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Samir Shah, 
Centre for Intelligent Machines, 
McGill University, 
3480 Universi.ty St, 
Montreal, Quebec, H3A 2A7 
tel. (514) 398-8093 
fax. (514) 398-7348 

Permissions and Copyright officer, 
MIT Press, 
55 Hayward St., 
Cambridge, MA 02142 

Dear Sir /Madam, 

Sept 10,1993 

As part of rny Master' s thesis requirements, my thes is tit18d "An aclLlpl: j v(-) 
model of information processing in the primate ret ina 01 wi L L bp 
microfilmed and made available in the National Library of Candda dncl dt 
McGill University. 

l would like your permiss ion to reproduce the figures from the foll owi IlÇJ 

sources in my thesis, and in any future journal art icles based 011 I:h8 
thesis: 

Author: 
Article: 

in Book: 
eds. 
Publ. 
figure 

J. E. Dowling 
Information processing by local circuits: The 
vertebrale retina as a model system. 

The Neurosciences: Fourth Study Program 
F.O. Schmitt and F.G Worden 
MIT Press, Cambridge, 1983 
figure 9, pg. 178, (schematic of wiring in retinal 

It is understood, of course, that full credit will be glven to the cluthor 
and publishtar as a refrence within the figure text. A release fonn lS 

given belm-l for your convenience. The duplicate copy of this requcrJt -Lr; 
for your files. 

Yours sincerely, 

Samir Shah 

Permission is granted for use of the material as stipulated. 

Date: ____________________ ___ Signature: 

Title: 
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Sold to: Sarnir Shah 
Centre for Intelligent Machines 
McGill University 
3/.80 Unviersity St. 
Montreal, Quebec. H3A 2A7 
CANADA 

Thank you for your request for pernu ssion to reprint: 

Schmitt/THE NEUROSCIENCES 1 fig. 
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11/24/93 Date 1 
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The mater~al will appear J.n: 

Shah/ AN ADAPTIVE MODEL OF INFORMATION PROCESSING ... 

published by: National Library of Canada Form of publ~cation: microfilms 

CONDI'!':::ONS CF THE PER:l!SSION: 

1. AlI rights granted hereln are nonexclusJ.ve and, unless otherw~se s~ated, are valJ.d tnrougn­
out the wor Id. 

2. This perm~ss~on does/~ allow translatl.on of the quoted ma~er~al into languages other 
than Eng lish. 

3. Full credit and proper copyrl.ght notl.ce must be gl.ven for materJ.al used. Full credlt l.ncludes 
NAME OF AUTHOR (AND TRANSLATOR IF APPLICABLE), TITLE OF THE IUT PRESS PUBLICATION, and THE 
MIT PRESS AS PUBLISHER. copyrl.ght notl.ce J.dentJ.cal to that appearl.ng in the r-tIT Press pub­
lication must be prl.nted either on the copyright page of yo~!" work or on the fJ.rst paçre of 
each quotatJ.on covered by thl.s pe~ssJ.on . 

.;. Payment of the required fee l.S due upon publ~cat~on or you!" \"orJ.:. or two years frcm tne date 
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6. This permission does not cover any material in the MIT Press publ~cation whJ.ch is cred~ted 
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permJ.ssl.on is contJ.ngent upon obtal.ning perm~ssJ.on frem tha t source. 
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Samir Shah, 
Centre for Intelligent Machines, 
McGill Un~versity, 
3480 University St, 
Montreal, Quebec, H3A 2A7 
tel. (514) 398-8093 
fax . ( 514) 3 9 8 - 7 3 4 8 

Permissions and Copyright officer, 
Belknap Press, 
79 Garden St., 
Cambridge, MA 02138 

Dear Sir /1·1adam, 

Sept 10,1993 

As part of my Master's thesis requirements, my thesis titled "An adaptive 
model of jnformation pLocessing in the primate retina" will be 
microfilmed and made available in the National Library of Canada and at 
McGill University. 

l would like your permission to reproduce the figures from the following 
sources in my thesis, and in any future journal articles based on the 
thesis: 

Author: 
Book: 
publ: 
Figures: 

J.E. Dowling 
The Retina: An approachable part of the brain 
B8lknap Press, Cambridge, 1987 
fig. 4.5, page 92 (response of gecko rods) 
fig 7.20, page 219 (visual threshold vs. pigment bleached) 
fig 7.13 page 207 (light and dark adaptation) 

It is understood, of course, that full credit will be given to the author 
and publisher as a refrence within the figure text. A release form is 
given below for your convenience. The duplicate copy of this request is 
for your files. 

Permission is granted for use of the material as stipulated. 

Date: ____________________ __ Signature: 

Title: 



20 September 1993 

Samir Shah 
Centre for Intelligence Machines 
McGill University 
3480 Univ~rsity Street 
r~ontredl, Quebec H3A 2A7 
Canada 

Dear Samir Shah, 

-'1 ( .. /1.1"1 \1/,,1 

( ,1II1"l/d~" \ /,/"",11",,11, 

0_'/1,\'./4'1'1 

l'il.'III f, /-.-l')'i . .!hO(! 

1 1 .. \ H \ :\ I{ 1 ) 

lINI\'I'I{\11 ') 

Thank you for your letter of 10 Septernber 1993 requesting 
permission to use Harvard University Press rnaterial in your 
forthcoming dissertation. 

Permission is hereby granted for the rnaterial requested in your 
Ietter to be included in your dissertation. Permission is also 
granted for this material to be reproduced as part of your 
dissertation by University Microfilms when they fulfill single 
copy requests for your dissertation. Proper acknowledgrnent to 
the material's original source is requested. 

Permission is not qranted for pub). j cation in any other form. 
Permission for any other publication in any other form must be 
renegotiated. 

Thank you for your consideration. 

Sincerely, 

J0<2t\l ,hLt..vCL 
Judith Michelman 
Permissions Assistant 



!;ar01.r Shah, 
Centre for Intelligent Machines, 
McGill University, 
;480 University St, 
Montreal, Quebec, H3A 2A7 
tel. (514) 398-8093 
fax . ( 514 ) 3 9 8 - 7 3 4 8 

Permissions and Copyright officer, 
IEEE Systems, Han, and Cybernetics Group, 
Div. of IEEE Inc., 
Box 1331, Piscataway, NJ 08855 

Dear Sir IMadam, 

Sept 10,1993 

As part of my Master's thesis requirements, my thesis titled "An adaptive 
model of lnformat1on processlng in the pr1mate retina" will be 
Iilicrofilmed and made available in the National Library of Canada and at 
McGi11 Un1versity. 

l would 11ke your perm1ssion to reproduce a figure from the following 
source in my thes1s, and in any future journal art1cles based on the 
I:hesis: 

Author: 
Art -LeIe: 
Journal: 
Publ: 
Figure: 

R.E. Kronauer and Y.Y. ZeeVl 
Reorganization and Diversification of SignaIs in Vision 
IEEE Transactions on systems, man, and cybernetlcs 
vol. SMC-15, no.l, 1985, pp91-101 
fig 8, pg. 97 (cone and ganglion cell densities) 

It is understood, of course, that full credit will be glven to the author 
ùnd publisher as a refrence within the figure text. A release form is 
given below for your convenience. The duplicate copy of thlS request 1S 
ror your files. 

l'ours s incerely, 

samir Shah 

Permission is granted for use of the material as stipulated. 

Dùte: ______________________ __ Signature: 

Title: 
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September 21, 1993 

Mr. Samir Shah 
Centre for !ntelli!5ent Machines 
McGrill University 
3480 University St. 
Montreal, Quebec, H3A 2A 7 
Canada 

Dear Mr. Shah: 

DIRECT NUMB[R (9081 SIl2 .~%6 

This is in response to your Jetter of September 10 in which you have requested permission 
to reprint, in your upcoming thesis, one IEEE copyrighted figure. We are happy to grant 
this permission. 

Our only requirements are that you credit the original source (author, paper, and puhlica­
tion), and that the IEEE copyright line ( (il) 1985 IEEE) appears prominently with the 
reprinted figure. 

WJH:kl 

Sincerely yours, 

IL ~ i L ~jt-,-~-kJ~ 
William J. Ha~e~~a?~er 
Copyrights and Trademarks 

----------
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Dear Mr. Shah: 

11 H~ }{ockl'ft:'llcr 
lInÏ\'crsit\ Press 
/"1/11111/ \ Oliit ( 
2~:! 1 .1-.1 i0111 "'lll'l'l 

\.l'I· )'111-, \.l'II )",/.. IIIII~I 

121~: ~~x 327-8011 

21 September 1993 

We sha1l be glad to grant you permission for the reproduction 

of the material referred to in your lettersof 10 September 1993. 

Our on1y requirements are that you also obtain permission from 

the author(s) and give suitable acknowledgement to the source in 

the following manner: Reproduced from the Journal of Experimental 

Medicine, year, vol., pp., by copyright permission of the Rockefeller 

University Press. 

Mr. Samir Shah 
Centre for Intelligent Machines 
McGi11 University 
3480 University Street 
Montreal, Quebec, H3A 2A7 
Canada 

Sincerely yours, 

THE JOURNAL OF EXPERIMENTAL 
MEDICINE 

t; 

L , • (/ 

( - ( / • - / '- ) I(.A j, 
.< i:1 'L_ALc-/L / It "L c..._~ 

Eliz beth Horak 
Pe issions 

P.S. Kindly write to us each time for permission concerning future 
editions and translations, as we do not grant blanket permission. 



Samir Shah, 
Centre for Intelligent Machines, 
McGill University, 
3480 University St, 
Montreal, Quebec, H3A 2A7 
tel. (514) 398-8093 
fax. (514) 398-7348 

Permissions and Copyright officer, 
Rockefeller University Press, 
222 E.70th St., 
New York, NY 10021 

Dear Sir /Madam, 

Sept 10,1993 

As part of my Master's thesis requirements, my thesls titled "An adaptive 
model of information processing in the primate retina" wlll be 
microfilmed and made available in the National Library of Canada and at 
McGill University. 

I would like your permission to reproduce a few figures h-om the 
following sources in my thesis, and in any future journal articles based 
on the thesis: 

Authors: R.A. Normann, F.S. Werblin, and D.R. Copenhagen 
Article: The r:ontrol of Sensitivity I,II,and III (3 articles) 
Journal: Journal of General Physiology, vol. 63, pg.37-110, 1974 
Figures: fig. 4, pg. 46 (cone flashed background responses) 

fig. 1-4, pg. 66-67, (bipolar and horizontal cell respanses) 
fig. 8, pg. 98, (ON-OFF ganglion cell response) 

It is understaod, of course, that full credit will be given ta the author 
and publisher as a refrence within the figure text. A release form is 
given below for your convenience. The duplicate copy of thlS request is 
for your files. 

YOUJ1s sincerely, 
, , 

~~JI~~ lL 
Samir Shah 

Permission is granted for use of the material as stipulated. 

Date: ____________________ __ Signature: 

Title: 



From werblin®mander.berkeley.edu Tue Jan 11 19:25:17 1994 
. Received: from mander.Berkeley.EDU by Lightning.McRCIM.McGill.EDU (5.65) with SMTP 

id <940112002s.AA22202@Lightning.McRCIM.McGill.EDU>i Tue, 11 Jan 94 19:25:15 -0500 
Received: by mander.berkeley.edu (4.1/1.30) 

id AA02713i Tue, 11 Jan 94 16:25:13 PST 
Date: Tue, 11 Jan 1994 16:24:14 -0800 (PST) 
From: "Frank S. Werbl in" <werblin@mander.berkeley. edu> 
Subject: re: copyright permission letter 
To: Samir Shah <samir@cim.mcgill.ca> 
In-Reply-To: <9401112039.AA04989@Helios.McRCIM.McGill.EDU> 
Message-Id: <Pine.3.87.9401111614.D2676-0100000@mander.berkeley.edu> 
Mime-Version: 1.0 
Content-Type: TEXT/PLAINi charset=US-ASCII 
Status: RD 

Dear Samir Shah, 

l am sorry you didn't receive the letter granting permission to reprint. 
Please take this note as my permission to reprint the figures you wish to 
use. 

Frank Werblin 

On Tue, 11 Jan 1994, Samir Shah wrote: 

> Dec 11th, 1993 
> 
> Dear Prof. Frank Werblin, 
> 
> liello again! l still have not recieved your letter granting permissiion 
> to reproduce some figures from your 1974 J. Gen. Physiology articles 
> titled "The control of sensitivity l,II, and III" in my masters thesis. 
> Perhaps with the university closings over christmas things got misplaced. 
> Could you please print this letter, sign it, and mail it back to me. 
> 
> Here is the info l sent to you before: 
> 
> The figures l would like to reproduce are the recordings clf cell potentials 
> you made in Necturus and Mudpuppy retinas in order to make qualitative 
> comparisons between the outputs of my simple retinal model and biological 
> retinal neurons when presented with similar stimuli. l have already 
> obtained permission from Rockefeller University Press, the publ1sher for 
> J. Gen Physiology but they require that l also obtain written permission 
> from you. l require this permission in order to submit my thesis titled 
> "An adaptive model of information processing in the retina" which 
> is then microfilmed and made available in the National Library of Canada. 
> 
> The specific figures used in my thesis are the following: 
> 
> Articles: "The control of Sensitivity l, II, and III" 
> Journal: Journal of General Physiology, vol. 63, pg. 37-110, 1974 
> Figures: fig 4., pg. 46 (cone flashed background responses) 
> fig 1-4, pg.66 (bipolar and horizontal cell responses) 
> fig 8 ,pg. 98 (ON-OFF ganglion cell response) 
> 
> 
> l would appreciate a quick response by mail to the address below so 
> that l can make my final submission. Thank you vecy much in advance 
> (again) for your time in dealing with this request. 
> 



.> regards, 
> Sarnir Shah 
> 
> 
> 
> 

> -----------------------------------------------------------------------
> Sarnir Shah 
> Centre for Intelligent Mach~nes 
> McGill University 
> McConnell Engineering Bldg. 4th Floor 
> 3480 University Street 
> Montreal, Quebec, Canada H3A 2A7 

tel#1 
tel#2 
fax 
email 

(514) 398-8093 
(514) 398-7493 
(514) 398-7348 
sarnir@cim.mcgill.ca 

> ------------------------------------------------------------------------
> 
> 
> 



.. FormA 

REQUEST FOR PERMISSION TO REPRINT MATERIAL FROM SCIENTIFIC AMERICAN 

SCIENTIFIC AMERICAN, INC. 
415 MADISON AVENUE 
NEW YORK, NEW YORK 10017 

1 request permission to reprint the following from SCIENTIFIC AMERICAN (speci(v author, tltle, 
date o( Issue, page number, and fee as noted on coverlng letter herewith): 

AlJ\hor ~ 
Irt\~ '. 

Jou,!'t.tl ~ 

:r. \... &hnctpP and D. À . th~ \0 r 
\-low pho-\c Y'Q.~p\or c.e1h \eSfOrrl 1-D \Ll~H" 
SCl~ni\&lc. Amorlc.a" ') \/01. 156) 00.4, 1987, pss 40-47 

pta·47 } -\cp flgh+ ~\~\j~ C~brt\nQ. Cur~rrfs or (bnQ.) 

to appear ln the following volume: 

Tltle and Author SaMlr Shab 1 \\ An crla,ph\le '!'!'lC.rlcl oP lnfbnrcdtOn pro~\re \ Yl the. p-ln-JO.~ 
re\iOo.'l. 

Publlsher Mc.G\\1 Um~rsl{tJ 

Type of Publication (text, professional, trade) __ ...:.M...:.:.:..;En~3_'1h....;..;....:.;e::o:;s~i~~ ______ _ 

The undersigned agrees: 

1. Acknowledgment of an illustration shall be made on the page of the volume where the 
illustration appears. See form of acknowledgment below. 

2. Payment of the required fee NlÂ is enclosed herewith. The fee is nonrefundable; 
payment is not contingent on publication of the mate rial. 

3. Copies of the appropriate pages (illustration and aCknowledgment) from your volume shall 
be ma lied wlth a copy of this form to the Permissions Department of Scientiflc American, Inc. 

4. This permission applles only to the edition specified above. A newapplication must be made 
for any add~ $amlr llh.h 

, Mc..(3\\\ Ù'\l\J~rsl{~ Ce.I\~ &, . .l"~l\t~n+ tI1.Cl~l-llhQ.S 
SICNED ADDRESS 34&1 UOi~d~ A'Il'e 1 t<\~! Q~~ H31l 2.""7 

;;> Canada.. (6t~) 3W~-"31\'6 iD." 

lOI Approval of Requesl <= 
(5111) "3~ .. ~~3 offi(jl. 

The foregoing ilpplicatlon is hereby approved, subject to the conditions stated above, and 
provlded that the following form of acknowledgment and copyright notice Is used as specifled 
above: 

FI'OIII (r"" 0' ."lcl. ",,~ ".,Ito,). COllY'''''' C (~"r.) "Y Sc,.",lflc A",.,'e"", IIIC. Ali "_"" ,.,."'.~. 

~~ APPROVEOb 
Unda H~S &RïGhû:.ge, 
(or SCIENTIFIC AMERICAN, INC. 



McGill 
University 
Research Centre for Intelligent Machines 
McConnell Engineering Building 

The Physiological Society 
Admin. and Publications Office 
P.O. Box 506 
Oxford OXI 3XE, U.K. 

Dear Sir jMadam, 

Novembcr 8, 199:J 

As part of rny Masters Thesis requirements, rny thesis titled "An adaptivc mode! of 
information processing in the primate retina" will be mÎcrofilmed and made availahlc 
in the National Library of Canada and at McGill University. 

1 would like your permission to reproduce in rny thesis the figures from the following 
source(s): 

A uthors: A.M. Derrington and P. Lennie 
Article: "Spatial and temporal contrast sensitivities of neurones ... " 
Journal: Journal of Physiology, vol. 357, pp.219-240, 1984 
Figures: fig 3a and fig IDa (P and M cell spatial freq. sensitivity) 

It is understood, of course, that full credit will be given to the author and publishcr as 
a refrence within the figure caption. A duplicate copy of the request let ter is cnclosccl 
for your files. 

Sarnir Shah 
A (lA. (:e(n ~jf.o..,.,\ o..U~ 

pe{J~ o~ Pryl~I(J. S~ 
1'4 )Ile tAic "J.. S L krot 
~~ ~ Uf (j'- - turJl . 

Nt 2 «.Htf UK 

Postal Address: 3480 University Street, Montréal, Québec Canada I13A 2A 7 FAX: (514) :J98-73t18 
Telephone: (514) 398-8093 email: samir@cim.mcgill.ca 



McGill 
University 
Hesearrh Centre for Int.elligent Machines 
McConncIl Engineerillg BuildIng 

l'l'of. A.M. J)(,II'illgtoll
l 

Dept.. or Physilogica.l Sciences 

Tite MC'dical Sellool 
N('wc'ilst\c'- U pon-Tynw 
(J .1<. N E2 -1 r IJI 

Prof. DC'lTi I1gton, 

November :30, 1993 

AH l'élit of my Masters Thesis requircments, my thesis titled "An adaptive model or 
iuformation pl'OCf'SSillg in the primate retina" will be mÏcrofilmed and made available 
in t11<' National Library of Canada and at McGill University. 1 would like your written 
lH'rtl1issioll 1.0 re'produce in my thesis two figures from one of your papers. 1 use 
t.he figures t.o compare t.he outputs of my model to those you recorded in Macaque 
1I101l1œys. 1 would also Iike your permission to use the figure again in an article which 

will he a condc/lsee! vf'rsion of the thesis results 1.0 be submitted to IEEE SMC. 

Aut.hol's: 
Art.icks: 

.J0111'11 êl1: 
Figl\l'('s: 
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ABSTRACT 

At the retinallevel. the strategi!:'s utilizl'd Il.\' hiolop,ical visual sySlplI\s ,dlow 1111'111 III ouI 1"'1-

form machine vision systems, sf'rvin/!, to mot ivatl' t Il!' dl'sip,n 01 ('I!'( t w1I1r (lI' "~11I'11 1" M'I\SllI S 

based on similar principles. Design of such st'Ilsors in silicon li 1 sI 1(1l( Hill'S .1 1II0dl'l of l'l'I in.t1 

information processing which captllll's tht' (lssential fp,ttur!'!; ('xhlhit('d Il\' hiolo).!,u"tl It'Ii­

nas. In this thesis. a simple retinal model is PI'('S('11I('1\' whirh qll.\ltlat.ivl'Iy M('Ollnls for 11lt' 

achromatic information pl'Oressing in 1 he primatl' COI\~ syf>t.l'Illo 'l'hl' ('(lllllmlcl' ,.1'1 III Il lI\odt'1 

exhibits many of the pl'operties found in biolop;ic,tl ll'lillas i'>lIrh .I~ d.\I..1 l('d1\eIIOIl thlOlI).!,h 

non-uniform samplillg, ad.lptat.ion to a lal'!!,l' dvnalllir 1.1llp,1' 01 ilhll1lin.11 iOIl l('v('ls. V.II i,l­

tion of visnal anlÎt.v with illllmination Ipvpl. <lnd l'nhall('('IIIPIII ()f :-.pali()lpII1!>O\"d ('On 1 1.\:'.1 

IIlfOI matlOn. The 1lI0dpl is v.did.1 !.pd h~· 1 ppli! al i IIg PXIH'III1lI'IlI:-. «()1I111111111 V PI'! IOI'IIIt'd Il\' 

electrophysiologisti'> on IJiologiccllll'll\Ias and rol1lpal in).!, t h(' I(,SJl()II~P 01 1 hl' "(JlII/JltlIT 11'f1l11l 

to data fmm experllllents in fish ,tilt! lllollkey:'.. III .lIldll iOIl, 1 hl' Il'';p()n~p of 1 hp I!lodpl I() 

synthetic and real image:'. if> showlI. The !'X)ll'lÎlI\Pllt:'. d1'1lI01lHtl.1 t P 1 hal. t III' lIIodpl llf'h.1 VPl> 

in a manner qnalitatively bimilar la hiolop,Îral 1 pt.i Il al> alld th liS 11\ ay ~PI VI' .1:-. .1 Il.1l>Îl> (01 1 ht' 

development of an "artificial ret.ina'· 
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RÉSUMÉ 

A 11 niveau de la rétine, les stratégies utilisées par les systèmes visuels biologiques leur 

permettent de surpasser de loin les systèmes de vision artificielle. Ceci motive donc la 

conception de senseurs électroniques ou "intelligents", basés sur des principes similaires. 

La conception en silicone de tels senseurs nécessite d'abord un model du traitement de 

dOllnées représentant les charactéristiques essentielles se manifestant au sein des rétines 

hiologiques. Cette thèse décrit un modèle simple de rétine qui tient qualitativement compte 

du traitement de l'information achromatique au sein du système de cones chez les primates. 

Le modèle de réline artificielle manifeste plusieurs des propriétés retrouvées dans les rétines 

biologiques tel que la réduction de l'information grâce à un échantillonnage non-uniforme, 

une adaptation locale à des niveaux d'illumination couvrant plusieurs ordres de grandeur 

d'intensité, une variation de l'acuité visuelle avec le niveau d'illumination et le rehaussement 

des contrastes spatio-temporels. Le modèle est validé en répétant des expériences réalisées 

communément par les électro-physiologistes sur des rétines biologiques et en comparant 

la r{>ponse de la 7'étine artificielle avec des données obtenues dans des expériences sur les 

poissons et les singes. La réponse du modèle lorsque soumis à des images synthétiques et 

réelles est également examinée. Les expériences démontrent que le modèle répond d'une 

manière qualitativement similaire à la rétine et peut donc servir de base au dévelopement 

d'une "rétine artificielle" . 
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Chapter 1 INTRODUCTION 

1.1 Background 

Of the five senses, vision is perhaps the one Ilpon which hllmans )'(>Iy the must. \V(l depend 011 

visual feedback for tasks such as navigation. motof control, object Il'cognition. and building 

scene descriptions. The brain receives its visnal information t hrou/!,h apPl'Oxima tely one 

million nerve fibers carrying vislIal signais from the Il't.ina in eadl pyl' , Tlll'se fibprs l'rom 

both eyes account fol' nearly half of aU the sensoI'y nervl' lil)(lrs streilllliug into the l)fain, 

and a considerable portion of the cortical machinl'ry is ns('d t 0 p/'OfPSS t.hp tl'a.nsmitt.('d 

information[32]. There are some estimates t hat. for ('vpry lIeI'V(' fi 1)('1' ('fll'ryin/!, si/.!;uais ou t. 

flom the retina, t.herc are over '2000--1000 rDrt.icalneuIOns illvolved in plO('(lssin/!, its si/!,lIals 

[32]. 

Vision capabilities are also quite importaut in many rOIllIHltN-('ontrolled clpplifa,tiollS 

such as mobile rohot navigation. parts inspection and ohject. l'Pcof..!,I1ition 1 asks. jnst 1.0 lIalllP 

a few. To be able to see and IInderstand what one OhSf'IVPS st'eIIls 10 II(> vpl'y simple for 

humans. Although IlIl1ch lesearch effort has heen eXpl'ndl'c! 011 undt'I'stalldin/!, visiulI, the 

computer vision community has discovprecl that practical applica.tiolls nf lIIachine vision 

are exceedingly difficlllt, Tl aditional computer vision techlliqllcs which ha.VI' 1'01' 1 he IIIUSt. 

part ignored strategies employed by hiological visnal systl'IIlS ha,v(> 1101. 111'(,11 vl'I'y slu·cpssfnl. 

Sorne current research efforts ilrp thus focused 011 st.ndying hinlogical vislIal h,VSI,('InS ill an 

attempt to understand not only how these visual syst.ems fnllct.ioIl, hlll also 10 I!.lIidp t.llt' 

design of future machine vision systems. 

Many of the pI'Operties of the hllman visnal syst.em au' ult.ima.I,('lv lilllit..,d h,V 1.11(' fidl'Iit.y 

of image sampling within t.he retina and the strat('gies Ilset! 10 PI'('IU'O('1'1111 t.ltp ha /II pl .. <1 illfOI­

mation before further processing in t.he cortpx. Even at t.he ret.illa.1 Il'vl'l, 1111' pel'fOl'lIIéLn('(' 

of the human visnal system far exceeds the capahili lies (If C'OIIl III t'I'riall y availahl(! visllal 

sensors and machine vision systelIls, t.hel'ehy rnotivating t.he> ftl.llc1y of thf' IllImalt or pril/lat.(· 

retina [1O][32J. 

Commercially available visnal sensors typicall,v have poore! l'amplill/!. dellsÎl.ips and dy­

namic range than the hllman retina. Although comrnercially avaiJahl(1 C'ha.rf..!,e-(,():Iplecl-dl!vire 

(CCD) cameras are beginning to approach a million or more llnifol'mly dilitrihute,l pixel 

outputs (1024 by 1024 l'esolution), t.his lIumher is still smaH C'ompared 1.0 the over 1) million 

cone and over 100 million l'Od photol'ecept.ol's Ilspd 1.0 sam plI' the irn age ill 1 he hUllliUl J'(~t.ina . 

Furthermore, the capacity' to process aU of this information in real-t.ilIl(' is lH'yond t.he ca-

2 
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1. INTRODUCTION 

pabilities of today's machine vi::;ion systems. While snch uniform high-resolntion sensors 

are ideal for applications sucb a::; TV, a nonuniform sampling scheme combined with data 

reduction sllch as that employed in many biological retinas may be more appropriate for 

many machine vision applications [32][82]. 

The dynamic range of commercial camera photosensors is typically less than 3 log nnits 

of illumination intensity. Even <tuite sensitive cameras (snch as the super-HARP camera 

[80]) only have dynamic ranges of slightly over 4 log nnits of illumination intensity. The 

retina, by contrast, has ail operational range covering over 12 orclers of magnitude in inten­

sity. Another major difference between the retina and commercial cameras is the ability to 

<lcal with a large 1}(l1'Ultion in intensity levels in a single scene. In order to be sensitive to 

smaIJ variations in contrast, many camera systems use photosensor arrays with very narrow 

dynamic ranges (::::: ~ log ullits) and a high contrast gain. A measure of the global ambient 

illumination levf>l may then he Ilsed 1.0 extend the operating range of the camera by globally 

shifting the olH'mting point. or ~ain of the entire rl'ceptor al ray. However, when confronted 

\Vith scelles rontaining a Vf1ry wide range of illumination levels (> ;3 log uuits), lllany parts 

of the scene appear washed out or IIl1derexposed in the camera output hut remain perfectly 

visible to the nakecl eye. Again. although restricted dynamic range cameras are adequate 

for certain applications in which the Iighting conditions are controlled, they may not be ap­

propriate for applications that. r<'quire operation in both indoor and outcloor environments 

where a wide range of illumination may be encountered. 

It i::; apparent that the human retina has snperior imaging ficlelity and a larger dynamic 

lange than commercial camera systems. FurthermOI'e, uniform resolution camera systems 

lIIay also he inappropriat.e in many machine vision applications that require real-time pro­

c(!ssing of visllal informat.ion (snch as for navigational and object recognition tasks in mobile 

rohot.ics). For such applicat.ions, il. is advantageous to extract or enhance the specifie in­

formation which is IIS<,f111 for the particular visnal task and reduce or compress peripheral 

data, t.hl'I'eby greatly redudng the mmputational requirements at higher levels. For such 

i11)plications, Il<'W ::;('nsors need to he developed. Our approach is to hase the design on 

sorne of the saIlle principles utilized hy hiological vision systems. Knowledge of the retinal 

architecture, along wit h a mode} of the pl'ocessing performed in the retina, can serve as a 

hasis for the development of "artificial retinas" for machine vision. Towards that end, this 

t.hesis presents a simple retinal model which incorporates various adaptation mechanisms 

useel to deal with large changes in illumination level, and also rnimics the Ilonuniform sam­

pling scheme IIsed in the primate cone system. It is hoped that this model will 1l1timately 

SN've as the foundation for a silicon implementation for an adaptive foveated sensor. 

In arder to develop ft model of information processing in the retina Ilseful for machine 

vision applications, it is necessary 1.0 study the strategies employed by the primate retina. 

3 
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The properties of t.he retina pertinent t.o our model are very hrielly sumnunizf'd hen' and it 

more detaHed review of retinal structure and models of information pro('('ssing arc plcst'nted 

in a later chapter. 

1.2 Overview of Retinal Information Processing 

At a first glance, one may be tempted t.o compare the l'l'tina t.o a TV canH'l'<l which silllply 

converts an optical image to electrical signaIs for fllrt.her pl'Oœssill)!; in t h(' hrain. lIow(lver, 

the retina does considerably more than that. Each retina contains millions of phot.nrprept.nr 

ceils (rods and cones) which sam pIe the image projected onto il, hy 1 lU' opti('s of thl' l'Yl'. 

Photoreceptor ceUs convert optical information in t.he image into ymdcd JI(lt(,1!tutl.~ whid, 

then drive further processing in the retina. Intermediate c('lls in the r<,lma. l'nha,ll(,(' ('('rt.ain 

features of the visnal signal while discardin1!; other inlol'lnallon. nnt.il al 1 III' lasl St..I)!,(', 

ganglion celIs convert the graded potelltial si!!,Jlals iuto arfUJ/llmtmtwls fol' Iransmission ln 
f;>/ 

the brain via the optic nervp. 

The prillciples ntilized Il,v the )ptina in IlloceShlll)!, visu.II illfol'Illai iOIl III 1 hl' (Ollt· :-"Yht. .. 111 

may be sUllImarized as follows: 

• Significant. data reduction is achieved thl'Ough ,t fovl"t.ll'd sa,lllpliu)!, schl'ml' al. t.\J(' 

receptor level and iucl'easing convl'rgence of coue inputs illt.o /!,all/!,Iioll (,('11 out.puts 

with increasing eccelltricity [32][23][49]. Snch samplinl!, schplIws IIiLVP III'('JI lIIodell(·d 

llsing log-polar mappings [50][76J. 

• The cone transduction fUllct.ion is c1escribed hy ft lo/!.-lik(' fllnct.ioll wil h sat.urat.ion 

nonlinearities and a dynalllic range of :J log unit.s in inl (·Ilsit.y [~I ][X], 

• Mechanisms wit.hin the cone itself and netwOl'k fl.'l'dha( k fI 0111 nI 11('1 l'pt.illal (plis IO('ftlly 

adapt the sensitivi ty of cone phot.ol'f.'ceptors so 1 h,1 t t.heil l'I'SpOllhC l'a JI)!," is (,(·I1t.re·«I 

arollnd a local spatiotemporal amhient intensit,v. 1 Thl'M' \Il('('l1allislIIs l'xl.(II\CI 1.11(· ('01\" 

operating range by several orders of ma1!;nitlldf'. 

• Circularly COllcentl'Îc relitJe-hlll'fotll1d le('eptiv(~ field (l;F):.! ~t.l'lIctI\II'S l'lIIe1'ge al. t.he 

bipolar celi leve!. The hipolar cell essf'utially pet'fOllllh a diffi.·1'(·lIcl' !Jlu·ml.ioll het.weml 

the centre and SUl'J'Ouud pOlt.ions ofthe signal. This S('J'V('S t,o htl'Îp t.he 'dc' hackground 

1 Local ln the ahove l'ontext mean& a l'lI1all nelghhollrhood O[ .trCd .trou/III .L gIV!'1I phuton'CI'plur 
2The extent of a <-cll'& receptlve held (RF) I~ dehncd here .L~ the regwlI on the [l'tilla. Wllldl, wlu'lI 

stimula.te.l, influences the cell reS(lonhe The &tructure of iL ("(·11'~ RF Ih dcfllu·d !ly thc (h-gree to willd. 
regiOns within the RF influence the cell output. Blpolar and gdllglioll cel1~ hdve RF profiles wlth two 
circularly concentnc reglolls (lahelcd C!'IItre and snrroulld) wlllch art· 1/I0ht oft!'11 lIIodel,·d bya dlffeff'IIC(! (Jf 
two Gaussians welghtmg profile, 
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intensity information from the visnal signal and allows the bipolar celI to be sensitive 

to {O('(l[ variations in contrast [28J. 

• The retina appeal'S to adapt the size of its reeeptive fields as a funetion of illumination 

level in an effort to mailltain a good halance between high visual acuity and contrast 

detectability [1][62][75][81J. At dim photopic illuminations levels, the input signal­

to-noise ratio (SNR) is relatively low; the retina compensates for this by averaging 

information over larger Ieceptive fields to improve absolute contrast detectability at 

the expense of slightly poorer visual aCllity [81J. With inereasing illumination levels, 

t.he input SNR increases, facilitating improvements in both visual aeuity and absolute 

contrast detect.ability [()5J. 

• We hypothesize that feedhaek merhanisms within t.he rptina adapt t.he spatiotemporal 

s<>nsit.ivit.y in l'egions of hi~h spatiotemporal contrast hy reclllcing the relative size of 

the surwund field of hipolar and ganglion cell reeept.ive fields. This mHhanism acts 

t.o sharpen spat.ial edges in the rpt.inal out.put and impl'ove spnsit.ivit.y to temporal 

change in t.he visual input.. This hypothesis. which is sllpported by data on the effects 

of l1Iter[llexzfoJ'1TI eell feedbark on !torz;:onla[ eell RF sizes [08J, will he c1iscllssed in 

1Il0r(l detai! in Chapt.er 3. 

• Two major classes of ganglion eelis (P-cells and M-celIs) account for 90% of the retinal 

output and represent the two dist.inct chanllels of information from t.he retina [23]. 

P-cells arc IIlOI'P Humerous (80% of aIl ganglion relIs), have smaller receptiv(' fields 

and respond ta hi~her spatial freC(\lendes than lvl·eells. ~I·cells have larger receptive 

fields. hi~her eOlltrast p,ain. and are more responsive to temporal stimulation [33J. 

III surnmary, the hiological retina is more than just a simple TV camera. The 1 etina not 

only ronvert.s optical information to <>Iectrical signais but performs considerable processing 

on the visual signal il.self hefore transmitting it to higher lev('ls. Varions local adaptation 

mechanisllls l'xt.end t.he l'etina's dynarnic l'ange by several orders of magnitude. In ol'der to 

meet t.he transmission hottleneck at the optie nerve, the l'etina extl'acts only those features 

rcquired in later stages of visnal processing while employing many data reduction strategies 

surh as nonuniforrn sampling. 

1.3 Summary of Thesis Contributions 

Many researchNS are in tNest.ed in moclellin~ the retina or buildinp, ai tificial retinas. A few 

groups have :tlready fabric~ted silicon chips to model certain aspects of the ret.inai function 

[a6][39] [53][66]. In addition, mally comput.er rnodels of the l'('tina have also been proposed 
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[5] [10][25] [58][n][82j. AIl of these models mimir sorne parts of tht' l'et in,tl fllllrt.ioll hllt, 

ignore others. Sorne implementat.ions model the nonuniform sampling occlII'I'ing in 1 hl' 

retina [53][66j. Others simulate the nonlinear t ransdurtion and adaptat ion ol'cnrring al. 

the cones but ignore the nonuniform sampling [lO][:Wj[58]. Fmthel'lllol'e. l'xistillg ('omplltl'I' 

models or silicon implementations do Ilot account for the chan/!,l':S in visllal acuity assodalt'd 

with changing illumination level and adaptation to spatiotl'lllpOrall'OlIt.l'a:.t.. 

