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Motivation and Background 
Analysis	  of	  mo,on	  is	  cri,cal	  to	  many	  visual	  tasks,	  such	  as	  segrega,ng	  objects	  from	  background	  and	  naviga,ng	  through	  space.	  Mo,on	  analysis	  
is	  generally	  considered	  to	  begin	  with	  an	  ini,al	  stage	  in	  which	  local	  mo,on	  signals	  are	  extracted.	  	  Two	  kinds	  of	  local	  mo,on	  signals	  are	  well-‐
recognized:	  	  Fourier	  (F)	  signals,	  which	  consist	  of	  simple	  spa,otemporal	  correla,on	  (Reichardt	  1961),	  and	  non-‐Fourier	  (NF)	  signals,	  which	  
consist	  of	  spa,otemporal	  correla,on	  of	  an	  elementary	  feature,	  such	  as	  an	  edge	  or	  flicker	  (Chubb	  &	  Sperling	  1988).	  	  More	  recently,	  a	  third	  
kind	  of	  local	  mo,on	  signal,	  glider	  (G)	  mo,on,	  was	  iden,fied	  (Hu	  &	  Victor	  2010).	  G	  mo,on	  consists	  of	  third-‐	  and	  higher-‐order	  correla,ons	  in	  a	  
slanted	  spa,otemporal	  region;	  it	  can	  be	  produced	  by	  local	  expansions	  and	  contrac,ons,	  even	  in	  the	  absence	  of	  F	  or	  NF	  signals.	  All	  three	  kinds	  
of	  local	  mo,on	  signals	  are	  present	  in	  naturalis,c	  s,muli	  (Nitzany	  &	  Victor,	  CoSyNe	  2012).	  Here,	  we	  determine	  the	  sensi,vi,es	  of	  	  V1	  and	  V2	  
neurons	  to	  these	  three	  kinds	  of	  mo,on.	  	  
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Ø  Neurons in macaque V1 and V2 respond to Fourier, non-Fourier, and glider motions. 

Ø  The prevalence of motion sensitivities is similar across areas. 

Ø  Individual neurons’ responses to the different motion types are partially correlated. 

Ø  Complexity of motion computation was summarized by an index of consistency with 
opponent processes. This showed increased complexity in V2 compared to V1.  

Summary 
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Method 
Physiology:	  Single-‐unit	  recordings	  using	  mul,tetrode	  arrays	  were	  made	  in	  V1	  and	  V2	  of	  13	  macaques	  ,	  anesthe,zed	  with	  propofol	  and	  
sufentanil,	  and	  paralyzed	  with	  vecuronium	  or	  rocuronium.	  In	  most	  cases,	  recording	  sites	  were	  determined	  from	  histological	  iden,fica,on	  of	  
lesions	  and	  tracks.	  	  	  
	  
Data	  analysis:	  Spike	  sor,ng:	  AZer	  bandpass	  filtering	  (300	  to	  9000	  Hz)	  and	  thresholding,	  waveforms	  were	  clustered	  using	  custom	  
versions	  of	  KlusterKwik	  and	  Klusters	  (Hazan	  et	  al,	  2006).	  Features	  consisted	  of	  peak	  amplitudes	  and	  principal	  components.	  	  

Visual	  s*muli:	  S,muli	  were	  constructed	  by	  concatena,ng	  segments	  (illustrated	  below	  –	  Panel	  A)	  that	  contained	  examples	  of	  one	  
of	  the	  three	  kinds	  of	  mo,on	  (see	  below).	  	  Segments	  consisted	  of	  15	  frames	  (100	  ms	  each)	  of	  a	  16	  x	  16-‐	  array	  of	  black	  and	  white	  checks,	  and	  
were	   separated	   by	   500	  ms	   of	   a	   constant	   gray	   background.	   The	   size	   of	   the	   check	   and	   the	   orienta,on	   of	   the	   array	  was	   determined	   by	  
op,mizing	  the	  response	  to	  an	  easily-‐isolated	  neuron	  in	  the	  recorded	  cluster.	  	  
	  

