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generated	
  by	
  a	
  mobile	
  robot	
  with	
  a	
  Laser	
  Range	
  Finder	
  (LRF)	
  in	
  a	
  disaster	
  scenario.	
  Please	
  note	
  that	
  
this	
  example	
  pair	
   is	
  quite	
  simple	
  compared	
  to	
  the	
  others	
   in	
   this	
  data-­‐set;	
   there	
  are	
  relatively	
  small	
  
interferences	
  and	
  occlusions	
  between	
  the	
  two	
  scans	
  and	
  there	
  is	
  a	
  relatively	
  small	
  yaw	
  rotation.	
  	
  
In	
   the	
   ideal	
   case	
   the	
   corresponding	
   yaw	
   rotation	
   should	
   be	
   visible	
   within	
   the	
   structures	
   of	
   the	
  
spectrums	
  magnitude;	
   but	
   as	
   can	
   be	
   seen	
   a	
  match	
   is	
   here	
   not	
   feasible	
   since	
   it	
   is	
   not	
   possible	
   to	
  
identify	
  common	
  structures.	
  This	
  example	
  visually	
  motivates	
  the	
  need	
  for	
  the	
  multilayer	
  registration	
  
used	
  in	
  our	
  method.	
  	
  
	
  

Figure	
  3:	
  An	
  example	
  scan	
  pair	
  generated	
  by	
  a	
  mobile	
  robot	
  with	
  a	
  Laser	
  Range	
  Finder	
  (LRF)	
  and	
  the	
  
corresponding	
  3D	
  spectrums.	
  

	
  
	
  

	
   	
   	
  
(a)	
  xy	
  resampling (b)	
  yx	
  resampling	
   (c)	
  rotational	
  resampling	
  

Figure	
  4:	
  Resampling	
  of	
  different	
  descriptors	
  from	
  the	
  3D	
  spectrum	
  (1	
  layer)	
  from	
  the	
  example	
  in	
  
Figure	
  3.	
  

  
(a) LRF scan 1 (b) LRF scan 2 

  
(c) Spectral spherical layer (scan 1). (d) Spectral spherical layer (scan 2). 
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Figure	
   4	
   shows	
   the	
   corresponding	
   resampled	
   structures	
   from	
   the	
   spectrum	
   for	
   the	
   registration	
   of	
  
roll/pitch	
   and	
   yaw.	
   Figure	
  4(c)	
   shows	
   the	
   rotational	
   appearance	
   for	
   the	
   yaw	
   registration.	
   In	
   Figure	
  
4(a)	
   and	
   Figure	
   4(b)	
   two	
   options	
   of	
   rectangular	
   resampling	
   are	
   depicted.	
   One	
   is	
   the	
   90∘	
   rotated	
  
counterpart	
  of	
  the	
  other	
  where	
  the	
  resampling	
  in	
  (18)	
  is	
  applied	
  along	
  the	
  y	
  axis	
  instead	
  of	
  along	
  the	
  
x	
  axis.	
  Ideally	
  both	
  results	
  should	
  be	
  identical	
  but	
  the	
  distortion	
  effects	
  as	
  described	
  in	
  Section	
  5.5	
  are	
  
visible	
   at	
   both	
   edges	
   of	
   the	
   traversed	
   resampling	
   axis.	
   Incorporating	
   both	
   forms	
   of	
   rectangular	
  
resampling	
   into	
   the	
  descriptor	
  hence	
   improves	
   the	
   registration.	
  The	
   improvements	
  with	
   respect	
   to	
  
robustness	
   are	
   especially	
   observable	
   when	
   the	
   roll	
   and	
   pitch	
   angles	
   are	
   higher	
   than	
   20∘	
   in	
   both	
  
directions.	
  	
  
Concretely,	
  the	
  3D	
  descriptor	
  for	
  yaw	
  is	
  generated	
  according	
  to	
  (24)	
  and	
  for	
  roll/pitch	
  according	
  to	
  
(25):	
  	
  
	
  

 

(24) 

 

(25)	
  

with	
  	
  

	
  
The	
   radius	
   r	
   is	
   increasing	
   giving	
   new	
   information	
   of	
   the	
   spectral	
   data	
   F(u,v,w)	
   as	
   described	
   in	
  
subsection	
   5.4	
   for	
   yaw	
   and	
   in	
   subsection	
   5.5	
   for	
   roll/pitch.	
   In	
   case	
   both	
   of	
   the	
   alternatives	
   of	
  
rectangular	
  resampling	
  -­‐	
  as	
  shown	
  in	
  Figure	
  4(a)	
  and	
  Figure	
  4(b)	
  -­‐	
  are	
  incorporated,	
  the	
  length	
  is	
  ZNrect	
  
