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A Biologically Inspired Analog IC for Visual 

Collision Detection
R e i d  R .  H a r r i s o n ,  M e m b e r ,  I E E E

Abstract—We have designed and tested a single-chip analog 

VLSI sensor that detects imminent collisions by measuring ra­

dially expanding optic flow. The design of the chip is based on a 

model proposed to explain leg-extension behavior in flies during 

landing approaches. We evaluated a detailed version of this model 

in simulation using a library of 50 test movies taken through a 

fisheye lens. The algorithm was evaluated on its ability to distin­

guish movies ending in collisions from movies in which no collision 

occurred. This biologically inspired algorithm is capable of 94% 

correct performance in this task using an ultra-low-resolution 

(132-pixel) image as input. A new elementary motion detector 

(EMD) circuit was developed to measure optic flow on a CMOS 

focal-plane sensor. This EMD circuit models the bandpass nature 

of large monopolar cells (LMCs) immediately postsynaptic to 

photoreceptors in the fly visual system as well as a saturating 

multiplication operation proposed for Reichart-type motion de­

tectors. A 16 x  16 array of two-dimensional motion detectors 

was fabricated in a standard 0.5-/im CMOS process. The chip 

consumes 140 /zW of power from a 5 V supply. With the addition 

of wide-angle optics, the sensor is able to detect collisions 100-400 

ms before impact in complex, real-world scenes.

Index Terms—CMOS imager, collision detection, Gilbert multi­

plier, insect vision, neuromorphic systems, optic flow, smart sensor.

I. In t r o d u c t i o n

t  1 1 H E  V IS U A L  d e tec tio n  o f  im m in en t c o llis io n s  is an  ab ility

1  p o ssessed  b y  an im als  ra n g in g  fro m  in sec ts  [ I ] —[3] to  b ird s  

[4] to  h u m an s. T h e  sp ee d  w ith  w h ich  rap id ly  ap p ro ach in g  o b ­

je c ts  are d e tec ted  su g g ests  th at th e  neu ra l c irc u itry  re sp o n sib le  

fo r th is sen se is h a rd w ire d  an d  op era tes  b e n e a th  “h ig h -lev e l c o g ­

n itio n ” as a  ty p e o f  v isual reflex . A n  a lg o rith m  p ro v id in g  th is  c a ­

p ab ility  w o u ld  b e  v alu ab le in  th e  d es ig n  o f  a u to n o m o u s ro b o ts  

u s in g  v is io n  fo r na v ig a tio n , an d  c o u ld  also  hav e  ap p lica tio n s  in 

th e  a rea  o f  a u to m o b ile  safety . In  em b ed d e d  ap p lica tio n s  su ch  as 

th ese, th e co llis io n -d e tec tio n  a lg o rith m  m u st b e  in s tan tia ted  as a 

sm all, lo w -p o w er sen so r ca p ab le  o f  v isu ally  sen sin g  a dy nam ic  

sce ne  an d  u ltim ate ly  p ro d u c in g  a  tim ely  w arn in g  signal th a t can  

b e  u se d  fo r co llis io n  av oidan ce .

C o llis io n -d e te c tio n  a lg o rith m s hav e  b ee n  im p le m en ted  

on  ro b o tic  p la tfo rm s u s in g  a trad itio n a l c h a rg ed -co u p le  d e ­

v ice (C C D ) im ag er an d  C P U  to  p e rfo rm  th e  sen sin g  an d  

re a l-tim e  co m p u ta tio n . D u ch o n  an d  co lleag u es  im p le m en ted  

an o p tic -f lo w -b ased  co llis io n -d e tec tio n  a lg o rith m  on a large

M a n u sc rip t re c e iv e d  J u ly  23 , 2 0 0 4 ; re v is e d  F e b ru a ry  7 , 200 5. T h is  w o rk  w as 

su p p o rte d  in  p a rt b y  th e N a v a l A ir  W arfa re  C en te r, C h in a  L ak e , C A . T h is  p a p e r  

w as re c o m m e n d e d  b y  A sso c ia te  E d ito r  T. S. L an d e .

T h e  a u th o r is w ith  th e  D e p a rtm e n t o f  E le c tr ic a l an d  C o m p u te r  E n ­

g in ee rin g , U n iv e rs ity  o f  U ta h , Sa lt L a k e  C ity , U T  84 1 1 2  U S A  (e -m ail: 

h a rriso n @ e c e .u ta h .ed u ).
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m o b ile  ro b o t w ith  a  p ow erfu l C P U  th a t su ccessfu lly  n av ig a ted  

th ro u g h  a large lab o ra to ry  u s in g  only  a  w id e-an g le  v id eo  

c a m e ra  [5]. B lan ch a rd  an d  V erschu re im p le m e n ted  R in d ’s 

co llis io n -d e tec tio n  a lg o rith m  on  a  sm all tab le to p  ro b o t u s in g  

th re e  re m o te  P en tiu m  II  P C ’s (tw o 4 5 0  an d  o n e  333 M H z) to 

p e rfo rm  th e  re a l-tim e  im ag e  p ro cess in g  [6 ], [7]. M o re  recen tly , 

th is  a  v ar ian t o f  th is  a lg o rith m  w as u se d  in  p re lim in ary  e x ­

p e r im e n ts  to  g u id e  an  au to n o m o u s b lim p , ag a in  u s in g  re m o te  

im ag e  p ro cess in g  on  a  P C  [8 ].

S ta rtin g  w ith  th e  p io n ee rin g  w o rk  o f  M ea d  in  th e  1980s [9], 

re se a rc h e rs  h av e  de v e lo p ed  cu s to m  V L S I im p le m e n ta tio n s  o f  

v isual p ro cess in g  alg o rith m s in  th e  h o p es  o f  c rea tin g  sm aller, 

m ic ro p o w er sen so rs. In  1994, A b b o tt an d  co llea g u es  p re sen ted  

an  an a lo g  C M O S  ch ip  w ith  6 0  p h o to d e tec to rs  an d  d iffe ren tia ­

to rs  to  p e rfo rm  ed g e  en h a n cem en t [10]. A  m e th o d  fo r u s in g  

th e  ch ip  as a  co llis io n  d e tec to r w a s p re sen ted , b u t e x p lic it te s ts  

w ere  n o t p e rfo rm ed . A s  th e  ch ip  h a d  on ly  a  s in g le  o n e -d im e n ­

sional ( I -D )  array  o f  p h o to d io d es , lim ited  p e rfo rm an c e  in  g en ­

eral scen es  w o u ld  b e  ex p ected . In  1996, In d iv eri an d  co lleag u es  

p re sen ted  an an a lo g  C M O S  “tim e -to  co n ta c t” ch ip  [ I I ] ,  [12]. 

T h e  ch ip  u se d  tw o  co n c en tric  rin g s  o f  12 p h o to d e tec to rs  each  to 

c rea te  a  rin g  co n ta in in g  12  ra d ia lly  o rien ted  m o tio n  de tec to rs . 

T h e  c h ip  su ccessfu lly  p ro d u c ed  e s tim a tes  o f  co llis io n  tim es  fo r 

h ig h -co n tra s t co n c en tric  rin g s  th a t re p ea ted ly  trig g e re d  th e  m o ­

tio n  d e tec to rs . T h e  a lg o rith m  w a s n o t ev a lu a ted  on  re a l-w o rd  

scenes . A lso  in 1996, A n c o n a  an d  co lleag es  p ro p o se d  a  sy stem  

b u ilt w ith  tw o cu s to m  V L S I ch ip s— a C M O S  im ag e  sen so r an d  

a d ig ital A S IC — an d  a m icro c o n tro lle r w ith  add itio na l R A M  

ch ip s  [13]. T h is  m u lti-c h ip  sy s tem  u se d  the sam e a lg o rith m  as 

in  [ 11 ], w h ich  u se d  sparse  sam p lin g  o f  th e  im ag e  to  co m p u te  

im ag e  ve lo city  ab o u t a  contour.

O u r goal in  th is  w o rk  w as to  dev e lo p  a  h a rd w are  im p le m e n ­

ta tio n  o f  a  v isual co llis io n -d e tec tio n  a lg o rith m  in  th e  fo rm  o f  a  

s in g le -ch ip  “ sm art sen so r” c o n su m in g  less  th an  on e m illiw a tt o f  

pow er. U n lik e  p re v io u s  s ilic o n  im p le m en ta tio n s, o u r ch ip  w as 

d es ig n ed  to  in teg ra te  in fo rm a tio n  fro m  ev ery  p ixel in  a  den se 

tw o -d im en sio n a l (2-D ) im ag er array  in  th e  h o p e  th at th is  a p ­

p ro ach  w ill y ie ld  a  m o re  ro b u s t sensor. In  th e  p u rsu it o f  ro b u s t ­

n ess  w e also  ev a lu a ted  o u r a lg o rith m  u sin g  a lib rary  o f  m o v ies  

re c o rd e d  in  co m p lex , re a l-w o rld  scenes.

In  th is  paper, w e  first p re sen t th e  b io lo g ic a lly  in sp ired  a lg o ­

r i th m  th a t w a s u se d  in  b o th  s im u la tio n  an d  silico n . W e n ex t d e ­

scr ib e h o w  th e  a lg o rith m  w as ev a lu a ted  an d  re fin ed  in  s im u la ­

tio n  u s in g  a lib ra ry  o f  m ovies . T h en  w e p re sen t th e  im p le m e n ­

ta tio n  o f  th e  a lg o rith m  in  a  s tan d a rd  C M O S  V L S I p ro cess . F i ­

nally , w e  sh ow  ex p e rim en ta l re su lts  fro m  th is  s in g le -c h ip  v isual 

sensor.
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!!ig .  1 . D ia g r a m  o f  c o l l i s i o n  d e t e c t i o n  a l g o r i t h m .  T h e  r e s p o n s e s  o f  r a d i a l l y  

o r i e n t e d  m o t i o n  d e t e c t o r s  a r e  in t e g r a t e d  in  s p a c e  a n d  t i m e ,  a n d  c o m p a r e d  a g a i n s t  

a  f i x e d  t h r e s h o l d .

II . M o t i o n  D h t h c t o r  M o d h l s  

A . M o d e ls  o f  C o ll is io n  D e te c t io n  in  A n im a ls

W h ile  se v e ra l m o d e ls  h a v e  b e e n  p ro p o s e d  to  e x p la in  c o ll is io n  

d e te c t io n  [1 ]—[3], [1 4 ], so m e  in v o lv e  re la t iv e ly  h ig h - le v e l  c o n ­

c e p ts  s u c h  a s  id e n tify in g  a n  a p p ro a c h in g  o b je c t  in  a  d y n a m ic  

im a g e  a n d  m e a s u r in g  its  s iz e  (e .g ., [2 ]). T h e  m o d e l  p ro p o s e d  

b y  B o rs t a n d  B a h d e  in  198 8  to  e x p la in  th e  la n d in g  b e h a v io r  o f  

flie s  [1] is  p a r t ic u la r ly  a m e n a b le  to  lo w -le v e l h a rd w a re  im p le ­

m e n ta tio n . A s  flie s  a p p ro a c h  a  la rg e  s ta tio n a ry  o b je c t, th e y  e x ­

te n d  th e ir  le g s  to  a  la n d in g  p o s i t io n  a fe w  h u n d re d  m ill is e c o n d s  

b e fo re  c o n ta c t. T h e  r e s p o n s e  is  v isu a lly  m e d ia te d , a n d  th e  le g  

e x te n s io n  t im in g  re la t iv e  to  c o n ta c t  tim e  v a r ie s  d e p e n d in g  o n  

th e  v is u a l s tru c tu re  o f  th e la n d in g  s ite . H ig h ly  p a tte rn e d  o b je c ts  

w ith  m a n y  h ig h -c o n tra s t  e d g e s  e l ic i t  e a r l ie r  la n d in g  r e s p o n s e s  

th a n  v is u a lly  sp a rse  o b je c ts  h a v in g  la rg e  fe a tu re le s s  re g io n s .

