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About	
  what	
  I	
  do	
  
•  Control	
  theory	
  

– Models	
  of	
  human	
  
movement	
  and	
  
learning	
  

– ManipulaAon	
  and	
  
locomoAon	
  



About	
  me	
  
•  Learning	
  

– AcAve	
  learning	
  	
  



About	
  me	
  
•  RoboAcs	
  

–  Design	
  and	
  control	
  
•  Learning/AI	
  
•  Design	
  



Why	
  study	
  percepAon	
  and	
  color	
  theory?	
  

•  Human	
  brain	
  has	
  trouble	
  making	
  sense	
  of	
  
large	
  amounts	
  of	
  data	
  
– Brain	
  uses	
  strategies,	
  you	
  can	
  play	
  on	
  those	
  

•  By	
  understanding	
  how	
  percepAon	
  works,	
  you	
  
can	
  enhance	
  your	
  ability	
  to	
  produce	
  effects	
  in	
  
the	
  	
  viewer’s	
  brain	
  
– Art	
  is	
  in	
  the	
  viewer	
  

•  ScienAfic	
  visualizaAon	
  is	
  one	
  way	
  of	
  making	
  
important	
  informaAon	
  explicit	
  and	
  simple	
  to	
  
process	
  





VisualizaAon	
  

•  Can	
  communicate	
  informaAon	
  without	
  
words,	
  by	
  encoding	
  moAon	
  as	
  part	
  of	
  the	
  
informaAon	
  

•  hOp://svs.gsfc.nasa.gov/	
  



What	
  is	
  color?	
  

•  Reflected	
  light	
  =	
  color	
  of	
  object	
  
•  Color	
  is	
  the	
  set	
  of	
  wavelengths	
  of	
  light	
  reflected	
  from	
  an	
  object	
  
•  A	
  light	
  source	
  can	
  be	
  a	
  light	
  bulb,	
  the	
  sun,	
  etc	
  or	
  another	
  object	
  



ElectromagneAc	
  Spectrum	
  





Rods	
  and	
  Cones	
  

•  Rods	
  -­‐	
  sensiAve	
  to	
  
intensity	
  (black	
  and	
  white	
  
sensiAvity	
  in	
  low	
  light	
  
condiAons)	
  

•  Cones	
  -­‐	
  three	
  types,	
  S,	
  M	
  
and	
  L	
  corresponding	
  to	
  
short,	
  medium	
  and	
  long	
  
wavelength	
  light	
  
sensiAviAes	
  



Human	
  percepAon	
  of	
  color	
  

•  Color	
  constancy	
  -­‐	
  our	
  visual	
  percepAon	
  is	
  constantly	
  
adjusAng	
  to	
  compensate	
  for	
  changing	
  surroundings	
  

•  Human	
  color	
  percepAon	
  is	
  context	
  dependent	
  
–  Ever	
  try	
  to	
  perceive	
  the	
  difference	
  between	
  two	
  colors	
  of	
  clothing	
  in	
  

low	
  light?	
  
–  Movie	
  example	
  -­‐	
  Abyss	
  Yellow/green	
  light	
  source,	
  “Cut	
  the	
  blue	
  wire	
  

with	
  the	
  white	
  stripe,	
  NOT	
  the	
  black	
  wire	
  with	
  the	
  yellow	
  strip”	
  

•  Side	
  note-­‐	
  how	
  to	
  fix	
  this	
  as	
  the	
  designer	
  of	
  the	
  device?	
  	
  
Use	
  one	
  wire	
  with	
  dashes	
  instead	
  of	
  a	
  stripe	
  -­‐	
  “Cut	
  the	
  
wire	
  with	
  the	
  dashes.”	
  Person	
  cu_ng:	
  “Easy.	
  	
  It’s	
  done!”	
  



Perceived	
  lightness	
  is	
  context-­‐
dependent	
  as	
  well	
  

•  The	
  lightness	
  of	
  
the	
  light	
  squares	
  
in	
  the	
  shadow	
  is	
  
the	
  same	
  as	
  the	
  
lightness	
  of	
  the	
  
dark	
  squares	
  in	
  
the	
  unshaded	
  
region	
  



Beware	
  of	
  Mach	
  Banding	
  



Recall	
  that	
  perceived	
  color	
  intensity	
  is	
  
also	
  context-­‐dependent	
  



Perceptual	
  example:	
  Aberimages	
  



Perceptual	
  example:	
  Aberimages	
  



Blindness	
  test	
  

•  hOp://www.youtube.com/watch?v=0grANlx7y2E	
  



So	
  on	
  the	
  one	
  hand…	
  

•  Can	
  color	
  be	
  quanAfied	
  ?	
  