The contributions of this thesis are in t.hree main areas. First.. t IH' work prl'Hl'lIted hN(' 

consolidates variations ofexisting models \Vith diffm'l'nt fl.'at\ll'l'l'i ut 1 Ill' Il'tilla illin iL singl('. 

morl:' "ohesive model. The efl'ects of nonlllliforrn 1'> a III pli 1I/!,. nonlitll'al' lIa Il:.1111('1 iOIl .l,t thl' 

cone~, and a difference of Gaussians operation a1. the hipolar «lIlIt'wl an' lIIl"ol'pnrat('d illtn 

a computer retina model. In addition. the pffl'ets of local COIH' ,tnd 11('1 \VOl k f(,l'dha( k III (lch­

anisms in adaptmg, the colle sensitivity are lIlodeUed, TIH' ('olll/mlt>/, /'t'/l1Ifl illlpl('IIII'IIt.al.ioll 

also accounts for the ~patial and tPlIlporal aspects of J't'tinal Pl()c(l~sin/!,. ,IIHI Silllilitl 10 1 hl' 

retina. provides outputs al. two f>calps to l'PI)J'psent thp OHI plll~ of P-rpl\:.. ilnd i\1-rl'lI!'i. 

Secondly. adapti Vf:' featlll'PS of 1 he retina w hirh havp IIOf, pl t'V lOusl,v 1)('(,11 1110<11'11('<1 a 1'1' 

incorporated hel'e, The changes observpc! in hUlJlilll \'i~lIal aCllily lIVl'l' 1 h<' wnl' ~yl'il.l'lII\ 

operating range are accounted for hy assllllling t hal. t.1H' dt'!!;\,(l(' of ('()uplillJ.!, Iwt.wl't'1l ('t'II:; ill 

the cone and horizontal ceU layprs is a fllnct.ion of illumination. In addit.ion, it. Î:- SI)('('II­

lated that interplexzf01'm ceUs in the retilla alter the l'etina's sPIlsit.ivit.y in 1'(l~i()lIs of hi~h 

spatiotemporal contrast [(iS], and the ('frect.s of such ;L mechanislIl aIl' incorpOlal,(·d int.o I.hl' 

computer retina, 

The third contribution consisti. of vprifying the I>pha,viollr of t.hl' ('(lili/mit l' rdÎ1ttt 1110<11'1 

with known dat.a on hiological (principally primal.p) vil'lllcd S'yl'it,Pllli. Il,v !Pp!i( a1.illJ.!, a !(lW 

typical experiment.s {>p\'formed hy plect rophysiolo!!,ist:., 'l'hl' 1II()(iI,1 Il'hpOIlM'S ,II P hhoWII t.o 

be qualitatively similar 1.0 the biolol?,ical retina despit,p IIH' lIullIPl':. hilllpill il v. Fl\rt.h!'l'IIloll'. 

as the compute1' 1elZ1HL allows il.s l'<,spollse 10 hp lIlouilolt,d al. .dl :-.1.a/l,l's (If (ll'll('(,lihiug; alld 

for the entire visllal field. i1. serves as a IIh('flll 1.001 ill vÎ:-lIalizillg whal, 1 1 If' Ol\t.pl\ts of 1.1t" 

biological retina may look like in \'espollse to compll'x visitai sI ilJ1l\li. 

1.4 Model Simplifications 

It is beyond the scope of this thesis 1.0 present a lIlodel of ail vj~lIal IJI'(J(('~sillJ,!; (JCTHllillJ,!; 

within the primate retina. Th 1\S. the S('OI)(> of the 1II0dpI is lilllil ed a~ follow1'>: 

• Only the co ne system is modeled. OVN rnu('h of the rl't.illa·s II'SpOIl~(' 1 ;L1I~(l, t.he ('Olle 

and rod systems function fairly independently [iOj, TIl!' {'OIII' hyf>tf!H1 with its ItiJ,!;h 

resolution fovea is l'esponsihlf:' for 0111' high aCllity c1aylil?,ht. vbioll alld is I.hlls 1110/,(1 

appropriate fol' modeling whplI considering, a potential silicoll i III p!r'HlPllta1.ion. 
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• Only aehromatie intensity information is considered. Even though the cone system 

codes chromatic as weIl al> aehromatic information. many visnal tasks can be accom­

plished with pme intensity information. It has also been theorized that, although the 

chromatic tl.nd achrornatic information is carried in the Rame pathway, the two signaIs 

may he processed separat.ely at higher levels [:J:3]. 

• In the biological Ietina, ganglion cells come in two varieties. on-centre and off-centre, 

1,0 code positive and negative contrast signaIs, respectively. Unlike the biological 

ret.ina, t.he computer can l'epresent positive and negative signaIs equally weIl in the 

same output. Thus only on-centre type ganglion celI outputs are generated in the 

model here and are implemented to he able to code both positive and negative signais. 

This ('ffect.iV(>J.v rpeluces th(l required number of retinal outputs hy a factor of two. 

• Many mode! simplifications are Illotivated hy the <!(lsirl." t 0 illlpll."IIlent an "artificial 

Jl'l.ina" in i'>llicOIl in 1 h(' f1l1.1I1'1.". Howevel', it il'> not. the olJjPct.iv<, of titis thesis 10 present 

il dpsi~n lOI a l'>ilicon n'tina. 

1.5 Organization of Thesis 

This ('hapter has plOvided the motivation for studying and modellillg the primate retina. 

Chapt,er 2 provicles a summary of l'I."tinal hiology and a review of existing models used 1.0 

f'xplain the flow of information through the letina. Chapter;3 sllmmal'izes the various adap­

tation mechallisllls i Il the retina and the models useel t.o descrihe t h(lm. ChaptN 4 pl esents 

the adaptive retinal moell."l of (lchromatic information processillg in the primate cone sys­

t(lIll as develoJlPd in t his t.hesis, and discusses some impleIll(lntation aspects of the computer 

rct17Ul. Chapt.f'I'!) !)J'(lsellt.s t.he l'('slIlt.s of a few expelÎment.s which illustrate the behavioul' 

of the r01rqmfCl' ,.rima illId allow a comparison with pu hlished data on hiological 1 etinas. 

The final chapt.t'I' StllllIllal'Îzes th(l rontributions of this thesis and provides suggestions for 

l'II t. li l'l' 1 {·seaI'ch . 
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Chapter 2 RETINAL STRUCTURE AND FUNCTION 

This chapter presents a SUIllIllarv of the primate l'etilla st!l1cIIlH' .lIul fllll('IiOIl .wd .\ slIrwy 

of existing models used 1.0 descrihe letinal fUllctlOns, 

Although a great many types of l'et.inal n('11 l'Ons lIIay IH' d ist i Il).!,lIishl'd 011 t lit' h.L~is of 

morphology, retinal eells can aU 1)(> hroadly rlassifi('d illt.o MIX (1'1l1~!I)('S, Thl'M' ,\II' photon" 

ceptor ceUs, bipolar ceUs, horizontal cells, .1II1âcl'ÏJH> CI'lIs. ).!,iln/!,Iioll ('(,Ils .• 1IId illl{'['plpxifol'III 

ceUs. Excellent surveys of the anatolll1C'al stl'uc!.urt' of t I\(' Il'tin.1 al(l !!,ivPI\ h.v Hodit'('k 

[49][48J, Dowling [21J and HubeI [2I:1J. 

The retinal cell hocHes are found in t Ill'(>(, dist inC'!. layel'M. 'l'hl' l>~'1\.1 pt ir ((lll 1 .\l'Il> hl't WI'I'II 

these layers are rOllfined t.o IWO Illll'[,posf:'d syna.plie lay(,l~ wlllch aH' 1!'llIll'd 1 hl' 111111'1 .111<1 

outer plexiform layeni. Ali visnal input. to Ihe ['('tin.L ih 1('('('lv,,1I filsl h~' 1 hl' plwlol(',,'plol 

ceUs and then processed hy ot.her cells Llkewise. p,all!!,lion (l'Ils .11" IIH' Olt/V ('('If:.. III 1 h" 1('1111.1 

that con vey on tpnt signais 1 hrOlI/!,h 1 hf' opt.ic Ill'! VPS 1 () 1 h., Vlh1litl (01 l "X III t hl' III a i Il. Th" 

outer plexiform layer cont.ains the 11I0CCSSPS ni 1 ('('('pl 01 cl'lIs. hOJ'lZOll1 al <l,Ils .• 111/1 hipolal' 

cells. The inner plexiform laye! conlaills tl){' (ll'OCPSS<,S 101 hipol.1I ('(,lb. illtl'l'plpxifollll (l'lb, 

amacrine cells. and ganglion {'plIs. In g,elleral. .LIl l->i!?,nrllh pah),in/!, 110111 1111' 111<, IlIlIPI III 1 hl' 

inner plexiform layer pass t.hrough 1 he hi pol<l l' rells and l'XII t h(' 1"1 i Il.1 1 il IIIIJ/!,h 1 h" !!,rLII/!,lioll 

ceUs. The laterallletwOlks of horizontal and aman illl' ('(,lb 1'01111 IlIdl1('('1 p.L1.hways wlIil il 

modify and modulate the iol/!,Ilal f10w Ihloll/!,h Ihp hipolal alld p,.llI)..!,lioll (l'II~ Fi/!,Illl' 1.1 

shows schematically the la.velÎll)!, of diffpr('lIt CI,lIs found ill t hl' 1I1I11l.Ul 11'1111.1. 

2.1 Photoreceptors 

:-\s in most other vprtehrales. theIC al'{, Iwo IYPpl-> 01 plloloJ'{'('pplol 1 l'lb ill 1 hl' 1IIIIIIall 11'1 Ilia. 

rads and cones. Anat.omically, lOds ale sh.lJlPd lih, Ihin ('ylilld!'I~. wlll'l'l'.Lh 1 hi' (Olll'l-> .11(' 

tapered at one end. and wide and /lat. at the haioe Hods are 1;11 1Il011' 1I1l"IPIOll~ 1 ha.1I (0I1f'''. 

In the hllman retina. there are appl'Oxilllat<,ly 100 million ()J mOI l' IIl1b ('0/11 p.l Il'cI 1 () h"t.Wf'f'lI 

three and five million cones [4!)]. 

The rads and t heil as!.oriatf:'d ril cuit.ry iL! e l-> PP( ialiZ<'cl fOI 0lll'I .11 in).!, III low li)!,h1. 1011-

<litions. By pooling t he l'espon~(>s of lIlally J'(Jcb. 1 hl' lOci ~y:-.I'·"I ih .1111" 10 dl'II'I 1 h1l1gh' 

photon events al. t IJ(' exppnse of a loss of fi 11(' :-.pat.I.1.1 I!'holu 1 iOIl. TIIf' 1011"". 1 o/!,l'l.llP/' wi 1 il 

the neural pathwa.vs of the ('One svstPIII. ,LIe !>p<,rialized 10 Opl'Irl!.f· ill bli/!,hll'I IlIlllllinal.ioll 

conditions and to hample the image at. a highel iopal.ial Il'sollll.ioll. '1'111'1(' aIl' 1 hl'I'f' l.ypf·1> 

of cones (red. green. and hlne), each with il diffelcnl. peak hpl'cl./'al :-'l'lIhiliv/l.y. lJt.ilizinp; 
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(------,-------.r-----·-l 
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ONl 

OPL 
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IPL 

Gel 

LEGEND 

PE - Pigment Epithelium 

ONL - Outer Nuclear Layer 

OPL - Outer Plexiform Layer 

INL 

IPL 

GCL 

- Inner Nuclear Layer 

- Inner Plexiform Layer 

- Ganglion Cell Layer 

C - cone 

R -rod 

B M - midget bipolar 

B 0 - diffuse bipolar 

H - horizontal cell 

IP - interplexiform cell 

G - ganglion cell 

A - amacrine cell 

Figure 2.1: Retins. CeUs: Schematic layering of cells in the retina. From Dowl­
illg [20], @1983 MIT Press . 
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the different spectral sensitivities of each cone type, the cone syst.em encodes chromat.ic 

information allowing colour vision to be possible. 

Why does the retina require more than one receptor cell type? Rodieck argues t.hat. t.his 

is likely because the requirement to respond both to very Il)w-energy signaIs, consist.ing of il 

very few quanta, and to relatively high-energy signals lead to conflicting requirements [49]. 

The rods are about 20 times more sensitive than the cones, and by pooling their output.s, 

they are even able to detect the reception of single photons du ring dark adapt.ation [49]. 

Maintaining this sensitivity however causes the rods to quickly saturat.c al. inrrcasing light 

levels. The cones have a much higher level of intdnsÏc noise, such t.hat theil' si~nal output 

is distinguishable from the noise only at higher light levels [70]. On the otllcr hand, cones 

continue to adapt their sensitivity to the ambient illumination and opcratc ov('r many oJ'ders 

of mngnitude. Thus, the cone system is responsible for our high acuity dlromatic vision in 

normal daylight conditions, while the rod system is primarily responsible for vision undcr 

scotopic (low light) conditions. Separate parallel pathways appear 1.0 be used by tlll' rod 

and cone systems for mu ch of retinal processing, Ieading researchers to st.lldy OJJ(' system 

or the other for simplicity [49][31]. The emphasis here will be on the cone systerh which is 

responsible for our high acuity vision. 

2.1.1 Transduction Process 

The primary function of photoreceptors is the transduction of the captured Iight en<lrgy 

into electrical neural signaIs. Photon catch is controlled by the amount of visually sensit.ive 

pigment contained in the outer segment of the cell. Without any visual pigment, the elwrgy 

barrier would be too high to permit a receptor cell to capture photons. The visual pigment 

molecules Iower the energy barrier required to catch a photon. The photon capture hoosts 

the pigment molecule into an "excited" state Ieading to a moleclllar rearrangement from 

an ll-cis isomer to the all-trans isomer form. This initiates a chain-reaction of mole(:ular 

changes and other intermediate products which eventually results in the closur<l of some 

channels permeable to Na+ and Ca+ on the plasma membrane [49][21]. 

The clos ure of sodium channels white potassium channels remain open results in the 

transmembrane potential moving toward the K+ equilibrium, thus hyperpoJarizing the (:ell. 

This potential passively spreads to the synaptic terminaIs where il. alters the rate of rell'lUi(> 

of the transmitter substance. Both rods and cones are known 1.0 releas<l transmittcr in 

the dark. Cell hyperpolarization in response to light causes a decrease in this release rate. 

Although much is known about the rod and cone transduction process today, the nature of 

the transmitters is still uncertain for most vertebrate species [49][9]. 

10 
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2.1.2 Spatial Distribution 

The distribution of the rods and cones is not uniform over the retina. In the center of the 

retina (called the fovea), there is a rod-free area consisting of densely packed red and green 

cones. Blue cones comprise only about 8 percent of the total cone population and are found 

olltside the central foveal region regularly interspersed between the two other cone types. 

The concentration of cones rapidly diminishes with increasing distance from the fovea, while 

the concentration of rods rises and peaks in the parafovea (area surrounding the fovea) and 

then also decreases. Figure 2.2 shows the density of rods and cones across the retina as a 

function of ecccntricity (distance from the center of the fovea). 
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Figure 2.2: Distribution of Photoreceptors: Variation in density of rod and 
cone photoreceptors with retinal eccentricity. The cone density drops off almost 
exponcntially from a maximum of 1401000 conesfmm2 in the fovea to about 5,000 
cones/mm2 in the far periphery. Figure from Pirenne [45], © 1967 Methuen & Leo. 

Why are the photoreceptors distributed in such a nonuniform manner with very high 

rcsolution cone sampling in the center and progressively coarser sampling in the periphery? 

One of the constraÎnts on the sampling and processing of information in the retina is the fact 

tha,t only a million or so fibers exit from the retina to the brain. The nonuniform sampling 

scheme used by the retina is an important data reduction scheme that complies with the 

t.ransmission bottleneck while still retaÎning a small central area ofhigh resolution sampling, 

Attentional and saccadic movements may then be employed by the visual system to scan 

points of high interest at high resolution [79][23]. Van Essen argues that the exponential 

drop in photoreceptor density and linear increase in receptive field size of ganglion cells with 
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retinal eccentricity is evidence for the retina using a scale-invariant si\mplillg strategy in 

the foveal region [23]. In machine vision, such a retinal sampling scheme is often modelled 

by space-variant visnal sensors with complex-logarithmic geometl'y [50]. 

It is puzzling why the biologicai visnal system limits itself to ollly a million libers t'xiting 

the retina. Why not double that number'? Il. has been suggestecl that t.he Iimit. on t.hl" 

number of fibers leaving the retina is not due to the physical constraillts of the libNS hllt. 

rather a constraint imposed by the Iimited size of the cortex and its ahilit.y t.o procl"SS visnal 

information [33][23][32J. As a considerably large fraction of our hl'ain is (I<,vol.('d 1,0 visnal 

processing (on the order of 4000 cortical neurons processiu)!; visual information for ('very 

ganglion cell). doubling the retinal output would also double t.he rort.icalmadlilll'fY rN!uirt'd 

to process it. 

Quantitatively, the cone clensity is the highest in t he ('('II t el' of t.1H' lov!'a alld il ppt'oadtt,s 

140,000jmm2• This cOl'I'esponds ta ahout. ï ('OI1('S pel' mill 2 (lI ar('. II. dloJls '1"il'kly tn 

25.000jmm2 within 004 nun (1.-1 deg,l'ees), ('vt>ut.ually declininl,!, to ahollt !)OOO!IlIllI.! in I.h(' 

far periphery [-W]. The dropoff in cone density is IIsuillly lIIod('II(,<I :lS f'Xpolll'lIt.iill olll.sid(' 

the fovea. If the cone density iIl the ret.ina were as hi~h eV('J'ywh('l'f' as in t.1H' fDv"a. il. wUllld 

require about 100 times more cones than the number t hat. art.lIally ('xisl.! 

Although the density of cones is Ilot uniform, the al'1'angeml"ut. of the ('OIl('S fullows .,. 

very regular hexagonal sarnpling pattern. There are t.}uee types of cones, brok('n down hy 

their spectral sensitivities (red, gr('('n, and hlne). The blue cones, w hich 'U'C' 11101'(' s<'nsitive 

to shorter wavelengths, are much less cornillon than the ot.her t.wo ('On(' t.yp('s. Bf'callsf' of 

chromatic aberrations of t.he eye-Iens Rystem, not aU wavt'I('ng/.hs of light fi l'l,in forlls on the 

retina simultaneollsly. lu fact the retinal image is <luite hlllrry 101 t.IIP shol't.(,1' wa.vell'ngths 

that blue cones are sensitivt> t.o [49]. Thus t his part. of tlw ~pl'('t.l'lIl11 III t.1\(' vbllal sil!;l\al 

may be sampled more coal'sely and explains t.he spal'sity of hl Ile rom' (·clls. Ll'lIni(' in fart. 

suggests that colour information as a whole is ('oclecl al. .1 fairly low 1'('~()llIti()1I (,olllpalf'd 10 

luminance infol'matinll [33]. 

2.1.3 Photoreceptor Coupling 

In the rod system, couJ>1ing between adjacent rocls extencls /.he sUllllllation aJefl. t.o almost 

200jlm diameter al'Ound the l'od. Rod coupling is helieved 1.0 Ile part of il IIwchanism for 

preventing the saturation of individu al rods when t.hey capture il. phot.on. Rather t.ltan 

saturating the response of the rod when a photon is capt1lJ'ed, the IOd ('ollpling spf('tuls t.he 

signal to many rods which ail signal the sarne event together. This signal is then arnplified 

at later stages of processing, thereby increasing the roel systern's ov('rall sf'lIsitivity [4!)J 

The coupling of cones to neighbouring cones and the presence of gap jUIIct.ions hetween 
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concs is weB clocumentecl in the pel'iphery [49][70]. Recent anatomical evidence shows that 

the basal processes of the cane pedicles project laterally to contact nearby co ne pedicles 

of between 6 and 12 cones through gap jllnctions both within the fovea and outside the 

fovea [67]. For cones, the effective summation are a of coupling has been estimated to have 

a. cliameter of 50Jlm around the cone [20][70][49]. The coupling is much stronger for cones 

of the same spectral type than for mixed types [70]. The function of cone coupling is not 

v{'ry wellunderstood, although it probably plays a role similar to noise reduction in the rod 

system. Psychophysical data shows t.hat visual acuity varies over an order of magnitude 

in photopic range of light levels reaching a maximum plateau only at moderately bright 

illuminations [75][(i5]. At these levels, the acuity closely matches t.he receptor sampling 

a.nd ganglion cell densities and rules out extensive cone coupling [2]. However, for dimmer 

phot.opic illuminations, visual acuity is mllch lower and is likely attributable to increased 

rone coupling [(;7J. Extensiv(l cone coupling wOllld improve t.he signal to noise ratio and aid 

in a.bsolute contrast det(lctiol\ at the (lxpense of slightly lower resolution. 

There have h('en severalrecent att{'mpts at incorporating some l'orm of l'eceptor coupling 

in silicon rct.inas a.s a lIleans of noisp l'Pdllction. Vagi et al. [nJ and Drill [9] hoth model 

lecept.ol' ('ollpling wit.h a l'<,sist.iv(' network t.hat passively spl'eads the leceptOI' potentials of 

l'eceptors to neighbouring l'Pceptors. The extent of the coupling, and hence relative spread 

of the receptor signal, is mainly controllecl by the relative cJnductivities of the network 

interconnecting the recept::>l's as compared to the conductivity of connections from receptor 

layer t.o other layers. However. in these models, the degree of coupling does not vary 

as a function of t.he illumination level and thus the summation areas are invariant \Vith 

iIlu mi nation level. 

2.1.4 Horizontal Cell Feedback 

ln severallo\Ver order vert<,brates. t here is physiological evidence of feedback signaIs from 

horizont.al cells which inhibit t.he cone responses [3)[17J[40][49J and rapidly aclapt the cone 

sPllsitivity t.o match the lom/l ambient int.ensity (21)[58]. Feedback from horizontal celIs 

10 rods has not. been fonnd except fol' the rods of the gecko2, which have many cone-like 

pl'operties and are believed to be "transmuted" cones [21J. Figure 2.3 shows the response of 

é\, gecko rod to a flash stimulus with horizontal cell feedback present (left) and the response 

agaiu (right.) when t he horizontal cell feedback is inhibited by aspal'tate treatment [21]. 

St.udies in t.he tiger salamander hy Skl'zypek also indicate that t.he horizontal feedback 

1 By local, we uuply ollly IIIfOrllloltloll from a small nelghbollrhood or patch of the retina, centred around 
the cone, 15 IIsed to compute tbe local amhient IIltensity. The size of titiS lIeighhourhood IS comparahle to 
the size of hOrizontal cell receptive fields. 

2 A type of a \izard. 
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Figure 2.3: Horizontal CclI Feedback: The figure shows t,he responsl' of Il 
gecko "cone-Iike" rod cell in response to a flash of Iight first with inhibitory hori­
zontal cell feedback present (left) and again when the feedback signal is d1\ll1pf'lIed 
by the application of aspartate (right). Note that the feedback signal is slight,ly 
delayed with respect to the receptor signal response and t,hus serves to sharpen .. he 
response. From Dowling [21] @1987 Harvard University Press. 

signal acts to almost instantaneously adapt the sensitivity of the cone response Cil rvcs to 

match the local ambient illumination level [60) . 

There is a small time lag in the feedback signal from the horizontal cells as cOlllpéu'('d 

to the receptor signal because of the synaptic delay through the louger fccdback path. Thc 

horizontal cell feedback sharpens the trausient responsc of the receptors but is not stl'OlIg 

enough by itself to drive th,· receptor response back to its resting potential. 

Although physiological evidence for horizontal cell feedback to receptol's has b(!clI IIIN\.­

sured in many retinas such as those of the gecko, perch, and goldfish, it is Ilot yct certaill 

that it is present in the human retina. However, it is certainly anatomically feasiblc [70]. 

ln general, the function of inhibitory horizontal cell feedback is still poorly lIudeJ'stood. 

A neural network model of the reciprocative excitatory and inhibitory Wllu('ctions be­

tween receptors and horizontal cells is presented bi Vagi ct al. [77] and implemcnted in 

VLSI by Boahen [51. In this model, both the receptor ccII layer and horizolltal ccII laycr!; 

are modeled as resistive networks. Each neuron in a layer sends a signal to and rec{·iv(Jf; a 

signal from a corresponding cell in the other layer. Skryzpek presents a different model in 

which the horizontal cell feedback signal nonlinearly modifies thc cone scusitivity and t.hus 

forms the basis of a fast cone adaptation mechanism [58]. 

2.1.5 Adaptation 

Over moderate and bright illumination conditions, the rod system saturatcs, and it is 

mainly the cone system which signaIs visual information to the cortex. The cone photore-
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Figure 2.4: Visual Threshold vs. Percent age of Pigment Bleached: The 
figure indicates the ri se in the log visual sensitivity compared to the amount of visual 
pigment bleached. The data shown here is actually for rods of the skate retina but a 
similar curve is obtained for cones as weIl. The dashed line shows the expected rise 
in visual threshold for rods if reduced photon catch were the only effect of rhodspin 
pigment bleaching. From Dowling [21] @1987 Harvard University Press. 

ceptors continue to function under illumination conditions spanning an addition al five to six 

log units of illumination intensity right up to their light damage level. The cones operate 

by continuously adapting their gain to match the ambient background illumination so that 

the cone outputs remains close to the center of their useful voltage range [71]. 

A large part of this adaptation mechanism is intrinsic to the cones themselves and is 

believed to be mainly a result of pigment bleaching. As the light level increases in brightness 

past a. certain point, the photopigment molecules in the cone cells being to bleach. Initially, 

the cone response may saturate in response to a bright stimulus causing increased bleaching. 

However, bleaching of the pigment reduces the photon catching ability of the cone so that 

an equilibrium is eventually reached where the pigment bleaching rate equals the rate of 

regeneration of pigment. Thus, the cone system does not saturate and is able to operate in 

increasillg levels of illumination. Figure 2.4 shows the rise in visual threshold as a fraction 

of pigment bleached. 

Although pigment bleaching is a major compone nt of sensitivity control in cones at 
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high illumination levels, psychophysical studies have shown t hat, the COUl' system adjusts ilS 

sensitivity even for illumination intensities that do not cause significant. pigmt'Ilt bleachillg. 

These other components are due to several other factors. illduding lIt'tlral and synapt.k 

network feedback mechanisms in the retina [21]. These mechallisllls (such as 1.lw dfect.s of 

horizontal cell network feedbark) are discllssed in more detail in ('haplN ;l. 

2.1.6 Model of Cell Response 

The cane photoreceptors adapt their sellsitivity coul.intlotlsly 10 1 hl' amhipnt. hackground 

illumination 1" through a mechanism which t.PIHls to keep t.he st.l'acly slal,p 1 ('('('pt.OI' Jlotl'l\l,ial 

Va at the middle of its response rauge (l'marl'2) [1'2][8,1]. Fi~ure '2.;1 hhows 1 lU' ('OlIl' l'l'SpOIlSl' 

curves at various adapting intensit.ies If!' For trausieut. chan/!,es ill inlpl\sity 1 <tllOut t.he 

adaptillg level, the 1 eceptor pot,put.ial l'an 1)(' lIlodeiecl bv 1 hl' followin/!, si III pl!' liat.UI il t.ioll 

equation [32][21][48][R4] [1'2][8]: 

where l'r 

1 

/l, [" 

= receptor pot.ential 
= maximum receptor potputial 
= ftashed stimulus intensity 
= exponent which is very close to 1 for ('OI\(,S 

= ambient illumination intpIlsity 
= fUl1ction value is semi-saturation iut.ensit.y 

( '2.) ) 

The semi-saturation function ~: is a highly corn)>! essiyp flluct iou of t.Il1' 10('.11 alll hi('lIt. 

intensity la and is the intensity valut' at which the 1'CI't'ptOl polpllt.ial l', = l'I1lfIJ.j'2. Wh.'11 

the local amhient illumination 1'1 is \,('ry high l'lU t.hat. "'1 is v('l'.v dOM' 10 l'II/'U /'2. Ilu'lI 

~'(Ia) ~ l'l' Boynton [8] sllggests a linearized ilerni-sat.lIl'aliull k( I,t) ftlll('t.IO/l lIa!'of·d 011 .1 )H'st. 

fit of the CIUal1t.itative data and l'elat.ed to pip,InPIlt. blcadlÎlI)!,: 

where kT = half-satnration constant (H3:} trolands) 
kb = half- pigment bleach constant ( 1000 tlOlands) 
1" = local ambient illumination intensity 

Other photoreceptor models inc1ucle olle by Curlandm' [17] who )JI'PSf!/lt.h il dy"amic 

mode} of photoreceptors in which the l'eceptor potential is the output of ail N-St.il)!,C l'eactioll 

equation. Il1hibitory feeclback fl'om horizontal cells is also in(,ol'porated illto t.his rnod(!!. 

However, for our purposes, the simple saturation function given ahove is iL n'allonahJy 
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Figlll'C 2.5: COlle Rcspollse CUl'ves: The figure l>hows t.he expected response of 

('One phol.orl'fPpt.orl> lIr wlt.1I vanat.lon of flash inl.ensil,ies 1 l>lIpenmposed on varlOus 

hackground IHulIllllal,lOn lIlt.f'nSIt.les lfl' The log of t.he background IIlI,enslt.y l'l IS 

IIldicat.ed al, t.he t.op of each cltrve At. any one glven background mt.enslty la, t.he 

('one response 5at.urat.es wlt.h a 25 log Ulllt, change III flash lIlt.enslty. However, 

t.he ent.rre curve SlllftS 1.0 t.he right 1.0 match any la, thereby allowing the cone t.o 

adapt, t.o any ambient Iliummat.lOn level. The dashed cnrvp shows t.he st.eady st,at.e 

n'sponse of t.he cones when t.he localrnt,ensity matches the amblent intenslty IfI Ali 
Illt,t'nSIt.les arp III 1111Its of t.rolands. 

accllrat.e model of the rerept.or respollse. 

2.2 Horizontal CeUs 

2.2.1 CeU types 

At least two types of horizontal ce Ils have been found in l'very vertebrate studied so far. In 

primates, t.wo morphologically different horizontal eells are found and these are termed 'HI' 

and 'HU' [·19]. 

The HI horizontal reH has a t.iny cinster of dendritic proeesses near the eeU body which 

fontaet several cones and a long axon which extends several millimeters before branching 

iuto an extensive teleodendrit.ic .1 arhol'Îzation eonneeting to a number of rods. Although 

the electrophysiology of horizontal cells has not heen studied in primates, in aU species in 

which it has heen stlldied, the cells are found to generate graclecl potentials which spread 

J Dendritic like lita cesses 011 the end of an axon. 
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passively through the cell. In addition, becallse of the VNy lon~ len).!;t.h of the axon, il. Ims 

been shown that signaIs generated at the two el\(ls of the horizontal cell do not, interart 

[49]. HI horizontal cells contact ail the cone pedicles wit hin t IH'il' dend l'Îtic fil'Ids l'l').!;ardless 

of the co ne type and thus carry only hrightness informat.ion. Thl'sl' horizont.al n'Ils are also 

sometimes classified as luminosity (L-type) horizontal cells. 

Thp. HU horizontal cell differs from the HI horizont.al n,II in .1, IIUII1\)l'r of ways. Th(~ 1111 

cell does not contact every cone within its dendritic field hut, may llIakp collt.act. wit h only 

cones of the same spectral type. In addition, t.he axon of this typP of n,Il is llIul'h shortN, 

so that about 15% of the amplitude of a signal generated by t.he CI~lI body (fJ'om WIIt' input.) 

spreads to the end of the axon [49]. The HII horizont.al n,li is also sOIlH'liIllPS l'('f('l'I'l'd t.u as 

a chromaticity (C-type) horizontal cell. 

It appears that each cone rnakes at least one or molt' mllliect iOlls 1 Cl pa('h tYIH' of hori­

zontal cell. The horizontal cplls also synapse Ollto hipolar rI,lls ,11\<1 an' kllOWlI ln 1'01'111 th .. 

antagonistic surrounds of t.he biJ>olar ccII r('cept.iv(' fields. 

2.2.2 Receptive Fields 

In almost aIl species studied so far, t.he rt'c('ptive fit'Id siz('s of t.he hOl'lzolll.al ('('Ils ;Ul' 111111"1. 

larger than their actual denclritic spl'ead, of tell bl.'ing 40-100 t ÎIII<'S lal'/,!,I'f [21]. Tht' vpr,V largp 

receptive field sizes are the l'esult of gap jllnctions \)f>tweell holÎzollt.al ('('lIs wit.h IPhtl.iVt.J.y 

low resistance, which passively spread cUl'rent frolll OIU' hOl izont.al n,Il t" llei/1;hholl rin/!, 

horizontal cells. The extent of this eleetl'Îcal spread is cont.rnllt'cl hy IIH' rP/at.ivl' ('olllllll'f.ivit.,V 

of the gap junctions comparecl t.o t hat of the horizont.al n'lI walls. 

The dendritic spl'ead of horizontal relis ~rows Iinearly wit.h ('('('Pli 1. 1 iril.,V i'l1) t.hat in t hl' 

far periphery, hundreds of rods and cones may he ('Qllt.aetpd hy ft hill/!.Ie hIJliWlIl.al ('(·11. 'l'hi:; 

scaling of dendritic field size with pce('nt.ricity spems 1.0 h(' ft /!.<'lIpl'al principl,· 111'11'<1 ill I.hl' 

retina. It is a means of data l't'd Il ction at. 1.11(' l'X 1)pllse of JlI'O~l'essi vI'I y ('oa 1 SN J'('solu t.ioll 

with eccentricity. 

2.2.3 Horizontal Cell Function 

Like the cone, the steady-state horizontal cell l'esponse llIay also 1)(> fit. 1.0 I.h(' MidHU'lis­

Menton saturation equation wit.h the exponent ft = 0.7 (sfle Nluatioll ~.I) [11]. COIIIIHU'f'd 

1.0 the co ne receptors, horizontal cells havf> a much shallowf'l' l'espOllse ('III'W' and t.hus ar(> 

able to signal up to 4 log uuit.s of change in input illuminat.ion illt('nsity l'rom thre:;hold 1.0 

saturation as compared 1.0 only 1.5 log units fol' cones. 

Electrophysiological measurement.s of horizontal œil potf'ntials ill fish and ot.her lownl' 

vertebrates show the horizontal eell layer 1.0 act like a pnrcly lesistiyp lIetwol'k for signa.ls of 
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up to 100 Hz [40]. The horizontal celllayer behaves like a resistive sheet that spreads and 

diffuses signais received from the receptors and thus computes sorne sort of spatial average 

of these signais. 

Mead [39] and Curlander [17} model the horizontal ceIllayer as a resistive network with 

a. smaU capacitance, driven by inputs from many photoreceptors at discrete points. The 

horizontal ceUs then spread the current coUected from the receptors and derive a spatially 

and temporally averaged signal. The extent of spread of the signaIs, and thus the effective 

size of the receptive fields of the horizontal cells, is controlled by the conductance of the 

gap junctions modelled by the resistivity in the network. This kind of operation is usually 

rnodelled by a Ga.ussian-weighted averaging operation or a diffusion process in computer 

vision [:32][,51][82]. II. has also been shown that t he conductance of these gap junctions 

is Illodified hy si!!,na.Is l'rom illterplexiform cell: t.his may be anot her sensitivity control 

elllployed by the retilla [21][68][ïR]. 

Due to the Iwcllliar nature of rolltacts made hy the hoIÏzolltal ceH, it is not. always 

possible to know where the output of the horizont.al cell goes or in which direction infor­

mation is flowing. 'l'here exists fairly ronvincÎng evidenre t hat the horizontal cells form the 

antagonistic smrollnd portion of t.he bipolar cell receptive fieldR. In some species, such as 

the rabbit retina and t.he carp, it. appearR t.hat the bipolar celI sllTfOund field is partially 

mediated throllgh an inhibit.ory feedhack from the horizontal cells to the rones [40]. In 

other mammalR, there are instead direct ribbon synapses from horizontal cells to bipolar 

tells [49J. In humanR, the exact nature of the information flow from horizontal ceUs remains 

\Incertain. 

Expel'ÎmentR dorw hy N aka [.tO] on cat.fish retinas indicate t hat t.here iR sorne signal 

t.ransmission direct I~' from horizont.al cell axons to !!,anglion relis [40J. Information on the 

mean Illminanc(' Il'vel is lt'quÏI ed hy the hrain fol' t asks Ruch as pu pillary control and a 

rough judgelIl('nt of brightnpss. It is possihle that t.hese horizontal cells with axons to the 

innerplexiform layer muId he sel ving t.his function. However, there is no ment.ion of sueh 

horizontal celIs with axons in Rodieck's authoritative anatomical deRcription of the primate 

ret.ina [49]. 

In summary horizontal relis have large reeeptive fields which sum information from a 

large number of phot.oreeeptorR. The output.s of the horizontal celIs play a l'Ole in influencing 

t.he information flow at. the bipolar eell level as wpll as sensitivity control at the cone eeU 

level. 
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2.3 Bipolar Cells 

2.3.1 Bipolar Cell Classification 

In primates, there are seve rai anatomically distingllishablC' Iypl>s of hipolar ('l'Ils. Mauy of 

these bipolar cells either have their cell bodies in dist.inctly diff(,\"PllL layNs, or sl'le<"l.iVt'ly 

make contact with only rads or ouly canes. or synapse in the iuupr plpxiform layt'r in difl'(>rl'nt 

suh-layers and thus connect to different typ{'s of ganglion relis. 

Rod Bipolars 

In mammals, there is only one type of hipolar cell Ill<lking dil ('('1 eoulcu·t wil h l'Otis <11\(1 il. 

is aptly named the rad bipolar. There is likely il SPCOI\(J;uy pa l.hwa.v for lOti iu forlllat.ion 

through inter-photoreceptor rout acts as wpll. alt.holl!;h il. is 1101. wI'1I IIn<lPI sI oot!. E,u'h 1 nd 

bipolar ceU contact!> hetwpen 1'> ,1Ild -1;; rod!> ill llH' (,(,lItlal an'a. whilt' ('Mh l'IJd mllt.aels 

an average of 2.5 bipolal ('('Ils [.19J. .\dja(,(,It1. loti hipol,lI' (l'Ils 1 hll~ tt,IVI' dl'Ildtit.ir fi('ld~ 

overlapping by about 20 percent. Thp dl'lHlritic fjpld sizp ill('J'{'a:;ps wil h 1'(,(·"Ilt.l'icit.y, ,lIId ill 

the far periphel'Y, lIIally huudI('ds of rolls lIlay roIlV('J'~!,(> 01110 a :-'III/!,I" hipolal ('l'II. 