T h e  m o d e l  d e v e lo p e d  b y  B o rs t a n d  B a h d e  to  e x p la in  th is  b e ­

h a v io r  e m p lo y s  a  ra d ia l ly  o r ie n te d  a r ra y  o f  m o tio n  d e te c to rs  

c e n te re d  in  th e  d ire c t io n  o f  f l ig h t (se e  F ig . 1). A s  th e  a n im a l 

a p p ro a c h e s  a  s ta tic  o b je c t, a n  e x p a n s iv e  o p tic  flo w  f ie ld  is  p ro ­

d u c e d  o n  th e  re t in a . A  w id e  a n g le  f ie ld  o f  v ie w  is  u s e fu l  s in ce  

o p tic  f lo w  in  th e  d ire c t io n  o f  f l ig h t w il l  b e  z e ro . T h e  re s p o n s e  o f  

th is  ra d ia l  a r ra y  o f  m o tio n  d e te c to rs  is  su m m e d  a n d  th e n  p a s s e d  

th ro u g h  a  le a k y  in te g ra to r  (a  lo w -p a s s  fi lte r) . I f  th is  re s p o n s e  

e x c e e d s  a  f ix ed  th re s h o ld , a n  im m in e n t  c o ll is io n  is  d e te c te d  an d  

th e  a n im a l c a n  ta k e  e v a s iv e  a c t io n  o r p re p a re  fo r  a  la n d in g . T h is  

e x p a n s iv e  o p tic  f lo w  m o d e l h a s  re c e n tly  b e e n  u s e d  to  e x p la in  

la n d in g  a n d  c o ll is io n  a v o id a n c e  r e s p o n s e s  in  th e  f ru it  fly  [3]. 

A ll  o p tic - f lo w -b a s e d  c o ll is io n  d e te c t io n  a lg o r i th m s  re q u ire  a n  

in i t ia l  p ro c e s s in g  s ta g e  th a t e s t im a te s  m o tio n  in  a n  im a g e .

R . M o tio n  D e te c to r  A r c h ite c tu r e

M o tio n  d e te c t io n  m e c h a n is m s  in  f lie s  h a v e  b e e n  s tu d ie d  fo r  

n e a r ly  5 0  y e a rs ,  s ta r lin g  w ith  th e  s o -c a l le d  R e ic h a rd t  m o d e l  o f  

m o tio n  d e te c tio n  p ro p o s e d  in  1 9 5 6  [1 5 ]. M u c h  e x p e r im e n ta l  

w o rk  h a s  re in fo rc e d  th e  v a lid ity  o f  th is  d e la y -a n d -c o r re la te  e l ­

e m e n ta ry  m o tio n  d e te c to r  (E M D ) a n d  e x p a n d e d  th e  o r ig in a l 

m o d e l to  a n  e la b o ra te d  v e rs io n  s h o w n  in  F ig . 2  [1 6 ]—[1 8 ]. A s  

s h o w n  in  th is  fig u re , tw o  a d ja c e n t  p h o to re c e p to rs  c o n v e r t lig h t 

in te n s ity  in to  a n  e le c tr ic a l  s ig n a l. A f te r  p h o to re c e p tio n  in  th e  

re t in a ,  th e  m e a n  l ig h t  in te n s i ty  n e e d s  to  b e  s u b tra c te d . E l im i ­

n a t in g  th e  p o te n tia l ly  la rg e  d c  l ig h t  le v e l— w h ic h  c o n ta in s  n o  

m o tio n  in fo rm a tio n — m a k e s  b e t te r  u s e  o f  th e  lim ite d -d y n a m ic  - 

r a n g e  c h a n n e ls  th a t fo llo w . T h is  d c  le v e l e l im in a tio n  is  a c c o m ­

p lis h e d  in  th e  la rg e  m o n o p o la r  c e lls  (L M C s ) , w h ic h  a re  d ire c tly  

p o s ts y n a p tic  to  p h o to re c e p to rs  in  th e  fly.

!!ig .  2 .  H la b o r a te d  d e l a y - a n d - c o r r e l a t e  H M D .

S u p p re s s in g  d c  i l lu m in a tio n  a n d  e n h a n c in g  ac  c o m p o n e n ts  

o f  p h o to re c e p to r  s ig n a ls  is  a  c o m m o n  th e m e  in  m a n y  b io lo g ­

ic a l v is u a l s y s te m s . L M C s  in  th e  fly  e x h ib it  t r a n s ie n t  b ip h a s ic  

im p u ls e  r e s p o n s e s  a p p ro x im a te ly  4 0 - 2 0 0  m s  in  d u ra t io n  [1 9 ], 

[2 0 ]. In  th e  fre q u e n c y  d o m a in , th is  c a n  b e  s e e n  as a  b a n d p a s s  

f i lte r in g  o p e ra t io n  th a t a t te n u a te s  d c  s ig n a ls  w h ile  a m p lify in g  

s ig n a ls  in  th e  2 - 4 0  H z  r a n g e  [2 0 ], [2 1 ]. In  th e  la te ra l  g e n ic u la te  

n u c le u s  o f  c a ts , “ la g g e d ”  a n d  “ n o n la g g e d ”  c e lls  e x h ib it  tr a n s ie n t 

b ip h a s ic  im p u ls e  re s p o n s e s  2 0 0 - 3 0 0  m s  in  d u ra t io n  a n d  a c t as 

b a n d p a s s  fi lte rs  a m p lify in g  s ig n a ls  in  th e  1 - 1 0  H z  r a n g e  [22 ], 

(O f  c o u rs e , th e  la rg e -s ig n a l  b e h a v io rs  o f  th e se  c e l ls  sh o w  s ig ­

n if ic a n t n o n lin e a r ity . N e v e r th e le s s , th e  c e lls  su p p re s s  d c  s ig n a ls  

a n d  p a s s  a c  s ig n a ls  w ith in  th e ir  b a n d w id th , so  th ey  a c t a s  b a n d ­

p a s s  f ilte rs  fo r  s m a ll  s ig n a ls .)  T h is  f il te r in g  h a s  r e c e n tly  b e e n  

e x p la in e d  in  te rm s  o f  te m p o ra l  d e c o r re la t io n , a n d  c a n  b e  se e n  

as  w a y  o f  r e m o v in g  re d u n d a n t in fo rm a tio n  f ro m  th e  p h o to re ­

c e p to r  s ig n a l b e fo re  fu r th e r  p ro c e s s in g  [2 0 ], [23].

A f te r  th is  “ tra n s ie n t  e n h a n c e m e n t,”  o r  te m p o ra l  d e c o r re la ­

tio n , th e  s ig n a ls  a re  d e la y e d  u s in g  th e  p h a s e  la g  o f  a  lo w -p a s s  

filter. W h ile  n o t a  tru e  tim e  d e la y , th e  lo w -p a s s  f ilte r  m a tc h e s  

d a ta  f ro m  a n im a l e x p e r im e n ts  a n d  m a k e s  th e  R e ic h a rd t  E M D  

e q u iv a le n t to  a  s im p lif ie d  v e rs io n  o f  th e  o r ie n te d  s p a tio te m -  

p o ra l e n e rg y  filte r  p ro p o s e d  b y  A d e ls o n  a n d  B e rg e n  [24] w ith  

n o  e x p lic i t  s p a tia l  f ilte r in g . B e fo re  c o rre la t in g  th e  a d ja c e n t 

d e la y e d  a n d  n o n d e la y e d  s ig n a ls , a  s a tu ra t in g  s ta tic  n o n lin e a r ity  

is  a p p lie d  to  e a c h  c h a n n e l. W ith o u t s u c h  a  n o n lin e a r ity , th e  

d e la y -a n d -c o r re la te  E M D  e x h ib its  a  q u a d ra t ic  d e p e n d e n c e  o n  

im a g e  c o n tra s t. In  fly  ta n g e n tia l  n e u ro n s , m o tio n  r e s p o n s e s  

sh o w  a q u a d ra tic  d e p e n d e n c e  o n ly  a t v e ry  lo w  c o n tra s ts , th e n  

q u ic k ly  b e c o m e  la rg e ly  in d e p e n d e n t  o f  im a g e  c o n tra s t  fo r  c o n ­

tra s ts  a b o v e  3 0 % . E g e lh a a f  a n d  B o rs t p ro p o s e d  th e  p re s e n c e  o f  

th is  n o n lin e a r i ty  in  th e  b io lo g ic a l  E M D  to  e x p la in  th is  c o n tra s t 

in d e p e n d e n c e  [2 5 ]. F u n c tio n a lly , it  is  n e c e s s a ry  to  p re v e n t 

h ig h -c o n tra s t  e d g e s  f ro m  d o m in a tin g  th e  su m m e d  o u tp u t  o f  the  

E M D  array .

A f te r  c o rre la t io n , o p p o n e n t  s u b tra c t io n  p ro d u c e s  a  s tro n g  

d ire c tio n a lly  se le c tiv e  s ig n a l  th a t is  ta k e n  as th e  o u tp u t  o f  th e  

E M D . U n lik e  a lg o r i th m s  th a t fin d  a n d  tra c k  fe a tu re s  in  a n  

im a g e , th e  d e la y -a n d -c o r re la te  E M D  d o e s  n o t m e a s u re  tru e  

im a g e  v e lo c ity  in d e p e n d e n t o f  th e  s p a tia l  s tru c tu re  o f  th e  im a g e . 

H o w e v e r , r e c e n t  w o rk  h a s  s h o w n  th a t fo r  n a tu ra l  sc e n e s , th e se
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F ig . 3. P o la r  co o rd in a te  sy s tem  u se d  fo r all  tish ey e  len s im ag es.

R e ic h a rd t  E M D s  g iv e  r e l ia b le  e s t im a te s  o f  im a g e  v e lo c ity  [26]. 

T h is  r e l ia b il i ty  is im p ro v e d  b y  th e  a d d itio n  o f  L M C  b a n d p a s s  

f ilte rs  a n d  s a tu ra tin g  n o n lin e a r i t ie s .  E x p e r im e n ts  u s in g  e a r l ie r  

v e rs io n s  o f  s il ic o n  E M D s  h a v e  d e m o n s tra te d  th e  a b ili ty  o f  

d e la y -a n d -c o r re la te  m o tio n  d e te c to rs  to  w o rk  re l ia b ly  a t ve ry  

lo w  s ig n a l- to -n o is e  r a t io s  [2 7 ].

III . S i m u l a t i o n  E x p e r i m e n t s

A . C o lle c tio n  o f  D a ta s e t

T o w a rd  th e  g o a l o f  d e v e lo p in g  a  c o ll is io n  d e te c tio n  a lg o r i th m  

th a t w o rk s  ro b u s tly  in  th e  p re s e n c e  o f  c o m p le x  sc e n e s , w e  c o m ­

p i le d  a  d a ta b a s e  o f  re a l-w o r ld  m o v ie s  th a t  w e re  u s e d  to  e v a l ­

u a te  a lg o r i th m  p e rfo rm a n c e . W e to o k  d ig ita l  m o v ie s  u s in g  a  d ig ­

i ta l c a m e ra  (N ik o n  C o o lp ix  9 9 5 )  c a p a b le  o f  c a p tu r in g  7 0  h ig h -  

q u a li ty  ( lo w  c o m p re s s io n )  3 2 0  x  2 4 0  J P E G  im a g e s  a t  a  ra te  

o f  3 0  f ra m e s /s e c o n d . W e u s e d  a  f ish e y e  le n s  c o n v e r te r  (N ik o n  

F C -E 8 )  to  c a p tu re  a  c o m p le te  180°  v is u a l h e m if ie ld  in  f ro n t  o f  

th e  c a m e ra .

T h e  f ish e y e  le n s  m a p p e d  th e  fo rw a rd  v isu a l h e m if ie ld  o n to  

a  c irc le  2 4 0  p ix e ls  in  d ia m e te r  o n  th e  im a g e  p la n e  (se e  F ig . 3). 

A n  o b je c t  d ire c t ly  in  f ro n t  o f  th e  c a m e ra  m a p p e d  to  th e  c e n te r  o f  

th is  c irc u la r ' im a g e . W e d e fin e d  th is  d ire c tio n  a s  z e ro  e le v a tio n  

a n g le . A n o b je c t  d ire c tly  a b o v e  th e  c a m e ra  (e .g ., o n  th e  c e ilin g )  

m a p p e d  to  th e  to p  o f  th e  c irc le . W e d e f in e d  th is  d ire c tio n  a s  9 0 °  

e le v a tio n , 0°  a z im u th . A n o b je c t  d ire c tly  b e lo w  th e  c a m e ra  (e .g ., 

o n  th e  f lo o r) m a p p e d  to  th e  b o t to m  o f  th e  c irc le  a n d  w a s  d e fin e d  

to  b e  9 0 °  e le v a tio n , 180° a z im u th . U s in g  th is  polar ' c o o rd in a te  

sy s te m , a n  o b je c t  a t  th e  sa m e  h e ig h t  a s  th e  c a m e ra  b u t  ly in g  to  

th e  le f t  o f  c e n te r  in  its  f ie ld  o f  v ie w  w o u ld  h a v e  an  a z im u th  o f  

+ 9 0 °  a n d  an  e le v a tio n  o f  p e rh a p s  4 5 ° .