•  Can	
  a	
  color	
  be	
  uniquely	
  defined	
  ?	
  
•  Is	
  there	
  a	
  “common	
  understanding”	
  about	
  
colors	
  ?	
  



CIE	
  Color	
  Matching	
  Experiment	
  

Basis for industrial color standards and “pointwise” color models. 



Color	
  Matching	
  Experiment	
  

Image courtesy Bill Freeman 



CIE	
  Experiment	
  Result	
  

•  Three	
  pure	
  light	
  
source:	
  R	
  =	
  700.0	
  
nm,	
  G	
  =	
  546.1	
  nm,	
  B	
  
=	
  435.8	
  nm.	
  



Color	
  Matching	
  Experiment	
  



CIE	
  Color	
  Space	
  

•  3 hypothetical light 
sources, X, Y, and Z, 
which yield positive 
(why?) matching 
curves 

•  Y: roughly 
corresponds to 
luminous efficiency 
characteristic of 
human eye 



3D	
  Tri-­‐chromaAc	
  Space	
  



CIE	
  Color	
  chromaAcity	
  chart	
  
(CIExyY)	
  



Color	
  spaces	
  

•  Now	
  that	
  we	
  have	
  a	
  sense	
  of	
  how	
  we	
  perceive	
  
light	
  and	
  color,	
  we	
  can	
  define	
  several	
  MODELS	
  
of	
  color	
  

•  Each	
  color	
  is	
  assigned	
  a	
  coordinate	
  which	
  has	
  
three	
  components	
  relaAve	
  to	
  some	
  color	
  
space	
  model	
  (ie	
  RGB)	
  

•  Some	
  of	
  these	
  color	
  spaces	
  are	
  addiAve,	
  some	
  
are	
  subtracAve	
  

•  This	
  ulAmately	
  is	
  what	
  allows	
  us	
  to	
  make	
  
devices	
  that	
  produce	
  color	
  



AddiAve	
  vs.	
  subtracAve	
  color	
  
Addi2ve	
  (RGB)	
   Subtrac2ve	
  (CMY)	
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Color	
  models	
  
•  RGB	
  	
  

–  red-­‐green-­‐blue	
  
–  AddiAve	
  scheme	
  

•  CMY	
  
–  Cyan-­‐magenta-­‐yellow	
  
–  SubtracAve	
  scheme	
  
–  Black	
  (CMYK)	
  is	
  typically	
  added	
  to	
  inkjet	
  printers	
  

•  Difficult	
  to	
  make	
  exact	
  black	
  by	
  mixing	
  CMY,	
  requires	
  precision	
  
•  Typically	
  one	
  uses	
  black	
  the	
  most	
  so	
  it	
  makes	
  sense	
  to	
  have	
  a	
  
separate	
  ink	
  cartridge	
  for	
  black	
  

•  HSV	
  
–  Hue-­‐saturaAon-­‐value	
  
–  Many	
  feel	
  this	
  is	
  a	
  more	
  natural	
  way	
  to	
  describe	
  color	
  for	
  humans	
  



Luminance	
  equaAon	
  reviewed	
  

  Perceived intensity 
due to a color 
  Different 

contributions of 
red/green/blue 
components 

  Empirically 
determined 





Example:	
  Bad	
  color	
  matching	
  

•  Eeeghh!	
  
•  The	
  red	
  and	
  blue	
  are	
  on	
  opposite	
  ends	
  of	
  the	
  visual	
  color	
  

spectrum,	
  so	
  we	
  have	
  trouble	
  focusing	
  on	
  both	
  colors	
  
simultaneously	
  

•  I	
  could	
  have	
  made	
  this	
  worse	
  by	
  adding	
  all	
  equaAons,	
  but	
  
last	
  Ame	
  too	
  many	
  people	
  passed	
  out!	
  

•  AVOID	
  REDS	
  ON	
  BLUES	
  OR	
  BLUES	
  ON	
  REDS	
  



Example:	
  Good	
  color	
  matching	
  

•  Ahhh…	
  
•  This	
  is	
  much	
  more	
  comfortable	
  for	
  the	
  eyes.	
  	