=	
  2	
  ŊZNrot.	
  This	
  is	
  the	
  recipe	
  to	
  process	
  the	
  frequency	
  transformed	
  scan	
  data.	
  Assume	
  the	
  spectrums	
  of	
  
a	
  scan	
  pair	
  are	
  correlated	
  according	
  to	
  (5)	
  and	
  the	
  inverse	
  FT	
  is	
  applied	
  (6),	
  the	
  resulting	
  function	
  for	
  
yaw	
   is	
   denoted	
   by	
   qidrot(x,y,z)	
   and	
   for	
   roll/pitch	
   by	
   qidrect(x,y,z).	
  Within	
   these	
   functions	
   3D	
   peaks	
   are	
  
expected	
  indicating	
  the	
  corresponding	
  angle	
  parameters.	
  For	
  yaw	
  only	
  a	
  1D	
  shift	
  along	
  the	
  y	
  axis	
   is	
  
expected	
  which	
  leads	
  to:	
  	
  

 

(26) 
For	
  roll/pitch	
  a	
  2D	
  shift	
  is	
  expected,	
  hence	
  the	
  2D	
  section	
  is	
  found	
  lateral	
  to	
  the	
  z-­‐axis	
  by:	
  	
  

 

(27) 
The	
  peak	
  search	
  is	
  not	
  in	
  3D	
  because	
  the	
  structural	
  shift	
  maps	
  the	
  peaks	
  to	
  the	
  center	
  as	
  given	
  in	
  (26)	
  
and	
  (27).	
  The	
  positions	
  Nrot⁄2,	
  ZNrot⁄2	
  and	
  ZNrect⁄2	
  correspond	
  to	
  the	
  zero	
  position	
  for	
  the	
  Dirac	
  peak	
  when	
  
using	
  for	
  example	
  the	
  fftshift	
  function	
  in	
  Matlab.	
  For	
  yaw	
  the	
  corresponding	
  angle	
  is	
  found	
  in	
  1D:	
  	
  

 

(28) 
Roll	
  and	
  pitch	
  can	
  be	
  determined	
  from	
  the	
  resulting	
  peak	
  with:	
  	
  

 

(29) 
where	
  x*	
  and	
  y*	
  are	
  the	
  supposed	
  peak	
  maximums	
  according	
  to	
  (6).	
  	
  

5.7 The	
  approximation	
  effects	
  of	
  the	
  resampling	
  process	
  
The	
  resampling	
  process	
  is	
  a	
  projection	
  of	
  the	
  spherical	
  layer	
  which	
  leads	
  inevitably	
  to	
  deviations	
  from	
  
the	
   true	
   rotation.	
   There	
   are	
   two	
   effects	
   which	
   lead	
   to	
   deviations	
   with	
   increasing	
   roll	
   and	
   pitch,	
  
namely	
  effects	
  on	
  the	
  yaw	
  as	
  well	
  as	
  on	
  the	
  roll/pitch	
  determination.	
  Both	
  effects	
  are	
  now	
  described	
  
in	
  qualitative	
  terms.	
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The	
  points	
  on	
  the	
  hemisphere	
  rotated	
  by	
  roll	
  and	
  subsequently	
  rotated	
  by	
  the	
  pitch	
  angle	
  are	
  subject	
  
to	
  a	
  mutual	
  influence	
  by	
  the	
  two	
  angles.	
  First,	
  we	
  consider	
  the	
  effect	
  on	
  yaw.	
  A	
  vivid	
  illustration	
  for	
  
the	
   resampled	
  and	
  projected	
   spherical	
   structure	
   is	
   a	
  plane	
   that	
   is	
   rotated	
  by	
   roll/pitch	
   and	
   that	
   is	
  
later	
   on	
   projected	
   to	
   the	
   z-­‐plane.	
   Consider	
   vectors	
   pointing	
   along	
   the	
   x-­‐axis	
   and	
   y-­‐axis	
   that	
   have	
  
rotations	
   by	
   pitch	
   and	
   roll.	
   The	
   resulting	
   shifts	
   are	
   then	
   cosine	
   components.	
   As	
   soon	
   as	
   there	
   is	
   a	
  