T h e  c a m e ra  w a s  m o u n te d  o n  a  s m a ll c u s to m -b u il t  m o to r iz e d  

v e h ic le  w h ic h  c o u ld  b e  m o v e d  in  c o n tro l le d  tra je c to r ie s  a c ro ss  

th e  f lo o r o f  o u r  la b o ra to ry . T h e  c a m e ra  w a s  o r ie n te d  so  th a t th e  

le n s  fa c e d  fo rw a rd . T h e  c e n te r  o f  th e  le n s  w a s  11 c m  a b o v e  

th e  flo o r, a n d  w a s  p la c e d  fo rw a rd  so  th a t th e  v e h ic le  i ts e l f  w a s  

n o t  v is ib le  in  th e  f ish e y e  f ie ld  o f  v iew . T h e  v e h ic le  m o v e d  a t  a  

c o n s ta n t  v e lo c ity  o f  31 c m /s .

W e c o lle c te d  5 0  m o v ie s  o f  tw o  ty p e s : “ c ra s h ”  a n d  “n o  

c ra sh .”  T h e  25  “ c ra s h ” m o v ie s  e n d e d  w ith  th e  c a m e ra  c o llid in g  

w ith  a  fix e d  o b je c t:  a  w a ll ,  a  b o o k , a  ta b le  le g , o r  so m e  o th e r  

o b je c t  c o m m o n ly  e n c o u n te re d  in  a  u n iv e rs ity  lab . (T o p ro te c t  

th e  f ish e y e  le n s , th e s e  m o v ie s  w e re  ta k e n  b a c k w a rd , w ith  

th e  c a m e ra  f irs t to u c h in g  th e  o b s ta c le  a n d  th en  th e  v e h ic le  

b a c k in g  aw ay . T h e  f ra m e s  w e re  la te r  re v e rs e d .)  T h e  25  “n o

c ra s h ”  m o v ie s  w e re  ta k e n  in  s i tu a tio n s  w h e re  th e  c a m e ra  n e v e r  

c o ll id e d  w ith  an  o b s ta c le . F o r  e x a m p le , th e  c a m e ra  w a s  d riv en  

u n d e r  ta b le s , a c ro s s  o p e n  a re a s  o f  flo or, o r  o th e r  n o n c o ll is io n  

tra je c to r ie s . In  tw o  o f  th e  2 5  “ n o  c ra s h ” m o v ie s , th e  v e h ic le  

w a s  m o d if ie d  to  tu rn  in  p la c e  in s te a d  o f  m o v e  fo rw a rd . W h ile  

a ll m o v ie s  w e re  r e c o rd e d  in  o u r  8 .2  m  x  7 .9  m  la b , w e  m a d e  an  

e f fo r t  to  c h a n g e  th e  lo c a tio n  a n d  d ire c tio n  o f  tra je c to ry  in  a ll 

5 0  m o v ie s , a n d  to  in c lu d e  c h a lle n g in g  c o ll is io n  d e te c tio n  s i tu a ­

t io n s , s u c h  a s  a p p ro a c h in g  b a re  w a lls . N o te  th a t  th e  w a ll- f lo o r  

a n d  w a ll-c e ilin g  b o u n d a r ie s  w e re  v is ib le  in  th e  f ish e y e  le n s  u p  

to  th e  p o in t  o f  c o ll is io n . A  ty p ic a l “ w id e -a n g le ”  le n s  h a v in g  a  

f ie ld  o f  v iew  o f  p e rh a p s  ± 3 5 °  c a n n o t see  th e s e  im p o r ta n t  v isu a l 

c u e s  o n c e  i t  is  w ith in  a  c e r ta in  d is ta n c e  o f  th e  w a ll.

A s m e n tio n e d  a b o v e , e a c h  ra w  m o v ie  c o n s is te d  o f  7 0  f ra m e s . 

B e c a u s e  th e  c a m e ra  c o u ld  n o t  b e  s y n c h ro n iz e d  p re c is e ly  w ith  

v e h ic le  m o tio n , th e re  w e re  ty p ic a lly  a  fe w  “ w a s te d ”  f ra m e s  in  

e a c h  im a g e  ta k e n  b e fo re  th e  v e h ic le  b e g a n  m o v in g . E a c h  m o v ie  

w a s  a n a ly z e d  to  d e te rm in e  th e  o n s e t  o f  v e h ic le  m o tio n , a n d  th e 

e x c e s s  f ra m e s  w e re  d is c a rd e d . T o  m a in ta in  a  u n ifo rm  le n g th  

fo r  a ll 5 0  m o v ie s , w e  c h o s e  to  t r im  e a c h  m o v ie  to  6 0  f ra m e s , 

w h ic h  re p re s e n te d  tw o  s e c o n d s  o f  m o tio n  a n d  6 2  c m  o f  d is ta n c e  

tra v e le d .

W e c o n v e r te d  th e  c o lo r  im a g e s  to  g ra y s c a le  a n d  r e d u c e d  the  

re s o lu tio n  to  p o la r -o r ie n te d  p ix e ls  e a c h  s u b te n d in g  1° o f  e le v a ­

t io n  a n g le  a n d  1 .4 ° -2 .8 °  a z im u th  a n g le . (P ix e ls  in  a  p o la r  im a g e  

b e c o m e  s m a lle r  to w a rd  th e  c e n te r  o f  th e  im a g e , so  w e  p e r io d i ­

c a lly  r e d u c e d  th e  n u m b e r  o f  p ix e ls  in  e a c h  c o n c e n tr ic  “r in g ” to  

m a in ta in  a  re a s o n a b le  p ix e l s iz e  a n d  th u s  a p p ro x im a te  th e  u n i ­

f o rm  p ix e l la y o u t in  ty p ic a l im a g e r  a r ra y s .)  F ig . 4 (a )  sh o w s  o n e  

im a g e  f ro m  a  “c ra s h ” m o v ie  w h e re  th e  c a m e ra  is  a p p ro a c h in g  

tw o  f il in g  c a b in e ts . T h e  im a g e  c o n s is ts  o f  9 0 0 0  p ix e ls  c o v e rin g  

a  fu ll  180°  v iew .

U s in g  th is  d a ta s e t, w e  s im u la te d  th e  c o ll is io n  d e te c t io n  a lg o ­

r i th m  f ro m  F ig . 1 in  M A T L A B  u s in g  a  t im e  s te p  e q u iv a le n t  to  

th e  f ra m e  tim e  o f  1 /3 0  se c o n d . W e im p le m e n te d  th e  L M C  filte r  

f ro m  F ig . 2  u s in g  a n  F I R  f ilte r  w ith  c o e ff ic ie n ts  o f  —0 .5 , + 1 ,  

a n d  —0 .5  to  g iv e  a  b ip h a s ic  r e s p o n s e  to  a  s te p  c h a n g e  in  l ig h t  

in te n s i ty  w ith  a  s im ila r  tim e  c o u rs e  to  b io lo g ic a l  L M C s . T h is  is 

r o u g h ly  e q u iv a le n t  to  a  c o n tin u o u s - t im e  b a n d p a s s  f i lte r  h a v in g  

a  c e n te r  f re q u e n c y  o f  15 H z  a n d  a  q u a lity  fa c to r  Q  a ro u n d  tw o . 

W e u s e d  a  f ir s t-o rd e r  H R  fil te r  to  im p le m e n t th e  lo w -p a s s  f i lte r  in  

th e  E M D  ( t  =  25  m s , w h ic h  c o r re s p o n d s  c lo s e ly  to  b io lo g ic a l  

d a ta  f ro m  in s e c ts  [1 8 ]) a n d  th e  le a k y  in te g ra to r  (a ls o  a  lo w -p a s s  

f ilte r)  a t  th e  o u tp u t  ( r  =  15 0  m s) . T h e  s a tu ra tin g  n o n lin e a r i ty  

w a s  im p le m e n te d  a s  a  ta n h  fu n c tio n . E M D s  w e re  a r ra n g e d  r a ­

d ia lly  b e tw e e n  a d ja c e n t  p ix e ls .

B . In i t ia l  S im u la t io n  R e s u lts

F ig . 4  sh o w s  th e  v a r io u s  s ta g e s  o f  p ro c e s s in g  in  o u r  a lg o r i th m  

fo r  o n e  f ra m e  f ro m  a  “ c ra s h ”  m o v ie . F ig . 4 (a )  sh o w s  th e  im a g e  

ta k e n  b y  th e  c a m e ra  a f te r  c o n v e rs io n  to  g ra y s c a le  a n d  p o la r  p ix -  

e l iz a tio n . T h is  r e p re s e n ts  th e  p h o to re c e p to r  in p u t to  th e  E M D  

a rray . F ig . 4 (b )  sh o w s  th e  o u tp u t  o f  th e  L M C  b a n d p a s s  f ilte r  

s ta g e  a f te r  th e  s a tu ra tin g  n o n lin e a r ity . T h e  e d g e s  o f  th e  f ilin g  

c a b in e ts , w h ic h  a re  e x p a n d in g  in  th e  f ie ld  o f  v iew , a re  c le a r ly  e n ­

h a n c e d  b y  th e  L M C  u n its . F ig . 4 (c )  sh o w s  th e  o u tp u t  o f  th e  d e la y  

( lo w -p a s s  f ilte r)  s ta g e  a f te r  th e  s a tu ra tin g  n o n lin e a r ity . B e c a u se  

th e  lo w -p a s s  f i lte r  t im e  c o n s ta n t  is  o n  th e  o rd e r  o f  th e  f ra m e
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( a )  ( b )

time to contact [seconds]

Fig . 4 . Im a g e s  from  v a rio u s  lev els o f  m o tio n  p ro c e ss in g  for a  ty p ic a l c o llis io n  

m o vie, (a) P ho to re ce p to r. ( b) L M C . (c) D e lay , (d) R a d ia l E M D  o p p o n e n t o utpu t. 

( e) R e sp o n se  a fte r sp a tia l su m m a tio n  an d  leak y  in tegrator.

ra te , th e  d if fe re n c e s  b e tw e e n  F ig . 4 (b )  a n d  (c ) a re  su b tle . F ig . 

4 (d )  s h o w s  th e  o p p o n e n t  o u tp u t  o f  th e  ra d ia l ly  o r ie n te d  E M D s , 

w h e re  w h ite  re p re s e n ts  a  p o s itiv e  re s p o n s e  a n d  b la c k  re p re s e n ts  

a  n e g a tiv e  re s p o n s e . W h ile  m o re  lig h t  p ix e ls  a re  p re s e n t  th a n  

d a rk  p ix e ls , i t  is  c le a r  th a t in d iv id u a l  E M D s  s a m p le d  a t o n e  in ­

s ta n t in  t im e  a re  ra th e r  u n re lia b le  m o tio n  se n s o rs , a s  h a s  b e e n  

o b s e rv e d  in  b io lo g ic a l  m o d e ls  [2 6 ], [28],

F ig . 4 (e )  s h o w s  th e  o u tp u t  o f  th e  c o ll is io n  d e te c to r  a f te r  s u m ­

m in g  th e  E M D  re s p o n s e s  o v e r  th e  e n tire  v is u a l  fie ld  a n d  p a s s in g  

th is  s ig n a l  th ro u g h  a  le a k y  in te g ra to r . T h e  r e s p o n s e  b u ild s  to  

a  p e a k  a ro u n d  4 0 0  m s  b e fo re  c o n ta c t  w ith  th e  o b s ta c le , a n d  

th e n  th e  r e s p o n s e  d ie s  a w a y  b e fo re  c o ll is io n . C le a r ly , a  s im p le  

th re s h o ld  o p e ra tio n  c o u ld  b e  u s e d  to  p ro d u c e  a  w a rn in g  se v e ra l 

h u n d re d  m ill is e c o n d s  b e fo re  c o llis io n .

F ig . 5 s u m m a r iz e s  th e  p e r fo rm a n c e  o f  th e  c o ll is io n  d e te c tio n  

a lg o r i th m  o n  th e  5 0 -m o v ie  te s t  se t. F ig . 5 (a )  s h o w s  th e  s u p e r im ­

p o s e d  a lg o r i th m  re s p o n s e s  f o r  a l l  25  “c ra s h ” m o v ie s , a n d  F ig . 