Direc*onal	  Index	  (DI)	  score	  
For	  each	  type	  of	  mo,on,	  direc,on	  selec,vity	  was	  quan,fied	  by	  a	  direc,on	  index	  
(DI),	  given	  by	  
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where	  Mright	  and	  MleZ	  are	  the	  mean	  firing	  rates	   for	  s,muli	   in	   the	  two	  opposing	  
direc,ons	   over	   the	   period	   50	   to	   1600	   milliseconds	   following	   s,mulus	   onset.	  
Significance	   was	   determined	   by	   a	   t-‐test	   (paired,	   two-‐tailed)	   across	   25	   trials	  
containing	  the	  given	  mo,on	  type.	  	  

Mo*on	  Complexity	  (MC)	  score	  
To	  determine	  whether	  mo,on	  responses	  were	  consistent	  with	  an	  opponent	  
mechanism,	  we	  defined	  a	  “mo,on	  complexity”	  (MC)	  score:	  

{ }, , exp,m F NF G G cont∈ − −

0.59 ( 0.62) 0.05 ( 0.01) ( 0.11) 0.13 ( 0.07) 0.04 0.12MC = + − + + − + − + + − + =
0.03 0.04 0.02 0.03
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The	  ra,onale	  for	  this	  index	  is	  that	  under	  the	  hypothesis	  that	  mo,on	  responses	  are	  
generated	  by	  an	  opponent	  mechanism,	  the	  DI	  should	  invert	  when	  the	  parity	  of	  the	  
mo,on	  signal	  inverts	  –	  i.e.,	  when	  posi,ve	  correla,ons	  are	  replaced	  by	  nega,ve	  
correla,ons.	  	  Thus,	  if	  mo,on	  type	  m	  is	  extracted	  by	  an	  opponent	  mechanism,	  then	  
DI(m,+)=-‐DI(m,+),	  and	  the	  contribu,on	  of	  the	  mth	  term	  to	  the	  MC	  score	  zero.	  	  That	  
is	  to	  say,	  for	  a	  MC	  score	  that	  is	  greater	  than	  zero,	  responses	  to	  posi,ve	  and	  
nega,ve	  correla,ons	  are	  inconsistent	  with	  an	  opponent	  mechanism.	  

For	  the	  example	  on	  the	  right	  the	  MC	  score	  is	  calculated	  as	  follows:	  

Prevalence	  of	  direc*on	  sensi*vity	  to	  mul*ple	  kinds	  of	  mo*on	  	  
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These	   panels	   show	   the	   prevalence	   of	   neurons	  
with	   significant	   DI’s	   for	   combina,ons	   of	   the	  
three	   main	   kinds	   of	   mo,ons.	   	   The	   leZ	   panel	  
shows,	   for	  neurons	  responsive	   to	  each	  mo,on	  
type,	  the	  frac,on	  that	  is	  also	  responsive	  to	  the	  
other	   types	  of	  mo,on.	   	  The	  right	  panel	  shows	  
the	   frac,on	  of	   neurons	   that	   are	   responsive	   to	  
given	   combina,ons	   of	  mo,on.	   	   In	  V1	   and	  V2,	  
the	   paeern	   of	   responses	   to	   mul,ple	   kinds	   of	  
mo,on	  is	  similar,	  but	  there	  is	  a	  greater	  frac,on	  
of	   neurons	  with	   sensi,vity	   to	  G	  mo,on	   in	  V2.	  
Only	   neurons	   that	   were	   clearly	   iden,fied	   as	  
“single	   units”,	   based	   on	   amplitude	   and	   spike	  
shapes,	  were	  included	  in	  this	  analysis.	  	  