Cane Bipolars 

In contrast to the single type 01 rod hipolar, there are al. least. six t.ypps of colIl' hipolars 

in the primate retina. Anatomically, Polyak has dassified 1.11('111 illt.o 10111' dif/(,I'I'lIl cllIst,('rs 

based solely on theil' dendro-dendrit.ic spreads [4DJ. Recently. Boym1.1. has c1bt.ill/!,lIlshl'(1 yl'1. 

another subclass of bipolal' cell named 2<: [ï]. Fi!;llIe 2.fi ilhows t.h" rlllslPl'ill/!, of hipolar 

ceIl types based on Polyak's classification ilnd thps(l are des(' ,I>('d h"low: 

• Midget cluster: These bipolar ('('Ils have small dPIHlrit.ic fipldil. III 1 hl' ('('111.1 al fi J l'a, 

each midget bipolar cell contacts on ilverap,e only 0111' COli l'. ThI'l (' aIl' I.wo var il'ti"s 

of midget bipolars; those with invap,inat.ing tihboll syllaps('s illHI I.hos(I wit.11 fiat. roll­

nections to the cone photorereptOls . 

• Diffuse cluster: Each diffuse bipolar rontacl s six 01' h('Vf~1I «(lII!'S in 1.11(' (('II t. raI area. 

It is 1I0t known if these contact. cones of t,he salllP hrH~{·tral l,vp" ollly or lIIix i>i~­

naIs from different cones. How(>ver, considering t.he t.ight. hot.t.lpllpck of I.rallsmit.tah'p 

information throll!;h the optic nerve, these œUs lIIay IH' (·xt.rartillJ.!; illfOl'lTlal,ion not. 

readily extracted [rom the midget hipolar pathway. Like the IIlid~(>t. rlllsl.er, t.he dif­

fuse cluster con tains bipolar relis with pither invagina.t.ing 01' fiaI. (,()lIw·rt.ions 1.0 t./le 

cone photoreceptors . 

:lO 
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Figure 2.6: Bipolal' Cell Types: Scatter diagram of dendritic field are a versus 
I.clcodcndritic field area of bipolar ecUs Iying in a 1.4mm2 strip 6.2-8.0 mm from 
the fovea in a whole-mounted Macaca nemestrina retina. Using this classification, 
four natural c1usters of bipolar cells are observed and are labeled as midget, diffuse, 
hlue, and giant. Data from Rodieck [491 . 

• Blue co ne cluster: The complexity of connections made by the blue cones remains 

llndearj thcy connect to a few cones but skip over many cones to do 50. The spread 

of blue co ne bipolars closely matches the spacing of blue cones at an eccentricities in 

the rct.ina. 

• Giant cluster: This cluster contains bipolar ceUs having much larger dendritic fields 

(50/lm - lOOJlm) which contact approximately 20 cones in the central region. 

• 20 c1uster: These celIs are similar to the midget bipolar ceUs except that they 

('Ont.act two or more cones. They are very rare in the central fovea but become much 

1II0rc frequent outside the fovea. Boycott suggests that these may be functi()naUy 

sil11iJar to midget ganglion cells [7]. 

2.3.2 On-centre and Off-centre Pathways 

Thcl'c arc at l('ast four distinct bipolar ceU information pathways for the more common 

l'cd alHl green cones. The l11idget and diffuse bipolar celIs split cone information into two 

pat.hways. In addition to this, in both the midget bipolar and diffuse bipolar clusters, there 

is a dichotomy of cells that depolarize with centre field illumination (on-centre) and those 

t.hat hyperpolarize with centre illumination (off-centre). The on-centre cells correspond 
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anatomically to the hipolar ce Ils \Vit.h invap,inatinp, tNllliuations .lI 1 he pholol(,(·l'plnrs. l'Ill' 

hyperpolarizing, off-centre hipolar cI,lIs make flat. connections onlo 1 Ill' rt'('('ploI'S. 

This on/off dichotomy is also exhibited analomically in 1 II(' inll('!' pll'xifo!'l11 I.tyt'!' wl\t'I't' 

the axons of the bipolar cells t.Nminate and contact ganglion ('{,Ils. 'l'hl' innPr plexifoll1l layt'r 

is divided into different sublaminae. The axons of the 01/-('('111 n' hipol.l1' ('(·lIs It'Imina!.!' 11l 

what is called sublamina '"b" in the lower parI of 1 hl' il\l\('r pll'xif0l11l l.l~·(,I' ((PL) ",h('11' 

they make contact '.vith on-centre ganglion ('rlls and fllllanilH' 1 plb. 'l'hl' .\X01\S of IIJ.f­
centre bipolar celIs terminat.e in the upper part. of 1 hl' (PL ill ~uhla11l1lla "a" wht'l'(, tl\t'Y 

synapse with off-centre ganglion ceHs and amacrine ('(,Ils. Hirhtl'1' [Ii] .1l1d Hodil'ck [,W]l'Itl' 

evidence that different transmittNs are involved in 1 hl' III! .wd ojJ p.lt hwa.vs .• 1\\11 1 hall ht' 

off pathway is slightly i>lower 1 han t he OTt pathway. Thr W1\ IIPl'ï i\'11 Y lit hi pol.lI ('(·lIs 1 () 

amacrine and ganp,lioll relis ill thl' 1I111el pll'xifol'lIl 1.1\'1'1' alld il:-- ~ll!.lIiti( .111(1' wdl hl' 11l\'!'J'I'c! 

in the description of t he aman 111(' alld f,),allglion 1 l'lb. 

\Vhy ale there hoth Ol! and olfpalhwavs III Ihl' !('IIII.l! Jt i:-- Wl'Il hllOWII Ih.ll 1I1'IIrOllS 

reliahly ('ode infOIlIlatlOn ollly hy lII('Jpjt~in/!, tl1('il' tirillg, 1.111' !rOIIl Ihl'II Il'still\!, 1.111'. Fil 1 

firing rat.es lower than the lestill/!, rate, the illt(,I·~pik(> illtl'lv.1l tillll'~ 111'1111111' ~1g,lIlfi(alltlv 

long, and the signal ta noise ratio il" IPdllced. Thlls 10 ~i/!,lIal 1 Ill' pl l'SI' 1\ ( l'of d,LI k 1(·jll.\II'I'S 011 

bright backgroundi> as effectively and qllickly as htig,ht f('allll'(,s .tg"lill~1 d.tl'kl'I' bal'kg,I'O\lIIlIs. 

two pathways are reqllirecl, In addition. hy lltilizing hot.h t hl' ml .1IIc! oJ.f p,It.hwa.vs, t 1", 

effective dynamic range of signais codpd by t he ganglion 1 l'Ils is dOIl hll'<1 [~][:t~l. 

2.3.3 Bipolar Cell Function 

The bipolar celIs fonn one pal t. of the dir('ct. pa 1 hway fol' i Il IOllll,ll.ioll lIow fi 0111 1 hl' l'ho. 

toreceptors to the gallp,lion ('ells. The hipol;u l'plI's IP(pptivl' fil'Id ('Oll~I~I~ of .\ (11'1'1l1al 

center field driven directly hy Ihe photore('(>ptOls and a 1I1llrli l.llg,PI .l/II,I/!,()fll~tJ( ~IlIlOllnd 

field that is driven by sIgnais fl'OIII hOl'izollt,<lJ cells. TI\(· hipolitl ('1'11 is g,l'lll'l,t1lv .1~~tllIll'd 10 

compute a differenre function hetwpl'n Il'!'Ppt.OI' afld hOliwlIt.al (l'II ~i/!,fI"J:.. Il'l'dl/l/!, iul.o il.. 

The hipolar cell signaIs onl.v differences of t he l'I~CI'Jlt.OI in pll!.S ,L~ IlIl'iL~\1 J l'd a~ajn~t. 

the local background averagp ~i/!,nal provldecl by the hol'Îzollt.al l'Plis. 'l'hl' bipolar ('1·11 

illuminatIon response Ctll've is lIJu('h stpepel t.han t hat of t.h!' phot.ol'I'! l'J>t.OI ~ .LIId g,Of'S 1/'0111 

threshold to saturation within a little more tha.1l one logarit.hullc \Il1it. (hall)!,/' 01 (Pli l,II' 1i('ld 

intensity [71]. Thus. the bipolar ('eH effectively indica.tei> (ontra,st in t hp illl.lgl' with ,t hi~h 

gain. 

As the antagonistic surrollnd signal from the horizontal ('(~Il il" ~Ji)!,htly dc·la.ypd ('oTllpiLJ(·d 

to the center input.s from the cones. the hipolar ceH il; a.bo rPhI)()llsivp 1.0 tfllJlpol'ill (hanp;I'h 

in the signal [24]. 
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In addition, :.ince each midget hi polar cell connects to only one cone photoreceptor in 

the fovpa. this is likely the pathway for high visual acuity. These bipolar ceils are also color 

"pponent, with the ('pnter and surround of the receptive fields having different spectral 

:.ensitivities. The 1I10st prominent are those with red/green (R/G) opponency, with a much 

f('wer Humber of hlue/yellow (D/Y) opponent cells. The antagonistic receptive field struc­

ture of midget hi polar cells permits it to code both achromatic and chromatic information 

on tbe same channel [23][33J. The midget hi polar cells provide input to parvoceilular (P) 

ganglion cells which form the high acuity visnal pathway (described in a lat el' section). 

The role of the diffuse clnster of hipolar ceUs that contact several con es in the fovea is 

1I0t as clear. It is possihle that these hipolar eells contact cones of ouly a single spectral type 

,Llld receive antagonistic surround input from the lIII horizontal ceils. The other alternative 

is 1 Itat t.hey rpecive information from cones of mixed spectral types and form the basis of 

t.he lIlagnocpllulaI' (M) ganglion cell pathway. This pathway is characterized hy cells with 

IMgP !('cept ive fiplds. li 1 tle colollI' s€'lIsitivity. and propert ies significalltly clifferent from the 

prlTvoccllnlar (P) /!,an/!,Iion ecUs. 

The hlue clu:.t.el is lllllCh Illore :.parse and is again likely involved with one of the colour 

pathways The f.!,iallt bipolm cells are also mnch less C0Il11110n thall the midget and diffuse 

hipolar cells and have very large receptive fields. COllsequently, these ceUs are Ilot likely 

part of the direct high aCllity visnal pathway, but rather ale nsed fol' extracting information 

at a IIlneh coars{'f /!,rain. 

2.3.4 Bipolar Cell Summary 

• Most result.s show the hipolar ((·lI to perform a difference fllnction hetween receptor 

~ignals and ;Ul ant.agonist.ic horizontal signal [:IO]. 

• The rat.io of diamcters of t he center field to the cHameter of the sUlTound field ranges 

from 1:5 to 1: 10 in 1Il0st vertebrates [21J. The size of the sllrround field correlates weil 

with the size of the horizont.al eeU receptive fields at ail eccentricities [28]. 

• Fleet [241. Richter [HJ, Naka [40] and Dowling [21J an give biological evidence that 

t hl' cl.nta/!,onistic horizontal ceU input to the hi polar cell is delayed compared to the 

l'PCeptor inputs. This gives the bipolar cell a sman transient spike which can be 

1 hOllght ot as a cmcle 1 illle c1ifferentiation operation [47]. 

• Hodieck [.IR] shows t hat the bipolar eell c1ynamic l'ange is very narrowly tuned and goes 

from t hreshold to saturation with oIlly about a 1.6 log unit change in center intensity. 

The antagonistic horizontal signal serves to center the response range arol11<1 the local 

average signal. thel'ehy maximizing the availahle response range [39J. This subtractive 
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process is an important factor in the transformation of the visual si~nal from intflnsity 

to contrast [26] . 

• Curlander [n] and Richter [.Ii] hot h llIodE'1 the hi polar Cl'il Il'spons<, \'b( /', t) as il 

temporal low pass tilter characterist.ic. and spatially, as il hi~h pass filtN using él 

linear model: 

(1.:n 

where kbr, kbh are constants whose sign and value d<'pend on t IH' t )'1'1' of hi Jlol;u' ('(·11. 

Vr(r,t) and \lit('r, t) are the receptor and horizontal cdl pot('ntia.ls. !PSIH'ct.iw·ly, with /' 

being the radial spatial variable and t hcing timc. The spat i,lI (lifr('!'('IH ill!?; opf>fat.ioll 

performs the spatial high pass operation which is t heu fOllvolwd \Vit.h I.h<' tplllporai 

low pass impulse response of the bipolar n,li 111,(1). This <'quat.ioll lIIav 114' IIset! to 

model both the midgct and diffusE' class of hipolars hy apl'l'opriatl'l~' adjustillg t hl' 

receptive field sizes and constants """ and 1.-/)". 

2.4 Interplexiform eeus 

The interplexiform cells are unique in the retina in t.hat. alt.hou~h t.h<,il' 1'('11 hodies li" in t.11I' 

inner plexiform layer, they act. }lle-synaptically and post.-:.ynapt.irally in hut.h the ()1It.(~1' alld 

inner plexitorm layers, making contact wit.h both horizontal, hipohu, ,lIId <Il1lilnillC ((·lIs. 

Not much is known about the distribution or physiological fUlldion of t.ht' int.cl'pll'xifOl'III 

celi, and in facto il. has only heen lelat.ivE'ly rpc<'lIt Iy t hat. t Il<'s(, ('(·Ib havI' I)('('JI st.tuli(·c1 at, 

ail [21][68]. 

From studies in tish. it has been found that intelpl(lxiforlll ('db J('lpasl' dopaminc wlrkll 

locally rednces the conductivity of the gap jllJlCt.iOIlH bel.\VPl'1I ItOJI7.olltal n·lIH illld t hlls 

diminishes the size of t.heir l'f:'cept.ive fields [21][21';][,W][(jX]. This ,Ibo t.I'Tlds t 0 IIIC1'Pilfi<' t.11I· 

sensitivity of bipolar celis to cent l'e illumination as t.he f,iz(' of t III' 1111 .. hit (H y Sil l'J'OII Il cl is 

reduced. Studies in fish indicate that interplexiform rclls J'elcas .. dopalllilll' 1I11dl'J' pxtrclIIe 

dark adaptation, at the threshold of vision when only t.he 1 ad syst.em is art.ivp. ,Llul alsa ill 

the photopic illumination range in rf:'gions of high f,pat.iot.pmporal contrast. (fliek('filll!; IiAhts, 

spatial edges) [68]. 

No models of the interplexiform ccli fnnction have hecn pl'oposed lo dat.e. lIow<,v(lf, 1.11<' 

ability of interplexiform eells to vary t.he reeeptive field (RF) ili,w of ot.IJ('J' ('(·lIs j:., dearly 

advantageous from a retinal informat.ion processing poillt of vipw [H1][Hl]. Sri"ivass,L11 [fj2] 

puts forth an argument on the nE'eci fol' modulatinp; the RF sizp 01 t.he illilibil.l.,y SllIJ'OIUICI 

field of ganglion eells basecl solely on t.radeoffs bet.wl!(~11 ~igna.l-to-Jloi:.e mt.io and aCllity ill 

the co ding of information. He suggests that the horizontal ccli HF ilizc (wllich <Luounts fol' 
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t.he ganglion cell inhibitory slIrround field) should diminish as the illumination Ievel rises 

and the signal-to-noise ratio improves. A similar argument is useel in a very different model 

applicable t.o the rod system put forth by Yellott [81]. Zeevi [83] also suggests that the 

interplexiform cell could provide this feedback in the retina for gain a.nd sensitivity control. 

In summary, the interplexiform cell collects signaIs from a large area in the inner plex­

iform layer, likely from many bipolar and amacrine cells. It feeds this signal back ta the 

horizontal cells in the outer plexiform layer where it locally modifies the effective horizontal 

cell receptive field size. It is predorninalltly involved in a. regulatory function and is an 

important mechanisrn of gain and sensitivity control employed in the retina. 

2.5 Amacrine Cells 

2.5.1 Amacrine Cell Types 

A macl'Îne cells ar(' ~('Itel aIly clefinecl as t hose cells Iying in the inner plexiform layer which 

lack an axon. AIl vertt'hrat.e l'etinas studied sa far show amacrine cells with a dazzling 

diversity of morphological fornu, and an impressive Humber of different neurotransmitters 

[49]. lt has been estimat.ed t.hal. there are about 20 types of amacrine cells in the human 

ret.ina [38]. 

No one knows why there are so many types of amacrine cells. They may be partly 

rcsponsihle for mally of t.he more cornplex receptive field properties such as orientation 

sclectivity and movement cletection found in some vertebrate retinas. However, this does 

ilOt. ('xplain why cats or primates, wit.h t.heir mnch simpler centre-slIlTound receptive field 

propertips, need snch a rich diversity of amacrine celIs. Some of the amacrille cells have 

heen implicated in t lit' l'ad pat.hway. linking signais from the lOd bipolar cells to ganglion 

('('Ils [n3]. They also lIIay he illvolvecl in the centre-surround organization of change-sensitive 

~al\p;\ioll cells [ï 1]. IIowf'ver, t.ltis st ill does not expIai Il t.he lIeed for !llIch a large number of 

,L1nacrine ccII typps. 

Despite this I ich diveI sit.y, Maslalld [38] indicat.es t hat if one groups t.he amacrine ce Ils 

hased on t.he density of t.heir dl'lIdritic fields over the retinal surface. they fall naturally into 

tlHl'e groups: 

1. Frequent., narrowly- hranclll'd cells 

2. Sparse, widely-hranched cells 

:J. Deosely oVl'rlappillg cells 
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Figure 2.7: Schematic of AIl Amac1'Ïlle CcII Wi1'Ïllg: The figure shows 
schematically how the AlI amacrine cclls signal rad informal.ion tü ganglion cclls. 
The gap junction made by the AlI amacrine cells with 07/ cone bipolar cclls produccs 
responses in the cone bipolar cells thal, mimic the rcsponses of the 071 rad bipolllr 
cells and the AlI amacrine cells. The Ali cells also make synapticjunctions with olT 
ganglion cells. Thus the AlI rclls allow bath 071 and off ganglion cclls 1,0 he exritcd 
by the rad system 

Frequent narrowly-branched ce Ils 

These amacrine cells are dp.nsely packed with narrow dendriti<: fields. They indllde tll(l 

type AlI ama.crille cells which have been extensively studied in the cat. Kolh and Sterlillg 

have implicated the Ail amacrine cell as an obligatory pathway for information f10w in the 

rod system of the cat [49][63]. Rod bipolal' cells appeal' ollly to make direct contact wit.h 

on-centre ganglion cells in sublamilla "b". Howevel', it is kllown tha.t the ofJccntre ganglion 

cells also receive both 1'Od and cone inputs. The AIl amacrÎlle ccli is believed to COllllllunka1.l! 

the rod signaIs from the tenuillations of rod bipolars in su blamina "b" 1,0 su hlalllina "a", 

where they form an inhibitory input either directly onto on-centre ganglion ceHs or via ROlIIe 

of the cone bipolars that also termillate there. Figure 2.7 shows a schematic diagram of 

this geometry. 

The fact that the Ali cells are part of the direct pathway of information f10w is wlIsistent 

with the fin ding that they are densely packed with very Iittle sl)J'(·ad of their dendritic fieldR. 

Other similar arnacrine cells that synapse with the cone bipolars have also been found huI. 

little is known about them 01' their fUllction[38]. 
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Sparse, widely-branched cells 

These arnacrine cclls are mllch more sparsely distrihllted hut have very wide-spreading 

dendritic ficlds mlahling thcrn t.o cover t.he entire ret.ina. Due to their smaU number and 

the large spread of their dendritic fields, it is postulated that these ceUs play a global or 

rcgulatory fllnction which lTIodulates the information flow in the retina, but do not form a 

direct pathway for this information. 

An example of su ch a cell is the dopaminergic ceU known to make synaptic contacts 

wit.h type AIl amacrinc cells [;~8][49]. A single doparninergic ceU Illay contact several AIl 

amacrine cclls. Thus a relat.ively sparsely-distribllted amacrine cclI is able to hecome a 

l'OlItrol point which ran influence the direct pathway of rad information throughollt the AlI 

illllacrine cells. 

Densely overlapping ce Ils 

This class rontains lIumerous amacrine cells with wide and densely overlapping dendritic 

sprcads. Examples of t.lwse are t.he cholinergic ceUs and illdoleamine-accllmulating cells [38]. 

In t.he rabbit l'ct.ina, t.here are appl'oximately 290,000 cholinergic relIs compared ta about 

:150,000 ganglion c('lIs. These ceUs have dendritic fields l'anging froIll 250 pm in the central 

ret.ina ta SOO/llll iu t.he periphery. The indoleamine-accumulating celis are a second group in 

t.his c1ass that have dendIÎt.ic field sizes ranging from 300/nn in the centralretina to 1000JLm 

in t.he periphery, with denclritic overlap factors of :30 to (iQ [38]. Again. the function of these 

('clis is poorly uud(,l'st.ood. 

2.5.2 Cell Function and Models 

Except. for t he AlI .l1l1aninf' «('Ils implicat.ed in the rod pathway, vcry little is known about 

t.he funct.ional roll' 01 any of the amacrine relis in primates or any ot.her vPftebrate species 

[,W]. 

Werhlin sllggests t.hat. sorne amacrine celis play an illhibitory raie in forming the centre­

sl1rl'Ound t.ype rpceptive fields of change-sensitive or transient ganglion celis [il]. In his 

t'xperiments, the J'Psponse of change-sensitive ganglion celis to changing centre input was 

reduc('d or illhibit('d if there \Vere corresponding changes <tIso presented in the surround field 

of t.he gall~lion ccli. He att.ribllt€'d this inhibition as coming from the arnacrine cells. Thus 

in his modeI, tilt' amacrinp c{'11 layer provides inhibitory input ta the ganglion cells from a 

Ia.rge diffuse al'ea, one t.hat. matches t.he ganglion celi recept.ive field surround size. These 

illllacrine cells .ue sOllleho\\' sensitive t.a changes in illumination in t.heir receptive fields due 

10 ('ither .t spat.ial ur tpmporal chanp,e in the visnal image . 

RkhtN a.nd Ullman [47] (\150 i1l1J>licate the amacl'ine celis in cats to he computing tem-
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poraI derivatives of the visnal signais t hrollgh inhihitory r(lrurring syna.pses f{,l'clin)!; l'rom 

these amacrine cells back to bipolar cells which drive them. Th(l oulput.s of Ihest' iUI\é\rrinc 

cells are then assumed to feed into the Y-t.ype g,an/?,lion ('l'Ils of tlll' l'al whirh are 1\10 n' 

sensitive to transient inputs. 

In summary, no satisfactory mode! exists for allY of 1 hl' ,\IuanillP n,Ils 101' ,illY of 1 he 

cone pathways. 

2.6 Ganglion Ce Ils 

2.6.1 Cell Types 

Ganglion ce lis are the only l'('t.illal cells 1 hat pl'ovldp si!!,nals (,'lllÎpd Illi 1 hl' opt.Î«' IINV.'S 

leaving the ret.illa. In fact. il if, the /?,all!!,lioll ('('II axons which (OIIIPI b .. 1 h(' opt.i(' 111'1 VI'. 

This fact also IIIakes t hem 0I1l' 01 1 he l'asi('~t n,Ils to hl.lldy ,111<1 /!,i1IlJ.!,lioll (l'Ils havI' l'''PII 

extensively exarnined by 1 ecol'<lill/?, 1 psponses 10 \';U iOlls :-.t.illlllii a IId Il Il'a:-; 111 ill/!, 1 hl' art ivi 1 y 

of optie nerve fibers [22][27][(j1][!i2]. 

Ganglion cells, like hipolal' CI'IlS, ('OIllP in a val'icty of IIl<lI'pholoJ.!,i('al fOl'lIlh. l/oWPVI'l', ill 

primates, midget and parasol c1ars ganglion cells ronst.it.ut.l' ,~()% alld 10% 01 1 hl' poplliation, 

respectively. These two classes of ceUs forIll t.wo dist.inct st.l'pams of illfol'Illal.ioll whi('h lIow 

from t.he retina to the later al genicnlate llucleus (Lü N) alld diwl'sify l'III t. h<'l' III 1 h(' (,OI't.C'x. 

The midget ganglion eells project to t.he parvocellllial' layers of 1.11(' LG N .11111 al P I.l'l'II\('d 

P-celis. The parasol ganglion (plis pl'Oject mainly lot he 111 ap, Il l)('plI 111.1.1 l.lyPI':-' of 1 hl' LC; N 

and are termed M-cells. 

The remaining 10% of the ganglion ('('Ils c01l1e in a val ipl.,Y 01 1'01'lilS .111<1 ,10 1101. 1'1'0 ;1'1'1. 

to the LGN hut instead project J>l'imaril.) 1.0 t.he f,lIpCl'iol' ('Ollirllllllî. SOIJIt· 01 1 hpsI' illdllcll' 

celis such as shrub !!,allp,lion c('lIs. /?,anp,lioll ('l'lb of I.h(' hltll'-wlH' (laI h\Va v. ,111,1 "ipll'xilol'lll 

ganglion cells. The hiplexifol'l1I J.!,au/?,lioll ('('Ils aIl' 1 lulv Sil If)! isill/?, ,1:-' I.hl'Y 1101. ollly IIlak" 

conventional synapses with IOd hipolal's <l.nd a 111 an illl' ("Ils ""1. alho Ia.LV" :-'01111' '·nat.i( 

dendritie arboI'Îzatiolls whieh hrandi and direetly COIIII<'tl. 10 .dmllt 1!) loti :-'(lIIl!/'lIll'h [II!)]. 

These ganglion relIs appear t.o sel'Vf' very spedalized fllll('tiollh iLlld plOvidl' I.h" II('('(':'S:U'Y 

information to the slIperiol' collienlus fol' su('h t hin~s ah PIlJ>ill:u y ('0111101.111«1 ".Y" 1II0VPfIlI·nt.s. 

They will not be eonsidered flll ther h(>J'e. 

Anatomically, the midget ganglion (P) ecUs are slllall, dosely spaC('d :LI1d havf' lIa.rrow 

dendritic fields. In the foveal l'egion, ('aell l11idget ganglion ('(,II likely <01I1I1'!'tS 10 ollly Oll'! 

cone bipolar and thus preserves t.he pl'Îvate pathway for pi!.ch (Olle [:i:i][t1!)]. The pamsol 

ganglion (M) cells have much larger clendl'itic fields (applOxillla.t.ely :i-4 t.iUll's larger) t.ha.n 

the P-cells at aU eeeentridties [:J3]. The anatomical difl'(ll'Pllces III't.wf'CU t.h/' I/Iidgl't. (P) 

and parasol (M) ganglion rells is further l'Iupported by t.heil' differe'lIt plectl'Ophysiological 



• 

• 

2 RETINAI. STRUCTURE AND FUNCTION 

fesponses to varions stimuli . 

The P-cell and M-ccll class of ganglion cells are further divicled into two sllbclasses based 

on their response 1.0 illumination presented to the centre of their centre-surround receptive 

fields. Separate on-centre and off-centre pathways exhibited at the bipolar ceU level are 

maintained at the ganglion cell layer. The on-centre ganglion cells have t heir clendritic 

fields synapsing with on-centre hi polar eells in sublamina "b" of the IPL and the off-eentre 

ganglion cells connect to off-centre bipolars in sublamina "a" [63]. The implications of this 

a.re that in the central foveal region, there are about two ganglion cells serving every cone 

which split the information into signaIs of opposite polarity. 

2.6.2 X/Y Classification 

Tltere is a VNY lar!?,e body of Iiterat1ll'e describing, the pl'Operties of cat p,anglion celIs 

[22j[27][!)2][61]. Thus prima.te !!,an!!,lion cells are often compared to or eatep,orized based 

ou t.he classificat.ions med fOf cat. !!"mglion cells [!ii]. 

Cat. ganglion ('l'lb al'P c1ai-tsifi('d into X. y and W type cells hased Oll t heir physiological 

(>fopcrties ln]. X-((~lls accollut. fol' ahout !)i)% 01 the ganglion cells in the rod-dominated 

fetina of the Lat while Y-Cf'lls (lccouut for 5% of the population. Ali other cells are lumped 

into W-t.ype ganglion relis. X-relis hasically hehave linearly with respect to summation of 

subuuit inputs while Y-rells are quite nonlinear. Both X and Y cells have high contrast 

gains and simple eent.rc-surround Ieceptivl:' fields. X-eeUs respond bet.te! in a sllstained 

manner to st,ihluli, wheleas Y-relis show a more transient response. 

For primat.es, P-cells are often comparecl with or classified as X-cells. while M-cells are 

classified as Y-ff'lls. lIowever, Shapely [5i] shows t.hat t.his grollping has many inconsisten­

ries alld thus llIay l't'all.v ilOt. he valid. 

2.6.3 Spatial Distribution 

1 t. lias heen estimat.ed t hat. t.here are hetween 1.1 and 1.3 million ganglion ceIls in the human 

J'et.ina. This compares t.o approxirnately .5 million cones and 100 million rods which initially 

hample the visual image. 

Alt.hongh in tot.al. cones out.lIllIuber ganglion cells hy Cl factor of rive, t.he Humber of 

ganglion cells serving t.he foveal J'('p,ion act.ually exceeds the density of cone photoreceptors 

as t herl' are two midget. ga nglion l'l'Ils for virtually every rone in the fovea: one serves the 

OTl-fentre pathway, .\l1d the ot her the off-centre pathway. In addition, the cone spacing in 

the fovea very dosely matches the 1 esolution of the image projected hy the optics of the 

pye-lens system. Thus acu}ty in the fovea is neither limited by the cones nor the ganglion 

eells [2]. 
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However, outside the fovea, ganglion cell density falls off lUuch faster than the C01l<' 

density. Figure 2.8 shows the density of ganglion and cone cel1s with variation in eccentl'irity 

[32]. The psychophysically measurcd acuity in the periphery is lIluch worse than t.h(' imagt' 

quality available to the retina and the acuity that could be expccted with the ('Olle spa.rillg 

in the periphery [2]. In the periphery, the ratio of cones to ganglion cclls increases slHlI'ply 

and thus visual acuity is limited by the ganglion ccli spacing rather than the optirs of t1H' 

eye or the cone sampling [23]. 
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Figure 2.8: Cone and Ganglion Cell Densities: The figure shows the distribll­
tion of human ganglion cells and cone receptors with respect to retinal ccc.entricif.icR. 
For humans, the ganglion cell density slightly exceeds the co ne dcnsity for ccccn­
tricities less than 8 degrees. For retinal eccentricities greater than 5 degrccs, the 
ganglion cell density decreases much faster than the cones. The figure also shows 
the density of cortical neurons in a Macaque monkey that are procesfling visual in­
formation at a given eccentricity. Figure adapted from Kronauer [32J @W85 Imm. 

Although M-cells represent 10% of the ganglion ceU population, there are sorne stuelieH 

which indicate that in the very central foveal region, the M-cell population is mudl sparser 

than this [33]. Outside the fovea, M-cells are uniformly distributed in a regular sam pJing 

lattke which accounts for 10% of the ganglion cells. 
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The ganglion cell dendritic spreads and thus their receptive field diameters increase 

almost Iincarly with eccentricity for both P-cells and M-cells. Figure 2.9 shows the variation 

of receptive field size of P-cells and M-cells with eccentricity [23]. The reeeptive field size 

of M-cells increases about 3 times faster than the P-cells. The percent age overlap factor of 

rcrcptive fields is approximately constant outside the fovea [23] and is estimated to be 50% 

bascd on macaque monkey data[76]. 

GANGLION CELL DENDRITIC FIELD SIZES VI. RETINAL ECCENTRICITY 
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Figure 2.9: Ganglion Cell Dendritic Field Sizes: The figure shows the vari­
ation with eccentricity of ganglion cell dendritic field sizes of parasol (M) cells and 
midget (P) cells. At ail eccentricities, the diameters of dendritic fields of M-cells 
are about 3 times larger than those of P-cells. Data re-plotted from Van Essen [23]. 

Van Essen and Anderson[23] argue that the retina employs a seale invariant sampling 

strategy with linear increase in ganglion cell spacing. Using linear degradation in resolution 

with eccentricity, they argue that the image can effectively be represented by 350,000 sam­

pling nodcs. Next, they define the funetional multiplicity of ganglion cells or equivalently 

the "retinal coverage factor" to be the number of ganglion cell reeeptive fields of a given 

c1ass whieh overlap one another at eaeh sampling no de in the retina. Using this as a basis, 

in the fovea the fllnctional multiplicity of ganglion cells is about 2 per sampling area eorre­

sponding to the on and offpathways of the P-eelllattice [23]. As one moves further out into 

the periphery, the sampling regions become much larger with widely overlapping receptive 

fields. Thus for P-cells, for a given sampling node in the periphery, there may be as many 

as 3-5 ganglion cells whose receptive fields fall into that region. For M-eells, which have 
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a mu ch larger and widely overlapping receptive fields. the fnl\ctional lUnltiplicity st.a.rt!'l- at 

about 2 per are a jl1st outside t.he fovea. and increases to as IIlllch as ()-lO per area in t.he 

periphery. This may contribllte to t.he increase of sensitivit.y to pl'riplH.'ral mot.ion. 

2.6.4 Receptive Field Properties 

The receptive field properties of ganglion cells have h('en st.udil,d «uil.p l'xh'nsivl>ly in hut.h 

cats and primates [16][22][27][35][47] [5ï][61][63J[(}!)][47][il]. Bot.h [l'l'l'Ils and l'vi-relis haVl' 

simple centre-surrollnd receptive fields which are llsllally assnlIll'd 101)(' dl'clllitI'ly sylllllll't.­

ric. This is in contrast to some lower vertebrat.es snch as t.he fl'op, 01' 1 ahhit. l'l't.inas whosl' 

ganglion cells exhibit sorne fairly complex rcceplive fipld pl'Opl'l't.ips sllch ilS direction Sl" 

lectivity, and motion selectivity [21]. However. by extractin~ ,L1ul l'Odil1~ sueh specializl'cl 

information in the l'etina. mllch of the original vÎlmal infol'mat.ion is disr(ll'dpd in t.11l' l'I't.ina 

and cannot then he re(,oVf'red Ily t he cortex. For 1I11lch 11101'(' sophist.icat.('d visu al l'lys1 l'IIIS. 

it seems that the l'etilla is rplegat.ed to performinp, 1II0l'e hasic sip,lIal JlI on'ssillp, on I.hl' illi­

tial visnal signal, leaving as Illlleh raw illformat.ion as pos~ihlp fol' fnrt.hpJ' Jllol'I'ssinp, in t.hl' 

cortex. 

The receptive field of a ganglion ('ell is llsllally l'eprespnl.l'd mat.helllat.ically ill .. hl' 1it.<'I'il­

ture by a difference of two Gallssian funct.ions, one compllt.illg t.hl'I'esponse due t.o t.he (,l'nl.l'(' 

and the other, rnllch wider Gaussian responsihle fOI the antap,onist.Îr :-'ll1rolln<1 (S(,4' F'iV;lIre 

2.10). The output of the ganglion cell is represent.ed as t.he ('onvolut.ion of t.his "diff('['t'IH'l'-of­

Gaussians" functioll with the input image sampled hy t.he cont's. This ulll'rat.ion J'l'sull.s in 

enhancement of local contrast. 01' edges and the suppression of unifoJ'lIl Imrk/!,lOlIlId si~lIals. 

This of course ignores aIl of the intermediat.e pl'oc(>s~es !lrl'viollsly d.'sni 1,..11. 

Marr and mally others looked on suclt an operation ilS pviden('(' t.ha.t. t./If' 1 ('t.illiL WitH 

extracting and coding er/ge infol'mat.ion about t.he visua.1 imap,t' [:Jï]. Ollu'l':-' havp colIsidpl'N/ 

it as the coding of local contmst hy the l'etina ral./wr t.han ahsolllLp IUlllillfl.II«(l. CleaJ''y, (·tif/(· 

and contrast informa.tion concem spatial propel'ties in the imap,l' alld ,t[ P t./IUS rclat.p(!. JI. 

is doubtful that the purpose of the ganglion cells is jllst 1.0 pxtrart. l'<l!!,e illfolllliLtioli ill t.Il<' 

image or 1.0 code contrast since the retina also codes informatioll rep,ardilll!; t.hp dynftmir 

and spectral components of the visua.l image. It is more like1'y t.hal. Ut(' illfol'lna.tioll ('f)(h'cl 

by the ganglion ceUs is a result of the COIISt.I aints imposed hy t.he dylliLlIIÎC !'all!!,(' IIlisrrmtc:h 

at the input and output to 1 he retina 011 t.he one hand, amI t.lre t.rallslllisl>ioll bottlclI(lck 

imposed by the optic Herve on t.he other. The multiple para.ll(l/ pal.hwa.Ys of infurlllat.ion 

in the retina suggest t.hat sevel'al differellt types of informat.ion ,LI'!, pxtl'ilct.ed hy t.he l'etina 

and coded onto the same channels at the ga.nglion Cf'1I II'Vf!1 [a:!] . 
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Figlll'e 2.10: Ganglion Cell Receptive Field: The figure shows how the SUffi­

mat.lOn of lIJpllt.S t.a t.he ganglIOn rcll are welght.ed. The rerept.lvl' field ronslst.s of 

t.wo reglOlIs The rent.rt' nrrlliar regioll consists of a narrow (;allssian-welght.illg of 

lhrert. IIlIHlt.S trom hlPolar :;lIbullIt.S (sohd Ime). The 1I11111Htory slIrrollnd rt'glOll IS 

reprt>sent.etl by a much WHIf>f GallssJan (dashed lme) and IS t.he reSIlIt. of illdirl'ct. In­

put from hOrIzont.al cplls onto t.he blPolar cells and amacrme cellmpllt t.o ganglIon 

cl'Ils. The rpsult. is a "l\Ipxlran hat." fllJ1ctlOll IIsed vl'ry pxtenslVI'ly 111 comput.er 

VISIOn (dot.t.ed liue). 