5 (b )  sh o w s  th e  r e s p o n s e s  fo r  a ll 25  “ n o  c ra s h ” m o v ie s . S in c e

th e  p u rp o s e  o f  th e  a lg o r i th m  is  to  d is t in g u is h  b e tw e e n  im m i ­

n e n t  c o ll is io n s  a n d  n o n c o ll is io n  s itu a tio n s , w e  w o u ld  lik e  to  se t 

a  th re s h o ld  le v e l th a t w o u ld  b e  e x c e e d e d  b y  e v e ry  “ c ra s h ” m o v ie  

a n d  n o t b e  r e a c h e d  b y  a n y  “ n o  c ra s h ” m o v ie . A s  F ig . 5 (c )  i l ­

lu s tra te s , th is  id e a l  s i tu a t io n  is  im p o s s ib le  to  o b ta in  g iv e n  th e  

p e rfo rm a n c e  o f  o u r  a lg o r ith m . T h e re  is  n o  th re s h o ld  le v e l th a t 

r e s u lts  in  z e ro  fa lse  p o s itiv e s  ( re p o r t in g  a n  im m in e n t  c ra s h  in  a  

“ n o  c ra s h ” s itu a tio n )  a n d  z e ro  fa lse  n e g a tiv e s  (fa il in g  to  d e te c t 

a n  im m in e n t  c o llis io n ) . T h e  d a ta  in  F ig . 5 (c )  i l lu s tra te  th a t th e  

p e rfo rm a n c e  o f  th e  a lg o r i th m  m a y  b e  o p tim iz e d  b y  s e ttin g  th e  

th re s h o ld  v a lu e  to  17; th is  r e s u lts  in  o n e  fa ls e  p o s itiv e  a n d  th re e  

fa lse  n e g a tiv e s  o u t o f  5 0  tr ia ls , fo r  a  to ta l o f  9 2 %  c o rre c t.

W e e v a lu a te d  th is  d a ta  u s in g  th e  re c e iv e r  o p e ra t in g  c h a ra c ­

te r is tic  (R O C ) c o n c e p t  [2 9 ], A n  R O C  p lo t  is  a  p a ra m e tr ic  p lo t 

o f  fa lse  p o s itiv e  r a te  v e rs u s  fa ls e  n e g a tiv e  r a te  w h e re  th e  v a r ie d  

p a ra m e te r  is  th e  d e te c tio n  th re s h o ld . F ig . 5 (d )  s h o w s  th e  R O C  

p lo t  fo r  th e  s im u la t io n  d a ta . T h e  a re a  u n d e rn e a th  th e  R O C  c u rv e  

re p re s e n ts  a n  e s t im a te  o f  th e  u p p e r  l im it  o f  th e  p ro b a b il i ty  th a t 

th e  a lg o r i th m  w il l  m a k e  a  c o r re c t  d e c is io n . N o te  th a t a  p e r fe c t  

c o ll is io n  d e te c to r  w o u ld  h a v e  a n  R O C  c u rv e  th a t fo llo w e d  th e  

le f t  a n d  u p p e r  e d g e  o f  th e  s q u a re  (e n c o m p a s s in g  a n  a re a  o f  1 .0, 

o r  1 0 0 % ), w h ile  a  s y s te m  b e h a v in g  ra n d o m ly  w o u ld  h a v e  a n  

R O C  c u rv e  o f  a  s tra ig h t  l in e  f ro m  th e  b o t to m - le f t  c o rn e r  to  th e  

u p p e r - r ig h t  c o rn e r  o f  th e  s q u a re  (e n c o m p a s s in g  a n  a re a  o f  0 .5 , 

o r  5 0 % ). T h e  a re a  u n d e r  th e  R O C  c u rv e  ( A ROc )  in  F ig . 5 (d )  is

0 .9 8 4 ; n o te  th a t th is  v a lu e  is  o v e rly  o p tim is t ic  w h e n  c o m p a re d  

to  th e  9 2 %  c o r re c t  d e te c tio n  ra te  o b s e rv e d  in  F ig . 5 (c ) . In  o u r  

s im u la tio n s , ^4r o c  c o r re la te d  w e ll  w ith  o b s e rv e d  p e r fo rm a n c e  

so  w e  u s e d  th is  s in g le  v a lu e  to  ra te  th e  o v e ra ll  p e r fo rm a n c e  o f  

o u r  a lg o r i th m  in  th e  5 0 -m o v ie  d a ta s e t.  A lg o r i th m  p e r fo rm a n c e  

w a s  o b s e rv e d  to  b e  re la t iv e ly  in s e n s i t iv e  to  E M D  p a ra m e te rs .

T h e  s im u la tio n  p a ra d ig m  p re s e n te d  h e re  a llo w e d  u s  to  e a s ily  

te s t  a lte rn a tiv e  m o d e ls  fo r  p o s s ib le  h a rd w a re  im p le m e n ta t io n . 

F o r  e x a m p le , e lim in a tin g  th e  s a tu ra t in g  n o n lin e a r i t ie s  s h o w n  in  

F ig . 2  r e d u c e d  ^4r o c  f ro m  0 .9 8 4  to  0 .9 5 4  d u e  to  th e  in c re a s e d  

c o n tra s t  d e p e n d e n c e . H o w e v e r , s tre n g th e n in g  th e  n o n lin e a r ity  

so  th a t a  b in a r iz a t io n  o f  th e  s ig n a l  w a s  p e r fo rm e d  b e fo re  c o r re ­

la t io n  a ls o  d e c re a s e d  A r o c  ( to  0 .9 6 2 ) , in d ic a tin g  th a t a n  a n a lo g  

s ig n a l  s h o u ld  b e  p re s e rv e d .

C. R e s u l ts  W ith  R e d u c e d  F ie ld -o f-V ie w  a n d  Im a g e  R e s o lu t io n

W e o b s e rv e d  th a t s o m e  o f  th e  “ n o  c ra s h ” m o v ie s  w e re  

tr ig g e r in g  fa lse  p o s itiv e s  w h e n  th e  c a m e ra  m o v e d  p a s t  a  n e a rb y  

o b je c t, w h ic h  p ro d u c e d  o u tw a rd  o p tic  flow  in  th e  p e r ip h e ry  o f  

th e  im a g e . T o im p ro v e  p e r fo rm a n c e , w e  l im ite d  th e  fie ld  o f  v ie w  

f ro m  ± 9 0 °  to  ± 6 0 °  to  l im it th e  e f fe c t o f  th is  o p tic  flow  c a u s e d  

b y  o b je c ts  n o t in  th e  v e h ic le ’s p a th . T h is  im p ro v e d  A r o c  

to  0 .9 9 4  w h ile  u s in g  a  5 1 6 0 -p ix e l  im a g e . W ith  a n  e ff ic ie n t 

h a rd w a re  im p le m e n ta t io n  a s  th e  u l t im a te  g o a l, w e  a ls o  re d u c e d  

th e  o v e ra ll  r e s o lu t io n  o f  th e  im a g e  a s  m u c h  a s  p o s s ib le . F ig . 

6 (a )  s h o w s  th e  im a g e  s iz e  a n d  r e s o lu t io n  u s e d  in  th e  p re v io u s  

s im u la tio n s , a n d  is id e n tic a l  to  F ig . 4 (a ) . F ig . 6 (b ) sh o w s  th e  

r e d u c e d  im a g e  s iz e  a n d  r e s o lu t io n  u s e d  in  th e  s e c o n d  s im u la tio n . 

T h e  f ie ld  o f  v ie w  w a s  lim ite d  to  a n  e le v a tio n  o f  6 0 ° , a n d  

th e  p ix e ls  w e re  r e d u c e d  to  a n  e le v a tio n  o f  5 °  a n d  a n  a z im u th  

ra n g in g  f ro m  11° to  2 2 ° . T h is  r e s u lte d  in  a n  im a g e  c o n ta in in g  

o n ly  1 3 2  p ix e ls .
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F ig . 5. R e su lts  o f  c o llis io n  d e te c tio n  a lg o ri th m  a p p lie d  to  a ll 50  m ov ies at fu ll re so lu tio n , (a) O u tp u t o f  c o llis io n  d e te c to r  fo r  a ll  25  “ c ra sh "  m o v ies, (b) O u tp u t 

o f  c o llis io n  d e te c to r  fo r  all 25 “n o  c ra sh "  m ov ies, (c) F a lse  p o sitiv es a n d  fa lse  n eg a tiv es  as d e te c tio n  th re sh o ld  is va ried , (d) R O C  cu rv e. T h e  a rea  u n d e r  th e R O C  

cu rv e  is 0 .98 4 .

F ig . 6. (a) Im ag e  siz e  u se d  fo r  in it ia l s im u la tio n s  (9 0 0 0  p ix els) . T h e  field  o f  

v iew  is 1 80 ° . (b) R e d u c e d  im age  u se d  fo r  la te r sim u la tio n s  (13 2 p ixe ls) . T lie  

field  o f  v iew  is 1 2 0° .

T h e  s im u la tio n  re s u l ts  u s in g  th e s e  a n g le - lim ite d , r e d u c e d - re s -  

o lu t io n  im a g e s  a re  sh o w n  in  F ig . 7 . N o te  th a t  F ig . 7 h a s  th e  sa m e  

fo rm a t  a s  F ig . 5 . T h e  a lg o r i th m  p e r fo rm s  w ith  /Lr o c  =  0 .9 8 9  

a c ro ss  th e  e n tire  d a ta s e t  o f  5 0  m o v ie s . W h ile  lo w e r  th a n  th e  

^4r o c  =  0 .9 9 4  a c h ie v e d  u s in g  a 1 20 ° fie ld  o f  v ie w  a t  fu l l  r e s o ­

lu tio n , th e  a lg o r i th m  p e r fo rm s  s u rp r is in g ly  w e ll  c o n s id e r in g  th e  

c o a rs e  im a g e s  u s e d . T h e  b e s t  o b s e rv e d  p e r fo rm a n c e  o c c u rre d  

w ith  a  th re s h o ld  o f  0 .0 0 2 9  [se e  F ig . 7 (c )] , g iv in g  tw o  fa lse  p o s ­

i tiv e s  a n d  o n e  fa lse  n e g a tiv e  fo r  a  to ta l o f  9 4 %  c o rre c t.  F u r th e r  

re d u c tio n  o f  im a g e  r e s o lu t io n  a n d /o r  fie ld  o f  v ie w  s ig n if ic a n tly  

lo w e re d  p e r fo rm a n c e .

IV. I n t e g r a t e d  C i r c u i t  I m p l e m e n t a t i o n

O u r  p o s itiv e  s im u la t io n  r e s u lts  u s in g  1 3 2 -p ix e l im a g e s  s u g ­

g e s te d  th a t  th is  c o ll is io n  d e te c t io n  a lg o r i th m  w a s  p a r tic u la r ly  

a m e n a b le  to  im p le m e n ta t io n  as  a  fo c a l-p la n e  a n a lo g  V L S I  s m a r t 

s en so r. A d d in g  a n a lo g  c o m p u ta t io n  to  a n  im a g in g  c h ip  ty p i ­

c a lly  r e s u l ts  in  la rg e  p ix e l s iz e  a n d  a lo w  fill fa c to r. W h ile  th is  

t ra d e -o f f  is  u n d e s ira b le  fo r  m o s t  im a g e - re c o rd in g  a p p lic a tio n s , 

i t  c a n  p ro d u c e  c o m p a c t, lo w -p o w e r  s e n s o rs  s u ita b le  fo r  u s e d  in  

sm a ll, p o w e r - l im ite d  a u to n o m o u s  s y s te m s  [1 2 ], [2 7 ], [30 ],

A . P h o to r e c e p to r  a n d  L M C  C ir c u it  D e s ig n

W e a d a p te d  th e  E M D  sh o w n  in  F ig . 2  to  a  sm a ll, lo w -p o w e r  

C M O S  in te g ra te d  c irc u it .  F ig . 8 sh o w s  a  s c h e m a tic  o f  th e  p h o ­

to r e c e p to r  a n d  L M C  b a n d p a s s  filte r. A  35  /j,m  x  35  /xm  w e ll-  

s u b s tra te  p h o to d io d e  w ith  d io d e -c o n n e c te d  p M O S  lo a d  o p e r ­

a t in g  in  s u b th re s h o ld  c o n v e r ts  th e  d io d e  p h o to c u r re n t  in to  a 

v o lta g e  Vphoto th a t  is  a  lo g a r i th m ic  fu n c tio n  o f  l ig h t  in te n s ity . 