Prevalence	  of	  direc*on	  selec*vity	  to	  F,	  NF	  and	  G	  mo*ons	  
Each	  histogram	  shows	  the	  distribu,on	  of	  DI	  values	  for	  
the	  several	  mo,on	  types	  analyzed.	  	  Note	  that	  we	  
arbitrarily	  assigned	  “leZ”	  and	  “right”	  direc,ons	  for	  the	  
s,muli	  so	  that	  the	  DI	  for	  each	  neuron’s	  response	  to	  
Fourier	  mo,on	  was	  posi,ve.	  	  All	  other	  DI	  values,	  
therefore,	  reflect	  direc,onal	  selec,vity	  as	  referenced	  to	  
the	  preferred	  direc,on	  for	  Fourier	  mo,on.	  	  For	  
example,	  nearly	  all	  neurons	  had	  a	  selec,vity	  for	  
reversed-‐phi	  mo,on	  (second	  column)	  that	  was	  opposite	  
to	  their	  selec,vity	  for	  standard	  Fourier	  mo,on	  (first	  
column).	  DI	  for	  standard	  Fourier	  and	  Glider	  white	  
triangle	  mo,ons	  are	  also	  typically	  opposite.	  

Examples	  of	  individual	  neuron	  responses	  
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Example	  neurons	  (V1:	  	  upper	  panels,	  V2:	  	  lower	  panels)	  demonstra,ng	  typical	  mo,on	  sensi,vi,es.	  	  Neurons	  in	  both	  areas	  were	  sensi,ve	  to	  all	  kinds	  
of	  mo,on;	  many	  neurons	  were	  sensi,ve	  to	  more	  than	  one	  kind.	  The	  direc,onal	  index	  (DI)	  and	  its	  significance	  (*	  for	  p<0.05,	  **	  for	  p<0.01,	  ***	   	  for	  
p<0.001)	  is	  shown	  above	  the	  PSTH’s	  of	  responses	  to	  each	  pair	  of	  opposing	  s,muli.	  

DI = 0.59 ** DI = -0.62 ** 
DI = 0.05  DI = -0.01  

DI = -0.11 **  DI = 0.13 **  
DI = -0.07 **  DI = 0.04  

Right Left Right Left 

0 1000 2000 0 1000 2000 0 1000 2000 0 1000 2000 

0 
0 

30 

0 
30 

0 
30 

30 

Glider Exp. 

Glider Cont. 

Non-Fourier 

Fourier 

Positive correlations Negative correlations 

Black triangles White triangles 

DI = 0.70 ** DI = -0.52 ** 
DI = -0.02  DI = 0.06  

DI = -0.18 **  DI = 0.09 **  
DI = 0.03  DI = 0.07  

Right Left Right Left 

0 1000 2000 0 1000 2000 0 1000 2000 0 1000 2000 

0 
0 
8 

0 
8 

0 
8 

8 

Glider Exp. 

Glider Cont. 

Non-Fourier 

Fourier 

Positive correlations Negative correlations 

Black triangles White triangles 
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Experiment	  	  name	   DI	   p-‐value	  