2.6.5 The P-cell Pathway and Functionai Role 

As these cells accon nt for 80% of aU ganglion ceUs in the primate retina, P-cells likely form 

t.he hasis of our high spatial acuity vision. In the fovea, they have very small dendritic 

spreads, matduug the width of t.he narrow dendritic termination of a single midget bipolar. 

Elect.ron microscopy stllc1ies hy Kolb [:30] have shown that P-cells in the fovea receive direct 

input maillly l'Will a single lIlid)!.et hipolar cell and a very small Humber of synapses from 

ot.her hipolctr cells. Ilowf:'ver. the hipolar ccli providing most of the cent,ral input <loes not 

1I1<tke contact wit.h any ot.her gallp,lioll cells. Kolb's data indicate that the midget bipolar 

('l,Ils make exclusive l'Ont.act wit.h single midget ganglion cells in the fovea. In addition, it 

appears t hat midget ganglion celis also receive input from amacl'Îne celis as there is an equal 

nllmber of synapses l'rom amacrille ce Ils as frOIll bipolar cells. 

As a. resllit of the rcntre field heing derived from a single cone, and the surrollnd consist­

ing of mixecl inputs l'rom COlles of ail clifferent spectral types, the P-ceUs also exhibit co1or 

opponency. Most P-cplIs are red/g,reen opponent ceils, with a llluch smailer proportion of 

y.-lIow /blue opponent ceUs. The yellow /hlue opponent ceils represent. about 7% of the P­

n~lIs matching the proportion of bIne cones in the retina. Kolb argues that the yellow /blue 

pathway is served not by midget ganglion ceUs, but by a separate class of giant ganglion 

eells which ruso pl'Oject. t.~ the Parvocellular region of the LGN [30]. This diffel's from the 
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views put forth by Rodieck [49} and Sterling [63} who include the V('llow /hlue pathway as 

part of the P-cell path. 

The red-green opponent P-cells are weil sllited to l'es pond tn a('hl'OlIIatic spat.ial fOn­

trast at moderate and high spatial frequencies aud to low frcqUl'll(,y chl'OlllatÎC patterns 

modulated in time. Although P-cells carry most of the color informat.ion ahout the imaf.!;(', 

psychophysical stullies indicate that this is only a l'imall percpntap;e of t IH' ill format. ion 1 p­

layed by P-celIs [33]. Acuity for isoluminant gratings is only ahout. olle-t.l'nt.h of t hal, fol' 

luminance gratings at aIl eccentricities [33J. Howf>ver, t Ill' ront.l'ast. sl'lIsit.ivit.y is approxi­

matelyeight times higher for isolllminant ('hromatically OppOlll'IIt. ).!,I al ill~s 1 han (t('hromat.ir 

gratings rU]. 
P-cel1s generally give sllst.ained respOllses t.o a maintailLt'd ~t.iI1lIlIIlS, Tlwil' l'l'Sl)()nsl' 

is best for patterns Illodlllated at. 10 Hz. and t.hey are oft.en III1.tllle 10 follnw ~t.il1ll1llls 

modulations more rapid than 20-:l0 Hz. P-('ells in 1 he fOVl'a mil Il'slllVl' ).!,rat.illJ.!.s 01 fin 
cycles/degree which dosely ma.t.('hes 1 he psy('hophysicall,v 1llI'.lhlll'l'd .1('\lIly [~;ll, 

The P-cell response is fairly lineal wilh l'f'specl 10 SllIlIlIIat.ioll of illpllt.~ 110111 hipol'II 

and amacrine cell sulmnits. In t.his respect. it b wly r-.illlilar 10 t.he X-Iy(ll' J.!..IIIJ.!.lion (l'Ils ill 

the cat [33][24], In facto in l1Iuch of the litemt.uJ'e. primat.l' l!,all~lioll 1 l'II:; ail' nlt.l'lI dassilil'd 

using the X- and Y- type dichotomy nsed for cat gall~lioll (,t'IIr-.. 

Fleet and Jepson [241model the ga.nglion rell recept.ivl" field proIH·rt.il's ilS 1.1 ... dill'N'l'lIn' of 

two Gaussians with different spat.ial and t.emporal charartl'I i:;t.irs. Tht' (,1'1It.r(' <111<1 :;111'1'0\11111 

Gaussians have diffeJ'ent t.ime constant.s of illtegration; t.he SlIl'I'OlllHI is sliJ.!.ht.ly dl'la.yl'tI wit.h 

respect to the centre. This agrees wit h t.he physiologically kllown dat.a. alld is :;illlilar 1.0 

t.he model used by Richter and Ullman[47J. U sing Fleet 's :;p" t.iot ('III pOl'al 1 l'II t.n·-slI l'J'OII 1111 

(CS) filter, both the spat.ial and temporall'haract.eristirs nf 1.111' P-cplI ('ail 1,.. lIIot!('II(,<I hy 

adjusting the ratio of time and spa,('e roIlstant.s het.wl.'PIl t.hp ('1'111.1'(' and SIIIIOlllld illpllt.~, 

The linear centJ'e-sllrrollud spat,iot emporai filt,pr (CS) ir-. deli ned I>y 1 hl' follllwilll!, P,/ Il iI­

tions: 

• l -Irl.! 
(,(r;fT) = --, ('xp -,-

'21r(J'2 2fT:.! 

{ 
! exp::J. 

A"(t;r)= O' T 
if t 2: n. r > 0 
if t < 0 

(~A) 

(2.fj) 
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= centre time constant (ms) 
= surTOund time constant (ms) 
= ccntre Gaussian width ULm) 
= stITround Ganssian width (Ilm) 
= surrou nd time delay (ms) 
= low pass impulse response 
=: 2D Gaussian spatial filtl'r 

In t.he moclel, the P-cell output is the prodnct of the spatially radially symmetric centre­

hurroulld (CS) filter with t.hl' visual input image. The P-cell output amplifies both the local 

spatial contrast and temporal change in the visual signal. A block diagram of this process 

is shown in Fignr(' 2.11. 

RClCI'Ior lnpuls 

Gfr. <! ) 
KU; '-, ) 

C~nl ... 

:-<~li~ihl .. 
Am.crm .. l' .. l1 

Inpul 

p·c .. 11 OulpUI 

Rcccprnr Input' 

G(r, rr ) 
KU; ~ ) 

~urrnund 

l)ifTrrrnrlDjI: 

Figure 2.11: Celltre-SurrOlllld SpatiotelupOl'al Filter: 

2.6.6 The M-cell Pathway and Functional Role 

M-cells are slightly more complf'x t han P-cells. '\.lthough the majority of M-cells behave 

as \inear filt.ers over lIIost spat.ial and temporal frequencies, f,ome NI cells have nonlinear 

rl'sponses. 

M-c\·lls have murh largl'r «·11 bodies and receptive fi('lds than P-cells and scale in size 

Iinearly with f'('cent ridty just Iikp P-cells. Their receptive field diameters are approximately 
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3 times larger than P-cells at aIl eccentricitiE:'s. The ~1-('('lIs (parasol g,anv,lioll ('('Ils) IWl'i\'(' 

direct input from the diffuse bipolar cells which cont.a( t ~('vpt'al ('0111'8. II is 1101 rll'itr if 

the M-cells receive centre input from only one diffuse hipolar ('('11 III :'l'wl'al hipolal' l'l'Ils. 

However. due ta t.he large size of their recE:'pt.ive fields. th('Y likely l'pl'(li\'l' inpul l'rom sPvNa.l 

bipolar cells. NI-cells also possess many reciprocal synapfll's hptw(,(,1\ .\I\\<l\'l'iIH' ('(,lb. di/I'ust' 

bipolar cells and the ganglion ccils. 

As such, M-cells are t.uned t.o respond 1I10re to t.('mpol'al Ch.111/!,f'h ill IIH' viflllai inpul .• lIIei 

code spatial information al. a coarser level. M-cells .t('WII Il 1 loI' only 10% (If 1 hl' /!,illt/!,lion 

cells in the retina and thus 1'01'111 a III Il ch sparS(>f ~alll l'lin/!, laU in' 1 hrUl 11\(1 P -('(·II~. As ft 

resuIt, NI-cells are only able to spatially resolve !!,rat.iu!!,s \Vil h :-.pat.ial III·qlll'lu'ip:-. It·ss t.h.Ul 

20 cycles/deg. TemporaUy, they respond hest al pa,tt<'l'n:-. lIlodlllatt'd .tt '20 Hz hut ('.\1\ 

follow modulations as high as ()O-~O Hz [33J. 

NI-cells do not show Illuch (oloul' opponpIl<'y and fol' 1 hl' II\n~1 p.1I 1 l'l'sIHllld oltly 1 Il 

achromatic contrast.. They aIl' vl'ry !->f'nsit.ive \'0 low (01111.1:-.1 huI 1 li')!, Il 1 10 sat.lllal(· in Iltl' 

presence of higheI contrast. signais, 

NI-cells are oft.en comparee! ta the 1I0nlineai Y-lype t'dis in thl' ('.11. Sh'l(lf·ly [rli] :-hOWH 

that this analogy is valid only fol' a small fraction of the M-cdb, Fol' pl im.ll.l's, IIlUS\. M-ct'Ils 

(95%) have simple receptive fiele!s and sum inputs lincarly likp t hl' 1'.11 X-l'l'II:; .11111 prima.\. .. 

P-cells and tlms may be lahelled Mx. Ollly abOlit. :)% ot M-n'lls :-11111 illput.:- lIonltll('jllly 

and behave like the cat Y -cells and are thus lahellecl l'vIl" 

Fleet and .Jepson[24] propose that.llll1ch ofthC' temporal rltalMlpliHlil's of M ",-('plis (ail 

be modelled by t.he same sp,\,tio-tpII1pol'allilt.('l's thal. il.l(, IIs('d t 0 ItlOdpl 1'-t'l'lb bllt. wi\,h 1.11(' 

parameters tnned morc specifically fOI t.plIl l'oral diffPI Pli 1 Îitl :Olt (:-'1'1' 1'(!I1 ,lll()l1~ :! 1-1.!j), 

For Y-type ('plb, Hichter and {7lhnan [·1 il lt\o<!"! t III' 1 1':-' pUll t-.{' .1:- l)('ill~ ,1 1I01lIilll'i11 

summation of inputs l'rom bipolar l'dis a.nd <UlI.trrine (l'lb. TitI' .Im.1( 1 ill(' «('lb ill 1 III'" 

model form l'eciprocal synapsl'S \Vith th<, hipolal' c{'lb t () arhi"vp il t PIII(HII al dPI ivativp ,,1 

the bipolar ceU signal. The lIonlillearit.y of suhullit ~lIllllll(jt.iull ii'o acltil'VI'd hy 'j!'paratill/!; 

positive and negative contI ast signais and wPÎp,ht.ill!!, t IIPItI diff'cl'I'lI t 1 y, 

Shapely snggests that the pl imat.e M-n'Ils ha.v(' pl'Opprt.il's of bof h t.h!' X -t Y{l<' .1.11<1 Y -t.yp" 

cens in t.he cat [.17J and that P-('('lls ale an additional f>yfit.{·111 in pl'ÎIIIH,I,Pf> whleh ;U'('OUIII,H 

for our high aCllity rhl'olllat.ic vision. M-rdls havp also \)('(>11 explai/lpd ill \'PIIJIS 01 1II11\1.iplp 

channel theory a.s bein/!; the roarse l'(~solllt.ion on and o}J rhanupls, wltilp P-n.JI:.; f01'l1l 1 Itp 

fine resolution channels [:34]. To :;ulIImarize. ~I-celb i'oigllal vihlla.J f(·iL1.lIr<'s al, ,L (OarSI'1 

spatial grain and respond better to high temporal freq llcncie~ a:; mUl JliLll'd 1.0 P -( ,,111'i. 'l'III' 

properties of P-cells and M-rells are 1'iuIIlmarized in Tahlp :l.l . 
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Table 2.1: P-Iype and M-Iype (;anghon Cell Propert.les 

" P-cell properties 1 :"1-ce11 properties Il 
- midget dass ganglion cell - parasol class ganglion cell 
- smaH ccil hodies. · larger eeU bodies. axons. 

:,mall axons, dendritic arbors and larger dendritic arboni 
· faster axon condnction vpl. 

· XO% nI' )!,anglion c('lIs · 10% of ganglion cells 
· plO,I('('I:-. to P,lIVO LGI' · pl'ojects to i\lagno LGN 
· l'PSpOllSP pt',\k at 10 Hz · lesponse peak al. :20 Il z 
· (' Il toit' fl'(,C! fi t :20·;W Hz · fil t off frecj a t GO·HO Hz 
· salllpliH)!, IlIl1ltiplicities: · samplillg Illllitiplicit.ies: 
· fov!>a: :2 pPI' ~al1lplil1p, fll'ea - fovea : :2 pel' samplin!!, al'pa 

· 15 cleg: ·1 pel' are a 
- peri ph: ;J.!) pel' a l'ea · periph : 10 pel' area 
- smallieceptive fields · receptive fields :]-4 times 

larger t.han P-cells. 
· linear increase in size of - linear inerease in size of 

I('C. field \Vil h eccent ricity lec. field with eccentricity 
· lillPar sllllllllat.ion of snhnnit - ~O% of lvl·cells are !inear 

inpnts 10 P·cl'll · :20% of ~1·ce11s are nonlinear 
- Inw conlrasl !-IPlIsilivity - hig,h contrast amplification 
- IrlI'/!,l' rontrast. range - low satmation Illleshold 
- Il'spolld to high :-.patial fH'q - sensitive al. lower spatial f1l'q. 
- (,lU Il'solvp .')0 cvdes/de/!, - can resolve 20 eycles/dep, 
- ('0101' opponellt - little coloI' opponency 
· fine f"unplin/!, latt.ice - coarser samplillg lattice 
- ('mit' roll t ra st wpll - sat.mate with high contrast 
- hi/!,h spat.ial aCllity - fast nicker det.ection 

- fast low contrast motion 

• 
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2.7 Overall Summary of Retinal Structure and Function 

The retina is a highly struct ured neural nt>twork t hat. pxtl'art saud pre- pro('l'SSt'S \'isua.1 

information from the image projl:'rted upon il. hy the oplirs of 1 hl' l'YE'. l'hl' IH'OC('ssPtl 

information is subsequently trausmitted to the COl't('x t hlough 1 h.' upt.ic I1('1'V('S. 'l'hl' st.yll' of 

processing performed by the letina is dict.at.ed hy two mainI'Pqllll't'IIIPuls. Onl' l'I'CJllin.'lIIent. 

is that the retina must function in (LH environnwnt wherf.' Ihe amhient ilIuminalion intpusit.y 

changes over several orders of magnitude. The second l'l'quil'l'l1lf.'UI is 1 hat. ail inf(,J'tllat.ioll 

extracted by the retina must be t.ransmitted t.llI'ough Cl Iilllitpd 1l1l1ll1H'r of opl ir filwl's hy 

ganglion cells with a very limited dynamic rauge of firil\~ 1 it!.t'S. This lilllit ill iOIl on t.hl· 

amount of data that may be transmitted l'l'qui l'es the retillit 10 ))('l'fol'III ('ollsidel ahlc dal it 

reduction and is one of the reasons for a foveated l'ct.inal samplill1!, Sdll'IIH'. 

The retinal structure has heen WE'1l mapped 1 hl'ollgh allat.omiral st nt! ipso lIoWl'vI'I'. 1 h" 

functional naturl' ofmany of the l'etinal ('l'Ils is still a lIlystl'/'.v or al IIl'sl PO()r1~' Ulldl'J'1'Ilood. 

In simplest terms, ll'tinal cells l'an ht> dassifiecl as fallill1!, intn (1 Il l' of 1'Iix 1,VI'!'S. llowpv!,1' 

each one of t hese comes in vatÎons ~ u hl ypl'1'I and Ipflcctl'i 1 hl' III Il IIi l'II' l'il ra 111'1 pat. h W,I,yS or 
information processing in the 1 el ina. 

To meet the in put dynamic ran1!,l' 1'1:'()uil pments. 1 h<' 1 et illa lises 1 wo phoIOJ'(,c(,pt.ol' t.ypl'H. 

rods and cones. to suhserve different 1 egions of tll(' illl<I1!,C illt.('lIsit.y t!olllaill. The 1 ut! syst.!'1II 

provides low l'esolution hut high sensitivity vision down 1.0 t.he thlpshold of pholol1 d('t.edion. 

The cane system consists of a high l'l'solution fovea. wit h 1 apidly dp('J'CilSill1!, ~a IIlplill~ d(lJISit.y 

in the periphery. The ('Que systelll opelates a.l highel' li~ht levI'ls. alld is ahl(· 10 fOlltiflllolisly 

adapt its sensitivity 10 the amhient hackground illuminat.ion Il)) 1.01111' lil!;ht.-dillllagl' li lIli t.. 

The output of the receptol' ('rlls is Ilext proCPSHI!d hy lIipolal' .\IId hOlizolllal ('I·lb. Eilrh 

horizontal cell connecls to man.v 1(1(,l:'ptOI' (,l:'lIs and {DlIlplll!'s :'OJllI' ~Ol't. 01 ail .IVPliI/.\ill/l, 

or summation function. The rl'cpptivp firld size of IIlC'R!' horizontal (l'lb is Illafly t.illlph 

their dendritic field size by the vilt.uE' of passive condllctioll of CIlIII'1l1 ,li I()~~ p,ilp jlJlIl tiOIlS 

hetween adjacent hotizontal cplIs. The condllctivity of t.hel'iP gap jIlIlCt.iolll'i is cOIlf.lo/lpd 

by feedback received from intel plexiform cclls. It is the horizolltal (,.11 1 hat il'! 1H'lievl'd 1,0 

account for the 5urround fields of the hipolar and gallglion ('(·11 I('cept.iw' fidds. 

The bipolar ceHs essentially computp a (liffel'pncl' oIwratioll hetwPl'1I tiH' IP('('ptOI' 1'Iigllal 

and the horizontal cell signais. Theil l'cceptive lirld conhists of t.wo pal th; 1 hl! ('('IIt.re is 

stimulated hy inputs from the Il'cl'ptors: the IIlllch l;lIge!' Sllll'Olllld 1('f1('It,h 1111' illput. flOlIl 

horizontal cells. The diff'eIPnt tillle constallts of illte!!,J'at,ioll in llu' phot.OJl'U!plol ;Lfld hori­

zontal celllayel'. in addition 1.0 a I>mall dplay of the lIol'izollt.al ('(·11 iJlpuls, Jei>lIlts ill t.PUlpOlal 

as well as spatia.l diffel'entiat.ioll . 

The splitting of visual information int.o diffeJellt St.I'l"UllS is Il'adily ol>M'l'vahlf! at t.llt! 



• 

• 

~. RETINAL STRUCTURE AND FUNCTION 

hi polar cellievel. An on-centre and an ojJ-centre receptive field split of information is started 

at the hipolar cell level and continued to the ganglion cell level. In addition, the scale at 

which information is extracted is fllrther slIbdivided hy two major classes of bipolar eells. 

Midget bipolar cells connect to a single cone thus maintaining high resolution pathways, 

whilp diffuse hi polars contact several cont>s and t.hus likely code information at a coarser 

levet. 

The outputs of bipolar cells feecl into alllacrine cells, interplexiform cells, and ganglion 

(cils. The funct.ion of amacrine relis, which come in a. large variety of forms, is still very 

paorly IInderstood. SOllle of the amacrine cells have heen implicated in the rad system 

pathwa.y, while others are known to have a diffust>, Iegulatory fllnction which controls how 

ot.her neurons in the ret,ina process visnal informat.ion. In addition, inhibitory input from 

:unacrine cells is I>plievt>d to hp rpsponsible for the transient nat.ure of responses of change­

sensitivp ganglion relis. One of t.he functions of the interplexiform cells secms to he to adapt 

t.he nat.ure of the hipolaI' and ganglion cell rerept.ive fields by IIIodifying 1 he conductivity of 

/!,ap jllnctioIls in t.he hOI'izontal relllayer. 

The ganglion cells form the output of the retina. They rereive input fIOIll bipolar cells 

.wel alllacrint' ("t'Ils. Two major classes of ganglion rells accollnt for about 90% of the 

ganglion ct'lI population. 

Midget ganglion cells (P-cells) l'eceive input mainly from midget hipolar cells and project 

ta the parvoccllular layers of the LGN. These cells accolln~ for 80% of t.he ganglion cell pop­

ulat.ion and form t.he high spatial acuity, rhromatic pathway. They exhihit simple circular 

('('Il t.re-sun 01\ nd J(l('(>ptive fields which increase in size lineady wit h ercentI icity. P-cells 

I('spond t.o hoth ('hlolllatic and adlromatic signais. 

TI\{' parasol ga 1\ p,lion cplls (:\'I-c('lIs) have larger 1 ccppl ive fields t ha.n P -cells al. 11.11 ec­

("Pllt.ririties and 1 helr outputs plOjp('1 malIll.y to the lIlagnocplllllar layers of the LGN. These 

("('Ils accollut. for nnly lO'YrI of the ganglion cell population. It is Ilot rlear whether the M­

('('Ils leceivf' input only from diffuse hipolars or a mix of miel!!,et and diffuse hipolar cells. 

Tlwse cells respond het.t.er to higher temporal freqllencies at tl1(' expense of lower spatial 

rpsolution. Amongst othe!' t hings, t hese cells form the pathway for fast., low contrast motion 

detection. 

This rhaptPI" has sUllllllarized the strllct.urp and fllnction of biological retinas. The next 

chaptN addresses .md slllllmarizes adaptation mechanisms within the retina that en able it 

t.o opprat.e OVt>f a, wide range of illumination conditions . 
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Chapter 3 ADAPTATION MECHANISMS IN THE RETINA 

At any one ambient illumination level, the physiological response range of individllal pho­

toreceptors spans only 3 log units of intensity from threshold to satul·at.ion (sec Fip;1I1"(' :l.I) 

[21][8]. However, various adaptation mechanisms present in the retilla which shift. t.Ill' op­

erating range of the receptors to ma.tch the background illumination \('vcl allow t.!H' visual 

system to function over an impressive 12 orders of magnitude of illuminat.ioll int.ellsit.y [,IR]. 

The narrow response range of individual photoreceptors permits the visua\ systt'l1I to re­

spond with high gain to local variations in contrast, while the adaptation mechanisms which 

shift the operating point of the individual photoreceptors extend t.he overa,l1 dylla.1llk rallgp 

of the visual system. Most of these facts have hcen mentiolled in the previous rhapt.cr 01\ 

retinal structure and function but are summarized in this cha.pter. 

Luminllnce ·6 -4 -2 0 2 4 6 8 
(log cd/cm l ) il 1 1 1 1 i .. » 1 1 , 

1 
1 

7.1 6.6 5.5 4.0 2.4 : 2.0 2.0 2.0 
Pupll dillmeter (mm) li 1 1 1 1 , 1 1 i i 

1 
1 

Retinlll photopic 1.1 2.6 1 4.5 6.5 8.5 
illumlnance il 1 i 1 ' , 
(log td) scotoplc -4.0 -2.1 -U2 0.70 , 

• tarllah. _l'ah' 1~, .. ;I1",,"n • .onllahl 
Luminance of • i 1 1 
white paper in 

"',Iopk ...... tpk: 1 p"oh'pk 
Visual function 

... "'tpk: &,::,~,pk nid ..... dam •• _ 

Ih .......... mhiJid Il'o .. th.n ... 11, !",wblo 

Figure 3.1: Visnal System Operating Range: The figure shows sdlCrnat.ically 
the operating range of the visual system. The dashed curve rl'pres()IIt.s t.he WIIC 
stimulus-response function of a single cone al. one background intclisity. Aroillid 
this background illumination level, the cOlle has a response range of about :J log 
units. The overall cone system response range is achieved byadlLptatioflliiechanislris 
that shift the entire stimulus-response curve alollg the intellsity axi& to match l,II!' 

ambient illumination level. Retinal iIIuminance for the colle system is rneasurecl 
in photopic trolands which are defined as the product of luminance (cdfcili 2) alld 
pupil diameter (mm). Data from Walraven et al. [70]. 

One way in which the retina accomplishes this task is hy trying to rnaintaifl lightrwhs 

constancy over most of its dynamic range: "One aspect of Iightncss coflstallfy is to rnaint.aill 

uniformly high sensitivity at the receptor stage regardless of variat.ions in local or global 

ambient light leve\" [58]. The overall retina\ respomc range is facilit.ated hy adaptation 

mechanisms that shift the response range of photoreceptors to he centred arollnd HI(! local 

ambient illumination level. This extends the receptors' operating range whiJ(! still main-
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taining high contrast sensitivity. In addition, receptoral and post-receptoral mechanisms 

discard rnuch of the dc-like hackground illumination information. Thus, they primarily 

process contrast information and thereby make better use of the limited transmission band­

width available at the op tic t.ract. 

Certain camera systems ille also able to function over a wide range of illumination levels 

[H4]. However, there are key. differences between the two in the manner of their operation 

and in their response to scenes containing a very wide range of intensities. The clarity with 

which the retina is able to process visual scenes with illuminations that span several log 

lInits of int<'lIsity is due to the very local sE'nsitivity control exhihited hy the retina starting 

right at the photoreceptor level. In contrast to the retilla. the sensitivity of photosensing 

dements in commercial camera systems is cOlltrolled by a measure of t.he global ambient 

illumination level. AIOI1I1<1 t.his illumination level. in<lividual camera photoreceptors respond 

only to a slIIall dynallllc l'ange of illt.ensities. In a scene containing a very wide range of 

illt.ensit.il's, ma.lly l'f'/!,ions would he eit.hpr washed ou t. (saturated sensors) or too clark (below 

sl'nsor threshold) for a g)ohally a.daptivp camera system hut would be handled easily by a 

rl't.ina with local /!,ain mut.101. ClearIy, locally adapt.ive cont.rol at the photosensing stage is 

iL dpsirahle fpatul'p in lIIachirw vision systems and has sparkecl f,Ollle lecent rpsearch iuterest: 

one aet nal im plellll'lIt.at.ioll illcludes i\lahowald 's silicon l'et iua with adaptive photoreceptors 

[:W]. 

In addition t 0 local /!,ain ('Qntrol, other adaptation Illechanisms adjust l'eceptive field 

sizes of varions l'ptinal lleUl'Ons in lesponse to the pl'evailing local ambient. illumination 

Il'vel. These mechanislIls t.nule off visual acuity against ahsolute contrast detectability. 

At. low illumination levpls when the input signal-to-noise (SNR) ratio is fair1y low, larger 

Il'ceptive fiplds illlprovf> the output SNR latio and t.hus aid contrast det!:'ction. At much 

hi!!:hl'r illumiu:, t.iOllh. w hen the i Il put. SNR is already hi!!,h, recept.ive field sizes are shrunk 

in order to illlprovp the aeuit.y of the syst.em. 

It. is apparent. tha t sf>veral Il\E:>Challisllls a.re employed by the l'etina t.o achieve its impres­

"iv<> dynamir 1 an/!,l'. These may he hrokell down int.o the followillg, categories: 

• Pu pillary ('0111. roi 

• Sl'parat«.> Rod itlld ('one systems 

• H('('cptoral ~h'challisms 

• Post.· Hl'('«.>ptoral ~vlechanisIlls 

Each of these itl'ms i~ discIIssed ill turn in the followillg sections . 
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3.1 Pupillary Control 

One manner in which t.he visual systt'm controls the a.motlut of Iip;ht l'lIteriu/!, tht' l't'tina iH 

by adjusting the eye's pupil size. As the lig,ht lev(ll incl'eases. t h<> pu pi! dia lIIt'tPI' dl'rn'asl's. 

However, the pupi! size is only controllahle t.o a factor of Hixtt'PIl riO]. This st ill It'ilV('S OVl'1' 

10-11 orders of magnitude of illuminat.ioll intensity with whirh t hl' l'l'Iin,l IIlIlHI WIlIt'II<1. 

3.2 Separate Rod and Cone Systems 

To cope with the still large range of retinal illuminat.ions l'IICOllllt('I't·<1, 1 wn M·pamt.p phnt.OI't'­

ceptor systems are llsed. Individual l'od photol'ercptol's arc aholll 2!i t.illl('s 11101'1' st'lIsitivl' 

than cones. Still higher sensitivity is achieved in the 10<1 syst.t'Ill h.v poolill/!, 1 hl' 1 (lSPOIISI'S 

of many hundreds of rads to sa that <,ven t.he det.t'ctioll of il siu/!,Ip phololl b (losloihll' [iol. 
ln response to increasingly hri/!,hter iIlllminat.ions. 1 he lOti syl->t ('11\ l'xhihit.s l'I'Sl'01l81' ('0111-

pression and saturation. In the preSCll('t' of daytilllt' illlllllillat.ioll, IIH' l'Od sy:-.lplII I->a t.\II'illp:-.. 

This is where the cone system functions t.he hest.. COIIPS aH' III II< h I"ss SPlIsil i\'l' t.ha.1I IOd~ 

but are able to adapt t.heir sensitivity no lIIatt.<,r how hri/!,ht t.he illlllllill,lt iOIl is. l'VPII J'i/!,ht. 

up to their light damage !imit. 

For mu ch of 1 et.inal processing, the l'Od and cone sysl ('11110 ,II (' l "I,lt.i VIlly illdI'IH'lIdpllt. 

systems. The l'Oel system selves the 10w('1' seven ol'del's of ma/!,lIitlldp of tht' vÎlmalloyst.l'lII's 

dynamic rauge wldle the co ne syst.em serves t.he lIppN S('V('11 nnlNs. Fi/!,IIJ(' :L1 illnst.ra!.l's 

this fact. It is only in the the rnesopic region (twili/!,ht. cOlldit.ioIlS) 1 h.I,1 lod ,1IId ('0 Il l' 

systems are hoth contrihlltiug to thf' visnal si!?;ll<l.llp;wing 1 ht' IPI illil .. \lIatolllir,d Iot.lldil':-' of 

the merging orroel and coue pa,hways havI' 1lf'l'n P('IfOI lII('d ill Ih" rat. [Ii;ll. hllt. III /!,f'IH'lal 

these interactions ,l.Ie still poody 1lndel'st.ood and fOl silllplicily aIl' i)!,lloll'd III ,hb wOIk. 

3.2.1 Rod System Adaptation 

Rod adaptation has heen :o;tudied in ronsidPlabl<> ch·tail ,wei SU III 111,11 i(':' of "hi:, 'opÎC' lIIay IH' 

found in [41][21][43]. Rod light and clark a<laptatioll b C'ollt.roll(·c1 lilJ'/!,ply hv IIH' d('/!,IPI' of 

pooling, not only at the l'f'ceptor lev(ll thl'Ough rocl roll pliu/!" "11 t alho .1 t .1 po:,f,-n'('(·pt.oral 

site, !ikely the horizontal cell layer [4Dj[811. In addition, as ,he lOci :,y~tl'lll il-> !loJ'lIIally 

functioning at very low light levels, photon statistics and hark/!,l'Ou lui !lobl' play a lil!'!!;!' 

factor in governing t.he sellsitivity of the wcl :-.ystelll [x 1 ][X4]. 

The arrivai of photons is statistically Poisson distrih1ltl!cI [XII. 'l'III' 1('vf'1 of !lois!' dlll' 

to random photon all'ival times p,rows as the squaw root of iunbient illf,(·II:-.ity. AI> ;L If'SIIII" 

the signal-to-noise (SNR) ratio also grows as the square root of 1. Il(' aUlhi('nt illl,(,lIsity (SNH 

<X 0) [81]. Yellott. shows t hat the leliability of ahsolntp contI as 1. dl'tN tion df'III'lIds on the 
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total "photon catch" [81J. Thus, a.t very dim illuminations, when the noise is comparable 

to the signal, absolute contrast detection is improved if the rod signais are summed over a 

rnuch larger area. Sorne estirnates indicate summation of sever al hundreds or thousands of 

l'Ods signaIs may be occllrring at dim illuminations [49][70J. 

A model proposed by Cornsweet and Yellott [14][81] hased on photon statistics and 

adaptive poolin~ of signais models many aspects of the rod system very weIl. According to 

t.his model, as illumination levels increase, the signal-to-noise ratio also increases and the 

a.rea. of sllmmation or pooling in the rods system is decreased. This results in improved 

acuity with increa.sing illuminat.ion. The features of rod adaptation will not. he discussed 

further here as we are primarily roncerned with the cone system. 

3.2.2 Cone System Adaptation 

At phot.opic ilhuIIlllat.ioll I"vpls. thp input signal-t.o-noise ratio is sufficiently high t.hat pho­

t.01l noise is not. a Iclr~e 1'.lctor in detellnining the cone system sensitivity [iO]. The system 

lIlust illstead contelld wit.i1 intlÎnsk noise snch as spont.aneous cone pigment isomerizations, 

oft.en called "clark noise". This clark noise likely set.s the absolut.e 1 hlP~hold for the cone 

syst.em. 

In contrast to the rod sYSt.PIll, a large part of the sensitivity in t.he cone system is 

controlled right al. the photorecept.or level. Adaptation mechanÎsms within the cone shift 

its response cllrvps laterally to be centered around the local arnhient illumination level, thus 

allowing t.he limited r<,sponse range of the photoreceptor to signal local intensity va.riations 

with a higher gain. This makes fllnctional sense as it removes t.he bllrden of ha.ving to cope 

wit.h a. large range of sip,nals for ail subsequent retinal neurons. This local conl.rol is due to 

hot.h t.11P ('{rect.s of colle photopigrnent hleaching and feedback hOIll horizontal cells. 

In addit.ion tu t h('~(> Il'ceptoralllIechanisllls. there a.re sevpral post-r(>ceptorallllechanisllls 

whirh IrIodify tl\(' input i>i/!,Ilal adapt.ivply. Both receptoral and JlOst-I'('ceJlt.orallllechanisms 

will 11(' summarized in t.he followillp, sections. 

3.3 Receptoral Mechanisms 

3.3.1 Weber's Law and Lightness Constancy 

Over the photopic ran!?,e of lip,ht levels, the hmnan visual syst.em obeys \Veber's law. This 

Ia.w st ates t.hat at ally given ba.ckground illumination level, t.he added stimulus intensity 

rl'CJuired for a dmnge to be just not.iceable is proport.ional t.o the hackground illumination 

level. This kiIHI of hehaviollr result.s in lightness const.ancy [59] 

This behaviour is due in large part to multiplicative and subtractive cone photorecep­

tOI' adapt.ation lllechanisllls which cause t.he entire cone stimulus-response curves to shift 
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laterally while leaving the shape of t.he CllfVPS vil'tually uIlchanl?;ed alon~ t.he harkgrollud 

intensity axis (see Figure 2.5 J, An example of a lIlult.iplirat.iv(' lI11'dmllislI1 is pigllH.'nt 

bleaching. Subtractive merhanisms are exhibit.ed bath a.1 t Ill' phot.OI'l'rl'ptol' 1('\'1'1 (t.hroll~h 

horizontal cell feedback) and at the hipolar rellievel. Ail of t hl'sr llH'rha,nislIIs will 1)(' hril'f1y 

discussed in the following sections, 

3.3.2 Time Course of Adaptation 

Studies of light and dark adaptation in COII('S have shown t Iwrt' t 0 IH' S('\'('I'cll rOIllIHlIlc'IIt.S 

that together contribute to the l'one system sellsitivity. The rOll1pOnl'lIls may Ill' ~1'01I1)('d 

as either being photochemical in nature or as net.work merhallislIIs illVolvill1?; il f('eclhafk 

path either within the cone itself or from horizon l,al c('IIf>. The Il'Iat.ivl' collt.rihut.ions of 

photochemical and lletwol'k merhanisms ovpr the dynilmic 1'i1ll~1' of 1.11(' ('01H' sys\'PIII a.n' 

shown in Figure :J.2( a), N ('t.work ll\('challislIIs quirkly ada pt. 1 hp ('(JIU' s,v:-.II'III :-iPII:-ii t.ivit y 

even fol' illumination levels too dim 10 cause sig,nificanl. phuloJli~IIl(,1I1 hll'cH hilll-!., 

The different romponents of adapt.ation lIlay also IlP dist.in/!,ubhe'd hy I.IH'ir t.illlP (,OIII'SI' 

during cone light and dal'k adapt.at.ion [21][42J. Tlw)'(' lllC' hot.h fcl:-.I clllli :-.Iow (,OlllpOIH'IIt.S 

to cone light and dark adaptation, Lil?;ht culaptat.ioll is VPI y 1 apid alld Il)(' ('Oll!' J1ol,('nl,ial 

reaches a steady st.ate within 1-2 seconds. with most of t.he pol.ent.ial rhau/!,c 1'0111 1'11'1.1' almosl, 

instantaneously [21J. It is believed t.hat t.his fast adaptation i:-. mcdia,t.ed hy !It'I.wo/'k fl'('c1ha.rk 

to the con es froIn horizontal relis [(iO]. Dark ada.ptal.ion is lIIudl 'ilowPI and mOle r(',ulily 

observable. Figure :1.2 (right) shows schematicaUy 1 he t.illl(, collrsp of ('(111(' dal'k adapl,at.ioll 

while (left) shows the 1 elative l'Ontlibll tions of net,work and phol.()Jli~IIH'1I t. 1II(l('hflllisIIIS 1 Il 

the steady state l'one potential in cone light adaptation, The init.ial H'(,OVl'r,V (1/ M'lIsil.ivity ill 

dark adaptation occurs relatively C[uickly (within 200 IIIS) alld is li kt'ly lilIIi 1 ('d hy ''/'l'(,l'ptOl 

persistence"l rathel' than hOl izolltal cell fe('{l!Jack [21J, The :-.Iowl'J' COIII pOlll'ul 0/ fOnl' dal k 

adaptation is generally at.tl'ihu tpd 10 l'f'gen{')'at.ion of phot.oJligIIH'1I1 wil hin Ilu' ('011(' ,llId j:., 

noticeably slower (taking 5-7 minut.es 1.0 l't'Mh a plat.pau J. 