T h e  sp e e d  o f  th is  s im p le  p h o to re c e p to r  c irc u it  is p ro p o r t io n a l  to  

l ig h t  in te n s ity , so  it is  u n s u ita b le  fo r  u s e  in  e x tre m e ly  lo w  lig h t  

le v e ls . In  d im  e n v iro n m e n ts , an  a c tiv e  p h o to re c e p to r  s u c h  a s  th e 

ty p e  p re s e n te d  in  [3 1 ] w o u ld  b e  p re fe r re d . A  p M O S  s o u rc e  fo l ­

lo w e r  b ia s e d  b y  I s f  =  7 0 0  p A  b u f fe r s  th is  s ig n a l so  th a t th e
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Fig . 7. R e su lts  o f  c o llis io n  d e te c tio n  a lg o ri th m  a p p lie d  to  a ll  5 0  m o v ie s at re d u ce d  re so lu tio n  and  fie ld  o f  v iew  (1 3 2 p ix e ls,  ± 0 0 ° ) .  ( a) O u tp u t o f  c o llis io n  d e te c to r  

fo r a ll  25 “c ra sh ” m o vies, (b) O u tp u t o f  c o llis io n  d e te c to r  fo r all  25 “n o  c ra sh ” m ov ies, (c) F a lse  p o sitiv es and  false n eg a tiv es as d e te c tio n  th resh o ld  is va rie d , (d) 

R O C  cu rv e. T he  a rea  u n d e r  the R O C  c u rv e  is 0 .9 89 .

e q u a tio n s  u s in g  K i r c h h o f f  s c u r re n t  law , s e t t in g  Vr e f  =  0 fo r  

c o n v e n ie n c e

s A 'C -u lm c  +  s C ( v l m c  -  v - )  -  g m ( 0 -  v - )  =  0

(1 )

9m  ,

N  (2 )

F ro m  th e se  tw o  e q u a tio n s , th e  t ra n s fe r  fu n c tio n  o f  th e  L M C  c ir ­

c u it  c a n  b e  d e r iv e d

Fig . 8. S c h e m a tic  o f  p h o to re c e p to r/L M C  c irc u it . D e ta il  o f  o p e ra tio n a l 

tra n sco n d u c ta n c e  a m p lifie r (O T A ) sh o w n  in  inset.

in p u t  c a p a c ita n c e  o f  th e  L M C  c irc u it  d o e s  n o t lo a d  th e  p h o to re ­

c e p to r. T h e  tim e  c o n s ta n t  o f  th e  s o u rc e  fo l lo w e r  is  m u c h  sh o r te r  

th a n  th e  tim e  c o n s ta n t  o f  th e  L M C  b a n d p a s s  f i l te r  fo l lo w in g  it 

a n d  th u s  d o e s  n o t s ig n if ic a n tly  a lte r  th e  tim e  c o u rs e  o f  th e  p h o ­

to re c e p to r  s ig n a ls .

T h e  L M C  b a n d p a s s  f i lte r  c o n s is ts  o f  tw o  o p e ra t io n a l  

tra n s c o n d u c ta n c e  a m p lif ie rs  (O T A s) a n d  th re e  c a p a c ito rs . T h e  

O T A s in  th e  c irc u it  a re  im p le m e n te d  w ith  p M O S  d if fe re n tia l  

p a ir s  u s in g  d io d e -c o n n e c te d  tra n s is to rs  fo r  s o u rc e  d e g e n e ra ­

t io n  fo r  e x te n d e d  l in e a r  r a n g e  (se e  in s e t.  F ig . 8) [3 2 ]. F ro m  

th e  s c h e m a tic  s h o w n  in  F ig . 8, w e  c a n  w rite  th e  fo llo w in g

v l m c ( s )  _  _ A  _ N t q s  • ( 1  -

Win(s)

w h e re

A N

C

Q  TlS

(3 )

(4 )

(5 )

n  =  P t 0 (6 )

( 7 )
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Fig . 9. S ch e m a tic  o f  d e la y -an d -c o rre la te  c ircu it. O T A -b ase d  g m - C  filte rs are  u se d  as lo w -p a ss  filte rs. S u b th re sh o ld  C M O S  G ilb e rt m u ltip lie rs  a re  u se d  fo r 

c o rre la tio n .

T he o u tp u t s ig nal ^ lm c  i s  ce n te red  a ro u n d  Vr e f > a  dc vo ltag e 

w h ich  w as set to  1.0 V. W e s ized  th e  cap ac ito rs  in  o u r c irc u it to  

g ive A =  20 an d  K  =  5 (w ith  C  =  70 fF ). T he tra n sc o n d u c ­

tan ce  o f  th e  low er OTA w as set by  ad ju s tin g  its b ias  c u rren t Ib

9 n

Ib

(/s +  1) 2 Ut
(8)

w h ere  n is th e  w eak  in v ersio n  slope  (ty p ica lly  b e tw e en  0 .6  and  

0 .9 ) and  Ut  is th e  th e rm a l v o ltag e  k T / q  (a p p ro x im a te ly  26  m V  

at ro o m  tem p era tu re ) [32]. W e se t th e  b ias  c u rren t in  th e  u p p e r 

OTA five tim es sm alle r to  ach ieve  N  =  5.

A s w e see fro m  (3), the L M C  c irc u it ac ts as an ac -co u p led  

ban d p ass  filter ce n te red  at / i  =  1 / 2 7 tti , w ith  a  qua lity  fa cto r 

Q set to  2.5 by  cap ac ito r an d  cu rren t ratio s. T h e  c irc u it a lso  has 

a  ze ro  at f3f\, b u t s in ce  (3 =  25 in  o u r c ircu it, th e  ze ro  tak es  

e ffe c t o u ts id e  th a t p assb a n d  an d  th us has  little  p ra c tica l effe c t 

on  th e filter. W e u sed  a b ias  cu rren t o f  Ib  =  35 p A  in  th e lo w er 

OTA an d  7 p A  in  th e  u p p e r OTA to  ce n te r th e  p assb a n d  n ea r 

20  H z, w h ich  w as ch o sen  b ec au se  it lies  in  th e  ran g e  o f  L M C  

re sp o n se  m easu red  in  th e  fly. T h e  L M C  c irc u it p re sen ted  h ere  

allo w s the  d es ig n e r to  ad ju s t th e  ce n te r freq u en cy  an d  Q fa cto r 

to  se lec tiv e ly  am p lify  freq u en c ie s  p re sen t in  m o v in g  im ag es .

B. Delay-and-Correlate Circuit Design

T he  L M C  c irc u its  fro m  each  p h o to rec ep to r p ass  th e ir  signa ls  

to  the  th e  d e lay -an d -c o rre la te  c irc u it sh ow n in  F ig . 9. T h e  d elay  

is im p le m e n ted  as a  firs t-o rd er lo w -p ass filter. T h e  OTA s in  th is 

c irc u it u sed  tw o  d io d e -c o n n ec te d  tran s is to rs  in  series  fo r e x ­

ten d ed  lin ea r range. T he tim e  co n s tan t o f  th is  filter is g iven  by

7LPF =
C l p f

9 m  L P F

tively  la rg e b ias  tran s is to rs  fo r th is c irc u it (W / L — 4 .8  /zm /2 .4  

^ m  in  a  0 .5 -^ m  p ro cess) to  im p ro v e  cro ss-ch ip  m atch in g .

W e im p le m e n ted  th e  c o rre la tio n  fu n c tio n  u s in g  a C M O S  

G ilb e rt m u ltip lie r  o p era tin g  in  su b th re sh o ld  [9], [33]. T he 

o u tp u t cu rre n ts  o f  the  m u ltip lie rs  in  F ig . 9 can  b e  ex p ressed  as

^out L +  ^out L -

— -^mult t a n h  ■ 

x  t a n h

2 UT

2 UT

(1 0 )

^ o u t  R - \ -  ^ o u t  R —

x  t a n h

2Ut

- L  ~  V r E f )

2 U7

(ID

(9)

W e u sed  Cx p f  =  700 fF  an d  set t l pf  to  a ro u n d  25 m s, w h ich  is 

in  th e  ra n g e  o f  b io lo g ic a l m o tio n  d etec to rs . T h is  re q u ired  a b ias  

cu rren t o f  9 p A  fo r each  OTA. S ince c u rren t so u rces  su ffe r fro m  

m ism a tc h , p a rtic u la rly  in  su b th re sh o ld  op eratio n , w e u sed  rela-

F o r sm all d iffe re n tia l in p u t vo ltag es , tan h (a?) «  x  an d  th e  c ir ­

cu it ac ts as a  lin ear m u ltip lier. A s th e in p u t sign als  gro w  larger, 

th e  tan h  n o n lin earity  d o m in a tes  an d  th e c irc u it acts m o re  like  

a  d ig ita l ex c lu s iv e -o r gate. W e u se  th is  in h e re n t c irc u it n o n lin ­

e a rity  as th e d es ire d  sa tu ra tin g  n o n lin earity  in  o u r E M D  m o d el 

(see  F ig . 2). T he p re v io u s L M C  c irc u it p ro v id es  su fficien t ga in  

to  en su re  th a t w e  are u su a lly  o p era tin g  w e ll outside th e  lin ear 

ra n g e  o f  th e  m u ltip lie rs .

T ra d itio n a l C M O S  G ilb e rt m u ltip lie rs  re q u ire  th a t the  dc leve l 

o f  th e  u p p e r d iffe re n tia l in p u t b e  sh ifted  re la tiv e  to  th e  dc level o f  

th e  lo w er d iffe re n tia l inpu t. T his is re q u ired  to  k ee p  all tra n s is ­

to rs  in  satu ra tio n . To avo id  th e  co s t in  ch ip  area, p o w e r c o n su m p ­

tion , an d  m ism a tc h  a sso c ia te d  w ith  lev el sh ifters , w e  in tro d u ce  

a n o v e l c irc u it m o d ifica tio n  th a t allow s b o th  th e  u p p e r and  low er 

d iffe re n tia l in p u ts  to  o p era te  at th e sam e dc level. A s show n in  

F ig . 10, w e lo w er th e  w e ll p o ten tia l o f  th e  lo w er p M O S  tra n s is ­

to rs  fro m  F d d  to  a  dc v o ltag e  Vw  • T h is  lo w ered  w e ll v o ltag e
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V si ~  V s2 >  4UT -

V\y  < Vy)B
1 — tv

Fig . 10. S c h e m a tic  o f  C M O S  G ilb e rt m u ltip lie rs  u se d  fo r  co rre la tio n . B y  

a p p ly in g  a w e ll v o lta g e  V w  less th a n  th e  su p p ly  v o ltag e  V d d ,  in p u ts  ha v in g  

id en tica l c o m m o n -m o d e  lev e ls  m a y  be  a p p lie d  to  th e  c irc u it  w h ile  k e ep in g  all 

tra n s is to rs  in  sa tu ratio n .

c a u se s  th e  s o u rc e s  o f  th e s e  tra n s is to rs  to  o p e ra te  a t  a  lo w e r  p o ­

te n tia l ,  w h ic h  k e e p s  th e  u p p e r  tra n s is to r s  in  sa tu ra tio n . T h e  fo l ­

lo w in g  d e ta i le d  a n a ly s is  o f  th is  c irc u it  re v e a ls  a c c e p ta b le  le v e ls  

fo r  th e  w e ll  v o lta g e  V w -

T h e  s c h e m a tic  in  F ig . 10 sh o w s  a  C M O S  G ilb e r t  m u lt ip l ie r  

b ia s e d  w ith  a  d c  c u r re n t  / .  T h is  c irc u it  h a s  c o m m o n -m o d e  in p u t 

v o lta g e s  V i c m  a n d  V z c m  to  its  u p p e r  a n d  lo w e r  d if fe re n tia l  

p a irs , re sp e c tiv e ly . T h e  u p p e r  tra n s is to r s  h a v e  s o u rc e  v o lta g e s  

o f  V s i  a n d  h a v e  th e ir  w e lls  c o n n e c te d  to  V d d -  T h e  lo w e r  t r a n ­

s is to rs  h a v e  s o u rc e  v o lta g e s  o f  V s 2 a n d  h a v e  th e ir  w e lls  c o n ­

n e c te d  to  V w -  A s s u m in g  a ll d e v ic e s  o p e ra te  in  w e a k  in v e rs io n , 

th e  fo l lo w in g  e x p re s s io n s  c a n  b e  w r it te n  fo r  tra n s is to r s  in  th e  

u p p e r  a n d  lo w e r  d if fe re n tia l  p a irs :