  
•  Choose	
  colors	
  which	
  are	
  based	
  on	
  luminance	
  differences	
  
•  generally	
  avoid	
  two	
  fully	
  saturated	
  colors	
  as	
  foreground	
  

and	
  background	
  
•  Increase	
  contrast	
  by	
  reducing	
  the	
  perceived	
  intensity	
  of	
  

either	
  the	
  foreground	
  or	
  background	
  



Bad	
  Contrast	
  Bad	
  Contrast	
  
Bad	
  Contrast	
  

•  The	
  most	
  important	
  thing	
  you	
  need	
  to	
  know	
  
to	
  get	
  the	
  most	
  out	
  of	
  your	
  educaAon	
  is	
  that	
  
you	
  should	
  value	
  the	
  learning	
  and	
  try	
  to	
  make	
  
it	
  your	
  own	
  

•  The	
  most	
  important	
  thing	
  in	
  this	
  paper	
  is	
  that	
  
we	
  did	
  not	
  really	
  find	
  anything	
  important	
  	
  







RGB	
  and	
  CMY	
  color	
  cubes	
  
•  Map	
  (r,g,b)-­‐>(x,y,z)	
  or	
  (c,m,y)-­‐>(x,y,z)	
  
•  CombinaAons	
  of	
  primary	
  color	
  components	
  
(R,	
  G,	
  B)	
  used	
  to	
  produce	
  any	
  desired	
  color	
  

•  The	
  two	
  spaces	
  are	
  complements	
  of	
  each	
  
other	
  



HSV	
  color	
  cone	
  
•  Hue	
  

–  the	
  various	
  colors	
  we	
  perceive	
  	
  
–  Each	
  has	
  its	
  own	
  unique	
  

wavelength	
  

•  SaturaAon	
  
–  Also	
  called	
  chroma	
  
–  Comparison	
  of	
  color	
  to	
  neutral	
  gray	
  
–  Richness	
  of	
  color	
  
–  100%	
  -­‐	
  pure	
  color,	
  0%	
  gray	
  

•  Value	
  	
  
–  Lightness	
  or	
  darkness	
  of	
  a	
  hue,	
  or	
  

achromaAc	
  color	
  
–  Lower	
  when	
  darker,	
  higher	
  when	
  

lighter	
  



False	
  color	
  representaAon	
  and	
  color	
  
maps	
  

•  Map	
  values	
  from	
  any	
  range	
  to	
  a	
  map	
  of	
  
colors	
  	
  
–  (ie	
  a	
  matrix	
  of	
  0-­‐1	
  range	
  -­‐>	
  white-­‐black)	
  



Typical	
  color	
  maps	
  

•  Gray	
  scale	
  –	
  get	
  gray	
  by	
  se_ng	
  all	
  three	
  color	
  
values	
  to	
  the	
  same	
  

•  Intensity	
  and	
  satura3on	
  color	
  scales-­‐	
  we	
  
oben	
  feel	
  intuiAvely	
  that	
  black	
  means	
  nothing	
  



More	
  color	
  maps	
  

• Two	
  color	
  interpola3on	
  –	
  blue-­‐>red,	
  interesAng,	
  bad	
  visually,	
  but	
  strong	
  meaning	
  
• Generally	
  you	
  put	
  white	
  in	
  center,	
  otherwise	
  magenta	
  in	
  middle	
  means	
  nothing	
  



A	
  few	
  more	
  color	
  maps	
  

•  Rainbow	
  color	
  scale	
  –	
  magenta	
  is	
  not	
  directly	
  
in	
  the	
  em	
  spectrum	
  

•  Heated	
  object	
  color	
  scale	
  –	
  intensity	
  increases	
  
leb	
  -­‐>	
  right	
  

•  Color	
  scale	
  contours	
  



Different	
  display	
  technologies	
  have	
  
different	
  limitaAons	
  

•  CRT	
  
–  Widest	
  color	
  gamut	
  
–  Fast	
  refresh	
  for	
  high	
  performance	
  VR	
  applicaAons	
  
–  SAll	
  narrower	
  gamut	
  than	
  human	
  percepAon	
  
–  Cheaper	
  than	
  LCDs	
  
–  MulAple	
  resoluAons	
  

•  LCD	
  
–  Slow	
  response	
  (‘refresh’)	
  