3.3.3 Photochemical Adaptation 

The effects of photopigment hleaching have hC'en studied pxt.PII:.ivply [IHJ, l'i/!,III1'UI. hlea,('h­

ing controls the sensitivity of the rone f>yf>tem fol' ail light Il'vpls hright. l'iloll/!,h t.o hlc!ach a 

significant portion of the photopigment [8][21J, The pflil il'lll'y of phot.oll (',L!.('h of a phot.on·­

ceptor is controlled hy the amollllt of photo-sensit.ive visual pi~lIl1!lIt. p/I's(!nl. ill t.Il1' /l'ceptor, 

Absorption of a photon starts a chain-I'eaction of eVI'/lts which Il'sllit.s ill t.h{' hn'akclown of 

1 receptor perslstellce IS the phellomelloll of contllllled perceptwlI of ,L VI~II,LI hlgllal tu ,l .. tlllluh th"t hall 
heen removed for a "hort instant 
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Llghl Adaptation Dark Adaptation 

012345 fi 7 o 3 4 
Background Intenslty (log trolands) Time (min) 

Figure 3.2: Light and Dark Adaptation: The figure on the left shows schemat­
ically the relative contributions of the photochemical and network feedback mecha­
nistns in cone sensitivity adaptation. At low background intensities, network mech­
anisrns cause cone thresholds to ri se despite the absence of photopigment bleaching. 
At higher illumination levels, pigment bleaching is more prominent and controls the 
ove rail sensitivity. The figure on the right shows the time course of the recovery of 
sensitivity in dark adaptation. The initial fast recovery drop in cone thresholds is 
due to fast network mechanisms such as horizontal cell feedback to the cones. Sub­
sequent recovery of sensitivity is due to the much slower phot,opigment regeneration. 
From Dowling [21] @1987 Harvard University Press. 

the pigment molecules. These are also constantly being regenerated. Equilibrium is fElached 

when the rate of p;6ment bleaching equals the rate of pigment regeneration. This mech­

anism allows the cone photoreceptor to continuously adjust its photon catching ability to 

match any illumination level, even one that is energetic enough to damage the receptor. 

The effeds of pigment bleaching are approximated by assuming that the efficiellcy of 

quantum catch is logarithmically proportional to the remaining amount of (un-bleached) 

visnal pigment. This implies tltat the effects of pigment bleaching would be similar to the 

efrert of a neutral density-filter that scaled down the original image intensity levels [70]. 

The equatiolls modeling bleaching-type adaptation are summarized by Chang [10] and 

are fep<,ated here for completeness. The model includes two stages: (1) The "adaptive 

l'rocess'' which involves bleaching-type kinetics, and (2) the "response function" which 

is the Michaclsou-Menton equation used to mode} response saturation. The dynamics of 

photorereptol' bleaching-type kinetics are described by the following first-order differential 

cquat.ions: 

(3.1) 

Q(t) = k3I(t)p(t) (3.2) 
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~'I 
p( Ir) = p(t - 00) = ' ~ 

fr + 'l, 

where I(t) is the light intensity, p(t) describes the fraction of \Inbleaclwd pi/!:Illl'nt. and t.he 

sensitivity of the photoreceptor at, time t. and Q(t) is t.hl' raIl' of ,!Ha.ntal ahSol'plioll. ~.t. 

k 2 are rate constants. and k3 is a constant of proportionalily. Th(' st.(',uly-sl at.t' t'rartion 

of unbleached pigment is given by equation (3.3) where Ir is the loral 1 t'mporal a.mbil'Ilt. 

illumination level and kb is the half-bleach constant (the illumina t iOIl If'v('1 al. which half tlll' 

pigment is bleached). The cone "response function" is dcscri 1)('.1 hy thl' !vi irhal'lsoll- Ml'Ilton 

saturation equation: 

Qut 
", (I( t)) = "",/" 

Q(I)" + (~'r)" 
(a.,I) 

where "r(/(t)) is the leSpOllSl' \'oltag,e nf thl' l'Pct>pIOI'. l'''',IJ Il> 1 hl' l>at.lll'.üiOIl volt.a!!,1' of 

"r(I(t), ~:r is the half-satllla.tioll constant., and n il> .t posit.ivl' (,()l1st.ll1l, whidl dl,t.('!'lIlilll's 

the slope of the nonlineal' fllnction. Upon Sllhfltit.ul ion of ('(filai iOIlS (:L:2) all(1 (:L:J) illt.o 

equation (3.4), with k1 = 1. one obtains 

"r(l(t)) I(t)71 

"mur - I( t)n + (t [r(t) + kr )" 

Boynton [8] repOl ts a good fit of the rllrvps obt aincd hy 1'«llat.ioll (:L!i) f{II' J'('rordilll!;s 

of receptor potentials in monkey con es \lsinJ?; values fol' ~:r all<l h of x;~;~ alld 11H10 phot.opir 

trolands for ~;r and kil respeetively with n ;::;: 1.0. 

The effects of pigment bleachinJ], aJone art> insuffidl'Ilt. 10 pxplaill 1 III' VI'I Y fast. adapl ivl' 

properties of the letina 01 adaptation in Imve!' lig,ht. ll'veh.. 'l'hl' II'I III a .1I1.lpt.l> Il:-. SI'IIl>it.ivit.y 

even for illuminat.ion levels t.hat do Ilot r;Ul~(, Si/!,lIificallt hll'adtill/!, of 1 III' pholopi!!,lIl1 l l1t. 

[21]. This fast and powerful adaptation proecss is J],f.'IIl'J'.llly at. t.I'IIHl t pd 10 Ill't.wor k l'l'pd ha('k 

mechallisms (snch as feed back l'rom 1 he horizon t.al cpll laYI'I), 

3.3.4 Horizontal Cell Feedback 

Network feedbaek adaptation mechanisms operate ('ven in dim liv,ht.illv, (oll(lil.ioIlS whl'f'(! 

pigment bleaching is llegligible. One hllCh rnechanism that opl'ratl's at. 11t(' phot.olf'('('pt.or 

level is a fast inhibitory feedback l'rom the horizontal cells 1.0 t.he COllflS. 

The horizontal eeIls compute a local spatiotemporal avcl age of t.he COIlP hignalh [t1oJ. The 

contacts made hy horizont.al eells onto cone "ppdicles" sprve ilOt. ollly as .. hfl signal sOllrn' 

for the horizontal cells but also aet as a feedhack path from t.hp horizont.al l'fllls IlilCk t.n t.he 
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c:ones. The differenc:e hetween the horizontal cell signal and t.he individual cone potential 

nonlinearly modifies the conE' sensitivity to match the local ambient intensity. Skrzypek [58] 

presents an approach in which illhibitory horizontal celI feedback may be used to zteratively 

('stimate an effective local spatial ambient illumination Is. In addition to this multiplicative 

effect, there may a.lso he a small degree of sllbtractive inhihit.ory feedback from horizontal 

relis to the cones. Evidence for this has heen found in many fish retinas [3][21][40J and 

is anatomically feasible in the prilllate retina[49J. Figure 3.3 shows schematically the bi­

directional connection hetween cones and horizontal cells. 

1 1 

~ ~ 
cone ---~ 

cnuphng 

LI me horIzontal 
output ccII output 

1 

~ 

___ --hl-lhrectlOnai 
connectJon 
hctween honzontal 
ccII dIId cone 

Figure 3.3: Horizontal Feedback to the Cones: The figure shows schemat.­

Irally t.he Wtrlllg of t.hp fef'dback loop het.ween hOflzont.al ce Ils (H) and cones (C) 
The arrows !o.how t,he dlrect.lOn of informatlOn flow The cones convert, hght. mt.en­

I>It.y (1) mformat.toll lIlt.o ,>!Prt.nral SIgnais IIsed hy t.he rest. of t.he lIet.work Each 

fone IS fouplpd 1.0 1H'lghhollrlllg cones, The contacts made wlt,h horizont.al relis are 

bl-dlwrt.tollcll Earh ranI' provides a stgnal t.o several horizont.al relis WhlCh 111 tllrn 
I>hght.ly IIllllhit. t.hp nelghho\lrlllg rone rt'sponses and alt.pr t.he adapt,at,lon st,at.e of 

t.he ronf'S hy ret.urtllllg t.he colle potelltlal t.o near t.he cent.re of It.S operat.lIlg range 

l '011l'S also provlde Signais t,o hlPolar relis (represent.ed here by dot.t.ed luIPs), 

ChallA [1OJ shows t.hat the t'stimated spatial ambient illumination 18 (Ilsing Skryzpek's 

model [r,S]) l'an Il(' IIsed t.o adapt the cone sensitivit.y function in the same manner as pig­

ment. hleadling (Js replaces [Tin equation (3.5)). The horizontal ceil signais are used 1.0 

it.prat,ively colIIlHlt.e an effect.iw spat.ial amhient intensity Is which then drives the adapta­

tion of the liemi-sat,mation fllnction in eqllation (;),5). Skrzypek's model ignores temporal 

far 1 ors s1Ich as the f('l'dhack l'lignai cl 1.'1 ct y introdnced by the relatively slow integration time 

const.ant wit.hin 1 he horizontal eeU layer. This delay in t.he feedback loop intl'Oduces pl'O-

1I0unced t, ransient. osriUatory hphaviour on the cone output signal in response t.o a step 

input, 1I0wever, intra('eUular \'ecordillgs of cone and bipolar ceU potentials only show a 

single slUaU dip in the output potential following the peak st.ep response [41][47][,55][72]. 

This ('ffect ran \ll' at.tributed 10 a. small inhibitory effect of horizontal cell signais on the 

cone output (Sl'P Figure 2.3). Skrzypek avoids the oscillation problem by iterating the 
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computation until the cone sensitivity stabilizes and t.hen r('-comput.ing 1 hl' output.s of t hl' 

cone and horizontal cells. Although the Tllml71er in which conl' l'dIs adjust. t.lll'ir s<'llsit.ivit.y 

may be different than the simpl(' il('mt.ive scheme pl'Oposed hy Skrz~'p('k. allalomiral and 

electrophysiological evidence still points to horizontal cell feedhack as t II{' 11I0St. likl'ly SOtll'l'(' 

for the fast sensitivity adjustm('nt by cones. 

Subtractive inhibitory feedback [rom tll(' horizontal ('pl! siJ.!,nal h.ts lit.tlp ('If('ct. 011 t.h .. 

cone adaptation state but serves to sharpen the cOlle signal 10 lI'al1siel11 l'hal1f.!:{·s in the input 

while reducing the cone output hy a small fract.ion (:-;ee Fip,lIll' 2.:1) [21J .. JudJ.!,inp; hy.'yl' 

from the figure, the horizontal cell signal appears 10 diminish l!t(' ('OI\(' J'f'SPOIlI'>(' Ily 110 11101'(' 

than 10-20%. 

In summary, two mechanisms (pigment hl(·achillg and hori7.0lIt.al ('(,Il ft'pdh.II'k) Mt. t.o 

modify the cone sensitivity 1.0 mat.ch t.he local spat.io-t,f'llLpor.d il III hi(,llt illlt'lIsit.y. 'l'lu' !tOI­

izontal ceil feedhack signal act.s to provide information ahont. thl' :-.p,ülrll .1II1hit'1I1 illl.t'lIsily 

while pigment hleaching, localized 10 siu/!,Ie t'OIH'S, (ll'Ovid('s illfollllat.ioll aholl1. I.h.' 11'111-

poral ambient intensit.y. The spatial and tf'mporal éllllhiPllt int.('lIsity si/!,lIals lIIay 11\('11 ht' 

combined to adjllst the sellli-~atl\l'at.ion paramet.f'r in t 11(' l'Olle sa t.1II a t.ioll fllllrt.illll. 

In addition ta gain changes wit.hin the con(' phot.oreceptol's whkh ,lIljllsl st'lIsit.ivit.y 1" 

illumination and cont.rast, other adapta.tioll mechanisllIs t.ladl' oft' visllill .tt'lIit.y fol' .lhsollll.t' 

contrast detectability. SOllle of t.h(>se mcchanisIlls an' hplit>vPcI ln O('('UI' al. III(' COTI l' Ipvpl 

and will be disctlssNI next.. 

3.3.5 Visual Acuity and Adaptive Cone Coupling 

The presence of p,ap )nnctions hf't.wc<'1l cOlles ,tnd 1 \1(' t/itpd couplillp, 01 lIt'i~hhollllllp, (Ollt'I'> 

is well documented in t.he periphel'Y [1:3][.I!)), Becl'nl anat.olllÎ! al t'VIt/pllI t' Illdicat..·s t.hat. 

there are ga.p jllnctions hetw('en cOlles (a.nd 1. hm-, conp 1011 phil!!,) III 1 hl' lovpa al'> wl'lI [(i7). 

The fllnction of cane ronpling is l'>t.ill 1101 wf>1I IIlIdpJ'i'>t.OIHI. 0111' l'>(H·(,III,tt.ion il, t.h,lt. 

cone-coupling plays a l'ole in maintainin/!, a certa.in miniIllulII 01lt.]>1It. ~i/!,lIill-l.o-lI(Jih(· 1 a,tio 

(SNR) in the cone system over a wicle ran/!,<, of inpllt iIIulIlillatioll lt'vl'ls. At illllmillat.ioll 

levels near the ('One. tlll'f's/wld (~l troland), the noiflp due 10 fln< tllat.iollfl ill 1.h(' photoll 

catch and spontaneous l'OIH' pigmcllt isomel'izatlons ("dal'k 1I0j:.,(''') is ('0111 pa.l ahll' 1.0 1.111' 

signallevel [70][81J. Couplinp, of cane big,nals at. I.heflc illnll1l11a1.ÎolI Il'vl'ls wOllld illlflJ'()Vf' !.II(' 

reliability of spatial contrast det.ection hnt. al. t.he l'xpense of cl l'/!,I ad('cI viSitaI t1f'lIit.y. 'l'hl' 

input SNR increases with l'ising, illumination ll'vf'ls so that al. hl'ip,ht. illnmillat.ioll illtplIsitips. 

improvements in bath vislIal acuity and contrast scnblt.ivity ,UI' J!osbihlp wit.11 iL 1'(><llI('I'd 

degree of cone collpling . 

Although the largest chan~es in visual aulÎty oe(lII al. hcotopÎr illlllllillatioll Il'vl'ls (WIH'1I 
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the rod system is active}, visual acuity improves by an additional order of magnitude in 

the photopic range (when t.he cone system is active) [65][7.5]. Psychophysically measured 

visual acuity for the cone I>ystem Ilsing "Lanclolt ring" stimuli is shown in Figure 3.4( a) 

[liSJ. With increasing illumination levels, visllal acuity quickly reaches a plateau of about 

2.6 min- I [fj5J. This corresponds to an ability to resolve a Landolt ring gap wieIth as 

:,mall as 23 sec (2.4 Ilm) and is comparable to the spacing of foveal cones (;::::: 2.5-2.7 j.lm). 

Howevcr, FiJ!;lue :1.4(b) shows that at low photopic illuminations, the minimum resolvable 

gap llIay nced to span several cone wiclths before it can be detected. Tsukamoto suggests 

t.h;ü t.he improv<'rnents ohsl:'rved in visual aCllity within the phot.opic illumination range 

rnay be part.ially due to changes in the degree of cone coupling [6iJ. 

Barlow suggcsts that visual aCllity at thl:' retinallevel is inversely related to the size and 

:,paring of t.he l'l'('{'pt.iv(' fields (R F) used to sample t.he imag,e [2]. In the fovea, there is a one­

t.o-one colTt'spon<!PlI('{' Iwt.wP('1I cones, lllidg,et hi polar cells. and midget (P) ganglion ceIls 

.lIld thlls t.ht' spadll/!, of t.heil rcceplive fields h, determined b.v the colle spacing. At its input, 

l'itch midget hipolar synapses Ollto a. I>ingle cone wldle contactinp, a. single P-typc ga.nglion 

ccII al. iLs output. [.l9]. This sllggests that the diameters of the centre portions of bipolar 

and ganglion c('11 H F's arc pJ'l1l1arily determined by t hl:' pffective RF size of cones which is 

in t.urn rontroll('d hy the deg,ree of co ne coupling. The smallest primate P-Iype ganglion 

«('II RF ccntres IIIcasllred t.o date (al. bright illuminations) have diameters of 10 J1-m (3-4 

cone spacings) [28J. This indicates l.hat even at bright illuminations cones may be cou pied 

to illllll(>(liat.e neighhonring cones of the saille spectral type. As the spacing of the receptive 

fields is fixed, 13arlow's hypot.l\('sis illl plies t.hat. visnal acnitv at. t.he l'et inal level is inversely 

relat('d 101 III' size of t.he g,anglioIl n,Il rpcept.ive fields. TIIp drop in visual acuity in the co ne 

:-.y:,t.elll for illll minat.ioIl Il'vl'Is hl'low 1000 t.rolancls mav t hus he pxplained by an increase 

in 1.11(' 1'01\]>lin/!, of 1'011(':; Ipadin/!, to larger ganglion cclI HF's[6i]. It Ital> I)('en report.ed that 

peJipheral conps lIIay !Jp couplcd for distances nI' to 50llIll (I:'quivalent 10 20 foveal cone 

wldths) riO], .1IIc! t.hus il is nol IIllcouceivahle that foveal coues may also con pie extensively 

at \ow pholopie i111\l\Iinat.ioll \('vels. 

3.4 Post-Receptoral Mechanisms 

Althollgh it is {·vidcnt. that a large part. of the gaiu control in the letina is performed at the 

phot.on'Cl'ptOI I('vel. 011H'1' l'('t.inal nelll'ons also play a vital role. The non-receptoral mech­

anisms iuvolveel in l'ptillal adaptation include modulation of horizontal cell receptive field 

sizcs, lat.eral in hibitioll ftt. the hipolar ceU level, and amacrine cell feecl hack fol' modification 

of ganglion ('('Il ouI put.s . 
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Figure 3.4: Visual Acuity vs. Illumiuation Leve!: Figurl! (a) HIJOWH I.I/(' 

variation of visu al acuity with respect ta thc log ambicnt IIlu/IIlliatioll levpl for 

"Landolt ring" visual stimuli. Visu al acuity is mcasurcd 111 Inverse minul.r·s of an 

arc subtended by the gap in the Landolt ring. The peak acuity value of ~ (i min- 1 

corresponds ta being able to detect a Landolt ring gap size cqual to LIli' c:one spaC:lIlg 

in the fovea. Data (unfilled circles) re-plotted frorn Thomas [65] (with perrnÎfmion of 

Academic Press (91979). The .'lame data is shown again in (b), wH,h the minimum 

resolvable Landolt ring gap spacing (rnca.'Jured in terma of cane spaclng) ploUed 

against illumination leveJ. 
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3.4.1 Lateral Inhibition at the Bipolar Cell Level 

I~ach hipolar ccII essentially performs a difference operation on the cone and horizontal celi 

inputs. Since the hOI'lzontal eell signal is a spatio-temporal average of the local cone signais, 

the hipolar ecIl operation apparently serves to suppress the "de" signal from the input. This 

perruits the hipolar eell 1,0 hp Vf'fy sensitive to slllali contrasts in the scene and to signal 

this information with a high gain [ilJ. It is at the hipolar celilevel that the center-surround 

éLntagonistic receptive field properties emerge. 

ln addition to roding spatial contrast, the bipolar celIs also code temporal contrast. 

Horizontal cells havp a larger integration time constant than cones [17H40]. In addition, 

horizontal ccIl signaIs are slightly delayed with respect 10 the cones at the bipolar celilevel 

[/17J. This rpslllts in a spatio-t.emporal difference signal being compllted clt the bipolar ceU. 

Il il' lik('ly that the degrep of spat.ial and temporal contrast tuning, of the hipolar cell adapts 

wit.h tinH' and 11IC'vailing ~I!!,nal levels. Over most of its range, the bipolar celI is lineal but 

pxhihits sat.1Iration for large confIast signaIs. 

3.4.2 Modulation of Horizontal Receptive Field Sizes 

The horizontal ('('Il 1 ('cep! ivp field size il' g,reatly extended to beyond its dendritic spread 

h.y f'lectrical collpling of iii!!,nais 1 hrough gap junctions betwpen neighbollring horizontal 

('l'II:-. [·10]. At. le,lst. t.wo compol1('nts seem to contributp to t he modulation of horizontal 

('(,II l'p(·('Jll.ivp field ~izes hy lIlodifying 1 he condl1ctivity of t heiI gap jll11ctions. Dopamine 

1 pl<',tlil'd hy in I.l'I plpxifolIlI (IrX) Cl'lIl' which feed hack to holÎzonl al ceHs il'> one factor known 

10 IPdIlC(' t.IH' holÎzonl <tl ('(lllle('('ptlW' field size [(jRHïSJ. InCI'easps in h<tck/?,round illumination 

.IH' M'cond factor )..nowlI to {',IIlM' ledllctioll in horizontal cell rouplillg althollgh the ('xact 

IIIP('hanislll IS IIn)..l1own [1]. Fi.!,\llP :~.i !.hows schemalieaHy the anat.olllicai wiring of the 

int.('( pll'xilorlll ('l'Ils in 1 II(' I('tina. 

lPX rdls hav(' faidy lal!!,e Il'('eptive fields and receive t.hplI' input. from 1 he outputs of 

!'.l'v!'ral hiJlolar CI'lb. :h disclIssed ahove. 1 he bipolar cell 's output pIimarily l'epresents a 

:-.pat.io-t.Plllporal «(lnllas!. si)!;ual hy virtne of the diffeIencÎng opelation peIfOIl11ed on the 

COll(' ,1IIe1 horizonl al c('11 ~i)!;nals. Thus hoth flickering ligh t (laIp,e tempO! al contrast) and 

slMI ial pd!!,es (lar!-!,!' sp<tl lai cout! ast) l'Iicit large hi polar c('1l outputs. Consequently, IPX 

n,li .trtivi ty and 1 h(' 1 ple<tse of dop<tmine hy these cells is also likely Îucreased in these 

1 <'!-!,IOI\S, 1 PS1I1t Î III.!, in 1 h<.' 1 pd Ilrt ion of horizont<tl cell COli plillg. This hypothesis is SUppOI ted 

h.\' 1> t ud il'!'. 1 ha t. s ho\\' in CI (,i\!.pd 1 ('Il'a~p of dopamine by i Il t erplexifoI'Ill cells iu lish in response 

III flick('('ill/!, \'I!.\Jrll :-.1 illluli [GH], 

.\ risl' ln hack!-!,lOtlllll illumina,tion i!. another factor J..nowIl to Iednce the !.ize of horizontal 

1 l'Il 1 t'l'l'pl Î\'P tipllb [Il Inl <'l'Jlll'xi fOlln {l'Ils appear to release dopaIIllIle under tlickering 
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Figure 3.5: Illtel'plexifol'lll Cell Fpedbaek: '1'1\1' fiJ.!;lIrt's :-.how:-. :.< 1\1'111.111< .dly 

how interplexlform cells recelvt' "'put. from hlPolar ('l'Ils and h.lv!' rl'l'dh.H·" p.11 b 10 

horlzont,al cplls St.lmulat.lon of illll'rpll>xlform ,1'11:0: r<'lpa.'ws dOp.IIIIII!!' wltlch rt'd,,;p:, 
the conduct.lvll.y of gap ,1UUct.lOlIS betwl'l'lI hOrIzollt.al ('('lIs TitI' 11'</11<"1'<1 ~pll'.\(1 01 

sIgnais In t.hp hOflzonl al œil layl'r pll't'rt Iwly, rpdurl's 1 hl' "I,W of 11\1' Ir Or!ZOIl 1 ,II (dl 

receptl ve fields 

stimuli (or high spatio-temporal eXCltat.ion) and \1I\(lel plOlol1~('d d,ll'k ,\(I.lpt..lt.IOII but. ilOt. 

for steady background illumination [liS][ïR]. Psychophysical 1('1.ts ,dso :'IIPIH111. IhiH notioll 

as visnal acuity is known to Ibe slowly wit.h rising illulIIinat.ioll h'vrb [ï!i] [(j!i]. 'l'hl' l'xact. 

mechanism which causes t his ('{fect on horizontal l'pli ).!,ap j 11111'1 iOIl 1 olld IIct.i vi t.y b st.ill 

unknown. 

'vVe caIl thus pledicl that ,l hOIizollt.aJ c l'Il':.. l'I'cpptivl' lipld ~ÎI.P ~lt()llld 1)1' fi 11l1lrt.ioll 01 

both the local ~pa.tio-tplIlJ>OIal rontla!>!. alld Ihf' local h,Uh/!,IOlllld illlllllllldtlOIl "«ll'a~(' 111 

either of th«:>l>p two siv,uab (,IIISP:' ,l IPclllttÎOII in loral IlolÎzolIl,d (l'll (ollpli,,/!, I-'I/!,IIII' :~·1 

I>hows how visual aCllity va!Îl'h \VIth h,t< k/!,l ound illllllllll,lt.ioll Il'vI''- .h .11 IIit y Il> IIIVI'I,>plv 

related to the size of t.he COII(' alld hOlizontal ('l'Il II'I ppt.ivp lipllb. tlIl!,> illlplil'1. that. ""t.1I 

cone coupling and horizont al crll lonplinp' ,lIlapt 1.0 t hp lOI ,d h,lI k/!,loillIII JlIIIIIIIII,Ll.lolI Il'w·1. 

3.4.3 Amacrine Cell Effects 

Although little is kIlown ahollt. th!:' fUllltiollal loll'H of t.ltl' III.LIIY valll't(l'~ 01 ,lllIac 11111' (I·11n 

found in the primat.e l'rtina. il i!> c!pal 1 Itat. t lH',v play an illI(H)/ l.al1t 1011' JlI ..,ip,lIal /IIodlllat.iolJ 

in t.he inner plexifolTIl lavPl jlld!!,ill~ /'10111 1 Itp larJ!;1' nllll1l)!'1 of !>YJlap!>l'!'> ,1 IIIOII/!,'> 1 ,l/JI,L( 11111' 

ceUs and ganglion œil!> of thp Magnorrlllllal' pat.hway (~:I·('elb) 

The situation is rOInplicat.ed by thp illclPdihly I,u~p valÎl'ty 01 aJl'lt.olllll,dly dJl>t.ill/!,lIll>h­

able amacl'ine l'plI types. FUI t hPI mOI r. t.)WI (> aI e pOl>l>i bll' pi tfalb 01 ).!,1·"I'"rlil.ill~ ,l/liaC ri III' 

cell function from !>tuelies pl'Ifol'Ulf'd 011 ot.hf'1 iiprci(~!> tn plÎllIiLl.P<' dl)l' 10 la.i/.\(' illt,I'IH(H'(JPI> 
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3. ADAPTATION MECHANISMS IN THE RETINA 
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Figure 3.6: Motion Stimuli and on-off Ganglion Cell Output: The fig­
urp. shows 071-ofJ ganglion cell response to variation in centre spot intensity in the 

I,cst stimulus IIndcr two conditions. The test stimulus consists of a bright centre 

spot surrounded ?y a windmill pattern. Spinning the windmill test p~ttern leads 

to increa.'lcd amacrine cell activlty (not shown) and decreased on-off ganglion cell 
ad.Jvlt.y a.'l comparcd t,o a stationary windmill stimulus. The decrease in on-off 

ganglion ccII activity is attributable to inhibitory signais from amacrine cells [74]. 

Figure from Werblin [74] @Rockefeller University Press. 

differC'll<:Cs. Amacrine ccII synapses to ganglion cells seem to be more prevalent in visual 

systems in which "exotic" properties are exhibited by ganglion celIs. Thus, amacrine ceils 

ha.ve ortf'll heen implicated in the formation of complex receptive field properties at the gan­

glion ('cil levC'!. In primates, the receptive fields of retinal ganglion cells are quite simple, 

wit.h llIort' cOlllpl<,x visnal processing occurring at later stages. ln primates, there are rela­

t,ivply few f>yllapscs bet,ween amacrine ceUs and ganglion cells of the Parvocellular pathway 

(P-('plls) as ('OlI1pared to the larger number found for sorne M-cells. 

M-('(%; accollnt. for about 10% of the total ganglion ceU population and are generally 

III 0 1'(' spnsitive 1.0 motion stimuli (higher temporal frequencies) than P-cells. M-cells may 

abo ho dassilied into two suhtypes based on their response properties, Mx and My [57]. The 

lIIajol"il.y of M-cells (AIx, 80%) are like cat X-ecUs in that they perform a linear summation 

of signal~. ft Ïh the remaining 20% of M-ceUs (My) that exhibit nonlinear behaviour like 

t.hat of ('at. Y-('(,lIs. lt is likely tha1. this smaU fraction of My-cens receives the bulk of the 

alll'HTinp-to-ganglion cell input [57][47]. 

St IIdi('~ hy WNblin in the llludpuppy [74] indicate that some amacrine cells respond to 

tplll!>oral chang('s in visllal stimuli. Furthermore, these amacrine ceUs provide inhibitory 

slIl'l'Ound input 10 on-off ganglion ceUs. Figure 3.6 shows the change in respOllse of thc 

oll-olT p,a nglion ('dl i Il t hc lIlud pu ppy d lie to a spinning disk in its RF sUITound. Motion in 

t Il<' su rl'Oullll fil,ld of t. he OH-off ganglion ccli l'cduccs the potenl.ial of these ganglion cells as 

\\'l'Il as IhpÎr liring l'atC's (not shawn). This inhibitory effect is directly related to an increase 

in 1 ht' alllacrill(' ('('Il out put for t Ill' spinning wheel stimuli. 

53 



• 

• 

• 
-------_ .. _--

3. ADAPTATION MECIIANISMS IN 'l'HF, IŒTINA 

These on-off ganglion ceUs are in Illany respects lI1uch like t.he primatl' M}- -("l'Ils. BoUt 

are tuned to temporally changing stimuli, and respond t.ransicnt.ly to maint.a.incd visual 

stimuli with a high contrast gain. Both also have considerable input from amacrinl' ("('Ils. 

The outputs or My-ecU ganglion cells are Illodulated by inhibitory surroulld n\t'rha­

nisms at two levels. In the outerplexiform layer, horizontal cells providl' an inhihitory 

spatio-temporal "average" signal which removes the "de" signal fmm thl' input. At, thl' 

innerplexiform layer, the output of My-cells is further 1Il0dulated hy inhihitory input. fl"Om 

amacrine cells that respond 1.0 motion stimuli over thdr large rerept.ive fi<,lds. 

3.5 Summary 

Adaptation mechanisms arc found to act both at the photoreceptor Ipvel and il,t. sllhs('<!u('nt. 

levels in the retina to locally modulat.e the scnsitivity and arllity of t.he syst.em 1.0 mateh 

the prevailing lighting conditions. Mcchanisms that adjllst the scnsitivit.y of photOI·('("Ppt.ols 

and centre their response range based on the background iIlulllination Ipvel inchtd(' phot.o­

chemical pigment bleaching and fast neural feedback from horiwnta.1 rclls. At. t.he hipolar 

cellievel, lateral inhibition serves to cmphasize spatio-tcmporal cont.rast. in t.hp vif> Il al signa.I 

to suppress the output in homogencous regions. 

Adaptation mechanisms also act to adjust the acuit.y of t.he visual sYS!'1'1I1 t.o lIIatch t.h!' 

prevailing lighting conditions. As iIIuminat.ion levels increase, Ut(' signal-t.o-noise ratio or 

the system also improves. In responsc, th<, retina modulates tlH' siw of C'OIW a.nd horiwllt.al 

cell receptive fields by modulating the cone-cone couplill{!, and horizonta.l ('elllayer wllpling. 

Horizontal cell receptive field size is also modulatcd by l'cpdbark frolll int.l'I'plpxifol'lIl cclls 

which respond to high spatio-temporal contrast in th(' input signal. 

The next chapter presents a simple retinaJ mode! which in!'orporatps t.h(' adapt.a t.ioll 

features discussed in this chapter. 
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Chapter 4 RETINAL MODEL 

Thb chapter P' PilPntil a. retinal moclel whieh has been developed and based upon the retinal 

I)iology a.nd ,eti /laI adaptation discllssed in the prcvious ehapters. The model fulfills the 

J!,oals set out at t.he beginning of the thesis in that it mimics many of the adaptive properties 

round in hiological ,eti/las. The model is also fairly simple sa that a silicon implementation 

I/Iay he eonsidered in 1 he futlllc. 

This chapter starts with a VNy brief slllnmary of existing silicon irnplementations and 

romputer model~ of the !<,tina. The remainder of the chapter descIihes bath the theoretical 

,1IId i III pll·IIlPlltat.ional aspecl!> 01 the computel' l'rima mode!. The presentation of the model 

b i/l 01 dpI' of 1 hl' infol'Illation /Iow 1 hrough the !etina. FOI pach layer of "eeHs" III the 

('rJ1I1PUIr'T' /'l'flTlfl. 1 Il!' (Oltl pu 1 at.ions peT fOlInec! at. 1 hat 1,1,\'1'1 ,li e c!pscn hed. as \Vpll as the 

.ISSlIlIlpt.iollS alld ~ilJJplifiral i()n~ Illade in t Iw mode!. 

4.1 Existing Models 

TheIl' h,lS bP(,Il IlItl< It 1('('Pllt i/lterest in developing artIficial l'etlllas. Mid a few groups have 

.dl'Nldy fahl'ieat ('d silieull (hips [:3!JJ[:H)j[5:J][(j(j]. In addition. llIany computer 1Il0deis have 

1)('('/1 devplojlPd [Il][IO][2fi][5Sj[ïï]. Each implementation 1II0dels certain specifie aspects of 

1 II(' IPI in,ll fUIlet ion and mOilt i/lCOI porate nonlinpal or logarithrnic Iransduction at the pl1(\-

100(·(,pptol l('vpl hlll Ilot 10('al ad,lpl atioll. To date. Mahowalcl's Adaptzvc Szll('()T! Rcil1lfl [36] 

b 1 h(' onlv dpvl('(' wit h locall.v ,Hlaptive photol'ecpptol's. Lat.pral inhihition 01' a differeneing 

0!l('/'il t.ioll al. PlI h!'! 1 h(' 11'( l'pl or or il Sil hse(!llPllt levpl b anot hpl' (OlIlIllOII l'pat me round 

ill III0ht 1Il()(lpJ:., [~I][:.Hi][:3D][(j(j]. Onp lovpated sP1Isor dl'sig,n ap}>lOximatl's 1 he 1Io1l111lilor III 

~,III1j1ll11g ~('h('lIl(, PlIlplnyed ill ll1e ll'tina [.):3] bllt. ig,llol'es t'mther aspects of l'plillai pl'oeess­

Il 1 i!,. III /!,('lIl'l'al. lIIoMl IPlillalnlodpl illlplellll'lIlations. whethel' in w[twalc or in ~ilicoll, lill1it 

1 h(,/lt~l'lV('s 10 lIlillll('killg, 10g,ill'il hmk transduction and I,lteral inhibition hul ignore ot.her 

.1~I)('1 1 h (If l'I'I in.11 pl o(,I'~~ill/!, sudl tlS tldapt atioll of l pcepl ive field (HF) size!> \Vi t Il illumina-

I Hlii Il'v!'1 III lOI ,d ~pol 1 io· 1 ('TIl pOl al conl rasl .. The f'xceptions lot his are a roc! hvst.em model . 

hy ),pllott [SI] ,II \(1 .1 11\0("'1 fOI ,Ill adaptive gaill control Cilmela hy Zeevi [S2]. III Zeevïs 

dI'SIi!,Il •• 111 hotlg,h 1 h(' H F ~izl's of "Cl' Ils" inCI'ease wit h illumination I('vel, t his b the 1 evprse 

01 \\'h.ll 0111' \\'ollid l'X(lI'('1 if \'istlal tlcuity l'ilWS with hl'ighter IHumillation Il'vels. Table ·l.1 

~hll\\ ~ 1 hl' It'a 11111'<; III 1 hl' IHoloi!,lcal Id illa 1 hat. ;u e ineorporated in !'(teh mode!. 
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Retinal Feature Model Characteristics Models 

Locallyadaptive 
Pholoreceptor gain is adapled [Ch:U1g. IlJlJ 11 

photoreceptors 
ba'icd on local changes m 1 Mahowald. 199 Il * 
ilIummation Icvel. [Skrylpck. 11)901 

[Doahcn. 19911 
Cone couplmg Cones are coupled to neighbounng [Chang. IlJ!) Il 

cone!. and Clm elfcct thcir OUlpUI. [Yagl,I')X!)1 

1 Curlanllcr. l '}X21 

Honzontal ccII Honzonlal ccII reccpllvc tield !.uc IS [Doahcn. 19') Il 

couplmg cxtended by pa!.!.ivc sprcad 01 the [Mead. I!)XX 1* 

!.ignal through gap Junctlon), 10 [Mahowakl. l 'J'} Il * 

ncighhounng hOf\7onlal cell~. ICllrlandl'r. 19X21 

Modulation 01 Co ne and Honzonlal ccII reccpllvc ['l'cHoit. 19X71 

recepuve tield tield MZCS arc adaplcd 10 chang mg [Zccvi. I4JX') 1 

... lzeS Wlth changmg illum\llalJon level~ 

ilIuminaIJon Icvel 

InlcrplexIlonn Fccdhack from \Ilner plexllonn 

ccII Icedback layer hack to the ollierplextlonn laycr 
dnven hy ~paliolemporal conLra~1. 