Fourier	  posi,ve	  correla,ons	   	  0	  59	   <0.001	  

Fourier	  nega,ve	  correla,ons	   -‐0.62	   <0.001	  

NF	  posi,ve	  correla,ons	   	  0.05	   	  	  0.091	  

NF	  nega,ve	  correla,ons	   -‐0.01	   	  	  0.683	  

Glider	  Cont.	  white	  triangles	   -‐0.11	   <0.001	  

Glider	  Cont.	  black	  triangles	   	  	  0.13	   <0.001	  

Glider	  Exp.	  white	  triangles	   -‐0.07	   	  	  0.001	  

Glider	  Exp.	  black	  triangles	   	  0.04	   	  	  0.055	  

This	  table	  quan,fies	  the	  mo,on	  responses	  of	  the	  neuron	  in	  
the	  top	  row,	  right	  above.	  Consistent	  with	  an	  opponent	  
mechanism,	  the	  DI	  values	  for	  posi,vely	  correlated	  Fourier	  
mo,on	  (standard	  mo,on)	  and	  nega,vely	  correlated	  Fourier	  
mo,on	  (“reverse	  phi”)	  are	  equal	  and	  opposite.	  There	  is	  also	  
a	  modest	  but	  highly	  significant	  DI	  for	  glider	  contrac,on	  with	  
white	  triangles.	  	  
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Correla*ons	  between	  sensi*vi*es	  to	  mo*on	  with	  posi*ve	  and	  nega*ve	  correla*ons	  

In	  each	  scaeergram,	  the	  abscissa	  is	  the	  DI	  for	  standard	  F;	  the	  ordinate	  is	  the	  DI	  for	  one	  of	  the	  other	  mo,on	  types.	   	  There	  is	  a	  very	  strong	  nega,ve	  correla,on	  for	  reversed-‐phi	  mo,on	  (first	  column),	  and	  weaker	  but	  highly	  
significant	  posi,ve	  and	  nega,ve	  correla,ons	  for	  most	  of	  the	  other	  mo,on	  types.	   	  Findings	  in	  V1	  and	  V2	  are	  similar.	  The	  R	  values	  are	  Pearson	  correla,on;	   	  *	  indicates	  p<0.05,	  **	  indicates	  p<0.01	  and	  ***	  indicates	  p	  <0.001.	  	  
Note	  difference	  in	  ordinate	  scale	  between	  first	  column	  and	  subsequent	  ones.	  Only	  neurons	  that	  were	  clearly	  iden,fied	  as	  “single	  units”	  were	  included	  in	  this	  analysis.	  	  
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S*mulus	  construc*on:	  Panels	  A	  and	  B:	  Each	  kind	  of	  mo,on	  corresponds	  to	  a	  correla,on	  rule	  inside	  a	  space-‐,me	  template	  of	  
checks.	  	  For	  Fourier	  (F)	  mo,on,	  the	  array	  is	  a	  pair	  of	  checks	  on	  a	  diagonal	  in	  space-‐,me.	  	  For	  non-‐Fourier	  (NF)	  mo,on,	  the	  template	  consists	  
of	  a	  parallelogram	  of	  four	  checks	  –	  here,	  two	  checks	  sharing	  an	  edge	  at	  one	  ,me,	  and	  then	  shiZed	  in	  posi,on	  at	  the	  next	  ,me.	  	  For	  glider	  (G)	  
mo,on,	  the	  template	  consists	  of	  three	  checks	  in	  a	  spa,otemporal	  triangle.	  A	  spa,otemporal	  movie	  is	  synthesized	  by	  requiring	  that	  the	  total	  
number	  of	  black	  checks	  inside	  the	  template	  is	  an	  even	  number	  (panel	  C),	  or	  an	  odd	  number	  (panel	  D);	  see	  colored	  dots	  for	  examples.	  	  When	  
the	  number	  of	  black	  checks	  in	  a	  glider	  is	  even	  (panel	  C),	  this	  results	  in	  standard	  Fourier	  mo,on	  (first	  column),	  or	  mo,on	  of	  a	  spa,al	  edge	  
(middle	  column),	  or	  contrac,on	  of	  white	  triangles	  (right	  column).	  When	  the	  number	  of	  black	  checks	  in	  a	  glider	  is	  odd	  (panel	  D),	  this	  results	  in	  
a	  reverse-‐phi	  Fourier	  mo,on	  s,mulus	  (leZ	  column),	  a	  reversed-‐phi	  non-‐Fourier	  s,mulus	  (middle	  column),	  or	  contrac,on	  of	  black	  triangles	  
(right	  column).	  	  Further	  variants	  can	  be	  constructed	  based	  on	  other	  glider	  shapes	  and	  orienta,ons	  (Panel	  E).	  	  Note	  that	  for	  NF	  and	  G	  s,muli,	  
pairwise	  correla,ons	  to	  mo,on	  (Fourier	   	  cues)	  are	  absent.	   	  Moreover,	  NF	  s,muli	  do	  contain	  G	  cues,	  and	  G	  s,muli	  do	  not	  contain	  NF	  cues.	  	  
For	  further	  details,	  see	  Hu	  &	  Victor	  (Journal	  of	  Vision,	  2010).	  

