygon,  we  can  convert  the  2D  polygon  coordin- 
ates  to  3D  world  space  coordinates.  We  now  have  a 
known  line  in  world  space.  Given  two  cameras,  and 
two  views  of  the  same  object,  two  lines  in  world  space 
can  be  determined.  The  intersection  point  of  these 
lines  is  the  location  in  world  space  of  the  object. 

The  system  of  the  preferred  embodiment  will  now 
be  described  in  more  detail  with  reference  to  Figure 
1  .  Firstly  two  cameras  10,  20  are  set  up  a  certain  dis- 
tance  A  apart,  and  four  points  30  are  marked  in  each 
field  of  view  on  a  wall  or  other  suitable  surface.  The 
camera  to  camera  baseline  distance  A  is  then  meas- 
ured,  as  are  the  distances  B,C,D,E,F,G,H,I  from  both 
cameras  to  each  marked  point.  The  height  of  each 
known  point  and  each  camera  is  also  measured. 

These  measurements  are  used  by  the  system  to 
calculate  the  world  space  position  of  each  of  the 
known  points  30.  A  local  coordinate  system  is  used, 
with  the  origin  at  one  of  the  cameras  1  0,  20.  Then  the 
equation  of  the  plane  containing  the  known  points  30 
is  computed  from  the  world  space  coordinates  ob- 
tained  in  the  previous  step. 

The  system  is  now  calibrated  for  use  and  the  next 
step  involves  capturing  the  experimental  images  to  be 
analysed.  The  two  cameras  10,  20  run  simultaneous- 
ly  giving  two  images  of  the  subject  taken  from  two  dif- 
ferent  directions. 

After  the  experimental  images  have  been  ob- 

tained  then  the  known  points  are  located  by  the  sys- 
tem  for  each  image.  These  image  positions  together 
with  the  world  space  coordinates  computed  above 
are  used  to  compute  a  2D  projective  mapping  for  each 

5  image.  Each  point  of  interest  in  the  image  is  projected 
onto  the  plane  containing  the  known  points  using  the 
calculated  projective  mapping  programmed  into  the 
projection  means  of  the  system.  This  gives  the  posi- 
tion  of  each  point  of  interest  in  the  known  plane.  Given 

10  this  position  and  the  position  of  the  camera  (which  is 
known),  the  equation  of  the  line  passing  through  the 
camera  location  and  the  position  in  the  known  plane 
is  calculated  by  the  projection  means. 

By  considering  one  image  from  each  camera 
15  which  show  the  same  point  of  interest  as  viewed  at  a 

particular  instant  in  time,  two  line  equations  can  be 
generated  as  described  above.  These  two  lines  can 
be  solved  by  the  system  of  the  preferred  embodiment 
using  standard  techniques  to  find  the  point  at  which 

20  they  intersect  in  3D  space.  This  intersection  point  rep- 
resents  the  location  in  world  space  of  the  object. 

By  employing  such  a  technique  the  system  of  the 
preferred  embodiment  has  a  number  of  advantages 
over  the  prior  art  techniques.  Firstly  it  provides  an  ex- 

25  act  solution  to  the  projective  mapping  problem,  rather 
than  an  approximation  as  is  provided  by  the  prior  art 
technique.  Further  it  reduces  the  number  of  known 
points  required  to  four.  These  four  points  are  allowed 
to  be  coplanar,  and  so  may  be  painted  on  a  wall  or 

30  other  suitable  surface.  As  a  result  a  solid  reference 
frame  is  no  longer  required,  and  the  running  track, 
diving  board  or  other  experimental  area  is  not  ob- 
structed.  Finally,  unlike  prior  art  solutions,  which  re- 
quire  both  cameras  to  'see'  the  same  3D  reference 

35  frame,  with  the  system  of  the  preferred  embodiment 
different  points  can  be  used  in  each  camera's  field  of 
view  provided  that  their  relative  location  to  one  an- 
other  is  known  in  absolute  terms.  This  allows  much 
greater  flexibility  in  camera  placement  and  therefore 

40  improved  experiment  design. 
Figure  2  shows  a  preferred  embodiment  in  which 

the  four  known  points  are  formed  by  mounting  mark- 
ers  on  vertical  poles  beside  a  running  track.  As  will  be 
appreciated  this  is  much  more  preferable  for  the  ath- 

45  lete  who  is  being  filmed  since  there  is  no  3  dimension- 
al  reference  frame  to  impede  movement,  and  so  the 
athlete  can  perform  in  a  standard  environment  thus 
greatly  improving  the  significance  of  the  image  data 
obtained. 

so  Figure  3  shows  a  typical  image  produced  by  the 
system  of  the  preferred  embodiment.  The  four  mark- 
ers  30  are  clearly  visible  as  is  the  representation  of 
the  athlete  passing  in  front  of  them. 