rotation	
  around	
  both,	
  i.e.,	
  Rx(α)Ry(β)	
  Ŋ	
  [0	
  1	
  0]T,	
  which	
  yields	
  [sin(α)sin(β)	
  cos(α)]T,	
  there	
  is	
  an	
  undesired	
  
x-­‐component.	
   The	
   z-­‐component	
   is	
   here	
   omitted	
   due	
   to	
   the	
   assumed	
  projection.	
  Only	
   the	
   rotation	
  
and	
  the	
  projection	
  Rx(α)Ry(β)	
  Ŋ	
  [1	
  0	
  0]T	
  directly	
  along	
  the	
  x-­‐axis	
  is	
  still	
  an	
  ideal	
  case.	
  But	
  a	
  first	
  rotation	
  
around	
  roll	
  squeezes	
  any	
  pattern	
  on	
  that	
  plane	
  along	
  the	
  x-­‐axis	
  and	
  a	
  second	
  rotation	
  around	
  pitch	
  
does	
  not	
  only	
  squeeze	
  it	
  along	
  the	
  y-­‐axis	
  but	
  it	
  furthermore	
  rotates	
  the	
  pattern	
  away	
  from	
  the	
  y-­‐axis	
  
while	
  the	
  orientation	
  on	
  the	
  x-­‐axis	
  remains	
  constant.	
  In	
  case	
  only	
  one	
  angle	
  of	
  roll/pitch	
  is	
  rotated	
  or	
  
none	
  of	
   them,	
   the	
  yaw	
   registration	
   is	
  hence	
  correct.	
   In	
   case	
  both	
   roll	
   and	
  pitch	
  are	
   rotated	
  at	
   the	
  
same	
  time	
  in	
  larger	
  amounts,	
  a	
  constant	
  offset	
  depending	
  on	
  the	
  sign	
  is	
  present.	
  	
  
A	
   second,	
   similar	
  effect	
  of	
  mutual	
   influence	
   is	
  present	
   for	
   roll	
   and	
  pitch.	
  Assume	
  a	
  vector	
  pointing	
  
along	
  the	
  z-­‐axis	
  where	
  the	
  sine	
  components	
  represent	
  the	
  resulting	
  shifts.	
  After	
  rotation	
  according	
  to	
  
Rx(α)Ry(β)	
   Ŋ	
   [0	
  0	
  1]T	
   the	
   resulting	
   projection	
   is	
   [cos(α)sin(β)	
  	
   -­‐	
   sin(β)]T	
   where	
   cos(α)	
   is	
   the	
   undesired	
  
factor.	
  	
  
These	
  effects	
  of	
  the	
  approximation	
  due	
  to	
  the	
  resampling	
  involve	
  two	
  quite	
  different	
  aspects.	
  First	
  of	
  
all,	
  our	
  resampling	
  leads	
  to	
  imprecisions	
  in	
  the	
  determination	
  of	
  the	
  angles.	
  Second,	
  the	
  resampling	
  
limits	
  the	
  robustness	
  of	
  our	
  method	
  in	
  case	
  all	
  three	
  angles	
  of	
  yaw,	
  roll,	
  and	
  pitch	
  significantly	
  change	
  
between	
  two	
  scans	
  that	
  are	
  to	
  be	
  registered.	
  	
  
The	
   first	
   aspect,	
   the	
   systematic	
   errors	
   can	
   be	
   corrected	
   by	
   using	
   a	
   look-­‐up	
   table	
   where	
   for	
   each	
  
rotation	
  determined	
  with	
  our	
  method	
  the	
  corresponding	
  corrected	
  values	
  are	
  stored.	
  More	
  precisely,	
  
a	
  separate	
  table	
  for	
  each	
  angle	
  is	
  required	
  which	
  takes	
  the	
  roll,	
  pitch	
  and	
  yaw	
  registration	
  results	
  as	
  
input	
   due	
   to	
   the	
   mutual	
   influence	
   of	
   all	
   three	
   angles	
   and	
   which	
   has	
   the	
   compensation	
   for	
   the	
  
according	
  angle	
  as	
  output.	
  The	
  simplest	
  method	
  to	
  generate	
  each	
  table	
  is	
  a	
  kind	
  of	
  calibration	
  using	
  
artificially	
   generated	
   rotations	
   with	
   some	
   arbitrary	
   3D	
   data.	
   The	
   bunny	
   and	
   the	
   dragon	
   from	
   the	
  
Stanford	
  dataset	
  are	
  used	
  for	
  this	
  purpose.	
  The	
   look-­‐up	
  values	
  are	
  generated	
  from	
  non-­‐equidistant	
  
information	
   and	
   interpolated	
   in	
   3D.	
   This	
   is	
   comfortably	
   done	
   using	
   for	
   example	
   a	
   Delaunay	
  
triangulation.	
   A	
   convenient	
   implementation	
   is	
   provided	
   by	
   the	
  Matlab	
   function	
  TriScatteredInterp.	
  