Log-polar ~mnphng lUld hncar 1 Wlbou. 1 (JX11 

ïovcaled smnphng 
vanauon ot rcccpllvc tic Id !lIIC WIUl 1 Y a III a III ( 110. 1 1)c}2 1 

llIcre:L'iJllg cccclllflclly. [Sandllll, l ')X'JI'" 
[I~nlcr, l'J'JOI 

Spatio-tcmporal Incorporalcs !.pallolcmporal properllcs [1 :ICCI, Il)X21 
properltes of both P and M Iype ganglion cclb [Rlchlcr. l ')X21 

Table 4.1: Summary of rPl.lllal fpaturc'~ wlllch ar/' IIIrorpor.lIl'd III plll1ll.,III'<I Illod,·I" 
of t.he rptma Clt.atlOns followpd hy '" IIIclIra!.!' tho~l' 1l1(Hll'b Wllll Il MI' ll11pl"IrH'lItC'd 

In sIlicon . 

.l(j 
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4 RETINAL MODEL 

4.2 Implementation Overview 

Tlw ('omTJuta 7'cima model presented here is in part based on the spatiotemporal Centre­

S1l7TOI17UJ operators (CS) presented hy Fleet [24] and clescribed in Section 2.6.5 of this 

thesis. The CS opcrator is essentialIy a spatioternporal difference-of-Gaussians operator 

which descrihes some of the receptive field (RF) properties of ganglion celIs but ignores the 

nonlillcar transduction and adaptation occurring at earlier stages of retinal processing. The 

hu ilding hlocks of the CS op<'fator (a Gaussian operator (C) and an exponential lowpass 

t.elllporai fi/ter (K)) are l'cferr('d to often in this chapter. and thus, for convenience. equations 

(2.1) - (2.6) dcscrihing t.he CS operator are rcpeated below: 

wll('l'p 

, l -lrl 2 

(,(r;a) = --}, exp -
2 

1. '2'rr('f , ('f 

{ 

~ exp (~' ) 
K(/;T)= 0 

if 1 2:: 0, T > 0 

if t < 0 

an (1.. = HF cent.re and sllrroulld Gaussian widths (Jlln) 
(tr, /l, = wPightin/!, of centre and sllrround input.s (both set. to 1.0) 

= ('l'nt.rc tlnd Sl\llOlllHI HF time constanti> (ms) 
= SUI'I'OUI\<I tillle delay \V,r.t. ccntre (ms) 
= :lD ~pati,ll position vpctOI r (l'Ill), ,wd lime f (nu,) 

(4.1 ) 

(4,2) 

(4.3 ) 

'l'III' Il:-.(' of ,1 :-.P,IIIOI 1'1/1 pOl al diflPI <'IlCl··ol-Gaussianh Op('J'{l tOI' t 0 dt'5( rihe t.he strllctl\l e 

.11\(1 d~'n,llIIi( h of hipol,1I .11111 /!,'lIlglton cdl HF's is lII<tllltailled in the /'IJTn]Julcl' l'cima as 

il i~ simplp \'<'1 ~IIII df'~(rillP~ lIIan,v of the plOpelties of thl'sP ('plIs [:nj[2-1][:Hj[47]. The 

disti II/!,uihhi II/!, Ip,ll.llI l'h of 1 hl' present modcl al e its various adaptlvP properties that deal 

\Vit.h ilillmillalioll ('()uditiolls whirh lIIay Véll',Y over heveral ordeIs of lIlagnitude. These fea­

IlIr('s inrllldp local /!,ilill dlélIl/!,l'S al the photol'!.'ceptoJ' lev('l as wpll as adaptation of celi RF 

:-.izes. Thp <'lIp('ts of illulllin,ttlon lpv('l and spatio-tempolai contIélst on the horizontal ceIl 

!!,ap jllnrt ion rondu ~t ivit~, and <ll1H' couplillg are hypothesized and incorporated iuto the 

mode!. 'l\\'o 011 t pli t st !'('ams ;u e prod IIC(><I al. the ganglion celilevei to J'eprl'sl'ut the distinct 

spa t iol ('III pOl'éll [1',1 t 1lfl'S of 1 lu.' P·cl'll (prtrvo) and ~I -cl'l1 (I1la~l1o) pctt.hways. Fillaliy, the 

f'flt'cts of nOl1llllifOlIll \{'('l'ptoI sampling and linear vaI!ation of HF sizes with pcceutricity 

.11'(' .Il'(,Ol\lItl'd 101 lI~il1!!, .1 lo!!,-poléll lII,lppill~ scheme . 

l'hl' llIo(ld h,IS !ll'l'n kppl as simple as possihle while still emulatil1g many of the featmes 

5i 
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exhibited by the primate retina. Ta maintain simplirity. only 1 II(' wne llylltl'lll is nlllllidl'f('ti. 

The rod system and rod·cone interactions are ignort>d. F'nrtlwrmorl', alt.hongh cOII('S ,II'I' 

responsible for colour vision. only tlH' achromatic lUlllillancp inform,ttion is ronsidt'rt'd in our 

model. In the hiological retina, hipolar and ganglion ("l'US WlI\t' in two varieti('s, /IIHt'ntn' 

and off-centre, to code positive and Ilegativ(' cont rast lli~nals \"l'SlwcI i\'i'ty. BpCitllSl' 1 hl' 

computer can represent positive and negative values l'qually wpll, ,\ furt 11<'1 sim pli fi rat iOIl is 

made. In the model, only on-centre type hipolar and ganglion t'l'Il out put.s an' Al'lll'ra"c'd. 

th us effectively reducing the required nllmbt'r of outputs hy halL TlwH!' r'Ompu/CT l'dl/III 

on-centre celIs respond to both positive and negativfl coIII rast. l'qu,LIly \wll. 

The remainder of this chapter presents both the th('oret.ÎCal and COlllput at.iollal al-.p<'l'I s 

of the computer retina moclel. Brief discussions of how log-polar Il\.tppings aIl' IIspl,,1 1'01 

modelling the nonuniform sarnplillp, occurring in 1 hl' IPtillil.. alld 1 h(' adv,lllt flg .. s 01 ll:-.illg 

of a diffusion pl'Ocess to genelatt' Gallssian-wf'ightl'd r('("ppt.ivl' Ii .. ld:-. ,11'1' PIPSI'1I1"c\ fi l'st. 

The remaining sections follow the computat.ions )ll'tloI'IJH'd ,II. ('al'h 1,1\.'pl' 01 .. ( "Ils" ill 1 h" 

('omputer T'etzna Illodel. \Vh('1 evpl' (lo~hi 1>1p, 1 hl' III .IIlIH'1 01 r01l1 l'II 1.1 t.JOII III t la .. p.1I .lIIwl 1'1 h 

lIsed are based on J>l1hlished dat.1 ou 1'11111.1.1.1' IPtin,\s. '<Vh!'IP ill~III1J('\('1l1 data ,IIP ,IV,III.lhlp, 

any assumptions and simplifications !'hat. ale lIIade (lH' pxplicill.v hl..üf1d. Thp Illaill PIIIl'ha~ls 

of the model presented hel'e is t.o demonst.ralP how diffl'It'II1. adapl.tt iOIl III('challil-.llI~ pl,lY .1 

l'Ole in extencling the operating rall~e of t.he' primat. .. 1 Pt. III ,t. 

4.3 Nonuniform Samplil1g and Log-Polar Mappings 

4.3.1 Variations in Retinal Information Processing with Ecccllt.l'Ï<'it.y 

The advantages 01 lIsing a fovpatpd SPIlSOI' ill'/'av ,IJ(' cll'/!,l1pd by I\tOlltllH'1 [.~:!I. SIH ft .111 

approach offers a tlemendolls 1('<Iudion in t hl' dat.a t.hal 11111:-.1 1)(, l'lOI (':-'hpd bv ail "'lIh~Pqlll'1I1 

levels of the system \vllile ~tiH let.ainillJ!, ,l sma.H hil-',h-I"'l-.ol\llioll :-..lIl1plpd loVl',1. III '"l' 

hiological retina, the wnct'ntl'a.t.ioll of font' photo{(,(pplOI!'l i~ 1 Ill' 1 lÎ/!,h !'I-.l ill il:-- 1,,"1,11' (111/' 

fovea). This sampling dPlIsit.y dlops off pxpollent.ially flll 1'('('1'111.111 it.ip:-. \Ill 1" 1,1" alld t 111'11 

1Illlch more gradllally IUlther iut.o thp pPllphel'y. TIIf' dl'II!'1ity flf "Ih!'1 Il'lill.d (l,lb ,dhO 

matches the conr phot 01 ecppt.ol dh,'lÎlJll t iOIl t () h011l1' rJI'I-',I'Pf' III t hl' (1'111.1<11 1" r ('/!,IOII .111 HI Il ri 

Ihe fovea. the I1l1mlwr of g,mglioll ('(·Ib lIIéltC'h ,!tp HIIIIIIH'I 01 (OIl"S 1: 1 1111 "<I( il I)f 11\f' (Jf/. 

centre and oJf-celltre pathwayl-.. Th" I-.P)lctl'.Ll.1' OTl alld ()Jf (Ml.llwavl-. l':-'hl'lI1.l.dly f011ll t.wu 

overlapping samplinl-', lattic:es whIC:h l'lmbl .. t hp blolol-',iral )('IIII.L lu (oeil' 1'01 h Jlohitivr' .llId 

lIegative contrast. in the input !'lignaI. l'e!-.p(·C"ivl'ly. Oubid" th fovf'.l, bol.h t III' (0111' ,11111 

ganglion cell clensitips drop off ai> )>l'Oximatply l'XIHHII'lltially wi th (O( ( "111.111 Il Y (!'I('I' l' il!, Il 1 l' ~.H) 

[49J. The progre),~ively COillllel If'tinal ll<ullplilll-', wit.h ill(·Jl·'I!'IIIIJ.!, 1'1'1 1'lII.Jllily 1'0 1/1.11 ( Iwrl b'y 

linear inCl'eases in the f>ize and f>parinJ!; of 1f!C'l'ptlvP fi"lcb (Jf 1II0!'ll. (l'lb I·l!)]. lIoWI'VI'I, 1111' 
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hiJlolar and ganglion cell c1ensity drops off mu ch faster than that for con es in the periphery 

(~re Figure 2.8), and as a l'esnlt, the nnmber of cone inputs eonverging into bipolar and 

ganglion ccII H F's p,rows wil h ec..centricity [23J. The nonuniform sampling scheme utilized 

hy the retina. results ill a greal,N than one hundred-fold reduction in the number of outputs 

that would other wise be lequÏINl if t.he high-Iesolution cane and ganglion ceU sampling 

!oulld in t.he fovea was maintained Ilniformly ove!' the elltile retina [32J. 

4.3.2 Usefulness of Log-Polar Mappings 

Although one VLSI foveatf'd SPIlsor has been cleveloped, the Humber of photosensitive el­

PllIcnts in t.hat senso!' is rather small [,53J. Foveated samplillg may also be simulated with 

IIl1iform-sampling eco cameras hy using log-polar transformations on the input image be­

fo!'1' 1'111 the!' plo(,(,hsin!!, is IwrfoI'lIIed. In fflCt, log-polar mappings have been used by several 

Il'sl'flI'ch('rs 10 IIlodel th(' !('(,l'pt.ive-field :,ize and sampliu!!, dellsity \'ariations with l'etinal 

pccl'ntricity [50j[ï(i][i!}J. TIlI' motivation for such mappings is hased 011 t.he close fit of the 

log-polar lIIappiIlp,s of the visu al field iulo VI of the corlex [!j0]. Usinp, a foveated sampling 

~ch('mp fOI dat.a I(ldnctioll nol. only redllces the com pu tations required at the !'etinal or sen­

Mil I(,VI~I hut has ('vell gl eatN savings for aL flU thel visual processing. vVe also use a similar 

I,prhlllqut' for dat..t ledllction hased on Wilson's model [ï6J and implemented by Bolduc 

[0]. Fip,llI'e ,1.1 hhow!-> srhemalically how the input image is transformed hy the log-polar 

1. rallsformatioll lI~pd hy 1 he l'OTlL[J1ltel' rcll1la. 

The 10p,-pol,lI Il ,Lll~lonnatioll l'sM'Iltial di vicies t Il(' image into two spparate parts \Vith 

Ill(' III1Illhf'r of pixpj:, iIl (',uh II')!,ion apPloximatin)!, the lIumher of P-type gallglion cells in 

1 IIp fovl'a ,Llul t hl' pl'llpllPry (~('P Fip,\II'e.I.1). An i\f>f>llIlIptioIl i~ maclp heI'l' that the Iltuuber 

of pixpls III 1 hl' ori/!,llI,li ("lrlpsi,lIl domaill image a»pl OXIIll,tte t hp lIulllher uf colles ~ampling 

1 hl' Il'tinal Î1nag(l whpre<l~ the IIl111lhf'r of pixels in Ihe Iwo tIansfOlllled IIIla)!,t's (fovea and 

1H'J'ipllPry) Illal ch t!J(' IIl1l1dw[' of pot ype p;anglion c('lIs [iGJ. The l'oveal rpp,ioll is represented 

ill 1 Ill' original ('arlt'siall (ooJ'dinat('s ,wd if> an area of tlllifollll sampling, wherp for every 

p IXe! i Il t he III pli t i lIIa/!,t', 1 1 !l'Il' is 011(' 011 t pu t pixt'l. This !'egion models the 1: l 1 atio of cones 

III OlH'l'ut[,l' g,lIIp,lioll cells ill Ill(' (pntrallO of the letina. 

'l'hl' 1)('['iphPl'al IPgioll i!-> !->ftmplf'd along cOIlcelltrÎc rings of expollelltially increasing di­

,11II('tpl. 'l'Ill' Illllllh!'1 01 sampll's alon/?, each lin!!. is constant, while the dimensions of the 

~,lIl1plill/!, Il'I!,iollS /!,J'ow lilleally with ('('centricity. These aspects of the log-polar mapping 

lII11dt'l t IIP \'al iat I()II~ ill ~iz(' ,llId ~pacin/!, of receptive fields of most rt'tinai cells \Vith increas­

IIII!, (,cl'l'nlilcitv [il;]. l'hl' \'<lII\(,s ,1~si/!,lH,d 10 "pixels" in tlte log-pol'lI dOlJlain periphery 

data strnct1\l'P m,ly pitlwl bl' nblainecl from s1\bsampling the original imal!,e (taking the 

\',11111' (Jf Olll\' 0111' pixpl hOlll tlll' ()['ip,inal image in pach samplill/!, rp/!,ion), 01 hy computing a 
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1>lZe of 'lampll"ll r<j!,on. 
ln xy-domo,n ,l11li1\" 

0" 

y 

0-

"'rlph ... v 1)0'0 

....... p1 .. h 

' ..... ' ..... npil ... 
l .... rI·P~Rj .. , 

1(,0 

Figure 4_1: Log Polar Mappillg: TIlt' figllrl' .,l!ow:-; ~dll'lII.11 f( ail\' how 1 III' ""/!,­
mal IInagp Il> hrokPII down 1111.0 fO\'pal and IH·nplll'r.ll II'/!,IOIIS IISIII)!. 1I()lIllilillIlllI 
samplIllg. The fovpa (:.hadpd reglOll) IS rl'prpsl'lIt.l'd hy il ~1I"11l (11'('111.11' It'~I()1I 1 hal. 

IS lImformly sam pied Out.llIdp 1 Il!' fovpa 18 a pl'rlpllPral II').!;JOII I.hal ('(lIl~I~t.:-. ,,1 11111l­

ally concentflc rmgs whose dlamel.ers scall' pxpoIII'III.mlly Wlt.h 1'(','1'111 finI y (r) TIlt' 
number of samphng reglOns per ring are fixt'd wlllie 1 III' dIlIlPIISIOIl~ of t III' :-'.11 Il pli Il}!; 

reglons grow IIIIParly wlt.h pccentflC\t.y (1') This 18 l'qlllvalf'lIt. t,t) a 10~-p()laJ' t l'.IIIS­

format.lOn [if>] The peflpheral dat.a are reprt>st'lIt.ed III the lo~-pol.tr dom.lIli wllllt, 
the foveal data are rt'presf'lJt.ed ln t.11P hllt'ar-C.utl'siali dO/lI.l/Il '1'0 ~l/lIpliry t Ill' 
cornput.atlOns, bot.h t.ht' fovpa and pt>l'lplll'ry d,II.1 :-.I.rtl! t,lIrl'~ .lIl' t'xlt'lIdl'd "" t,II.II 
t.hey shghtly ovpclap earh ot,llI'r 

rD" ........ 
lu"rl., ~,," .. , 

wpighted avelelge of etH thl' plxl'b trom tlJ(' OII/.!,llI.ti illl.J/.!,1' «()III..IIIIPd III th,· "'''Illplill/.!, l "/.!,IIlII, 

By ·'averagin/.!,·' the original ill"t~<' pixpj v.lllles OVI'I 0111 1'111111' i'>.llllplillJ.!. 1 l '/.!,IO Il , 1111' (OIlVI'I­

gence of cone inputs int.o gallglioll ('pll H F'i'> f()1)lId in t hl' plllll.lt." Ipt ilia 11I'llphl'l y /J1.ly Ill' 

partially accollllted for illlmediat.ply at. t.hl' illput. S1..I/!,<' T"t' salllplillJ.!, 1<'/.!,IOllh Illay Ill' 1I1l1l­

overlapping annulaI sPgIIH'uti> (as showlI in t ht' l''i~IIl'(l '1.1) 01 (il (1I1al 1l'/.!,i(l/l!'> (1I1l1. "/'OWII 

in Figure 4.1) which slightly ovprlap l'adl ot.llf'l. Bot" h.tlllplill/.!, ~("('IIII'i'> .111' !'<lIIIV.II!'II1. tn" 

log-polar transformation [7(i][ï!J] and t.h1ls ('('i'>lIlt in il. 11111<" lllOIf' ('OIIlJW t. ll'l)JI'~I'II1.".11l1I of 

the visual information. Wp IItiliz(' rÎl'clIl.lJ'ly hhalH'd, C.'II1>i'>ia,lI-wl'ig"t.l'd êta III pli Il J.!, l "/.!,l()l1~ 

to model the inCl'pasing COIlVPIW'IIC(' of COlU' illfol'lllat 1011 IIJfo /.!,,,"/.!,Iioll ("II 11'( ('pt ivl' fi"ld!'> 

\VIth increasing rf't.inal ercelltricit.y [<1!)] . 
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4.3.3 Computational Considerations 

Using a log-polar transformation offers other advantages in addition ta a reduction of data 

ffJquired to he pI'Ocessed hy the computer retzna. It allows fol' easy decoupling of the 

processing of foveal and peripheral information. By extending both the fovea and periphery 

data fltructures so that they overlap each other ta sorne degree, information near the fovea­

periphery boundary is available in both data structures. By making the overlap region 

larger than the size of the largest operators used in modelling the retinal function, the 

proressing of the information in the two regions may he performed independently. 

In the model, the computations performed to generate the output of each computer 

T'e/ma "cell" are strictly local, r('quiring information from only the immediately neighbouring 

"('plls" (pixels). TIl(> latNal spread of information in t.he retina and the generation of ceU 

/pcepl.ivp fiplds is 1Il0delled IIsin/!; a discret.e. it.erative, diffusion process in which a smaU 

·'npl'J'flI.OI''' l\~ill/?, only local ncighbourhood information is lepeatedly applied (described in 

~I'rt/Oll ·1.·1), TItp 10< alnal.nl'P oj informal.ion plOcessin/?, in the ret.ina makes working in the 

IOf.!.-polal' <10111<1111 ,l<IVallt.af.!.eOlls and /?,reatly simplifies the implf'mentat.ion 01 the r011!1wlrr' 

l'f'! l1! (l, FOI' l'xampIP. III titI' hiolo)!,ical ll'tina. the diamet.ers of grlllgiion cell RF's are known 

t,o ~<alp ,lpplOXIlllately linl'arly wlth ('ccent.ricity [,19]. To model this in the original image 

dOlllain would )p<!llin' chan)!,ing the size of aIl operators with eccentricity. However, in the 

lo/?,-polar dOlllalIl. opprator sizes are alltomaticaIly scaled linearly wlth eccentl'ÎClty [50][76]. 

Using t1H' S,tille operat.or in the log-polar domain as in the fovea leads to a slightly distorted 

O)H'lator shapp ill the ori/?,illal /etinal image domain. However. it is assllmed h('re thctt since 

ail 1 hE' complltations in t.he lIlodpl are flpatially localized. distortions in the op('rator shape 

dll<' to t.la' lop,-pol,tl' lIIappinl!, ail:' minimal. 1 

4.3.4 Summary of Foveated Sampling 

ThE' l1S(' of a lo/!,-polal t)(lllsfol'Illation to model tlu> data ) ('dllction occlllTin)!, in tlte let.ina 

splil s t.1H' oIÎ/?,inal illlél)!,(J illto t \vo spparatf' ones: the lovpa and t.hp pCIÎphery, The foveal 

illl.l)!,C is J('pl'('sellt.E'c! in 1 h(' Ol'i)!,inal Cal'tpsian-rool'dinatp domain while 1 he compressed 

pl'l'i phera.\ infol'ma t ion b Il.'pl pspntpd in t h(' log-polar domain, The Il'ansfol'Illation as illl­

pll'1I1('III.E'd hNI' dpcollpll's t hp Ill'ocpssing of information in tilt :ovl'a an the periphery and 

.dlows 1'<1('h ) l')!, 10 Il t 0 1)(' )ll'Orl'hSed sppal ately and t l'anspal'Putl V Ly t.h e ,:0 11lp U Ir;1' T'cima. 

l'Il<' )('t lIIall1lodpl I>I'(,Sl'lIll'd in 1 he lesl of the chaptl'r .!P' ,. bps the Il" ;n<11 plocebsing as 

il ocnl1 s 111 Ill<' 10\'l'a. }(OWP\'PI'. t hl' 11I0del is equally valid fUI omp1lt<1t .cl" ~ ill 1 he periphery 

t Tht. du.tortlOlIl> III .lIt operaI or ~ha.pe d tle the log-polar Ilt.lpplllg IIl<LV he JIIt1tlllltzed ilv re-<Ltljtlstlllg the 

opl'r.llur wt'Ightl> 10 )!,I\'t' tht, dt .. ,trt·d w('lghtIU)!, profile 111 tht' onglllai rl"tllla.1 dollt,lIl1 Till!> II> dlbctll>!>ed further 
III M'C Ilotl .. ,1 1 

(il 
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as ail of the effects of the scaling of recept.ive fields and t lit' poulin!!, of Will' informat.ion 

with increasing eccentricity are arcollnted for hy the lo!!,-polar 1 rans fOI' 111 at ion and lII.uh' 

transparent to the l'est of the ll1oc\pl. 

4.4 Diffusion, Gaussian Convolution, and Receptive Fields 

The summation of inputs within the circulaI' l'eeppl iw liplds (H F) 01 II1os1 (l'Ils b lIl'>u<lll\' 

assumed ta be a Gaussian-weighted average of the input.s. TIl(' :-.iu' ni th!' (;.IIIShian op<,ral.ol 

(G) used ta describe su ch a RF profile is specifiee! hy ils \Vielth p.tl'aIIlPI(\1 CT (S('(' <'qll.ll.lOn 

4.2). The response of the receptive fiPld is givpn b~' th(' 1011\'011111011 01 Ih!' 0p(·I.tlol U(r; fT) 

with the input signal. 

It can be shown that a Gaussian convolution il'> !'qIIlV.dl'lIt lu a ~J) difllll-ioll 1'11)( ('SS Jlt'I­

formed on the input signal [-t-t][R!lJ. Diffusion in two dillll'lIl'>IOIIl'> b dl'fin('d ilv t h<' lolloWlIl1!. 

pCjllation: 

(1 1) 

where üu/fJf reprpsPlIts the dpl'lvativp 01 thp inpllt :-.i/!,lI.d wil h I(':-.IH'( 1 10111111', ,l/l il'> 1 hl' 

Laplacian of the input sip,nal Il, and ( 1l'IH·psl'nt.s 1 lu' 1.111' 01 difl'lI:-'1011 (JI ,11j{1I., "", 1) 'l'III' 

solution to this diffusion p!Jllat.ioll 101' il. /!,ivpn input i·,,/!,n.d alld init.i,d ('(lIIdilillllh IS )!.IVI'II Ilv 

the convolution of the si!!,n,t1 wilh ft MmT'{'(: 1.·('/'1/f'! /dr./). wl,,'I'I' r ll'l"IWllli'l 1 hl' i'>I'oIll,t1 

position, t l'pplesPllls liIllP, .1Ild 1\' is il Callhsi,1II of 1 hl' lOI Ill' 

1 -Irl~ 
/\'(r,t) = --l'Xp--

171'(/ Id 

A disnet lzed illlpl€'Illl'ntal iOIl 01 1 hl' dl ffllSioll pl 01 l'I-S Il:-' 1 Il)!, fi Il il/' d dl'('II'III "" ii'> VI'/ v 

~im pIe. Equation (,I.fi) clpsrlÎ 1>e1> t IIP d is( rpt 1 z<,d d Ifl mion l' 1 (J( 1':-'1- i Il 1 ft" lov"" W 111'/" 1/ Il! ' , Il] 
i8 the output at posit.ion [x,y] :Lt Itf'rat.ioll 1/ \Vllh dl'/!,IC'I' of difllli'>ivily ( [II] .\:-.1 hl' difllli'>IOII 

process plOCPeds, the vahlP Ilf fi /!,ivPIl J>lxpl al ilNat ion 1/ + 1 dl'pl'llib olliv 1111 III- pll'Vlllilh 

value and the previolls valllP1> of its /'0111 inllTlI·diat.1' Il!'i/!,hlloll/ III)!, plXI'I:-.: 

Il n+ d.r , y] = ( 1 - ., ( ) 11 ,Jr , ,II] + d 1/ 11 [,1' - L 1/] + 1/ Il [J' + 1. 1)] + /1" [ ,., 1) - 1] + /1" [1 • '/ + Il) ( 1 li ) 

DisCl etiz<'d diffusioll i~ ('!jllivaIPIlt. 10 1 l'l'l'a t pd wl'l/!,ld pd d VI'/ .t g,i Il)!, Wll h 1 III' 111111 W',LI ' .... 1 

neighbours. In oIdN 10 (~1I1>1l11' Ih,tI, lhe wl'i/!,ht )!,i\'1'1I 10 lhl' (1'11111' (llx,'II'" ,If 1t·,Ii'>1. "qll,1i IfI 

the weights g,iven I.ol'<teh of il1> IOlll iITlJllf'dialf' IIl'i/!,ltlHJIIli'>. ( 1/111:"1. /J,. 1",,:.. 1 h,11I (J.~ 
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By replacing tirne t in cqllation (4.5) with Ihe number of iterations Tt, it can be shown 

that the width (11) of the Gallssian generated hy discretized diffusion is Ielated ta the 

diffllsivity pararnetf'f ( and nllmher of iterations 11 hy eqnation ('1.7)[8.IJ]: 

11 = V2w wherc 0 < ( < 0.2 (4.7) 

4.4.1 Diffusion in the Fovea and the Periphery 

III the fovpa, l'quai weig,hts arc givcn ta ail the f01\r ncighbouring pixcls and this results in 

rilcularly hylllllletric Il'ccptivc fields. 1'0 ensure that diffusion performed in the log-polar 

III,tpped pl'IÎphpl'Y .Ibo IPsnlb in rOllghlv cilcular Icceptive fields in tht> oIiginal retinal 

dOlllalIl, !.bl' Wf'lghls givpn ln the radially l1eig,hbol1ring, pixels aH' slightly modified for 

1)f'llpheralll'lill,L (OlllpUt.,lli(JII~. In tlll' pf'ripIH'ry, the radial \Vldth of rpcept.ive fields from 

011(' sarnplilll!; IÎB).!; 10 III(' IlP;..t \',I\\(,S hy a constant fartOl. :-.ay H (hee Fig,llIe -l.I). Thus, 

fol' ally /!,iVl'II IOI-!,-pol,lJ Illapppd IH.>IÎpht>ral pixel. 1 he la(lial diI/ll'llsions 01 t.he outer ring 

Ilt'ig,hhol1r alP "l t illlPS lar).!;cl t han 1 he inlll'r ring, npighhour. The dimensions of the the 

IIpig,hhourh in t.he 1 hl'I a ,IiI petion al (' ail t.he saIlle In O/dcr to partially compensate for the 

diht.ortiom ill 111(' 1,\{lial diu,ction. t h(' w('ig,hting g,iven ta the muel radial neighbour is ,..,2 

t ilIIes t.hat. of t hp ou 1 ('1 1 a(lial Ilpighhollf. This is schematically shown in Figure -l.2. The 

IIS(' of !'>lI('h .t tl'lIlplatC' wa!'> pXj>f'I'illl('lItally fOlllld to g,enelate l'('asonablv cilcular shaped 

('('( 1'(11 ivp fipldh i1l 1 hl' PPI iJ>Il<'I'~·. 

'1.4.2 Computational Aspects of Diffusion 

On ,1 p,\I,dlPl III,H hit",. diflll~IOIl ()f1(,I~ llIal\~' illlplplIlPntaliollal cldvtllllcl!!,es .. \lthough dis­

('fplizpd dtfluhlOI\ 1(,(PIlIl'!'> lIIulliplp 11l'laIIOIIS. l',\('h opprallol1 is ~illlpip and Olll~r lleecls in-

100IlIation 1'10111 th" Î1l1ll1l'(h.ltp l\{'ighhollIing pixPls. The widlh of a. (;;11Issian-weighted 

('('('('pt.ivp fipld (H F) IH (onl IOlIl'd h~' hol h 1 he diffl\sivit~· parameter ( and t.he Humber of 

IteratioliS (IPtfOlIlH'd II. ThIl> allows 1'01 pasv local adaptatioll of RF size hy locally chang­

in!!, t h(' dirrusi\'it.~· p.ll,llIll'tN ( whilp kppping. the lIumbel of itel'atiolls 1/ constant. This is 

idpal fOI V LS 1 i III P Ic'Ill ('II ta 1 ion 01 PXt'Cllt ion 011 SC\-1 D lIlachillPs where t he saIlle operations 

lIlust hl' [l('J'fOl IIIC'c1 .lt ail pixd lora tinns III OI dei to achieve maximUIll parallelization and 

t hlOlI/!,hplll 

III wh.11 follo\\'~. ditrll!'>ioll i~ IIM>d PXIl'lIhively la TIlodl'l ::.uch Il/OCl's:-.e:-. ,th colle coupling, 

1 hl' S UIIIIII Olt Ion ,\Il d SpI l'a d of pol ('li t j,II t hrollg.h gap j li 1\ ct ions in t hl' horizontal celI layer, cmd 

1 h" lIIoddill!!, ot n'II HF'". ln llI.w)' Cahl'S, 1 hl' diffusivity p;l/arnetp!' is a fUllctioll of both the 

Il'l in.11 posit iOll r .11le! t 1111(' t. t hPI l'hy allowing for l'as)' 1 III plplIlent al iOIl of adaptive receptive 
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Wlll'rl' 
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1 + "" 

Figure 4.2: Discrete Diffusion Wpightil1~ Tplllplatt's: l'III' /ip;III'I' ~llO\\'~ 

~chematlcally the wPlght,lIlg profilp of d ISCfdt' dtlrll~I()1I opt'rat ml'- 1I~('d III t 1\1' 

Carteslan-domalll fovpal alld t Iw log-polar 1lI.lppl'd pprtpl\l'r.11 IIII,I/.(t'I'- FOI n,/.'I­

pnee, 1>1't' Flgurp " 1 wlllch dlu:>t,ratt's how t hl' fov!'." ,wd IH'llpht'l,1I 1I11,11!,1'~ ,III' 

generated hy t.he lo)!;-polar tr.lllsforlll DI~cr('tlzt'd, IlI'r.ltl\'I' dtllll~1Il1l I~ "qlll\',III'llt 

fo a wl'lghll'd dV('f ,1 !!, 1 Il)!; Opl'ratlOlI IlI'r/orllll'd 1l~11I1-!: olliv III',UI,.,t ""I).\hllolll 111111111"'­

tlOlI III tht' l,>ot,wllIe l'OVI',I, fhp wPIght.s ).';1\'1'11 tu l'adl 01 tilt' \II'I.1!,ltbolllllll!, 1'1\,'b ,II" 

l'quaI alld Mt' .1;; del'-cnlwd hy ('qU,tf.I011 (,I h) Ht'pt'all'd ,lpplll,ltllllllll thl" .111111.,1011 

opprator II'~tllts Il' ,1 (;.IIl~~lall .,h.lpt'd 1I'I'I'pllVI' fil'Id l'iofil .. FOI "P"I,IIH'II (III 1 lit' 

log-polar Ill.q>ped IH>f1plwralllll'LI!,P, 1.1\1' \\'1'1p,ht.llI).'; profIl!' of t 1\1' dilllll'-\llil "1'I'I"tlll I~ 

,dterpd 11\ IIH' r,uhallhrt'cllOlI ,I~ ~"OWII, ~() tltal It'I)t',lll't! ,Ipplll ,II 1<111 of Il ... 1'("'I,tI'll 

rp:,ult,:, III approxllnat.ply clrcular 1I'(('ptIV" Ii .. lds III ()( 1)!,11I,t1IP1IIl,t1 dllllldili 111"1).',1' 

field sizes. In OIdN to minilllizp C'olll)lut;üion tilllf'. 1111' 11111111)('1 01 dillll~IOIi Itf'I,ltJ()fI~ Il 

that must Iw !Wr!OlIl\('d al. a /!,i\'l'n la,vPI b dptl'Iflll!ll'd IIv tli(' wHltli (T""" III tlll' Idf~f'''t. 

Gallssifll1 that must I>p gelH'J af,pd ,11 t hal, I('vpl. Ilv ~I'I t fllf!, f = ()~, .!lId ""IVIII)!, Ifli " III 

f'qufltioll (·Li), olle ohtains pqlt<ltiol1 (I.X), \Vlli( Il Illav h" 1I~l'd to df'tl'llllllll' llif' 1I1111ifllllili 

Humbel 01 diffusioll it(,latioJl~ (,,) IPqlfiIPd tn t!,1'1I('I.lt(' cl (;dll~~ldli III Il'idl Il IT",," 

( 1 sJ 

.-\lthoug,h diffusion \Vith p,tI,tlllPlpl~" ,lII11 1 Ih Il'>,,d fI) impll'f1II'lIt (;,111""1.111 "h''I)I'1! 11'( l'pUVI' 

fields, for compal'i~Oll plll'posPs. Ihehlz('~ ni th(' 1('(('pth'l' fl"lds ill tlll' 1f'lIldilldl'l 01 thl' Ill1'hlh 

are g,ivell in tPfm~ of lIte l'qllivalplII (;,III~Stall wldlh P,"<lIIIf'11'1 (T 

4.4.3 Repeated Gaussian Convolution 

In oltr mode!. IPcpptivp fiplds .lIl' ~(\nPlatl,d IIsill~ diffll,>illll fil 01>'''111 (;"":-'''lrlIHVr·It.!,lItl'd 

(ircularly symJJH't lÎe fiplds. l'II!' 1II]lllt ~lglI,d!o. t 0 (l'Jb ill "IIV 0111' 1.1 VI'I 01 1 JII' 1110111'1 .1/" III 

g,eneral fed from outputs of (I·lb ill olle 01 flIOH! pIPvin1J~ J,LVl'lh, 'r hll~, thl' Ilvl'l,dlll'll'ptlVl' 
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field size of a cell in any given layer must be at Icast as larp,e ilS t h.l.t ot' cells in any of IIH' 

previous layer( s). In each layer, diffusion (equivalenl to Gaussiall convolution) may he l1S('1\ 

to further expand the size of the recept.ive fields of cells in Ih,tl layer wilh respect. 10 thnse 

in the previous layer. 

In electrophysiology, the T'cccptive fielti (RF) of a given ccll is dl'fin('(1 hy 1 he l'l'p;ion al 

the input to the l'etina (photOl'eceptor sampling lattice), which wlH'1l illulllinat.l'd, l'licit.s 

a change in the response of that eeU. This receptive field lIlay consist. of excit.al,ory and 

inhibitory regions as exhibited in bipolar or ganglion coll RF's. 

In computer vision, it is common to specify the size of a Gaussian-shapl'd ('il'culal' HF 

by the width CF of a Gaussian operatol' t.hat would generate that RF t'rolll t.h(' input image. 