1  T W

2 =  I ° T e x p  

I  T w

i  =  I ° T e x p

w h e re  / 0 is th e  s u b th re s h o ld  c u r re n t  e x tra p o la te d  to  z e ro  

g a te - to - s o u rc e  v o lta g e  [9], a n d  W / L  is  th e  w id th - to - le n g th  

ra t io  o f  e a c h  tra n s is to r . F o r  th e  u p p e r  tr a n s is to r s  to  re m a in  in  

s a tu ra tio n , th e y  m u s t  m a in ta in  d ra in - to -s o u rc e  v o lta g e s  a t  le a s t  

fo u r  t im e s  g re a te r  th a n  th e  th e rm a l v o lta g e

Fig . 11. (a) P h o to g ra p h  o f  c o ll is io n  d e te c to r  ch ip . T h e  c h ip  m ea su re s  2 .2 4  

m m  x  2 .2 4  m m . T h e  17 x  17 a rra y  o f  p h o to re c e p to rs  is v isib le  as b reak s  in  th e 

m eta l l ig h t sh ie ld , (b) E M D  p a tte rn  o n  ch ip . U ltra -w id e -a n g le  o p tic s  gav e the  

c h ip  a  field  o f  v iew  ra n g in g  fro m  ± 5 2 °  to  ± 7 4 ° .

s o lv in g  fo r  V s 2 a s  a  fu n c tio n  o f  I  a n d  V2 CM p ro v id e s  a  lo w e r  

b o u n d  o n  V w

V  >  V  +  Ut  1 1
K I q '

(1 6 )

(1 4 )

C o m b in in g  ( 1 2 ) - (1 4 )  w ith  th e  c o n d it io n  th a t  th e  tw o  d if fe re n tia l  

in p u ts  h a v e  th e  s a m e  c o m m o n -m o d e  le v e l ( i.e ., V ic m  =  V2c m ), 

w e  c a n  d e r iv e  an  u p p e r  b o u n d  fo r  V w  to  k e e p  th e  u p p e r  t r a n s is ­

to rs  in  sa tu ra tio n

(1 5 )

W e c a n n o t se t V w  a rb i tra r i ly  low , h o w e v e r. W e m u s t  m a in ta in  a  

w e ll  v o lta g e  g re a te r  th a n  th e  so u rc e  v o lta g e  V s 2 to  p re v e n t th e  

s o u rc e -w e ll  ju n c t io n  f ro m  b e c o m in g  fo rw a rd  b ia s e d  a n d  a c t i ­

v a tin g  th e  p a ra s i t ic  s o u rc e -w e ll- s u b s tra te  p n p  t r a n s is to r  in h e re n t  

in  e a c h  p M O S  tra n s is to r . S e ttin g  th e  c o n d it io n  V w  >  V s 2 a n d

H e re , w e  a s s u m e  a  w o rs t  c a se  s i tu a t io n  in  w h ic h  a ll o f  th e  b ia s  

c u r re n t  I  is m o m e n ta r i ly  f lo w in g  th ro u g h  a  s in g le  lo w e r  t r a n ­

s is to r , p e rh a p s  in  r e s p o n s e  to  a  la rg e  d if fe re n tia l  in p u t  s ig n a l. 

F o r  ty p ic a l  v a lu e s  o f  lo  =  1 0 -1 9  A , k  — 0 .8 , U T  =  26  m V , 

a n d  1 = 1  n A , w e  fin d  th a t  V w  m u s t  b e  se t n o  h ig h e r  th a n  

Vd d  ~  0 .4 3  V  a n d  n o  lo w e r  th a n  V2c m  +  0 .7 5  V. W e u se  

V d d  =  5 V, V ic m  =  V2 CM =  1 V, a n d  V w  =  2 .5  V  in  o u r  

c irc u it.

In  m o d e rn  s u b m ic ro m e te r  C M O S  p ro c e s s e s , i t  is  so m e tim e s  

p o s s ib le  fo r  th e  c irc u it  d e s ig n e r  to  s e le c t  th e  th re s h o ld  v o lta g e  

o f  e a c h  tra n s is to r  f ro m  tw o  o r  th re e  p o s s ib le  lev e ls . I f  th is  o p tio n  

is a v a ila b le , i t  b e c o m e s  m u c h  e a s ie r  to  b u ild  a  G ilb e r t  m u lt ip l ie r  

th a t  a llo w s  V ic m  to  e q u a l V2 CM • O n e  w o u ld  s im p ly  b u ild  th e  to p  

d if fe re n tia l  p a ir  w ith  la rg e -V t d e v ic e s , a n d  th e  lo w e r  d if fe re n tia l  

p a irs  w ith  s m a l l -V t  d e v ic e s . In  th is  c a se  a ll  w e lls  a re  t ie d  to  Vd d , 

a n d  th e re  is  n o  r is k  o f  a c tiv a tin g  p a ra s i t ic  b ip o la r  d e v ic e s .

T h e  o u tp u t  o f  th e  G ilb e r t  m u lt ip l ie r  is a  d if fe re n tia l  c u rre n t. 

T h e  s ig n a ls  f ro m  th e  le f t  a n d  r ig h t  c o r re la to rs  a re  e a s ily  s u b ­

t r a c te d  b y  su m m in g  th e ir  c u rre n ts  a p p ro p r ia te ly  (se e  F ig . 9). 

S im ila r ly , c u r re n t  s u m m a tio n  o n  tw o  g lo b a l  w ire s  is u s e d  to  su m  

th e  m o tio n  s ig n a ls  o v e r  th e  e n tire  E M D  array .

V. In t e g r a t e d  C i r c u i t  E x p e r i m e n t s

W e fa b r ic a te d  a  16 x  16 E M D  a rra y  in  a  0 .5 - ^ m  2 -p o ly , 

3 -m e ta l  s ta n d a rd  C M O S  p ro c e s s . T h e  2 .2 4  m m  x  2 .2 4  m m  

d ie  c o n ta in e d  a  17 x  17 a r ra y  o f  “p ix e ls ,” e a c h  m e a s u r in g  100 

^ m  x  10 0  ^ m  [see  F ig . 1 1(a)]. T h e  to p  m e ta l  la y e r  w a s  u s e d  to  

s h ie ld  th e  c irc u itry  f ro m  lig h t, a n d  a ll  n M O S  tra n s is to rs  w e re  

c o m p le te ly  s u rro u n d e d  b y  n - w e l ls  to  a b s o rb  s tra y  m in o r i ty  c a r ­

r ie r s  [31 ]. E a c h  p ix e l  c o n ta in e d  a  p h o to re c e p to r , L M C  c irc u it , 

lo w -p a s s  “ d e la y ” filte r, a n d  fo u r  c o rre la to rs . T h e s e  c o rre la to rs  

w e re  u s e d  to  im p le m e n t tw o  in d e p e n d e n t E M D s: a  v e r t ic a l  

m o tio n  d e te c to r  c o n n e c te d  to  th e  p ix e l  b e lo w  a n d  a  h o r iz o n ta l  

m o tio n  d e te c to r  c o n n e c te d  to  th e  p ix e l  to  th e  r ig h t. T h e  o u tp u t  

s ig n a ls  f ro m  a  s u b s e t  o f  th e  E M D s  re p re s e n tin g  r a d ia l  o u tw a rd  

m o tio n  w e re  c o n n e c te d  to  tw o  g lo b a l  w ire s , g iv in g  a  d if fe re n tia l  

c u r re n t  s ig n a l th a t  w a s  ta k e n  o f f  c h ip  o n  tw o  p in s .

A u th o r iz e d  l i c e n s e d  u s e  lim ited  to : T h e  U n iv e rs ity  o f U ta h . D o w n lo a d e d  o n  M a y  1 7 ,2 0 1 0  a t  2 2 :2 4 :4 8  U T C  fro m  IE E E  X p lo re . R e s t r i c t io n s  a p p ly .
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Fig . 12. M e a su re m e n t o f  L M C  c irc u it  p e rfo rm an ce , (a) S te p  re sp o n se  o f  L M C  

c ircu it, (b) F re q u e n c y  tu n in g  o f  L M C  c irc u it.

F ig . 13. (a) C h ip  re sp o n se  to  ap p ro ac h in g  d a rk  sq u a re  (5 =  6 .4  cm ) 

a p p ro ach in g  at v  =  17  cm /s . (b) C h ip  re sp o n se  fo r  d a rk  sq u a re  (s  =  6 .4  cm ) 

ap p ro ac h in g  at five d iffe re n t v e lo c ities : 12 cm /s , 14 cm /s , 17 cm /s , 19 cm /s, 

a n d  24  cm /s . S h ad o w  a rtifac ts (d <  3 cm ) h ave  b e e n  rem o v ed.

F ig . 11 (b ) sh o w s  th e  E M D s  th a t  w e re  s u m m e d  to  p ro d u c e  

th e  g lo b a l  r a d ia l  m o tio n  s ig n a l. D ia g o n a lly  o r ie n te d  E M D s  w e re  

d e r iv e d  f ro m  th e  su m  o f  a  h o r iz o n ta l  a n d  a  v e r tic a l E M D . T h e  

c e n te r  4 x 4  p ix e ls  w e re  ig n o re d , as m o tio n  n e a r  th e  c e n te r  o f  

th e  f ie ld  o f  v ie w  is  ty p ic a l ly  v e ry  s m a ll in  c o ll is io n  s itu a tio n s . 

W e  u s e d  c u s to m -b u il t  u l t r a -w id e -a n g le  o p tic s  to  g iv e  th e  c h ip  

a  f ie ld  o f  v ie w  ra n g in g  f ro m  ± 5 2 °  a t th e  s id e s  to  ± 7 4 °  a t th e  

c o m e rs . T h e  s im u la tio n s  p re s e n te d  in  S e c tio n  I II  sh o w e d  th a t  

a  f ie ld  o f  v ie w  o f  a t le a s t  ± 6 0 °  w a s  n e c e s s a ry  fo r  re a s o n a b le  

p e r fo rm a n c e  u s in g  th is  a lg o r ith m .

B e fo re  te s t in g  th e  a rray , w e  c h a ra c te r iz e d  a n  in d iv id u a l 

L M C  c irc u it  th a t  w a s  c o n f ig u re d  to  h a v e  a  v o lta g e  in p u t %>hoto 

p ro v id e d  e x te rn a lly  u s in g  a  fu n c tio n  g e n e ra to r . W e  p ro v id e d  a

1 .4  H z , 100  m V p p  s q u a re  w a v e  a n d  o b s e rv e d  th e  L M C  c irc u it  

o u tp u t  [see  F ig . 1 2 (a )] . T h e  L M C  c irc u it  e x h ib its  a  t ra n s ie n t  

o s c il la to ry  s te p  r e s p o n s e  s im ila r  to  its  b io lo g ic a l  c o u n te rp a r t .  

U s in g  a  s p e c tru m  a n a ly z e r , w e  m e a s u re d  th e  tra n s fe r  fu n c tio n  

o f  th e  c irc u it  [see  F ig . 1 2 (b )]. T h e  L M C  c irc u it  ac ts  a s  a  

b a n d p a s s  f i l te r  c e n te re d  a t 19 H z , w ith  a  m e a s u re d  Q  o f  2 .3 .

T h e  e n tire  c o ll is io n  d e te c to r  c h ip  c o n s u m e d  140 ^ W  o f  

p o w er. M o s t  o f  th is  w a s  c o n s u m e d  b y  p e r ip h e ra l  b ia s in g  

c irc u its ;  th e  17 x  17 p ix e l  a rra y  u s e d  o n ly  5 .2  /xW  (1 8  n W  

p e r  p ix e l) . T o te s t  th e  c o m p le te  c o ll is io n  d e te c tio n  c h ip , w e  

im p le m e n te d  th e  le a k y  in te g ra to r  a n d  c o m p a ra to r  f ro m  F ig . 1 

u s in g  o ff -c h ip  c o m p o n e n ts . In  fu tu re  im p le m e n ta tio n s , th e s e  

c irc u its  c o u ld  b e  b u il t  o n  c h ip  u s in g  li t t le  p o w e r.