The	
   look-­‐up	
   operation	
   is	
   obviously	
   computationally	
   extremely	
   fast,	
   i.e.,	
   it	
   does	
   not	
   introduce	
   any	
  
overhead	
  in	
  the	
  implementation	
  of	
  our	
  method.	
  	
  
The	
   second	
   effect	
   of	
   the	
   approximation	
   due	
   to	
   the	
   resampling	
   is	
  more	
   substantial	
   as	
   it	
   limits	
   the	
  
amount	
  of	
  concurrent	
  change	
  in	
  yaw,	
  roll,	
  and	
  pitch.	
  A	
  comparison	
  to	
  related	
  work	
  in	
  [9]	
  shows	
  that	
  
our	
  method	
   is	
   very	
   robust	
   in	
   case	
  of	
   small	
  overlap	
  between	
  scans.	
  This	
   is	
   further	
   substantiated	
  by	
  
experimental	
  comparisons.	
  This	
  high	
  robustness,	
  i.e.,	
  very	
  high	
  success	
  rates	
  in	
  case	
  of	
  partial	
  overlap	
  
is	
   due	
   to	
   our	
   multilayer	
   resampling	
   in	
   combination	
   with	
   the	
   phase	
   matching.	
   This	
   advantage	
   is	
  
bought	
  at	
   the	
  cost	
  of	
   the	
   limitations	
   in	
   the	
  maximum	
  amount	
  of	
   concurrent	
   rotations	
  of	
  yaw,	
   roll,	
  
and	
  pitch	
  that	
  can	
  be	
  handled.	
  The	
  resampling	
  effects	
  described	
  before	
  in	
  this	
  section	
  also	
  lead	
  to	
  a	
  
degeneration	
  of	
  the	
  peaks	
  in	
  the	
  phase	
  matching	
  up	
  to	
  a	
  level	
  where	
  it	
  does	
  not	
  succeed	
  anymore.	
  	
  

5.8 Determination	
  of	
  translation	
  
Once	
   the	
   rotation	
   is	
   correctly	
  determined,	
   the	
   subsequent	
   registration	
  of	
   the	
   full	
   3D	
   translation	
   is	
  
straightforward.	
  According	
  to	
  the	
  determined	
  angles	
  (roll,	
  pitch	
  and	
  yaw)	
  the	
  voxel	
  data	
  of	
  the	
  first	
  
scan	
   is	
   re-­‐rotated	
  and	
  the	
  corresponding	
  3D	
  spectrum	
  with	
  the	
   full	
  phase	
   information	
  -­‐	
   see	
   (1)	
   -­‐	
   is	
  
calculated.	
  Note	
  that	
  the	
  3D	
  rotation	
  of	
  the	
  scan	
  data	
  and	
  a	
  subsequent	
  calculation	
  of	
  the	
  spectrum	
  
is	
   a	
   better	
   alternative	
   compared	
   to	
   a	
   direct	
   rotation	
   of	
   the	
   spectrum	
   which	
   would	
   require	
   an	
  
interpolation	
  of	
  complex	
  data.	
  Afterwards	
  the	
  3D	
  registration	
  is	
  again	
  done	
  by	
  phase	
  matching.	
  This	
  
yields	
  a	
  distinguishable	
  peak	
  in	
  the	
  same	
  way	
  as	
  already	
  used	
  for	
  the	
  multilayer	
  angle	
  registration.	
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6 Evaluation	
  in	
  Simulation	
  

6.1 Setup	
  
A	
  simulation	
  setup	
  was	
  developed	
  within	
  the	
  UWSim	
  [37]	
  simulator.	
  A	
  wall	
  with	
  a	
  rich	
  texture	
  was	
  
placed	
   behind	
   an	
   actuated	
   diver	
   model.	
   To	
   achieve	
   realistic	
   movement	
   of	
   the	
   diver,	
   recorded	
  