55 
Claims 

1.  An  image  processing  system  for  determining  the 
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3D  location  of  an  object  from  2D  images,  wherein 
the  images  are  obtained  from  cameras  (10,  20) 
mounted  at  a  fixed  distance  from  each  other  and 
having  a  number  of  markers  (30)  located  within 
the  field  of  view  of  each  camera,  said  markers  be-  5 
ing  positioned  in  a  single  plane  and  the  system 
comprising: 

entry  means  for  entering  information  relat- 
ing  to  the  location  of  the  cameras  and  markers  in 
real  3D  space;  10 

a  calculation  means  for  calculating  the 
equation  of  the  single  plane  containing  the  mark- 
ers  from  the  information  provided  by  the  entry 
means; 

projection  means  programmed  to  receive  15 
a  succession  of  images,  and  for  each  image  to 
project  a  point  of  interest  in  the  image  onto  the 
single  plane,  and  to  evaluate  an  equation  of  the 
line  passing  through  the  location  of  the  camera 
and  the  location  of  the  point  of  interest  in  the  sin-  20 
gle  plane;  and 

means  for  determining  the  position  in  3D 
space  of  the  point  of  interest  responsive  to  lines 
generated  by  the  projection  means  relating  to 
corresponding  images  from  the  cameras  (10,  25 
20). 

view  of  each  camera,  said  markers  being  posi- 
tioned  in  a  single  plane,  the  method  comprising 
the  steps  of: 

entering  information  relating  to  the  loca- 
tion  of  the  cameras  and  markers  in  real  3D  space; 

calculating  the  equation  of  the  single 
plane  containing  the  markers  from  the  informa- 
tion  provided  by  the  entry  means; 

receiving  a  succession  of  images,  and  for 
each  image  projecting  a  point  of  interest  in  the  im- 
age  onto  the  single  plane,  and  evaluating  an 
equation  of  the  line  passing  through  the  location 
of  the  camera  and  the  location  of  the  point  of  in- 
terest  in  the  single  plane;  and 

determining  the  position  in  3D  space  of 
the  point  of  interest  responsive  to  lines  generated 
by  the  projection  means  relating  to  correspond- 
ing  images  from  the  cameras  (10,  20). 

A  system  as  claimed  in  Claim  1,  wherein  the  pro- 
jection  means  is  programmed  to  perform  a  2D 
projective  mapping  technique  in  order  to  project 
the  point  of  interest  in  the  2D  image  onto  an  as- 
sociated  point  in  the  2D  single  plane. 

30 

Asystem  as  claimed  in  Claim  1  or  Claim  2,  where- 
in  the  calculation  means  uses  a  local  coordinate 
system  with  the  origin  being  positioned  at  one  of 
the  cameras  (10,  20). 

35 

A  system  as  claimed  in  any  preceding  claim, 
wherein  the  number  of  markers  used  equals  four. 40 

A  system  as  claimed  in  any  preceding  claim, 
wherein  two  cameras  are  used  to  provide  the  2D 
images. 

A  system  as  claimed  in  Claim  5  wherein  the 
means  for  determining  calculates  the  intersec- 
tion  of  two  lines  representing  the  same  point  of  in- 
terest  projected  onto  the  single  plane  from  the 
position  of  each  camera  at  a  specific  time,  the  in- 
tersection  giving  the  position  of  the  point  of  inter- 
est  in  real  3D  space. 

45 
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A  method  for  determining  the  3D  location  of  an 
object  from  2D  images,  wherein  the  images  are 
obtained  from  cameras  (10,  20)  mounted  at  a 
fixed  distance  from  each  otherand  having  a  num- 
ber  of  markers  (30)  located  within  the  field  of 
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