W e w e re  u n a b le  to  te s t  th e  c h ip  u s in g  th e  re c o rd e d  m o v ie s  

(se e  S e c tio n  III)  d u e  to  n o is e  fe e d th ro u g h  f ro m  th e  ~ 7 0  H z  r e ­

f re s h  ra te  o f  m o n ito rs . In s te a d , w e  te s te d  th e  c h ip  b y  m o v in g  

a  b la c k  s q u a re  w ith  a  w id th  o f  1 2 .8  c m  to w a rd  th e  le n s  a t v a r ­

io u s  sp e e d s . In  k e e p in g  w ith  n o ta t io n  f ro m  [2], w e  d e n o te  o b je c t 

s iz e  b y  th e  h a lf -w id th  s  =  6 .4  cm . F ig . 1 3 (a ) sh o w s  th e  m e a ­

s u re d  r e s p o n s e  o f  th e  c h ip  w h e n  th e  b la c k  s q u a re  a p p ro a c h e s  

a t a  v e lo c ity  v  o f  17 c m /s . T h e  r e s p o n s e  p e a k s  a p p ro x im a te ly  

2 3 0  m s  b e fo re  c o n ta c t, th e n  r is e s  a g a in  d u r in g  th e  la s t  150  m s. 

C a re fu l o b s e rv a tio n  o f  th e  e x p e r im e n t re v e a le d  th a t  th e  le n s  c a s t 

a  sh a d o w  o n  th e  ta rg e t  a t d is ta n c e s  o f  le s s  th a n  3 cm . A s  th e  

ta rg e t  a p p ro a c h e d  th e  le n s  th is  sh a d o w  e x p a n d e d , y ie ld in g  an  

a d d it io n a l  e x p a n d in g  v is u a l s tim u lu s . T o e l im in a te  th is  a rtifa c t, 

w e  tru n c a te d  th e  d a ta  fo r  d is ta n c e s  le ss  th a n  3 c m  f ro m  c o n ta c t. 

F ig . 13 (b ) sh o w s  e x p e r im e n ts  p e r fo rm e d  w ith  v e lo c itie s  ra n g in g  

f ro m  12 c m /s  (p e a k in g  s o o n e r)  to  2 4  c m /s  (p e a k in g  la te r) .

W e  a lso  m o u n te d  tw o  c o ll is io n  d e te c to r  c h ip s  o n  a  s m a ll 

ro b o tic  p la tfo rm  (se e  F ig . 14). T h e  tw o  se n s o rs  lo o k e d  s lig h tly  

to  th e  le f t  a n d  r ig h t  o f  th e  n o m in a l  d ire c tio n  o f  tra v e l. I f  an

Fig . 14. C o llis io n  a v o id a n ce  ro b o t w ith  tw o c o llis io n  d e te c to r  ch ips . C u sto m  

u ltra -w id e -a n g le  o p tic s a re  m o u n te d  ov er th e  ch ip s, w h ic h  a re  m o u n te d  in  4 0 -p in  

D IP  pa ck ag es .

im m in e n t  c o ll is io n  w a s  d e te c te d  o n  th e  le f t, th e  ro b o t  w o u ld  

s to p  a n d  tu rn  to  th e  r ig h t. I f  an  im m in e n t c o ll is io n  w a s  d e te c te d  

o n  th e  r ig h t, th e  ro b o t  w o u ld  s to p  a n d  tu rn  to  th e  le f t. T h is  

s im p le  im p le m e n ta tio n  o f  th e  m o d e l p re s e n te d  in  [3] w a s  a b le  

to  n a v ig a te  th ro u g h  a  c lu t te re d  la b o ra to ry  w ith  fe w  c o llis io n s . A  

v id e o  o f  th is  ro b o t  is  a v a ila b le  a t h t tp : / /w w w .e c e .u ta h .e d u /~ h a r -  

r is o n /ro b o t/ .

V I. S u m m a r y  a n d  C o n c l u s i o n s

A s sh o w n  in  F ig s . 5 (a ) , 7 (a ) , a n d  13, th e  tim e  c o u rs e  o f  th e  

c o ll is io n  d e te c to r  o u tp u t  s ig n a l h a s  a  d is t in c t  sh a p e , p e a k in g  b e ­

fo re  c o ll is io n  a n d  th e n  c o lla p s in g . T h is  is  s im ila r  to  th e  a c tiv ity  

p a tte rn s  o b s e rv e d  in  L G M D  n e u ro n  in  lo c u s ts  [2] a n d  77 n e u ro n s  

in  p ig e o n s  [4] d u r in g  c o llis io n s . W h ile  m o re  c o m p le x  m o d e ls  

p o s i t in g  th e  m e a s u re m e n t o f  tru e  im a g e  v e lo c ity  a n d  o b je c t  s iz e  

h a v e  b e e n  u s e d  to  e x p la in  th is  p e c u lia r  t im e  c o u rs e  [2 ], w e  o b ­

s e rv e  th a t  a  s im p le  m o d e l in te g ra t in g  th e  o u tp u t  o f  a  r a d ia l  E M D  

a rra y  g iv e s  q u a lita tiv e ly  s im ila r  re s p o n s e s .

In  b o th  th e  lo c u s t  a n d  th e  p ig e o n , th e  tim e  a t w h ic h  th e  re s p o n s e  

p e a k s  (re la tiv e  to  th e  tim e  o f  c o llis io n )  is  o b s e rv e d  to  b e  a  l in e a r  

fu n c tio n  o f  s / v ,  w h e re  5 is  th e  ra d iu s  o f  th e  o b je c t  th e  o b s e rv e r  

is  c o llid in g  w ith  a n d  v  is th e  a p p ro a c h  v e lo c ity . A s  sh o w n  in  F ig .
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Fig . 15. P e a k  tim e  ve rsu s s iz e -to -v e lo c ity  ra tio  in  s ilic o n  c o ll is io n  de tec to r. 

D a ta  is tak en  fro m  F ig . 13(b).

15, th e  d a ta  fro m  o u r s ilicon  sy stem  also  ex h ib its  a  lin e a r  re la tio n ­

sh ip  b e tw e en  tim e  o f  re sp o n se  p e a k  an d  s /v .  W e o b serv ed  s im ila r 

re su lts  in  s im u la tio n s u sin g  sy n th e tic  im ag es  o f  an  ap p ro ach in g  

b la c k  d isc on  a w h ite  b ac k g ro u n d  (d a ta  n o t show n).

F u rth erm o re , w e o b serv ed  th a t th e  slope  o f  th is  line, w h ile  re l ­

a tively  in sen s itiv e  to  th e  E M D  p aram ete rs , is stro n g ly  a ffec ted  

b y  the  fie ld  o f  v iew  u sed  b y  th e a lgo rith m . U sin g  th is  em p irica l 

re la tio n sh ip  (d a ta n o t show n ), w e  o b serv ed  th a t th e tim in g  o f  rj 

n eu ro n s in  p ig eo n s  [4] c o rre sp o n d ed  to  a  re cep tiv e  field  6 .6 ° in  

d iam e te r an d  th e tim in g  o f  th e L G M D  n eu ro n  in  th re e  specie s o f  

lo cu sts  [2] c o rre sp o n d ed  to  recep tiv e  fields b e tw e en  38° an d  48° 

in  d iam e te r u sin g  the  a lg o rith m  sho w n  in  F ig . 1. A d d itio n a l neu- 

ro p h y  s io lo g ic a l stud ies  are  n eed ed  to  d e te rm in e  i f  recep tiv e  fields 

o f  th ese  sizes are  ac tu a lly  p re sen t in  th e  v isu a l sys tem s o f  th ese  

an im als .

W e have  d em o n stra te d  th a t th is  m o d e l o f  co llis io n  de tec tio n  

ca n  b e im p le m e n ted  in  a  sm all, s in g le -c h ip  sen so r d iss ip a tin g  

o n ly  140 /zW  o f  pow er. D ig ita l im p le m e n ta tio n s  o f  th is  a lg o ­

ri th m  w o u ld  re su lt in  ea s ie r p ro g ram m a b ili ty  at th e  like ly  ex ­

p en se  o f  g re a te r p o w e r co n su m p tio n . B y re co rd in g  a lib ra ry  o f  

“c ra sh ” and  “no  c ra sh ” re a l-w o rld  m ovies , w e w ere  ab le  to  ev a l ­

u a te  an d  refin e th e  c o llis io n -d e tec tio n  a lg o rith m  b e fo re  th e  ch ip  

w as d es ig ned . T h is  ap p ro ach  likely  sav ed  us severa l desig n -fab - 

r ica te -te s t cy c les  an d  also  in c re ased  th e  ro b u stn ess  o f  the  re ­

su lting  sensor. W h ile  th e  a lg o rith m  w as q u an tita tiv e ly  ev a lu a ted  

in  s im u la tio n  u sin g  co m p lex  scenes , th e  ch ip  w as qu an tita tiv e ly  

ev a lu a ted  u sin g  on ly  h ig h -co n tra s t squares. W e w ere  u n ab le  to  

te s t th e  ch ip  u sin g  th e  re co rd e d  m o v ies  due  to  no ise  fe ed th ro u g h  

fro m  th e  ~ 7 0  H z re fre sh  ra te  o f  m o nito rs. H ow ever, q u a lita ­

tive tes ts  u sin g  tw o chips  m o u n ted  on  a sm all ro b o tic  p la tfo rm  

d em o n stra te d  a  h ig h  d eg ree  o f  ro b u stn ess  in  the sen so rs as th e 

ro b o t w an d ere d  th ro u g h  a c lu tte re d  ro om . M o re  ex ten siv e and  

q u an tita tiv e  te s tin g  o f  the  ch ip  on  m o b ile  p la tfo rm s w ill b e tte r  

ch a rac te rize  its p e rfo rm an ce .

A c k n o w l e d g m e n t

T h e au th o r w ish es  to  th an k  M . L o v e fo r ass is tan ce  in  c o l ­

lec tin g  th e  m o v ie  library . M s. L o v e w as su p p o rted  b y  th e  U n i ­

v ers ity  o f  U tah  E n g in ee rin g  S ch o la rs  P ro gram .

R e f e r e n c e s

[1] A . B o rs t an d  S. B ah d e , “ V isu a l in fo rm a tio n  p ro c ess in g  in  th e  fly ’s 

lan d in g  sy ste m ,” J. C om p. P h y s io l  A ,  vo l. 163, pp . 1 6 7 -1 7 3 , 1988.

[2] F. G ab b ian i, H . G . K ra pp , a n d  G . L au ren t,  “ C o m p u ta tio n  o f  o b jec t a p ­

p ro a ch  b y  a w id e-fie ld , m o tio n -se n s itiv e  ne u ro n ,” J. N e u ro sc i.,  vol. 19, 

pp . 1 1 2 2 -1 1 4 1 , 1999.

[3] L . T. T am m ero  an d  M . H . D ic k in so n , “ C o llis io n -a v o id a n c e  an d  lan d in g  

re sp o n se s  a re  m e d ia te d  b y  se p a ra te  p a th w ay s  in  th e  fru it  fly, D ro so p h ila  

m e la n o g a s te r ” J. E xp . B i o l ,  vo l. 2 05 , pp . 2 7 8 5 -2 7 9 8 , 2 002 .

[4] H . S u n  a nd  B. J. F ro s t, “ C o m p u ta tio n  o f  d iffe re n t o p tic a l v a ria b le s o f  

lo o m in g  o b jec ts  in  p ig e o n  nu c le u s  ro tu n d u s  n e u ro n s,”  N a tu re  N e u ro sc i.,  

vol. 1, pp . 2 9 6 -3 0 3 , 1998.

[5] A . P. D u ch o n , W . H . W arren , a n d  L. P. K a e lb lin g , “E c o lo g ica l ro b o tic s ,” 

A d a p t.  B eh a v .,  vol. 6, pp . 4 7 3 -5 0 7 , 1998.

[6] M . B lan c h ard , P. F. M . J. V e rsc h ure, a n d  F. C . R in d , “U s in g  a m o b ile  

ro b o t to  stu d y  lo cu s t c o ll is io n  av o id a n ce  re sp o n se s ,” In tl. J. N e u ra l Sy st.,  

vol. 9, pp . 4 0 5 -4 1 0 , 1999.

[7] M . B lan c h ard , F. C . R in d , a n d  P. F. M . J. V e rsc h ure, “ C o llis io n  av o id an ce  

u sin g  a m o d e l o f  th e  lo cu s t L G M D  n eu ro n ,” R o bo t. A u to n o m . S y st .,  vol. 

30 , pp . 1 7 -3 8 , 20 00 .