–  Less	
  colors	
  than	
  CRT	
  typically,	
  but	
  improving	
  	
  
–  Tough	
  
–  Not	
  good	
  for	
  extreme	
  temperatures	
  
–  MulAple	
  resoluAons	
  are	
  interpolated,	
  not	
  true	
  changes	
  



More	
  on	
  different	
  displays	
  

•  Color	
  printer	
  
–  SubtracAve	
  color	
  
–  Narrow	
  color	
  gamut	
  
–  Realize	
  that	
  you	
  may	
  have	
  a	
  $500	
  color	
  printer	
  with	
  photorealisAc	
  detail	
  IF	
  you	
  use	
  the	
  

special	
  paper,	
  but	
  others	
  may	
  not	
  

•  NTSC	
  TV	
  
–  Narrow	
  color	
  gamut,	
  slow	
  refresh,	
  interlacing	
  

•  Film	
  
–  Fairly	
  wide	
  color	
  gamut	
  
–  Good	
  resoluAon	
  typically	
  



Comparison	
  of	
  typical	
  color	
  gamuts	
  

•  Try	
  to	
  stay	
  away	
  from	
  the	
  regions	
  which	
  
cannot	
  be	
  printed	
  when	
  creaAng	
  images	
  for	
  
papers,	
  or	
  convert	
  them	
  beforehand	
  



Output	
  

•  If	
  you	
  are	
  creaAng	
  visualizaAons	
  for	
  mulAple	
  contexts	
  (video,	
  computer	
  
monitors,	
  printed	
  papers,	
  faxes,	
  etc)	
  be	
  aware	
  of	
  device	
  limitaAons	
  

•  Use	
  redundant	
  encoding	
  of	
  informaAon	
  if	
  you	
  don’t	
  know	
  what	
  the	
  
output	
  is	
  or	
  who	
  will	
  be	
  looking	
  at	
  it	
  

–  Different	
  fonts	
  
–  Symbols	
  
–  Fill	
  paOern	
  
–  Outline	
  paOern	
  
–  Outline	
  thickness	
  



A	
  final	
  word	
  about	
  colors…	
  

•  Just	
  because	
  you	
  have	
  224	
  different	
  colors	
  

• Doesn’t	
  mean	
  you	
  have	
  to	
  use	
  
them	
  all…	
  



ComposiAng	
  

•  Using	
  color	
  models	
  we	
  can	
  blend	
  the	
  
components	
  together	
  using	
  some	
  relaAonship	
  
– Knowing	
  this,	
  and	
  how	
  the	
  composites	
  work	
  you	
  
can	
  make	
  things	
  happen	
  the	
  way	
  you	
  want	
  



Alpha	
  blending	
  	
  
•  Most	
  basic	
  -­‐	
  Consider	
  three	
  pixels;	
  

–  fa	
  -­‐	
  a	
  foreground	
  pixel	
  	
  
– ba	
  -­‐	
  background	
  pixel	
  
– c	
  -­‐	
  composited	
  pixel	
  
– α	
  -­‐	
  alpha	
  

cr = α fr + (1 − α) br 

cg = α fg + (1 − α) bg 

cb = α fb + (1 − α) bb 





Curves	
  

•  Geometry	
  	
  
•  AnimaAon	
  	
  

– Physical	
  movement	
  

– Color	
  variaAons/replacement	
  
– Blending/composiAng	
  

•  Audio	
  	
  



“Computers	
  can’t	
  draw	
  curves.”	
  

The more points/line 
segments that are 
used, the smoother 
the curve. 



InterpolaAon	
  

•  The	
  process	
  of	
  ‘reading	
  between	
  the	
  lines’	
  of	
  
data	
  

•  Fi_ng	
  a	
  (usually	
  smooth)	
  curve	
  to	
  a	
  limited	
  
set	
  of	
  data	
  



2	
  classes	
  of	
  interpolaAon	
  
•  Find	
  a	
  curve	
  that	
  passes	
  

through	
  ALL	
  the	
  data	
  
points	
  exactly	
  
–  Useful	
  for	
  creaAng	
  curves	
  from	
  

minimal	
  data	
  (extrapolaAon)	
  
–  Keyframing	
  

•  Find	
  a	
  curve	
  that	
  fits	
  as	
  
closely	
  as	
  possible	
  to	
  the	
  
points	
  	
  
–  Useful	
  in	
  cases	
  where	
  there	
  is	
  

uncertainty	
  associated	
  with	
  the	
  
data	
  

Interpolation 

Approximation 





Why	
  nonlinear	
  interpolaAon?	
  