In	   the	   standard	   Hassenstein-‐Reichardt	   (HR)	   model	   (Reichardt	   	   1961)	   for	  
detec,on	   of	   F	   mo,on,	   correla,ons	   are	   calculated	   by	   products	   of	   contrast	  
values,	   and	   correla,ons	   in	   opposing	  direc,ons	   are	   compared.	   	  Neurons	   that	  
embody	   this	   “opponent”	   model	   should	   therefore	   have	   opposite	   DI’s	   for	  
mo,on	  s,muli	  with	  posi,ve	  correla,ons,	  vs.	  s,muli	  with	  nega,ve	  correla,ons.	  	  
These	   scaeergrams	   show	   that	   this	   holds	   well	   as	   an	   approxima,on	   for	   F	  
mo,on,	  and	  to	  a	  weaker	  extent	  for	  NF	  and	  G	  mo,on.	  The	  R	  values	  are	  Pearson	  
correla,on;	   	   *	   indicates	   p<0.05,	   **	   indicates	   p<0.01	   and	   ***	   indicates	   p	  
<0.001.	   Only	   neurons	   that	   were	   clearly	   iden,fied	   as	   “single	   units”	   were	  
included	   in	   this	   analysis.	   Note	   difference	   in	   scales	   between	   first	   column	   and	  
subsequent	  ones.	  
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The	  mo,on	  complexity	  (MC)	  score	  (see	  middle	  panel	  for	  defini,on)	  indicates	  whether	  
responses	  are	  consistent	  with	  a	  generalized	  opponent	  mo,on	  model	   	   (MC=0)	  or	  not	  
(MC>0).	  MC	  scores	  were	  higher	   in	  V2	  than	  in	  V1	  (median	   in	  V2,	  0.14;	   in	  V1,	  0.10;	  KS	  
test,	   p	   <	   0.001).	   Only	   neurons	   that	   were	   clearly	   iden,fied	   as	   “single	   units”	   were	  
included	  in	  this	  analysis.	  	  
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For	  each	  kind	  of	  mo,on,	   several	   subtypes	  were	   tested:	  	  
posi,ve	   and	   nega,vely-‐correlated	   Fourier	   (F)	   mo,on,	  
posi,vely-‐	   and	   nega,vely-‐correlated	   non-‐Fourier	   (NF)	  
mo,on,	  and	  glider	   (G)	  mo,on	  based	  on	  white	   (G-‐W)	  or	  
black	  (G-‐K),	  triangles,	  expanding	  or	  contrac,ng.	  	  	  In	  each	  
case,	  segments	  containing	  mo,on	  in	  opposite	  direc,ons	  
were	  presented	  sequen,ally.	  	  A	  total	  of	  12	  such	  segment	  
pairs	  were	  presented	  in	  a	  block-‐randomized	  order,	  along	  
with	   a	   segment	   with	   no	   mo,on,	   for	   a	   total	   of	   25	  
segments.	   	  This	   sequence	  was	   repeated	  32	  ,mes,	   for	  a	  
total	   dura,on	   of	   26	   min.	   	   Four	   such	   sequences,	   each	  
with	   different	   exemplars	   of	   the	   mo,on	   types,	   were	  
presented.	   Analysis	   was	   based	   on	   the	   spike	   counts	   for	  
the	  period	  between	  50	  to	  1600	  ms	  of	  each	  segment	  (see	  
Panel	  B).	  	  
	  