[8] S. B e rm u d e z  i B a d ia  an d  P. F. M . J. V e rschu re, “A  c o llis io n  avo id an ce  

m o d e l b a se d  o n  th e  lo b u la  g ian t m o v e m e n t d e te c to r  (L G M D ) n e u ro n  

o f  th e  lo cu st,”  in  P roc. In tl. J o in t  C on f. on  N e u ra l N e tw o rk s ,  2 0 04 , pp . 

1 5 3 2 -1 5 3 7 .

[9] C. M ea d , A n a lo g  V L S I  a n d  N e u ra l S y stem s.  R e ad in g , M A : A d d iso n - 

W esley , 1989.

[10] D . A b b o tt, A . M o in i, A . Y ako vleff, X. T. N g u y e n , A . B lan k sb y , G . K im ,

A . B o u zerd o u m , R . E . B o g n e r, a n d  K . E sh ra g h ia n , “A  n ew  V L S I sm art 

se n so r  fo r  c o llis io n  av o id a n ce  in sp ire d  b y  in se c t v isio n ,” in  P roc. S P IE ,  

vol. 23 4 4, B o sto n , M A , N ov. 1994, pp . 1 0 5 -1 1 5 .

[11] G . In d iv er i, J. K ra m er, a n d  C. K och, “P a ra lle l a n a lo g  V L S I a rch ite c ­

tu res fo r  c o m p u ta tio n  o f  h e ad in g  d ire c tio n  a n d  tim e -to -c o n ta c t,”  in  A d ­

va n ce s  in  N e u ra l In fo rm a tio n  P ro c es s in g  S y s tem s  8, D . S. T o uretzky , 

M . C . M o zer, a n d  M . E . H a sse lm o , E ds. C a m b rid g e , M A : M IT  P ress , 

1996.

[12] R . S a rp esh k ar , J. K ram er, G . In d iv er i, a n d  C. K och, “A n a lo g  V L S I a r ­

c h ite c tu res  fo r  m o tio n  p ro c ess in g : fro m  fu n d a m e n ta l lim its  to  sy s te m  

a p p lica tio n s ,” P roc. IE E E ,  vo l. 84 , no . 7 , pp . 9 6 9 -9 8 7 , Ju l. 1996.

[13] N . A n c o n a , G . C re an z a , D . F io re , R . T an go rra , B . D ie ric k x , G. M ey - 

n an ts , a n d  D . Sche ffe r, “R e a l-tim e , m in ia tu riz e d  o p tic a l se n so r  fo r  m o ­

t io n  e s tim a tio n  a n d  tim e -to -c ra sh  de te c tio n ,” in  P roc. S P IE ,  vo l. 29 50 , 

B e rlin , G e rm an y , 1996, pp . 7 5 -8 5 .

[14] F. C . R in d  a n d  D . I. B ra m w ell, “N e u ra l n e tw o rk  b a se d  o n  th e  in p u t 

o rg a n iz a tio n  o f  an  id en tif ie d  n e u ro n  sig n a lin g  im p e n d in g  co ll isio n ,” J. 

N e u ro p h y s io l. ,  vol. 75 , pp . 9 6 7 -9 8 5 , 1996.

[15] B . H assen s te in  a n d  W . R e ic h ard t, “ S y s te m th e o re tisc h e  A n a ly ze  

d e r  Z e it- , R e ih e n fo lg en -, u n d  V o rze ich en a u sw ertu n g  b e i d e r  B e w e - 

g u n g sp e rz e p tio n  d es R tis se lk a fe rs  C h lo ro p h an u s ,” Z. N a tu r fo rsc h .,  vol. 

l i b ,  pp . 5 1 3 -5 2 4 , 1956.

[16] W . R e ic h a rd t an d  T. P o g g io , “V isu a l c o n tro l o f  o rie n ta tio n  b e h av io r  in  

th e  fly,” Q. Rev. B io p h y s .,  vol. 9, pp . 3 1 1 -3 7 5 , 1976.

[17] W . R e ic h a rd t an d  M . E g e lh aa f, “P ro p e rtie s  o f  in d iv id u a l m o v em en t d e ­

tec to rs  as d e riv ed  fro m  b eh av io ra l ex p erim e n ts  o n  th e  v isu a l sy s te m  o f  

th e  fly,” B io l. C yb er n ., vo l. 58 , pp . 2 8 7 -2 9 4 , 1988.

[18] M . E g e lh a a f  a n d  A . B o rst , “T ran s ie n t a n d  ste ad y -s ta te  re sp o n se  p ro p e r ­

t ie s o f  m o v em en t d e te c to rs ,” J. O p t. Soc . A m er. A , vo l. 6, pp . 1 1 6 -1 2 7 , 

1989.

[19] S. B . L au g h lin , “M a tch in g  co d in g , c ircu its , cells, a n d  m o le cu le s  to  s ig ­

n a ls— G e n era l p r in c ip le s  o f  re tin a l d e s ig n  in  th e  fly ’s eye,”  Progr. R et. 

E y e  R es .,  vol. 13, pp . 1 6 5 -1 9 6 , 1994.

[20] J. H . van  H a te ren , “T h e o re tic a l p re d ic tio n s  o f  sp a tio tem p o ra l re cep tiv e  

fields o f  fly L M C s, an d  e x p erim en ta l v a lid a tio n ,” J. C om p. P hy s io l. A ,  

vol. 171 , pp . 1 5 7 -1 7 0 , 1992.

[21]  , “P ro c e ss in g  o f  n a tu ra l tim e  se ries  o f  in te n s itie s  b y  th e  v isu a l

sy s te m  o f  th e  b low fly ,”  V ision  R es .,  vo l. 37 , pp . 3 4 0 7 -3 4 1 6 , 1997.

[22] A . B . S au l a n d  A . L . H u m p h re y , “S p a tia l a n d  te m p o ra l re sp o n se  p ro p ­

er tie s o f  lag g e d  an d  n o n la g g e d  cells in  c at la te ra l g e n ic u la te  n u c le u s ,” J. 

N e u ro p h y s io l. , vol. 64 , pp . 2 0 6 -2 2 4 , 1990.

[23] D . W . D o n g  an d  J. J. A tick , “T em p o ral d eco rre la tio n : a  th e o ry  o f  lag g ed  

a n d  n o n lag g e d  re sp o n se s  in  th e  la te ra l g e n ic u la te  n u c le u s,”  N e tw o rk ,  vol. 

6 , pp . 1 5 9 -1 7 8 , 1995.

[24] E . H . A d e lso n  a n d  J. R . B erg en , “S p a tio te m p o ra l e n e rg y  m o d e ls  fo r  th e  

p e rce p tio n  o f  m o tio n ,” J. O p t. Soc . A m er. A ,  vol. 2, pp . 2 8 4 -2 9 9 , 1985.

[25] M . E g e lh a a f  a n d  A . B o rst , “T ran s ie n t a n d  s te a d y -s ta te  re sp o n se  p ro p e r ­

t ie s o f  m o v em e n t d e te c to rs ,” J. O p t. Soc . A m er. A , vo l. 6, pp . 1 1 6 -1 2 7 , 

1989.

A u th o r iz e d  l i c e n s e d  u s e  lim ited  to : T h e  U n iv e rs ity  of U ta h . D o w n lo a d e d  o n  M a y  1 7 ,2 0 1 0  a t  2 2 :2 4 :4 8  U T C  fro m  IE E E  X p lo re . R e s t r i c t io n s  a p p ly .



[26]

L27J

[28]

[29]

[30]

[31]

[32]

[33]

2 31 8 IE E E  T R A N S A C T IO N S  O N  C IR C U IT S  A N D  s ',  S I  I M s  I: R E G U L A R  PA PE R S. V O L . 52 . N O . 11. N O V E iM B E R  200 5

R . O . D ro r, D . C . O 'C a r ro l l ,  an d  S. B . L a u g h lin , “ A c c u ra c y  o f  v e lo c ity  

e s tim a tio n  b y  R e ic h a rd t c o rre la to rs ,” J. O pt. Soc . A m er. A ,  vo l. 18, pp. 

2 4 1 -2 5 2 , 200 1.

R . R . H a rris o n  an d  C . K och, “A  ro b u s t a n a lo g  V L S I R e ic h a rd t m o tio n  

sensor ,” A n a lo g  Integr. C irc u its  S ig n a l P ro c es s .,  vol. 24 , pp . 2 1 3 -2 2 9 , 

2000.

W . R e ic h a rd t and  M . B g elh aaf , “ P ro p e rt ie s o f  in d iv id u a l m o v em en t d e ­

te c to rs  as d e riv ed  from  b e h av io ra l ex p erim e n ts  o n  th e  v isu a l sy ste m  o f  

th e By,” B io l. C y b ern .,  vo l. 58 , pp . 2 8 7 -2 9 4 , 1988.

D . M . G re en  and  J. A . S w ets,  S ig n a ls  D e te c tio n  T h e o ry  a n d  P s y ­

c h o p h y s ic s .  N ew  York: W iley , 1966.

X. A rre g u it ,! !. A . v a n S c h a ik ,! !. V .B a u d u in , M .B id iv ille , an d  B .R a e b e n , 

“A  C M O S  m o tio n  d e te c to r  sy s tem  fo r  p o in tin g  d ev ic es ,” I E E E  J. S o lid -  

S ta te  C ircu its ,  vo l. 3 1 , no . 12, pp . 1 9 1 6 -1 9 2 1 , D e c . 1996.

T. D e lb riick , “A n a lo g  V L S I P h o to tra n sd u c tio n  b y  C o n tin u o u s-T im e , 

A d a p tiv e , L o g a rith m ic  P h o to re c e p to r  C ircu its,” C a lifo rn ia  In stit.  o f  

T ech no l.,  P asa d ena , T ech . R e p . C N S 30 , 1994.

L . W atts, D . A . K ern s, R . !!. L y o n , an d  C . A . M ead , “Im p ro v ed  im p le ­

m en ta tio n  o f  th e  s ilic o n  co ch lea ,” I E E E  J. S o lid -S ta te  C irc u its ,  vo l. 27 , 

no . 5 , pp . 6 9 2 -7 0 0 , M ay  1992.

B . G ilb e rt , “A  precise  fo u r-q u a d ra n t m u ltip lie r  w ith  su b n a n o se co n d  r e ­

sp o n se,” IE E E  J. S o lid -S ta te  C ircu its ,  vo l. 3 , no . 12, pp . 3 6 5 -3 7 3 , D ec. 

1968.

R e id  R . H a r r i s o n  (S '9 8 -M 'O O ) rece iv e d  th e  B .S . d e ­

g ree  in  e le c tr ic a l e n g in e e rin g  fro m  th e U n iv e rsi ty  o f  

F lorid a, G a in esv ille , in  1994 and  th e  Ph .D . d eg ree  in  

c o m p u ta tio n  an d  n e u ral sy s te m s fro m  th e  C a lifo rn ia  

In s titu te  o f  T ech n olo g y, P asa d en a, in  20 0 0 .

H e jo in e d  th e  U n iv e rsi ty  o f  U tah , S a lt L ak e  C ity , 

in  2 0 0 0 , w he re  he  is now  a n  A ss is ta n t P ro fe sso r  o f  

B lec trical a n d  C o m p u te r  B n g in ee rin g  and  an  A d ju n c t 

A ss is tan t P ro fe sso r  o f  B io en g in e e rin g . H e  h a s  ov er 

30  re fe re e d  p u b lic a tio n s  sin ce  1999 in  th e  tie ld s  o f  

lo w -p o w e r an a lo g  and  m ix e d -s ig n a l C M O S  c irc u it  

d e s ig n , in te g ra te d  e le c tro n ic s  fo r n e u ra l in te rface s  and  o th e r  b io m e d ica l d ev ices , 

an d  h a rd w a re  fo r  b io lo g ic a lly  in sp ired  c o m p u ta tio n a l sy s te m s.

D r. H a rr iso n  o rg a n iz e d  th e  2001 IB BB  S S C T C  W o rk sh o p o n  L o w -P o w er C ir ­

c u its  in  A rlin g to n , VA. H e  re c e iv e d  th e  N a tio n a l Sc ien ce  F o u n d a tio n  C A R B B R  

A w ard  in  20 0 2.

A u th o r iz e d  l i c e n s e d  u s e  lim ited  to : T h e  U n iv e rs ity  o f  U ta h . D o w n lo a d e d  o n  M a y  1 7 ,2 0 1 0  a t  2 2 :2 4 :4 8  U T C  fro m  IE E E  X p lo re . R e s t r i c t io n s  a p p ly .