Splines	
  are	
  useful	
  for	
  N-­‐
Dimensions	
  



Splines	
  also	
  give	
  you	
  control	
  over	
  
the	
  final	
  outcome	
  of	
  the	
  curve	
  



Some	
  types	
  of	
  splines	
  

•  Natural	
  cubic	
  spline	
  
•  QuadraAc	
  B-­‐Splines	
  
•  Hermite	
  Cubic	
  Splines	
  

•  Coons	
  Cubic	
  Splines	
  
•  RaAonal	
  B-­‐Splines	
  
•  NURBS	
  (Non-­‐Uniform	
  RaAonal	
  B-­‐Splines)	
  



What	
  we	
  will	
  discuss	
  
•  Natural	
  cubic	
  splines	
  

– Why	
  cubic?	
  
•  Because	
  a	
  curve	
  is	
  ‘wiggly’	
  and	
  this	
  is	
  the	
  lowest	
  order	
  
polynomial	
  that	
  saAsfies	
  the	
  condiAons	
  we’re	
  going	
  to	
  
lay	
  out	
  

•  Higher	
  order	
  gets	
  too	
  oscillatory	
  

•  ElasAcity	
  equaAon	
  is	
  actually	
  a	
  cubic	
  relaAonship	
  
between	
  force	
  applied	
  and	
  resulAng	
  curve	
  of	
  flexible	
  
material	
  



Natural	
  Cubic	
  Spline	
  -­‐	
  a	
  
conceptual	
  introducAon	
  

•  We	
  construct	
  the	
  following	
  curves	
  in	
  
secAons	
  



Adding	
  constraints	
  to	
  solve	
  for	
  the	
  
unknowns	
  

•  ConAnuity	
  at	
  the	
  
joints:	
   Curve exactly connects the points 

Curve also has continuous 
derivatives at the joints  



(a) 

(b) 

(c) 

Order of continuity 



Natural	
  Cubic	
  Splines	
  

•  We	
  fit	
  another	
  parametric	
  curve	
  (similar	
  to	
  LERP),	
  
with	
  a	
  value	
  of	
  t	
  from	
  0-­‐1	
  again	
  and	
  make	
  the	
  ith	
  
segment	
  according	
  to	
  

•  And	
  we	
  solve	
  for	
  each	
  set	
  of	
  these	
  constants	
  by	
  
requiring	
  conAnuity	
  at	
  the	
  end	
  points	
  (one	
  secAon	
  
smoothly	
  flows	
  into	
  the	
  next,	
  and	
  the	
  slope	
  must	
  
match	
  as	
  well)	
  	
  



•  “magnitude	
  and	
  direcAon”	
  
•  CollecAon	
  of	
  variables	
  

– 1xn	
  or	
  nx1	
  
–  	
  {posiAon,	
  color,	
  scale,	
  awesomeness}	
  

Vector	
  



Matrix	
  

•  More	
  values	
  collected	
  together	
  in	
  a	
  2d	
  ‘grid’	
  
•  The	
  seats	
  in	
  a	
  room	
  

•  mxn	
  

•  Previous	
  example	
  and	
  values	
  over	
  Ame,	
  
perhaps	
  



Thinking	
  in	
  higher	
  dimensional	
  spaces	
  

•  You	
  can	
  extend	
  these	
  ideas	
  to	
  n-­‐dimensional	
  
spaces	
  
– What	
  the	
  heck	
  does	
  this	
  have	
  to	
  do	
  with	
  art?	
  	
  	
  

•  Your	
  work	
  is	
  like	
  a	
  hypersurface	
  in	
  n-­‐dimensions	
  
–  Sights,	
  sounds,	
  colors,	
  movement,	
  shapes,	
  expressions,	
  ideas	
  

•  The	
  connecAon	
  is	
  like	
  a	
  slice	
  in	
  lower	
  dimensional	
  space	
  
through	
  all	
  the	
  possibiliAes	
  

–  That’s	
  why	
  art	
  can	
  be	
  seen	
  in	
  infinite	
  ways	
  
–  You	
  can	
  guide	
  a	
  person	
  into	
  that	
  space	
  of	
  experience,	
  take	
  
them	
  to	
  a	
  place	
  they	
  have	
  never	
  been	
  



Graphical	
  example	
  -­‐	
  evolving	
  organisms	
  opAmize	
  
cost,	
  maximize	
  rewards	
  



•  See	
  website	
  for	
  more	
  informaAon:	
  

•  hOp://casimpkinsjr.radiantdolphinpress.com	
  

Thanks	
  