In our case, we are using the outputs of one layer of cells in t.1ll' l'l'Iina as inputs 10 t.he 

next layer. At each layer, t.here Illay he a diffusion / GaUlisian hlul'rÎnp, 0l>l'I'al,ion whirh 

Illcreases the RF liize of t.he ccll al. Ihat layC'1 in cOlllparison 10 t.h!' IH'('villus lavpl. ~ III 01'(1('1' 

1.0 relate ail the scqllential Gaussian blllI'l'in!!, O)Wl'rtt.JOIIS ,lI p.\l·h layl'I' and III t'slÎ1natt' 1 hl' 

overalll'eceptive field sizp lIlPasllred at. t he input t.o 1 he l'l'tinil, \VI' Ill·pd ln know 1 hfl ,,{l'pcI. of 

repeated Gaussiall convolut.ion. l.1sill~ Pr.;l1iel' tranSIOl'1II8, il cali 1)1' :-;!lllWII 1 Ital, ,1 Gallssiall 

convolution with an opl'I'ator of size (Tl followed hy convolut.ion of ,1I\ 0»1' l'al 01' or si~{' (TJ is 

equivalent to Gallssiall convolution with a single opemtOl of size (Tf ff, ct"" [:,wJ, whl'I (' 

Thus, in the following sections where diffusion or Gaussiall ('0 Il vol Il t.ioll is 111('11 t.iolll'(1. 

the overall RF size for a cell in a given la.yl'l' depends ilOt. only on t.hp ~iz(' 01 o(lPl'at,ol S IIsl'd 

in that layer. b1lt al80 the amollut of diffusion perfol'JIIcd in ail pu'violls la,vl'l's. 

4.5 Cone Cell Output 

4.5.1 Cone Transduction and Adaptation 

The first stage of processll1g lu 1 he retilla is the transd1lction of 1 hl' in)lllt. illli'l/!,I' intf'lIsitips 

inta signais that are used hy the l'ernainder of the lIet.wol'k. TIlPn·fol'l', t bis ~taJ.!;e IIIl1sl. 

contend with the full l'ange of in!.ensities !.hat IlIay he 1'1I<:01l1lt.(')'('<I ill any s('ellP iLnd adjlliit. 

its sensitivity to ma.tch changw/l, conditions. Each cone photoJ'('n'ptol' [()('(lIl]J ildjllstli its 

sensitivity 50 that its opel'atin/!, range is centred ill'OlIUd thp local illllhiellt. illumina.t.ion 

intensity in a small Ileighbourhood arouud t.he (lhotol'ecept.ol'. This st rat.(·gy ,dlows the 

cone system to adapt to scenes cOlltaining il large dynamic Iil/I)!;<! of illlllllinat.ion intensi!.iml. 

2By increases 1I\ RF Slze, Wc Huply that the lIumher of orJgUl.ll (ret1/1.L1) III1.lg(· Inxdl! th.Llllllluf!llrf·/j .L 

given model cell's output 1I1creases wlth the lIumber ofseqllelltial Gaufl"ll\.lI COIIVO)Ul.'JlI uperatlOns perforHwd 

at tha.t pixel locatIOn 1JI ail preVIOIlS layers, 
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Figure 4.:3a. shows schematically the connectivity of the co ne ceUs in the retina, while 

·I.ab shows the sequence of computations leading to the cone output as implemented in this 

llIodel. The cone transduction and adaptation stage modifies the input intensity signal into 

.L potf'ntial "r( 1) that drives the rest of the l'ctinal network. The gain or sensitivity of the 

r (!tinal cones is colLtrolled hy t,wo local mechanisms: pigment bleaching and horizontal cell 

feedhack. The effects of these mechanisms are mimicked in the model hy rlJmputing a local 

:;patioternporal ambiellt intensity If! from a combination of two signais with diffE'rent time 

constants and spatial extents. This ambient signal la is then used to adapt thE. gain of the 

cone transduction stage to match the local illumination level. The final cone output also 

iuclllcles the efl'ects of cone coupling a.nd the inherent temporallatency of cone cells. These 

.Lspect.s of the co ne output will be discussed in the following sections. Only the transduction 

illHI adapt.ation st.ages are d(lscrihecl here 

Th(> cone traIH,dnction function is modelecl by the Michaelson-Menton saturation fnnc-

1 ion in l'qnat.ion (,LlO) [X][48J[1O]. 

( 4.10) 

wlH're 
"r = receptor potential hefore cone-coupling 
"m(1/ = maximum receptOl potentiai 
r = Input imag,e stimulus intensity 
ft = st.e(lplless of r(lSpOllSe curve (~1.0) [8] 
J.'T = half-saturation constant (833 tl'Olancls) 3 [8] 
10'" = ltalf-pigrnent. hleach constant (103 trolands) [8J 
Irl == spatio-temporal amhiellt illumination intensity 

Fig,ll ft' 1.:3 ( c) shows the cone l'esponse curvps at variolls ambient illumination levels 1". 

This nonlinear t rallsd uctioll fllnction provides the cOlle cell with a dynamic range of ~:3 log 

nnits arollud any ilm!1ient illllminat:on level If!' Within this range, the lesponse function 

is nearly logarithmic. In addition, shifting t.he ambient intensity value I r1 shifts the entire 

rone response curve virtllally Il nchanged along the intensity axis. 

As shawn in chaptel' :3, l'qllatioll (·LlO) may be lIsed to account for the effects of pig,ment 

blt>achillg and horizontal ('pli feedback on cone sensitivity. When considering the steady­

st aLe effects of pig,ment bleaching aione, 1" is assmned to be the steady-state intellsity 

illlpiugillf!, on th(l rone. Pigment bleaching is very localized and pigment bleached from one 

roue docs not appear to significantly affect the sensitivity of neighbouring cones[13][49][70J. 

Tht' dYTllImic propl'fties of pigment bleaching may be roughly apPl'oximated by l'eplacing la 

in "quation (4.10) witil a t(llllporally luwpass filtered intensity signal fT as given byeql1ation 
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Figure 4.3: Cone Cell Output: Figure (a) shows sdlf'lIIat.«·ally tI ... (,OI1Il!'''t.IVlt.y 
of the cone ct'lI in the prlmat.e rrt.ma. Ea('h cone (C) IS CO Il t,<1(, 1.1'<1 hy :''l'vl'r,L1 hOrJzolI­
t.al cells (II), at. least, olle 1I11dget. hl polar. and s/'vcral dlffmw hipolars (Ilot, :"hown) 
In addition. cones are t'Iect.ncally couplet! wlt.h lIeJghhollrlng ('O\\I'S I.llrouJ!;It ~ap 
.lUnctlOns. FIgure (h) ~hows srhemat.lrally t.he ('OUtput.al,JOII of t.lw ('0111' olll.p"t, III 

our model The t.rallsduct.101I st.age converl,s mpllt imagl' illlplISlt.WS (1) 1111.0 sIgnai:.; 

IIsed by the rest of t.he nct.work. COlle cOllpling 18 modclt.ld IISllIg dlll'IISIOII, whllf' 
a temparallowpass filt,er is lIf:oed t.a account, for t.he IIItl'!.\rat.ioll t.1ll1f' of t.1\(' (,OIH'S 
The effect.s of pigment, hleachlng and horizontal cpll fl!pdhark ar .. ;U·(,OIlIlI.f,tt for hy 

computing an effect.lvP spatlOt.pmporal amhlent 1IIIIIrIltmtion III wlllcit 111 I,hl'II Ilsftd III 
the transduct.ion stage 1.0 adapt the ('orl!' senslt.lvlt.y. Figure (1') ~ltows t.ltl! I·XIH'rt.I'<I 
steady-state response of canes Ilr wlth varIation of fla .. .,h int.eu811.y 1 hll(H'Wn p081·<I 
on varions log barkgrollnd IIlummat.ion lIIt.ensit.il·s /" (ulIlJcat.l'd Ill. t.1t .. 101'01' .. al'II 

curve). At any olle glvell hackground 1,1, t.he cane rl'sponhl! sal.urat.f'S wlt.h a :;;::;\ 
log unit. change in flash mt.ensll.y 1 Howl'ver, the 1'1It.lrp r('sponse c:urVI' adapl8 t.o 
match any [" by sim ply shlft.ing alang t.he llIt.enslt.y ;LXIS 'l'hl' daslwd ('urv!' :-.hOWR 

the steady stat.e response of t.hr cones when t.he loral illtenslt.y rnat.dll's t.lln arnbwnl, 
intenslty [". Ali int~nsit.les are ln umts of trolandb 
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(4.11): 

wlleJ'e 
I\(l; r) 

IT 
[(r,t) 

4. RETINAL MODEL 

h[r, t] = [[r, t] * h'(t; Tbleach) ( 4.11) 

= 10wpaFs temporal fil ter with time constant T (~ee equation (4.3)) 
= t.ime-averaged local cone signal (for pigment bleaching) 
= input intensity at 2D spatial position (r) and time (i) in ms 
= l'ffective bleaching time consta.nt ~ 100ms 

Light adaptation due to pigment bleaching is known to be quite rapid and the cone 

sellsitivity usually l'NLches a new plateau within 1-2 seconds of a step increase in intensity 

[21][70]. Sincc machine vision is not const.rained by the lilllit.ed rates of pigment hleaching or 

pigment l'egell(ll'at.ion il. is possible 10 make this adaptation mechanism significantly l'aster 

while still maintailllllg l'Obust.llt'ss 10 photon !>hot noise callsed hy temporal fluct.uations in 

1 he input signal. This allows 1 he s('nsor to very qllickly "adapt" to changes in illumination 

k'vel. Fol' im plelllent.cl.t.ion 1>111 pOI>(lS. the pzgment blt'flch time constant (Tblencll ) in the model 

was cltosen 1.0 hl' short.er t.han t.hat. found in hiological systems (~ 100ms). This is still 

about 10 times lon/v'r than Ihe cone integration time and sufficient to filter any photon 

noise induced hy t.emporal fluctuations in the intensity signal. 

A mllch faster mechanism which modifies t.he cone sensitivity to match the local spatial 

.1.Il1bil'nt intensity almos!. inst.ant.aneously is mediated through horizontal cell feedback to the 

COIIPS [:n]. Chang [101 shows 1 hat if t.he horizontal cell feedback signal b used to compute an 

('U·ect.iv(' loral spat ial <tmhieut. intpnsit.y [8. t.hen pquat.ion( <1.10) may hE' used t.a model the 

t'fl'cetli of t.his adapt.,\.tion lIle('hanislIl as wf'11. Earh cone ili in cont art. with ReveraI horizontal 

n~lls having gn'at.ly ovprlappillp, [f'cept.ive fields. ThUR, the spatial ambient int.ensity must be 

cOlnput.cd over an a!C'it slip,htly lal'g,er than the recept.ive field ~i.le of a single horizontal ceU 

((1ls ~ 10'1IOTZ)' The spatial amhient Is here is simpl~ cOl1lpllted by diffusinp, the original 

image wi t.h op{,l'at.Ol's slightly larp,er t han t.he size of horizontal cell receptive fields and 

filt.C'rl'd hy a tpmporal lowpass filtcr wit.h the same temporal latency as horizontal cells in 

pquatioll (4.12): 

Is[r, Il = [[r, tl * G(r; O'ls[r, t])H(t; rflOTZ) (4.12) 

68 



• 

• 

where 
G(r; cr) 
A"(t; T) 
Is 
I(r, t) 

·1 HETINAL MODEL 

= Gaussian operator ofwidth cr as defincd hy equat.ion (4.~) 
= lowpass tem poral filtcr with time const.ant T (!>l'l' l'II ua.t.ion (.1.:1)) 
= spatial average illtensity estimated fl'OlII horizontal Cl'U feed ha.ck 
= input intensity at 2D spatial position (r) ~tl\(1 time (1) in IIlS 

= spatial extent of ambient slig,htly lal'gel' t.Itan (Tl, ~ 4(,'7/",,:) 

== horizontal cell time constant ::::: ~011lS [.\iJ • 

To model the effects of both pigment hleaching and hotizont.al n'll fl'edhéH'k. an owrall 

spatio-temporal ambient intensity la is computed and lIsed 1.0 rollt.1'01 the WIlP SPIIsitivit.y. 

la is assumed to be a linear combinat ion of the spatial arnhient sigllal Is (,It.t.tihu!.t>t! 10 

horizontal cell feedback) and a local temporal ambient. signal fT (uscd 10 aCfollnt for III!' 

effects of pigment bleaching) (see equation (,1.11)). Dl'!termination of the 1'1'1.tliw' w('ights 

to assign to Cl and C2 is not easy. For simplicity, l'quai wpi/!,hlill/!, II' /!,ivl'n II('/'(' 10 hol.h ('Ollt' 

adaptation mechanisIlls ('1 = C2 = 0.5). 'l'huI'. Wf' lIav(': 

where 

J.,[r. IJ = ('1 h[r. IJ + ('~Is[r. IJ 

Ir = time-averaged local rone signal (for pi/!,IIIPIII hl('cH'hin/!,) 
1::.' = spatial average illt.ensity estilllated flom horizollt.al (l'II f('('d !Jack 
III = ~patiotel1lporal ambient inl.ensity 

In summary, equations (4.10)-( 4.13) clescribe t.he cone t.l.I.IISduct.ioll alld .ulapl.al.io\l 11111('­

tion. However, the output 01 the transduction stage (!l, (J)) d,ws ilOt. 1'<'I'I'<'SI'III. t hl' /illa.! ('0111' 

output since it does not aCCOllut for the temporal lal,l'Ilcy 01 ('01)(' l "SI'0IlSI', (011(' (,()lIplitl/!" 

or inhibitory horizontal ('plI feedhaeJ.:. These ,Hl' disCIISSPc\ IIPX!.. 

4.5.2 Cone Temporal Latency 

Both cone and horizontal cells have a short t.pmporal latl'ury in l'<,spondill/-!, 1.0 cIJa/I/!,l's 

in the input signal [21][47]. This is /eflecterl in many 1II0dds by inrol')loral.illl!; t.(!J\Iporal 

exponentiallowpass filters A"(tjT) (see equation (<l.a)) wlth time constant!> T(mlt' a.lld TI",rz 

through which the cone and horizontal cell si)!,nals pass [24][17][47]. III I.IJp I/Iudpuppy, COIW 

and horizontal cells have time constants of approxilllatfslv IOOms alld ~OOIllS, If'SIH!ctivl'ly 

[47J. Precise estimates of the time constants for t.hese ce Ils in III aJIIlllals (LI P /lot av;ulahll' 

but are believed 1.0 he about 10 times short.er. Hichtel' [,17J report.s il /!,ood qllalil.ativp fil. 

using time constants oi Tcrl1l ,,= lOms and TIIOT := 20ms fOI )llÎmatl~ ('()/Je ami IJOIizolll.il.l ('(,lb. 

We use similar values in our mode!. 
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4. RETINAL MODEL 

4.5.3 Cone Coupling 

As cliscussed in the previolls chapter, anatomical evidence of gap junctions between con es 

indicates that cones Illay he cou pied both within the fovea and in the periphery [67]. Psy­

chophysical data show that the acuity of the visual system improves with increasing illumi­

nation Ic!vels and reaches a plateau only al. moderately bright illumination levels (I ~ 104 

tl'Olands) [7.~][(}.5]. At these illumi~,ation levels, the measured acuity approaches the maxi­

mum theoretically possible aCllity, given the cone and ganglion cell sampling in the fovea 

,tlld implies only a smaH dC'gree of coupling. However, IllHler dimmer photopic illumination 

conditions, measured acuity may he as much as an order of magnitude lower (see Figure 

'1.'1). At these illllnunation levels, increased coupling of signaIs at tl.e photoreceptor level 

makl!s fllnct.ional sense since trading off aCllity in favonr of noise reduction may result in 

imlH'ovpd contras! sensitivity. This sllggests that the degree of cone coupling may be a 

rll Il C tioll uf both a 11\ biC'llt illllrnin atioll in tellsity an cl eccen tridty. 

SOllle existing retinaJ lllodeis do incorporate photoreceptor cOllpling, but the degree of 

l'Oupling is invariant wit.h respect to the illumination level [.,][10][1 ï][77]. In the model 

developed herc, t.he degree of cone coupling is assumed ta vary with the illumination level 

,wei is designed t.o Illatch the data on psychophysically measured visual acuity (see Figure 

·104) [(j5]. The data in Figure 4,4 (!op) show that the visnal actlity improves by an order 

of magnitude wit.hin the photopic range of light levels [65]. We fit the data in Figure 4.4 

with eqllatioll (4.14) for phot.opic illuminat,ion levels with exponent Tl = 0 .. 55 and constant 

..t o = (i5 t.rolands: 

'2.(j[ ,/1 
Al'l/if'.11 = 1I11n-

1 

['1 '1 + An" 
(4.14) 

At t.he retinallevel, visllal acuity is illversely rdated ta the bize of receptive field (RF) 

centres of midget hipolal' cells and midget ganglion ceUs [2][23]. In the fovea, a single 

coue feeds the centre input to a midget bipolar celi which in tllrn is connected to a sipgle 

lIIidget ganglion cell [49][54]. Consequently, the midget (P-type) ganglion cell RF centre 

size is primarily determined by the RF size of individual cones which is dependent upon 

the degree of cone roupling. Cane coupling is modeled in the computer retina by a diffusion 

process in \ .... hich thl' cane cliffusivity (cone (and thus (Tcone) is a function of the local ambient 

illtensity l" and the retinal position r. For illumination intensities ab ove 1000 trolands 

(td), visual acuity quickly reaches a plateau. At these illuminations, the Gaussian-weighted 

ganglion cclI RF rentres have sizes as small as 10 Ilm (4 cone spacings) which corresponds 

t.o a Gallssian width parameter of (Tcone = 1.5 cone spacings [28]. 'vVe assume that (7cone 
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Figure 4.4: Visnal Acuity aud Coue COllpliug: 'l'lU' top ligur .. shows psy­

chophysically measured Ylsnal aClllt.y from Thomas [Cin] (o(l('11 mdl's) .lIld I.ht· <"urY!' 

glven by eqllat.lOn (4 14) used 1.0 fit. t.he aClllt.y dat.a (solId lilw) TIIf' holl.olll fig;lIrc' 
shows t.he variat.Jon of t.he COnt' couplmg (ITrone ) wll.h 1IIIII11111al.IOli 1(·Y!'1 as lIlodl'lI .. d 

III the romputfr rdl7/ll hy f'(Jllal.ioll (4 15). 

which controls the cone cOllpling, (and is a. lIIeaSlIIe of t.he ('OHp HF l'>izp) is .q)(lIIlXilll,Lt.ply 

inversely relat.ed 1.0 eql1ation (4.14) liS!.'!! t.o fit the hlllllall ,u:llit.y data ,lIld has a IIdllillllllll 

value of (TcoTle = 1.5. The comp1ltrl' rf/mil thus models "rcm'> hy (l(III,lI.ioll (·I.Ui) wit.h 1/ = lU"), 

8 = .01, a.nd 1 rI lllpasured in t.ro!a.uds: 

[ J 
~1'l[r,t]71+AolL 

(Trone r.1 = 1.:) [ J 
1,1 r, t 11 + h" 

The parameter b = .01 was added t.o equation (4.15) t.o l'IISIII(' t.hat. (1run,. l'emains 

bounded for aU illumination levels. As t.he illumination Icvf>l illCl'cases fmlll rone t.llI'cshold 

(~ 1 td) over the photopic range, the co ne RF size <lescribecl hy (1 r011" V,U i"s l'rolll a ltigh of 12 

clown ta 1.5 foveal cone spacings. At high illumination levels (1 > 104 t.d), t.his correspon cil! 

to a RF diameter of 4 pixels (rone spacings). At. 10 td, the low(lst illuminat.ion used in ollr 
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f!xperimentfJ, the RF diam<:!ter is approximately 12 pixels . 

'1'0 surnmarize, adaptive cone coupling aUows for sorne degree of noise-filtering on the 

original imagl! and aUows the acuity of the system to be adjusted to match the prevailing 

Iighting conditions. The c1cgree of coupling in our model diminishes with increasing illumi­

/lation in a manner consistent with the published data on variation of visual acuity with 

illn rnimuion. 

4.5.4 Inhibitory Horizontal CeU Feedback 

The connection between a cone and a horizontal celI not only provicles the the horizontal ceil 

with the cone output signal, but also SNves as a feeclback path allowing the horizontal ceU 

signal to influence the cone output. The effect of this feedback path on the cone sensitivity 

hall all'eady Iwen ch'scrihecl in the 11'ansduction stage. In addition to this. the horizontal 

(l'II signal impar1.s il, limall inhihitory influence on t.he cone ilignal. 

Sneh inhibitory fl'l'clback {'freets have heen modeled hy several researchers [17][77][5]. We 

1IIl(' t,he simplest apPl'oil.eh hel'{,. The weighted horizontal cell signal is simply subtracted from 

t.ho ('one output" The stI'ength 0/ this feedback path was chosen experimentil.lly to be khc = 
0.15 as it gave close agreement with the lesponses of monkey cones for flash experiments [55] 

iLnd gecko photoreceptol's (see Figure 2.3) l21]. Values srnaller than this plOduce negligible 

effort on the rane output while lIluch larger values result in large oscillations. 

4.5.5 Summary of Cone Cell Output 

The outp11t of the cone cell illcludes the effects of nonlineil.r transduction. adil.ptation, hor­

izont.al ceU feedback, cone coupling, and rone temporal integratioll. The final cone output 

(,ol/c[r, t] is describecl by eqnation (,-1.16), where IIr repre"ents the nonlinear transduction 

and adaptation ,loS given hy eqllation (4.10). Cone coupling and temporal illtegration Me 

repl'esented hy convolut.ion with the product of a Gaussian opemtor Ci (equation (4.2)) 

.tnd an exponential temporal lowpass filtcr !{ (e<{nation (4.3)). Inhibitory horizontal ceU 

feedhil.ck is 1110deled hy sim ply subtracting out the horizontal celI signal weighted by khc 

from t.he cone output. 

(,()Ilf'[r. tl = "r[r, tl * (;(r; G'c(me[r, t])K(t; Tco7le ) - h:hchor=[r, tl (4.16 ) 

Thl' cOIllJlutat.ions performed by the remainder of the retinal network are based upon 

the outputs of the rone œIl layer. The outputs of the cone ceUs feed into horizontal and 

bipolar cells. The computations in the horizontal cell layer shall he described next. 
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4.6 Horizontal Cell Output 

This section describes the computations performeri by the horizont al l'l'Il which arl' rl'pre­

sented by the box "horizontal cell" in Figure ..t.3( h). The primate horizont.al ('(,lis which an' 

of concern here are the type HI ceUs. These horizontal ('l'US ail' Iwlit'vpd to he a('hromati<' 

and receive inputs from many cones within their rl'ceptive fields [ .. 19]. The siz<,s of t,heir dt'II­

dritic fields scale up linearly with eccentricity [23][·19]. In addition. passi'.(' conduction lIf 

signaIs through gap junctions bet,ween neighbouring horizontal ('l'Ils ~I'l'atly l'xt ('!Hls the sizl' 

of their receptive fields (RF) in comparison to t.heil' dendritic sprl'ads [.IOHI]. 'l'Ill' l'lInclion 

of the horizontal cells is usually 1I10deled hy a diffusion procl'SS 01 il l'psist i VI' nel \Vol'k w hirh 

results in a Gaussian- weighted spat.ial and temporal aVl'l'ap,in~ 01 t hp ('OHP in pli t.s o\'I'r t hl' 

ceU's RF [17][40][n]. The connectivity of horizontal cplls and the (,()lllplllol,tlOlI oftlteir Ollt.­

puts is shown schematically in Fi~ure 4.5. The 011 t pli ts hol' =[ r, t] 01 1 h(' horizontal ('l'Il 1,lyl'1' 

[ped into bipolar ceIls forming tht, SUI round portion of hipol.H ('l'II H F\. 111 adtli 1 iOIl. 1 hl' 

bidirectional horizontal-rone celI connections serve ,lh ,t fppd back si~lIal 1"1 t, h 1 () 1 h!' (,()IH'S. 

The horizontal œIl out pu t may t hus be givpn as t he> con vol u t.ioll Il l' 1 hl' 1'011(' :-.i~1I id:-. wi t. h 

a spatiotemporal lowpass filter (t.he prodllct of a bpat.ial Caussiall (! .l1Id .111 f'Xpolll'I1t.i,d 

lowpass temporal filter H). Horizontal cells t.ypically havp tilll(' collstalll,s ~-;J li1l1!'s la.rg('r 

than con es and thus the horizontal cell time constant. in t.h!' motl!'1 ifi ~I't. 10 hl' T"",~ =:.w 1IIS 

[47]. The overaU horizontal cell output is given by t.he following <>qlliLl.ioll: 

hOT'z[r. tJ = (·o1tc[r.lJ * (;(r; (TI/{}r~[r, IJ )K( 1: T/wrz) ( ·1.17) 

where the co ne out.put cOflf'[r. t] is ~iv(>n hy ('(l'lation( ·I.lG). (i hy PqU.tl.IOI\( -1.1), .ll1d /\" hy 

equation (4.3). The G,tUssian widt.h (T!lOrz[r,t] ICIHt>SPllt.S a IlIpa:-'l1l!' of Il)(' local sp/'I'ild of 

signaIs in the horizontal celI layel and thus locally (ontIOb t.h!' hi,w of t 1)(' ho/'iz()lIt.al ('(,II 

RF. 

Most researchers agree that the centre-surround HF htruct.I1ll'S UhherV(!cl al t.hl' hipolal 

and ganglion cell level are dlle to RF's of cones and horizontal ('(·Ib [/I!J][2XJ. 'l'Ill' (nlles 

provide the centre input while the surrollI1c1 fields are attrihllt.ahle t.o and mat.ch t.h(· Il F 

size of horizontal ceIls. The ratio of the centre field diarneter to Slll round dianIPt.PI is IIsua.lly 

in a range between 1:3 and 1:10 in most rnammals [21H4!)j. Thp SlIlJIlllat.ioll of signais ill 

the centre and surround portion of a ganglion cell RF is gener,dly H1{Jd(~lpd \'y :l, wllvolllt.ioll 

with a difference-of-Ganssians operator. In 1II0st primate In'lfl{'ls, t.he rat.io of sigmas of t.}J(! 

centre (a'c) to surround ((Ts) Gallssians is approximated t.a hrl het.w{'en 1: 1. 71) and J:2 as 

this gives reasonable agre~rnent \Vith physiologically measllled values [14][:$7][47]. tlhing iL 
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Figure 4.5: Horizontal eeU Output: Figure (a) shows sclwmatlcally the ron­

IIf·ct.IVII.y of hOrlzonl,al ('l'Ils III t.he pnmate retma Each honzont.al ('ell makes (It'n­

dnt.lc cont.acts wlt.h &t'Vt'ral cones ln addit,lon, the rt'cepl,lve neld (RF) size of hor­

Izonl,al cells IS great,ly l'xt.ended beyond it.s dendrit,lc spread by the passive spread 

nf currt'nt, t.hrollgh gap .Il1ncI,lOns llt't.wf'en lIf'lghhollrlllg horizontal Cf'lIs, The actual 

!>Ize 01 t./If' RF IS lIlodulat.l'd hy t.he condllct.lvlt.y of the gap .Innrtlons, Figure (h) 

shows a block dJagram of t.he computatIOns performed at. the honzont,al cell layer 

The SlIll1mat.lon of rone IIlputs wlt.hin the horizont.al œil IS modeled by naUSSlan 

welght.ed R F's and is ill1plf'll1ent.ed usmg diffusIOn. The size of t.he RF's is cont,rolled 

locally hy adapt.mg the values of (T/m: to changing local illummation levels and to 

int.erplexlform cell (IPX) fef'dback. The t.emporallowpass nat.ure of the horizontal 

('t'II layt'r 15 modeled hy passing t.he signais t.hrough a slllgie exponentlal lowpass 

filt,er Wlt h t.lme const.ant, Thor:' 

ditrerellre-or-Gal\ssiall~ lIIodel. a (1c:(1's ratio of 1:2 results in rereptive field sUl'J'ounds which 

.l.I'(' appl'oxlJ\lé\.t.l'ly i)-() t.ilIles larger in diameter than t.he celltrl'. This ratIo is rnaintained as 

a base It'vel in 0111' mode!. 

Biologkal !'vidence slIggests that the RF size of horizontal cells is modulated by mod­

if yi II/!, the condllctivit.y of gap jllIlctioIlS between horizont.al ceils [6ïJ, Like the cones, the 

IH'ed for 1II0dlllatillg, horizontal cell recept.ive field sizes can be validated by signal processing 

.\.rglllllellts [(>2][81] a,nd Suppol'ted by psychophysical dat.a showing improved visnal acnity 

\Vith rising illuminat.ion levels [()5][ïS]. 

The rondurt.ivity of gap jllnrtions between horizontal cells (and hence lTltor::[r, t)) may 

he lIlodified in at. least two ways. Dopamine l'eleased by interplexifol'm (IPX) cells (and 

perhaps amacrille ceIls) feeds hack t.o the horizontal ceU layer and modifies the con duc­

tivity of horizontal ceil gap jl1nctions[68]. In addition, t.here is a yet. unknown mechanism 

triggered by the local hackground illumination level which alters the horizontal ceU gap 
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junction co' .dncti vit y without any change in dopamine I('\'l'I" rell'ilht'd Il~' 1 PX ('l'Ils [Il. This 

electrophysiological evidence corrplates weil wi t h psychoph~ sical ('\'idmn' \\' h ich shows a 

rise in visual acuitv with rising illumination levrls [fi5][(iÎl. 

Horizontal ceU receptive fields are generall'd in our llIodel hy !tll t.hl'r diflusillf!, 1 h(' ('01\(' 

outputs. The number of iterat.ions of diffusion "hor;: is kppt const.allt whiip 1 Ill' dilrnsivity 

fhorz (r) !s allowed to vary locallv resulting in an l'C[lIivall'1I t. (;,lII:-'hiall OPP\ ator nf wid t. h 

O'horz(r). Diffusion in both the cone and horizontal (('Il laYl'rs b t'C[nivall'nt tn \,pPl'ftIP<! 

convolution with Gaussians of wielth O'cone and {Thor:' F\OIll l'Ilnation (·UI). Ih(· IlvP\"lll 

effecti'/e horizontal cell Gaussian width CTs is locally givl'Il Ilv: 

( !.IX) 

The widths of the (l'ntIe and ~1l110nlld pOIlions of Ihl' difrPI(lIl(('-(}(-(:.III~~lall~ HF (il-Id 

formed at the hipolar and ganglton ('('Illevel (1.) l' {Trollt' and {T '"I ""'I/ri 1 Ph pl'cl '''l'I\'. 'l'III' 1 al io CI( 

these values is t.ypically 1::2 in 11I0st llIodl'ls o( pl'illlalf' ~allgholl ('(·Il H F'., [~'][;~ï][·'Îl. Ifsilll!, 

the e{\uation (4.11)), il, cau bl' hPpII thal. by ('hoosill~ (Thor: ln 1)(' y'}CT, 011'" "('l'III (l'-SII\\OIII\(1 

sigma ratio (CTeone 1.0 CTm/TOIt/uL) of 1.2 cali he l'(l.sily obt.ai\lI'd. EI('rllOphYhiolo)!,It',d pvidplIC(' 

shows that horizontal cell RF sizes shrink in )'rsponse to ail Il)('l'l'ahl' in local illu1IIina.t.ioll. 

The effect of illumination Ipvel on horizontal cpll RF sizl' is vl'I'y hilllil.1I 10 1 hl' l'(fl'd il. 

has on co ne cOllpling. Thus. a.s pqnation (-1.15) alrl'ady arCOl\lIl.ll fOI Ihl' l'(lP( 1. of il III hil'II 1. 

illumination ICl on co ne cOllplin)!,. t hp eifect of t he local ilh\llllu<l1 iOIl Il'vl'l IIIl1d 1I1.l.l.in~ HF 

size is also carried over 1.0 the hOI izont.d Cl'Ils. 

Horizontal ceU RF size is also Illodlllat.ed hy il h('cnlld IIwch,t1I1SIII: dopa 1111111' ,,-II'.ls/' by 

interplexiform (IPX) cell feedhack. :-io sllitahle 1II0dpl (JI' !'>1I/ficiPIII qllalll.itallVP dal..1 l'xbt.:-. 

in the literatllre al. this point ta acclII'ately lIIodel the ('f('pct.s of J PX Il'l'd hal ~ 011 holÎzolI t.al 

celIs. II. is arbitrarily assumed here fhat the IPX sigualllllllt.iplicat.ivl'lv .dIN!'> 1. hl' horizollt.al 

gap junction condllctivity. The output. of t.he interplcxifol'III ("(·11 (/JJ.\' [r, 1]) illld il.s l'lr(·(·1, 

(HClpx[r, t]) on the horizontal cell conplin)!, willlw discIIss('d 1a.t.N ill hl'rt.ioll·' !}, 'l'III' widt." 

of the Gallssian in the hOl izontal cclI layer is t.hlls sppcified hv I.hl' followi Il).!, 1'(1'1 a t.ioll: 

(.1. J !J) 

In summary, the spatiotelUj>OI allowpass filt.ering j>cl'fol'H1pd hy lllÜ ltoJÎzont.al l'cil liLy<'f 

on cone outputs is mocleled herf' hy ('quatioll (4.17). The 1(l('(lpl.iVl~ fipld :-.izp of hO/'ÎwfI-

70 



• 

• 

4 RETINAL ~IODEL 

t.al (dIs h. moc! ulat.ed loeally ta match the local ambient illumination level 1'1.' and the 

spatJotC'rnporal co/ttrast in the ~cene as represented hy interplexiform eeU feedbaek signaIs. 

The> outputs of horizontal cells form the sllrround portion of both midget and diffuse bipolar 

('('Ils. The next two :,ectiolls deseribe t.he computations pE'rformed in the rnidget and diffuse 

hipolar cell layers. 

4.7 Midget Bipolar Cel! Output / P-cell Pathway 

Figlll e 'Ui shows ~{'hematically the signal ftow 1 hrough a midget bipolar cell in the fovea. 

:Vlidgpt biflolar cplls !'cceive ('elltl'l' inJlut [rom a single cone in the lovea and surrollnd input 

l'lOm ont' 01 1II0/'(' horizontal cells [.t!J]. In the fovea, for both the on and the uff pathways, 

tlJere j:, al: 1 J'a t io of the n ulIll)flr of midget hi polar cells 10 cones. Furt hermore. the outputs 

of 1 hp5P bipolal cl'lI:, makI' 1: 1 conta('t.s with midget ganglion ('ells which plOject to the 

P.ll'vocellular l;tyf'!'s of the LGN and t.herehy fOl'ming the P-('ell pathwav. J)pcause of the 

011('- 1,O-OI\e> (01\ !1pctiolls 1 rom 1 hp mid/!,et hipolal' lot he midget IP-type ganglion cells, Illany 

of t.he pllJ]H1rtips of lhe P-cpll pathway pxhibit themselves at the hipolar l'pli level as weIl. 

The P-lypl' gitllglioll {'plIs appeal to he little affected by itmaelÎne eeH outputs and thus 

lIIay IH' ,lS:-'UIllCd 10 si III ply COIIVPI t 1 he /!,I aded lIlidget bipolar cell outputs into spike t.rains 

fol' t.ranslllission of illfoI'luat.ion t hrongh 1 he optir nervI' [4i][24]. 

lUnr tran\duction 

hnnzontal crll 

,ummlltllln 

!Jipolar <..,11 
dllTrrrnCJnIl 

,aturation 
nonllnrarity 
BPS.Jl (l, BP n.d .... ) 

trmporal 

Inwpas.~ IiItrring 

mid~t blpolar 
output 

Fi~Ill'1' 4.6: Midget Bipolar Schplllatic: The figure shows il bchemat.Jc dlagrarn 
of t.ht· IIlfOrlllutloll tlow t.hrough a mldget. hipolar cell. 

ln lIloddling the hipol~r cpll !'esponbe, several simplifications 01' assumptions are made . 

It is assulIll'd t hat. bipolar ('l'Ils pssputially perform a simple differenee operation on the 
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signais from a single co ne and a horizontal ceU [17][21][28][:W][.W]. This o)H'ratioll IS ftlllO\\'t'd 

by a saturation nonlinearity and t<,mporal lowpass tilh'fin)!;. ln hilllll).!,ic.\\ IPtill.IS. hiJlllI.\1 

ceUs have two polarities. on-eE:'ntre and ol(-cf'utre cplls. whirh si~n.tl posit Î\'I' alld nl')!,dt Î\"P 

eontrasts. respectively. For simplicit.y. ollly the O/HPntn' cdl is Ill(HlplPd hpn'. III ,1 Wl\lplltPI 

model, there is no problem in representing positivp and n\')!,ill.i\'(' C()lItl'a~1 si/!,II.lb Wilhill Ihl' 

same neuron and cOllsequently, 1 he implcment ation of 0J.f-cPIlt.r(' ('(,Il.. i:- 1101 lIP( f'SS.tr\'. 

The differencing operat.ion p<,rformed on the ("011<' and horizonl al (dl ~i).!,nal~ ).!,i\'l's ri~f' 

ta the spatial1y antagolllstic ceutfe-SlIrrollnd struet.lIr\' of hipol,lI 1'f,1l 1 (,CI'pl i\'(' li"lds. 1I1l1 h 

cane and horizontal cells hav(' G,lllSflian wpi!-"htpc! rl'c<'pll\'!' !il'Ids dlll' III 1 hl' (,()lIplill).!, \\lIh 

neighbouring cones and horizont.al l'plis rpspf'ctivel,\'. Thb illlplil''' 1 h.11 1 hl' Il Il 1 pllt ot .1 ).!,Î\'I'II 

cone may be iuflnellced hy thp olltpnt.s of sP"f'ral IIpi/.!,hhlllllÎlI/.!, «()IIP~. l'hll~, .dl hOIl).!,h 1 hl' 

bipolar ceU actunlly pprforms Ihe difl'erPllce nppralioll on .l ~ln).!,I(' (0111' .lIul I\llJ'lzont.d (,flll 

output. the H'Slrltiug HF of Ihp hipolar ((,11 lIIa,v IH' IIII>dl'll'l/ Il,, .1 difrl'II'IIU' 111-( ;.11I~~1.11I~ 

operator. The (entre portion of the hipol,ll HF 1:-. dli\'PIi Ilv thl' (Oll!' IlIpllt whllp 1111' 

surrol1nd pOltion is att.rihntahll' ta the honzolliai (l'II IIIp1l1 'l'hl' ~IZP lit 1 hl' f l'Ill II' ,IlId 

surround portions of hipolar rdl R F'~ b .t rUllc 1 iOIl of 1 h(' SIZI' of t hl' Il F':-; III 1111' (1I1l1'S .llId 

horizontal cells. The lat.io of tl1l' cPtltrp fipld diallll't<'l' 10 ~1I11()1IIlfl <Ii,IIII!'I!'1 I~ 1I~II.dlv III 

the range of 1:3 to j :l() in Illast lIIalIlIllals [:UJ(.W]. [II 1 lu' pIP~(,1I1 illlpl~'IIIf'1l1 .lIhlll. Iim l,dlO 

is approximately 1:5. 