DiverNet	
   data	
   was	
   replayed	
   and	
   used	
   to	
   actuate	
   the	
   model.	
   Furthermore,	
   a	
   generic	
   AUV	
   with	
   a	
  
mounted	
   stereo	
   camera	
  was	
   also	
   simulated.	
   The	
   AUV	
   pose	
  was	
   perturbed	
   significantly	
   over	
   time,	
  
resulting	
  in	
  both	
  translational	
  and	
  rotational	
  movement.	
  The	
  aim	
  was	
  to	
  simulate	
  a	
  station	
  keeping	
  
maneuver	
  under	
  influence	
  of	
  current.	
  Figure	
  5	
  shows	
  a	
  screenshot	
  of	
  the	
  simulation	
  setup.	
  	
  
	
  

 

Figure	
  5:	
  Screenshot	
  of	
  the	
  simulation	
  setup,	
  including	
  diver,	
  AUV	
  with	
  mounted	
  stereo	
  camera,	
  and	
  
wall	
  segment.	
  The	
  stock	
  UWSim	
  AUV	
  model	
  is	
  used	
  for	
  simplicity.	
  

	
  
The	
   experiment	
   investigates	
   two	
   factors	
   of	
   disturbances	
   for	
   the	
  motion	
   compensation	
  method:	
   a)	
  
amount	
   of	
   dynamic	
   content,	
   and	
   b)	
   measurement	
   noise	
   in	
   range	
   readings.	
   A	
   total	
   of	
   5	
   levels	
   of	
  
dynamic	
  content	
  as	
  well	
  as	
  6	
   levels	
  of	
  noise	
  were	
  generated	
  for	
  a	
  detailed	
  analysis	
  of	
  both	
  factors.	
  
Table	
  1	
  shows	
  the	
  exact	
  values	
  used	
  for	
  each	
  level.	
  	
  
	
  

Level Dynamic Noise 
1	
   None	
   None	
   
2	
   3.5m	
   0.5%	
   
3	
   2.5m	
   1.0%	
   
4	
   2.0m	
   1.5%	
   
5	
   1.5m	
   2.0%	
   
6	
   -­‐	
   3.0%	
   

	
  
Table	
  1:	
  Levels	
  of	
  dynamic	
  content	
  (diver	
  distance	
  to	
  sensor,	
  the	
  closer	
  the	
  more	
  dynamic	
  content)	
  

and	
  noise	
  (percentage	
  of	
  range	
  measurement,	
  normally	
  distributed).	
  
	
  
Figures	
  6	
   and	
   7	
   show	
   point	
   clouds	
  with	
   varying	
   noise	
   levels	
   (none,	
   1%,	
   3%)	
   and	
   dynamic	
   content	
  
(3.5m,	
  2.5m,	
  1.5m),	
  respectively.	
  Note	
  the	
  significant	
  range	
  error	
  present	
  at	
  3%.	
  Also,	
  note	
  how	
  the	
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occlusion	
   at	
   different	
   distances	
   of	
   the	
   diver	
   to	
   the	
   sensor	
   (Figure	
  7)	
   is	
   visible	
   and	
   shows	
   the	
  
increasing	
  amount	
  of	
  points	
  on	
  the	
  moving	
  diver.	
  	
  
	
  

 

Figure	
  6:	
  View	
  No.	
  30	
  with	
  different	
  levels	
  of	
  noise.	
  Left:	
  No	
  noise.	
  Middle:	
  1%	
  noise.	
  Right:	
  3%	
  noise.	
  
The	
  top	
  row	
  shows	
  plain	
  point	
  clouds,	
  the	
  bottom	
  row	
  shows	
  discretized	
  voxel	
  grids	
  as	
  used	
  in	
  the	
  
spectral	
  registration	
  method.	
  Note	
  that	
  the	
  registration	
  method	
  did	
  not	
  use	
  full	
  color	
  information,	
  

only	
  intensity	
  (greyscale).	
  
	
  
	
  

 

Figure	
  7:	
  View	
  No.	
  30	
  with	
  different	
  levels	
  of	
  dynamic	
  content	
  achieved	
  by	
  placing	
  the	
  diver	
  at	
  
different	
  distances	
  from	
  the	
  sensor.	
  Not	
  the	
  differing	
  amounts	
  of	
  occlusion	
  on	
  the	
  wall,	
  showing	
  the	
  

increased	
  number	
  of	
  points	
  on	
  the	
  moving	
  diver.	
  Left:	
  3.5m.	
  Middle:	
  2.5m.	
  Right:	
  1.5m.	
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A	
   total	
  of	
  233	
  point	
  clouds	
  were	
  generated	
   for	
  each	
  case,	
   leading	
   to	
  a	
   total	
  of	
  5	
  ×	
  6	
  ×	
  233	
  =	
  6990	
  
point	
  clouds.	
  The	
  sensor	
  trajectory	
  as	
  well	
  as	
  the	
  diver	
  actuation	
  was	
  kept	
  exactly	
  the	
  same	
  across	
  all	
  
cases,	
  eliminating	
  random	
  effects	
  of	
  slightly	
  different	
  occlusion,	
  etc.	
  	
  
	
  Point	
  clouds	
  were	
  matched	
  sequentially,	
  simulating	
  the	
  motion	
  estimation	
  application	
  as	
  closely	
  as	
  
possible.	
  No	
  global	
  correction,	
  e.g.	
  via	
  a	
  Simultaneous	
  Localization	
  and	
  Mapping	
  (SLAM)	
  technique,	
  
was	
  performed.	
  	
  

 
Figure	
  8:	
  Box	
  plots	
  of	
  number	
  of	
  changed	
  range	
  readings	
  per	
  level	
  of	
  dynamic	
  content. 

	
  

6.2 Results	
  
Figure	
  9	
   shows	
   the	
   translation	
   error	
   relative	
   to	
   ground	
   truth	
   for	
   each	
   of	
   the	
   30	
   cases.	
   Figure	
  10	
  
shows	
  the	
  rotation	
  error.	
  For	
  each	
  amount	
  of	
  dynamic	
  content,	
  a	
  row	
  of	
  box	
  plots	
  shows	
  the	
  change	
  
of	
  error	
  over	
  the	
  different	
  levels	
  of	
  range	
  measurement	
  noise.	
  The	
  box	
  plots	
  show	
  the	
  median,	
  upper	
  
and	
   lower	
   quartiles,	
   as	
   well	
   as	
   outlier	
   error	
   readings.	
   Note	
   that	
   the	
   residual	
   error	
   for	
   the	
   case	
  
without	
  dynamic	
  content	
  and	
  without	
  noise	
  (top	
  left)	
   is	
  due	
  to	
  the	
  quantization	
  error	
  of	
  converting	
  
the	
  point	
  cloud	
  into	
  a	
  voxel	
  grid	
  representation.	
  This	
  representation	
  is	
  required	
  for	
  SRMR.	
  	
  
	
  
The	
   results	
   show	
   that	
   SRMR	
   is	
   very	
   robust	
   to	
   significant	
   levels	
   of	
   dynamic	
   content.	
   The	
   error	
  
distribution	
   does	
   not	
   change	
   significantly	
   along	
   the	
   vertical	
   axis	
   of	
   plots.	
   Motion	
   estimation	
  
performance	
  decreases	
  only	
  with	
  very	
  high	
  levels	
  of	
  noise	
  (last	
  two	
  columns).	
  	
  
	
  

7 Conclusion	
  
This	
  report	
  described	
  a	
  spectral	
  registration	
  method	
  applied	
  to	
  the	
  problem	
  of	
  motion	
  compensation	
  
using	
  only	
  sensor	
  data	
  with	
  dynamic	
  content.	
  The	
  method	
  was	
  shown	
  to	
  be	
   robust	
  against	
   several	
  
levels	
  of	
  dynamic	
  content	
  as	
  well	
  as	
  reasonable	
  noise	
  in	
  the	
  range	
  data.	
  	
  
Further	
  work	
  will	
   focus	
  on	
  segmentation	
  of	
   the	
  moving	
  diver,	
   including	
  arms	
  and	
  hands.	
  The	
  work	
  
described	
  here	
  facilitates	
  this	
  next	
  step	
  of	
  processing.	
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Figure	
  9:	
  Box	
  plots	
  of	
  translation	
  error	
  relative	
  to	
  ground	
  truth.	
  Each	
  row	
  denotes	
  a	
  different	
  level	
  
of	
  dynamic	
  content	
  (none	
  at	
  top,	
  increasing	
  dynamics	
  down),	
  and	
  each	
  column	
  denotes	
  different	
  

levels	
  of	
  noise	
  (none	
  on	
  the	
  left,	
  increasing	
  noise	
  towards	
  right).	
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