The temporal tlll1ing of hipolal' cplls may alw he liLl).!,l>/,v .\l.1.l'lh1l1.1'<I ln t Ilf' diflpl'I'llf'P 

operation performed by 1 he hipolal' cpll on 1 he COIIl' ,1 nd hOI'lZflIl 1.11 ('l'II ~igll.d~ /1 III izoll­

tal cells have a lUllch laIgeI illtf'gr;t\.lon timc ('ollslall1. t.h.l!1 (,Oll('~ .llld Ihll~, loI' Il'lIlpol.d 

changes in t hl' input si)!,nal. t he!e i:-, .1, slIlall t iIlII'-1al!; ill 1 III' SIIII 01111<1 ~1).!,II.ti I)('ak II':-'I'()II~I' 

as eompared to thp rone I(,SpOIl~P al Ihp bipol,ll 1('11 I('v('\' 'l'hl' lillll' f()II:-,ldlll:. (I)(I~I'II III 

the C\llTent implement.at.ioll 111(' l>.lspd 011 v.tilles IISf'd hv Hi( hl 1'1' wlri( h glVI' .1 (Io~f' fIt 10 

hialogical re!>ponfoPfl (Tctlne ~ 101II,~, T},m= ~ :WI1l,~) [17]. 

In addition ta the differPllcP ill 1 i 111(' ( ollst.an t s, 1.IIf'I (' b M>l1l1' l'V ,<11'11 (1' 1 li ,1 t 1IIf' 11111 izollt.11 

cell signal mayalso he delayed (T,fdrll/ ~ :11T/.,~) wilh IPi'>J>l'cI. 10 III(' (Ollf' illp1l1 fOI MlIlIf' hlll 

not al! bipolar relis al the bipolal (ell tl'I'minal [/17]. Thi~ 11'~IIIt.s ill .11I1I1('J('a~I,d Il.IIISi~'IIt. 

spike at the outputs of these hipclar (plI. The !.wo 1l1ain r1af>sl's of hi pol.u ('(,Ils 0/ iu t.('/I'~1. 

ta us are the midget and diffusp hipolar U'lIs. :Vlid~('t. hipolal ('('lb f('l'cl lIIid)!,('!. g,1I11!;lioll 

ceUs and form the the parvocpllllial (P -('(,11) pat.hway, and cl i ff mit' hi polal S /1'l'd />;1/ asol 

ganglion eeUs which 101'111 the tnagnocplIlIlill' (~vl-('(,II) p,tthWitY. Bp('.dl !tOIl1 ('lmpt.1'1 ~ tliiLt. 

the M-cell pathway is rharact.eIÏzed by ('('lIs that l'cspolld Vi~OIOlISJy 10 tl'lI1IHJ/alll,II1:-If'IIt.~ 

in the visual signal. The P-C(lll pat.hway lespond1> wit.h /!,l'f'at.l'I i'>Pllhlt.ivit.y 10 liigh :-.pat.ial 

frequencies h1\t Ilot to high temporal fl'eqllclIcies. H is t 11111> Iikply 1 Irat. t br> horizollt.al ('l'II 

signal delay exhihits itself ooly in difl'lIs(' hi polar ('(·Ils. Titis 1II ay <1(('01111 t fOI t III' i Ilcf('iLSl'd 
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temporal responsivity of the diffuse bipolar / M-cell pathway as compared to the other 

retinal pathway. ThuR, for simplification, it is assutned that this horizontal cell signal delay 

ili sigllificant only in diffuse hipolar cells and esscntially zero fol' mielget hipolar cells. The 

lIIidget hipolar cell t.emporal rcsponse in the computer retina model is governed only by the 

difrcrence ill t.ime constants hetween cone and horizont.al cell responses. 

Following the difrerellcÎng operation is a satUl'ation nonlinearity operat.ion which clefines 

the dyllamk 1 ange of the midgct bipolal' cell. Hetinal bipolar celIs signal spatio-temporal 

('(Jutmst wit.h ft high gain and have a much Ilarl'Ower response range around a given hack­

gloulul illtellsit.y wmpared to the cones. For low ront.rast signaIs, the midget bipolar cell 

olltput is 'luite IÎlH'aI; however, at. collt.rast levels exceeding 1.7-2.0 orden:; of magnitude, the 

cpll OlltpUt. cxhihit.s sat.uration [71][72]. For simplicity, an arctallgent function (BPsat(x)) is 

IIs(ld to model t.he hipola.l' cell satmat.ioll fUllctioIl in t.he computer 1'etma. The choice of t.he 

SfLt.III'ation fUIIC't.ioll is arhitrary; however, the arctangent fllnct.ioll has some nice properties 

in t.hat. it. h('ltaves fairly linearly fol' small contrast signaIs, and is symmetric with respect 

to hoth posit.ive and nega.tive contrast signaIs. The symmetl'ÎC nature of the saturation 

function if{ importa.nt. in 0111' model as it allows the bipolar cell to represcnt. both positive 

and negative coutrast ('qllally weIl. 

Dipolar cell out.puts travl'l fmm the out.er plexiforlll layer to amacl'Ïne and ganglion 

cells in the iUll('I' plexifoJ'1II layer t.hl'ough t.he hipolar cell axons. Theil' long axons act as 

t.elllporai lowpass filt.(,l's of t.he hipolar c('l1 signal, with a time cOllst.ant on t.he same order 

of magnit.l\de as !.hal. fOl horizontal c('lIs [17][47]. OUI' familiar simpl!.' exponentiallowpass 

t.elllporai filt.l'I I\.{I; r) (equat.ioll (4.3)) is useel once again to model this charactel'Ïstic wit.h 

T1II "lg,.t = 15 IIIS. 

The COIll put.a t.ions a.t the midg,et bipolar cellievei in the computer' 7'Ctina are implemented 

as in Pleet. [24], Richt.el [47], a.nd Cnrlander [17] (equat.ion(4.20)) with the addition of a 

sa.t.mat.ioll flIllrtion ('C)uat.ion( 4.21)). As with most other models, the relative weight.ings 

givC'n t.o t.ht' rOll(' and horizont.al c('11 input.s going iuto the bipolar cell are chosen to be 

(~qlla.l (A:clJ = A~"b = 1) in order to allow equal sensitivit.y fol' coding positive and uegative 

font.rasts. 

(4.20) 

(4.21) 
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horz[r. t1 
BPsat ( J') 

kBPm.dget 
I\(t; Tm,dged 

T mldget 
I~cb, khb 

.\ RETINAL MODE}, 

= midget bipolar eell output 
= cone ceU output (equation (.l.W)) 
= horizontal cell output. (equatioll (i1.1 i)) 
= symmetric bipolar sat.uration funet,ion 
= controls narrowness of responsc ra,np;e (.027 ::::: l.7Io/!, nnits) 
= lowpass temporal filter (equatioll (4.:J)) 
= time constant for midget hipoli\r (::::: 151/1,~) 

= weighting given to colle and horizont al l'l,Il inputs (1.0) 

In summary, the midget bipolar cell out.put. (BPm'dgedr,lj) is COIU)lIII('d hy lakinp; t.lll' 

difference of the cone and horizontal eeH Olltputs (cone[r, i], h()I'=[r, tj) follow('d hy a. /!,ain 

amplification (kBpm.dget) and saturation operation (BP"lt(.r)), and fillally hy passinp; t.his 

signal through a temporallowpass filter I{(t; T l1u dged. The sat.uratioll flll\rtioll /JI~,tlt IIsf'd 

here is fairly linear for smaU signaIs but exhibits saturation fol' larp,(' )Iosit.ivp alld IIl'gat.iw 

eontrast signais. The value of I.·BPm ",ge' is ehosen so t,hat a. n'ntll' spot. !iD tillL"s hrip,ht.1'I' 

than the surround resnlts in a sat.lll'ated bipolar cell out.put. (!)()% of lIIitxillllllll Ollt.pUt.) [71]. 

Experi ment ally, it was fOlmd t.hat a value of kBPmlflg<, = .027 is ap)llOprillt.<, in OUI' 1110<1,,1 

to give the midget bipolar eeU a dynamic range of ~ 1. ï log IInits. ThC' 01lt.pllt.S of lIIidf,!;ct. 

bipolar ceUs g? to midget ganglion (P-type) eeUs tha.t forlll t.he pa.l'vol'plIlIlar pal.hway. 

4.8 Diffuse Bipolar Cell Output / M-cell Pathway 

Diffuse bipoiar ceUs provide ~ignals w hich fcecl t.he Maglloc(!lIulal' (NI -t 'ype) /!,fllll!;lioll ('(,II 

pathway. .Just as the midget hipolal' cells exhibit 1II0St. of t.he JlIOlwl'l.il's nI' t.hl' P - t.ypl' 

ganglion cell pa.thway, mauy of t.hc spatiotpmp0l'al pl'opert.ics of AI \,-l.ypP /!,;ul/!,lioll l'l'Ils 

begin at the diffuse bipolar celi layer. Figure 4.7 lihows sdll'lIlat.irally t.lt(' wif'illp, of t.l1I· 

diffuse bipoiar 1 NI-type ganglion ceU pathway. 

RecaIl from Chapter 2 that Mx eeUs make up thc hulk U~Oo/rd of t.lte NI-l'l'Ils, are IiIlf!af' 

in their surnmation of signais, and appear t.o receive rclativcly Iittle étlll<lni(({! ('('11 illJlllt. [rl7]. 

This situation is very mu ch like that fol' midget hi polars and lIIidp;et. gall/!,Iioll (P-t YIH') ('clis 

whose outputs were assumed to he very similar. Thus, fol' simplicit.y, il, is assull1cd in t.his 

model that diffuse bipolar eeU outputs and lv/x celI outputs are a.lso ~illlilaJ'. The f'emaÎllillg 

20% of the M-type ganglion eeUs (My eelIs) l'epresent only ~% of the t.ot.a.1 galll!;Hon rdl 

population but receive the hllik of the amacrine cell input. and ha.\'(' "Iuch IlIOJ'(' ('omp)flx 

RF properties. Howp.ver, because of the relatively slllall II111nher of t.IIP:-.e 011t.pUt.S, the My 

eeU output and amacrine ceU outputs are ignored in this mode!. For the H'I/laillflcr of tItis 

thesis, when we talk abou t M -eells, we will he refeI'l ing, only to tlw Mx cl'l):" 11l1less nxplicit.ly 

stated otherwise. 
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Figure 4.7: Diffuse Bipolar Schematic: Figure (a) shows schematically the 
connections in the diffuse bipolar cell / M-type ganglion cell pathway. Each dif­
fuse bipolar cell receives centre input from 7-9 cones while horizontal cells provide 
surround input. Horizontal cells receive inputs from many cones from both direct 
connections with cones and passive conduction of signais through gap junctions in 
t,he horizontal celllayer. Diffuse bipolar cell outputs converge on M-type ganglion 
cells. There is approximately 1 M-type ganglion cell output for every 8-9 cones. 
Figure (b) shows in block form the computations performt'd at the diffuse bipolar 
cciI layer. 

The pl'operties of the diffuse bipolar cell relevant to the current model are listed below: 

• Each diffuse bipolar cell in the fovea receives centre input from at least 7-9 cones [49]. 
This number grows rapidly in the periphery aS the ganglion cell density drops off faster 
with increasing eccentricity than does the cone density4. Thus, diffuse bipolar cells 

4 In the computer retina model, the convergence of an increasing number of cones into the ganglion cells 
is partially accounted for at the sampling stage by the log-polar mapping. The log-polar sampling models 
t,he dropoff of ganglion ceU density and increasing RF size with increasing eccentricity found in the primat.e 
retina. Cone density drops off much more slowly than ganglion ceU density and thus accounts for the 
convergence of increasing numbers of cones into ganglion ceUs. Rather than sim ply subsampling the input 
image in the periphery, the log-polar mapping function implements RF's which average an increasing number 
of pixel values with increasing eccentricity. 
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have receptive field centres about 3 times larger than the midgct. hipolar c(lllti at ail 
eccentricities. This matches the data on M-cells which show that. they have l'(lceptive 
fields 3 times larger than P-cells [23][49][57]. The larger HF's of difl\ltie hipolal's and 
M-cells leads to a poorer spatial resolution in the ~1-n'll pat.hway ('OIllPiU'(lc\ to 1 h(l 
high acuity P-{'ell pathway. 

• According to Rodieck, there is a 1:1 ratio of the Ilumb(>r of difl'us!' hi polar ('l'lIs ln 

cones, and thus there is a great deal of overlap hetwef.'n 1 he cent.re port.ions of t.llt' 
diffuse bipolar cell receptive fields [49]. I1owever, a.t the /!,a.nglion cl'l1layer, t.he ratio 
of M-type ganglion cells to diffuse bipolars is only ahout. 1 :H. Thus, t.lwre is only one 
M-cell output for approximately every 8-9 cones. 

• The surround input to t.hese cells consists of input lI'OIll sl'vl'l'al horizont.al fl'lIS.
rl The 

total size of the surround RF is 2-3 times largE'!' t han fol' lIIid/!,l't. hipolars. This is 
accounted for by taking the average of 9 horizontal cells and t.hen l' u 1't. 11('1' difl'Ilsing 
this value to model the Sllllllllation of signaIs over il l,\.rgp an'a. 

• Cells in the diffuse hipolar / l\'l-cel1 pathway are more responl>i\'P t.han 1'-('('lIs ln hi/!,lll'r 
temporal fl'equencies in the visna.l sip,nal. Furthl'l'lIIore, i\1-c('lls t YI,irally have> fast PI' 

axon conduction velocities [1)7J. The timc ('onstants in t.hl' ('(HIC and hOl'izont.al l'l,II 
layel's (lcone,r,/oT:) are fixed. The larger lat.ellcy of t.h(l horizont.al ('l'II layN ('lIl11pal'l'<I 
to the cone layer leads to mllch of the temporal sensit.ivit.y nI' hipolal' l'l,Ils in !!,elH.'J'a.l. 
Thus, to account for the higher diffuse hi polar cell tempora.l sensit ivity, the 1.(llIIpOl·a.1 
lowpass characteristic of diffuse hi polar eeU axons is assllllled t 0 hav(' IIlIlCh short.t,J' 
time constants than midget hi polars (Idiffuse = lims eompawd t.o T""ril/l.t = 1 liUUl). 
This leads ta a higher cutoff frequency fol' diffuse bipolar ccII 0\1 t. pllt.H W h(,11 ('OIllIHLr('d 

to midget bipolars. 

• In addition to t.he difference in t,ime constants of int.egl'al.ion fol' t.lu' WII(' (Trcmt.) ,Llul 
horizontal (TIIOT:) eell outputs, t.he surround input. is delayed ('ompiLl'pd t.n t.1ll' ('ellt.r(' 
by Tdela'l ms [4ïJ fol' hipolal' cells. This delay a.ppeal's t.o 0('('111' at. 111(1 difrlls(~ hipola.J' 
cell terminal and not at the horizontal <:e11 olltput. The vaille 111'>1'11 fol' T,{,.I,JlI is ('hnS('1I 
ta be 3 ms 01' ~ 0.2 TIIOI'z a.1'> suggested hy Hichter ['lil ,I.lld FIl'pl. ['2.11. FI('('t also showf> 
that mu ch of t.he t,f'mporal sensitivity of diffuse bipolar / lvI-n'lIs IIlay IH' .U ('011 Il t.pd 
for by this smaH delay in the slIJ'round in pu t. 

• M-type ganglion ceUs l'eact ta contrast with a lIluch higlwJ' gain t.han l'.type /!,i\.nglion 
cells and have a threshold to sa.turation l'ange of only 1 log \llIit of cont.ra.st. [li7]. ft. is 
assumed here t.hat this fea.tme is exhibitecl al. the diff'llse hipolar ('(111 \t·w'\. TII(l sat.lI­
ration characteristic is once again modelet! lIsing an arctan /lInctioll (l'C/ui\.tion( 4.:l5) 
and the constant kBPd'!f"'. is chosen to he O.C)!.5 to give a l log \Init. ('()nt.mst. dynarnÏC' 
l'ange. 

Fleet [24J shows t.hat the centl'e-sllrround (CS) model lIlay he IIsec! lo lIlodei operators 

with a range of spatiotemporal sensit.ivities with only a change in sorne pal'i\.meLerH. TlU'y 

show that the M-cell pathway, with its higher temporal fl'ccplency msponse bllt. pOOl' spa.tia.l 

~The actual number of mputs from horizontal ce lis ta diffuse hi(lOlars I~ !>till unknown [7][21][49], 
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1 esponse, may he accomrnodated hy CS·like operators using an adjustment of the centre 

and surrollnd lime constants and by introduCÎng a time delay between centre and surround 

signais. The sa.me approach is ul'oecl here. 

The hasic computation of the outJLts of diffuse bipolar cells is very similar to that 

for midget hipolar cells. It. still involves a difference operation hetween the centre alld 

surround signais, followed by a gain and saturation operation, and then temporal lowpass 

filtering. The main difference III the computation of diffuse bipolar ceU outputs as opposed 

1.0 rnidget bipolar outputs stems from their mllch larger receptive fields. To account for 

their larger receptive fields, the centre input for each diffuse hi polar cell is the sum of nine 

cone inputs in il. ax:3 window centred around that hipolar cell. Likewise, t.he surround fields 

are compu ted by first summing horizontal cell outputs using axa windows and then further 

diffllsing to innea.M' the sUl'Iound leceptive field size to be about 2-3 times hU'ger than for 

loidAet. hipolars. F'urtherrllore, the sllrround input is delayed hy trit'/all = :3ms compared to 

t.he cent.re input. l'hl' dift'use hipolar output is complltecl hy taking the difference of the 

('ent.re and l'ouJ'I'ollnd l'oignais and passing t.his t hrouAh a sat.uration fllnction followed hy a 

temporal lowpass tilt.el'. 

The c1ift'llse bipolar ('('II ol1tpllt is lllodelled here by the following equations: 

c'fllt're[r, il = L cOlle[r, tl 
3~3 

.<;Uf'T·O/llu/[r. il = L: hor:[r, t - Trip/av] * G(r; :3uh07'Z[r, t)) 
.3J·:3 

(4.22) 

( 4.23) 

(4.24 ) 

(4.25 ) 
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where BPdl!!U8e[r, t] 
centre[ r, t] 
S1lTT01lnd[ r, t] 
cone[r. t] 
horz[r. t] 
BPsad.x ) 

kBPd'!fu.e 

A"( t; Tdl!!use) 

Tdl!!use 
TdelaV 
kcb, khb 
G(r; CT) 
CThorz[r, tl 

1 HETINAL ~10DEL 

= diffuse bipolar ceH output 
= centre signal is average of 9 COll'" inputs 
= surround signal from delay(>d horizontal ('l'Il inputs 
= cone ceU output (equation (·LI!))) 
= horizontal cell output (equa.t.ioll (4.1i)) 
= symmetric bipolar saturation fUllct ion 
= contl'Ois narrowness of dynalllÎc range (~ .n li; = 1 lo~ unit.) 
= lowpass temporal filter (equation (.1.3)) 
= t.ime constant. for diffuse hi polar (::::: 51118) 
= time delay between cent.re and SIII rOIllHI (tl ppTo.r :JIIlS) 
= weight.ing given to co ne and horizont.a.l ('('Il inputs (= 1.0) 
= Gaussian operat.or of width (T (l'((uat.ion «1.1)) 
= controls size of horizont.al n,Il HF fidd 

In summary, the diffuse bipolar / M-cell pat.hway is cha.ractl'rizl'd by 1'('('(·pt.iVl' fi .. ldli t.h.lt. 

are about 3 timefi larger in diam",tl'r than thofie of the midp;et bipol.tr / P-n·1I pat.1Iway .It. 

aU eccentricities. It is assumed in the l>I'esent 1ll0dPl t.hat 1II0St. of 1.1I('sl' pl Opl'l't iPS l'xhihit,pd 

at the M-type ganglion c",lI level are genNaf.('1! at. t.he diffuse hipolar ('pli ll'v!'\. Th(· 1tlJ'/!,1'1' 

RF's of M-cells lead to a poorer spatiall'csolutioll than in t.h(· P-('(·II pat.hw.IV. ~,I-('I·IIH al(' 

instead tuned to respond to higher temporal fre((ucncÎes thall il-n·lIs and aI'l' thlls 111'1.11'(' 

at signaling motion in the visnal stimuli. The M-Cl'Ils Iespond with .t lIluch hlI/!,PI p,ain tu 

spatiotemporal contrast but have a IIlllCh naITower dynamic l'iUlI!,<' COli 1 pa 1 pd t () P-I plis (Ï,I'. 

they saturate in lesponfie to high contrast input.). 

4.9 Interplexiform Cell Output 

Anatornical studiefi show that interplexifol'IO (IPX) cplls in !IH' primatp Ipt.illa ('f'('(livf' illplIt. 

from bipolar cells and seml their out.put illto t.he outer pl('xifOI In lay('(' t fi It()ri~olIta.1 ('(·lIs 

[21][49][68]. IPX ceils have large overlapping reC<'ptive fiplds whirh. likp (dl l'l't.i Il al ('I·lls, 

seale up with eccentricity. Figure 4.8 shows schematically the cOIIIlcctivit..Y of illt,('l'plpxifof!Il 

ceUs in the primate retina. Electrophysiolo/!,ical stlIdies have illlfllicatpd t.!1<'1II in adapt.atioll 

of horizontal cell receptive fields sizes [(;8]. The dopamine )plea.licd hy IPX ('clis undel' 

stimulation has heen shown to rednce the conductivity of gap jundions in t lU! III)l')zontal 

ceUlayer and thus reduce the effective RF siz", of horizontal cellfi [m~][7H]. 

IPX ceUs primarily receive a spatio-temporal contrast. sip;nal from t.Jw out.put.s 01 S(~v(lI'il1 

bipolar ceils in their receptive fields. Fovpal IPX den<!Jitic fields a)(' aPPl'Oximatcly 100-

200ILm in diameter (4-8 cone spacings) [49]. Their outputs fccd back to h()ri~ontaJ cells 

where they modify the gap jnnction conductivity and lTlultiplica.tivply alt.eJ the diffusivity. 

Umino's data show that flickering light Icads to incrpasecl IPX out.put ancl IIp to a. :W% 
reduction in the horizontal cell gap junction cond1J(:tivity [(j8]. Hifi results also show that. 
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Figure 4.8: Illtcrplexifol'lIl Ccli Feeùback: The figure shows sehemat,leally 

how mt.erplexJform CP Ils rt'celve mput from bJpolar eells and have feedback pat,hs 

t.o hOrlzollt.al relis St.imulation of IPX cells releases dopamllle WlllCh reduces t.he 

l'Onduct.ivlt.y of gap ,luHet,JOnR Iwt.wf>en hOrIZont.al eells. TIl!' rpduct'd spread of signais 

III t.he homont,al el'Illayer efl'ect.lvely redllces t.he slze of t.he hOrizon t,al cell rt'cept.ive 

fi"lds 

changes in the harkgronnd illumination level have 110 effect on the IPX ('PU outputs. 

Although t.here arc insllfficient. data. in the J>lIhlished literatnre on which ta base iL 

quantitative model of t.he IPX output, it is possible to qualitatively model the effect of 

IPX cells on horizontal cells. It is assumed here that large outputs from hipolar cells result 

in illcrcased release of dopamine by IPX cells. Since the magnitude of the bipolar cell 

rcsponse is large in Ipgions of high spatial or temporal contrast, we propose that these sorts 

of stimuli should resnlt in increased dopamine release by IPX cells, derreased horizontal 

('('li couplillg, and t.hus derreaspd horizont.al cell RF size. Ta he consistent with Umino's 

data. IPX fpcd hack is assulllecl t 0 he able ta alter t he horizontal cell receptive field size by 

Ill' 1.0 :W% [HX]. This hypot.hesis is sllpported hy Umino's data on illcreased IPX output 

in response t.o f1ick('J'in~ lig,ht. st.imulI (high t.empOl al contrast.) [(iS]. Since the bipolar cell 

nu tput. is IlIlaff'ect.pd hy glohal changes in illumination level (due to t.he "de" subtraetion 

mechanism), it is not smprising t hat. IPX cell output.s are also unaffected for this condition. 

The idea of using a measure of local signal contrast t.o control smoothing is one that is 

also prevalent in computer vision. Pcrona [44J uses a similar idea in a smoothing algorithm 

hased on anisotropie diffusion in which the local diffusivity of a diffnsive smoothing operation 

is drastically reclllced in image regions having a high intensity gradient. Using such an 

algorithm smoot.l1t's noise in rep;ions of llniform structure. while preserving the localization 

of cdge informat.ion. 

The effect. of int.erplexiform (lPX) cell feedback on horizontal feUs is modeled here in 

two parts: 
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C { ] 
0.5 

JI 'lpxr,t =0.7+ IPX[ ] • r,1 + l (·1.2ï) 

Here 1 P X[r, t] represents the IPX ceU output a.nd is eSHentially a llIl'ilSIlI'l' of 1 he loral 

spatiotemporal contrast (derivecl from a combinatioll of the difl'llHe hipolar a tHl lIIidget. 

bipolar ceU outputs) over the l'eceptive field of the IPX Cl·lI. 'l'hl' lPX n'cept ivp field ifi 

represented by a Gaussian ofwidth CTlPX = 2.0 (G(r; CTlP.dl which is rollvolvpd wit.h lIIidp;et 

bipolar ceH outputs to give IPX rerl'pt.ive field diamet(,fR of bpi WPPII ·1 .lIld ,1{ ('Ollt' S)HtcÎlIp,1'I 

in the fovea. This value is chosen 1.0 be consistent with t.he auat.olllÎral dat.a 1'1'0111 Hodil'ck 

[49]. It is, howl'Vl'r. ,!uite possible that. IPX l'c('('ptiv(' fields ('OlIld 1)(' IIII1('h lal'/!'('I' 1 hall 111I·il' 

dendritic field sile. We aSHIIIlle that. IPX relis haVE> HIi)!,ht,lv 10n)!,1'1' tl'III pOl'al inll')!,rctt.ioll 

time constants than horizontal cells and thus il t.(,lllporailowpass filiN (1\'(1; TII''\)) wit.h 

time constant (T/PX = :30ms), is uHed to model t.hiH. kll'J' il' il COl1st.lJlt. Ihal. dpINlllÎnps t.hl' 

rate with which an IPX cell Ol1tput varieR with the level of hipol.l.1' ('cil 0111 JIll t.. This was 

arbitrarily given a value of A· lp.v=O.25 so that ouly hipolar cell OIlt.pUt.S p,l'l'at.1'1 t han ::!!i% of 

their maximal value coulel reduce the horizontal cell coupling. 

HC/px[r, tl accollnts for the effect of interplexiform ('ell out.pul. 011 hori~nllt..ll ('l'II (,(11I­

pling. This function has a value t.hat approachcR 0.7 in l'<:'giolls of h ip,h spat.int.elll l'oral 

contrast and may be as high as 1.2 in regions of low spat.iotmnpol'al collt.ras!.. H('call t.hat. 

this function is assumed to mllltiplicativl'ly alter t.he horizontal l'dl (,()lIpling as /!,ivl'II I>y 

equation (4.19). The form of t.his fnnct.ion and it.s associated pamlllf't.prs Wf'I'f' ( \rosl'n il! hi­

trarily with the main consideration heillg th al. int.el'plexifol'lll 011 1. pu t. pl'('t.\ll'l>s t.hl' horizoll t.al 

celI receptive fields by only as nlllch as :10% fl'Ol1I t.heir lIominal vailles thl'l'l'IIy artill/!, il .... a. 

fine tuning adaptation mechanism o Illy. This is shown in F'igul'I' '1.0 which plot.s t.he vari· 

ation of horizontal celI coupling clue ta IPX cell fped ba('k (1/ C/I' X [r, 1]) VPI S\I:' t.lte Ipvf'1 of 

bipolar cclI signal output with k,px =ü.25. 

In summary, each interplexiform cell collects signais flom Revera.I hipolal' Ci·lls oV!'r it.s 

large receptive field. Since bipolar eclls essentially code spatiotl·mpol'a.l l'OlItrasl, in t.tw 

input signal, the IPX ceIl is resp~msive to hath high f>patial cont.lil:.t (pd/!,I' l'<'giOIlH), and 

high temporal contrast (motion, flickering Iight). When stinllllal.ed, iutl'l'plexifollII ('(·lIs 

release dopamine which feeds back to horizontal cells and red uccs t.h(· conclucti vit Y of gap 

junctions in the horizontal celllayer. Thus, in regions of high spatiot.l'rnpora! con t.ra .... t. , the 

horizontal ceU receptive field size is climinished hy IPX wll feedhal'k. 
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Figure 4.9: IPX CeU Feedhack Effect: The figure shows t.he factor hy winch 

lIlt.erplf'xlform cell fepdback modIfies t.he hOrIZont.al c(,11 recept.lvc lipld size wlt.h 

varlat.ion of thc !llrolar ('pli !'Hgnal level (sec eqns (426) and (4.27)) 13ipolar 

l'l'Ils are responslvf' 1.0 spat.IaI and temporal cont.rast in t.he visnai Illlage. The 

lIIt.crplcxlform cf'lI fepdback IS assllmed t.o modlfy t.he hOrIzont.al cell rereptlve field 

size hy a fact.or proport.lollal t.o t.he IPX œil out.put. Consequently, In reglOns of 

11Igh spal.JO/t.,'lIlporal cont.rasl., t.he hOrJzont.al cell recept.\Ve field size IS dimil1lshed. 

4.10 P-type Ganglion Cell Output 

In t.he fovea, t.here is ,\ oue-t.o-ollt> connertion from midget bipolar relIs to midget / P-type 

/-!,anglion cells. The h,\sÏr propel'ties of P-type ganglion relIs are. for the most part. a direct. 

l'eslllt of midget bipolar rell outputs. There are relatively few inputs from amacrille relIs to 

t hcse P-t.ype ganglion ('l'Ils a.nd thus. for simplicity, the P-rell output here is assumed to be 

ident.iral ta thE' lIlidgt.>f, hipola.r ('{'Il output as described in ]lrevious sections. 

( 4.28) 

Figure .UO( a) plots the magnitude of the Fourier transform of the adaptive centre­

surround operat.ors as dt.>velopE'd in t.his model at a bright illumination intensity. The figure 

shows the experted spatiot.emporal tuning of P-type ganglion cens in our model. At bright 

illuminations, the model P-type ganglion rells have a peak l'esponse to spatial frequencies 

Ill'ar 0.10 cydes/pixel (l'. cycies/dl'gree) and are able to resolve spatial frequencies as high 

.tS 0.40 cycleS/pixel ((iO rycles/dE'gl'et.». The peak model P-cell temporal frequency response 

is at 9 Hz. l'hest.> values a.re comparable to the highest psychophysically discernible spatial 

frequencies of 50-()O cyc!{'s/ degree and a peak temporal frequency response at 8-9 Hz for the 
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primate P-cell system [57][33] .. Notl' that the spatial freq\1l'ncy ~l'nsit.i\'it.y is lIIuch /?,rt'at('1' 

than that for temporal frequencies in t.he parvocellular pa t hway. 

In summary, the P-type ganglion l'dl out.puts reprl'sput thl' high spat.ial a('uity pat,ll\\'i1y 

for the visua.1 system. These cells have slIlaH receptivl' fi(>lds, and at. high illulllinations, art' 

able to resolve features wit.h sizes of the oreler of a single COI1t:' spadnp,. Ilowl'v('r, P-typl' 

ganglion cell outputs do not respond well to high spat.ial frl'qlJ('nril's. 

4.11 M-type Ganglion Cell Output 

M-type ganglion cells receive theil' input. primarily from difl'\1s(' hipolar ('<'ll~ <tut! (rom SOUlt' 

amacrine cells. The basic properties of 80% of the M-type ganglion n,Ils an' l'limita.I' t.o t.hl' 

outputs of diffuse bipolar cells. Tlwse ecUs are lU11Ch like ca.t X-celh; a nel t. h11~ t.lll'y l)(1haw 

similarly to P-cells in their lillear slllumation of signaIs [57]. AlllacrÎlH' n,Il input. clot's nnt, 

seem to have a major impact on t.he output. of t.hes(' ('ells. ft. is only t.hp l'l'lIIaillillg ~()% of 

the M-type ganglion cells (My) that likely receiv(' ('onsid('ra.hle' in 1'\1 t. frolll il IIIHni IIP ('t'lIs. 

As M-tYlle ganglion cells only lepresellt. 10% of the tot.a.I p,anp,lioll ('dl poplllat.ioll, Ml' ('t'Ils 

account for only 2% of the tot.al ga.nglion ccli output.. FOI t.his l'pason, t.he' trh, ('pll n\1t.pllt.s 

are not modeied here . 

It is further assumed here t.hat t.he output.s of t.he Mx c('lls an' SlIfficj('IIt.ly W(11l }'('\ll'('­

sented by the diffuse bipolar cell out.put.s. Tlw M-cell OIlt.pUt. is t.hus giv('11 hy: 

Mcrldr, t] = BP'11jjlm[r, t] 

In summary, our modei is const.ructed 1'0 that ther(' is olle M-c(111 ou1.plll. fol' (1VNy !I 

cone inputs. A ratio of M-cell out.puts 1.0 P-cell output.s of l:!) is colllparahle 1.0 t.hl' I:H rat.io 

found in primates. M-rells have recept.ive fields which a.re approxillla1.<,ly ;~ t.illll'S as lal'W' iIH 

those for P-cells and have a much higher contrast. gain. Figul'l' tl.lO(h) shows t.h(' f(!SI)()lIS(' 

of the Mx type ganglion cell to spat.ial a.nd t.em poral (l'l'CJII('lICY 1II()(lula.t.ioll. TIIf' IIII1('h 

larger receptive fields of the M-type ganglion celIs cOIII]IaJ'(·d t.o P-c:ells l'I.'sult.s ill sl'nsitivit.y 

with a lower peak spatial freCJuency respOllse. The d4.'lay het.Wl'l'lI t.he ('()lIP and hOl'izollt.a.1 

cell signaIs at the diffuse hipolar cellievel result.s in a. 11111 ch st.l'ollp,el' sl'lIsit.ivit.y t.o t.f1U1lullal 

frequency modulation for M-t.ype ganglion cells. Tll1ls !.hesC' ('l'Ils an' idl'a.l 1'01 (\1'!.(1(·t.ing 

motion at a coarse spat.ial resolution. 

4.12 Model Summary 

The retinai model developed in t.his chapteI is a simple olle whid. att.oIllpt.s t.o iLCCOllJlt. fCI/' 

the adaptation of the retina t.o a wide range of ilhuniuat.ion lev(!ls. Th(· flIodd is /,(1st.I'ÎC"!.e<l t.o 
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Figure 4.10: P-cell and M-cell Spatiotemporal Ttming: The figures show 
t.he frl'qut'ney rt'Rponse of P-ct'lls and M-eells in our model as a funet.ion of spat.ial 
and t.I'lllporal frl'<\uency at. one illtenslt.y level for small sIgnal levels The P-œll 
responds to Illgher Rpat.lal frt'queneies t.han M-cells but has a poorer response t.o 

luglwr t.l'lllporal frt'quellcles . 
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the processing ofachromatic information al. photopic light levels. ln this way, romplicat.ions 

associated \Vith modelling the rad system, rod-cone illt{'r:tct ions .. Hul color constancy ar{' 

avoided. 

A log-polar transformation is used 1.0 account for the data l'{'duction dut, 1.0 UOlI\llliforlll 

sampling, and the convergence of information, occllrrinp, wit.hin t.1\{' H,tina. This l\Iappiu~ 

splits the incorning information into two separate stn'iUIIS: t.hl' fovpil. l'('PIl's{'utpd in t Ill' 

Cartesian domain, and the periphery representE'd in !.I\l' log-polar doma.ill. SitH'C all COIll­

putations are spatially localized, the data st.ructllr('s cont.ailling tll(' fowa and )('l'Îplwry in­

formation may be processed separately and idpntically by t.he !eSt. of t.hp nl't.work. Ft'.\l.llrl'S 

of the peripheral processing such as the incl'ease of recppt.ivl' lil'Id sizl's \Vit.h p(,{·(,lIt.ririty cUL' 

accounted for by the log-polar mapping and made transpa\'ent. to t.he cOlllputat.ions \'l'quin't1 

in the model. 

The model is an extension of the spatiotemporal c('\\I.\'l'-!-IllrrOlllld o)lf'l'at.OIs plt'sclltl'd hy 

Fleet [24] and Richter [47]. The extensions illcIl\de 1Il0e!pllin!?, t lu' \10\1 li Il {'a! t.ra Ilsl11\( t.io\l .\.\HI 

adaptation at the photol'eceptor level, and ada.ptat.ion of \'cc<'pt.ivp fiplds of varions ('l'lis wit h 

varying illumination levels. The model shows t.hat. t.he acuity chan!?,l's JOllne! wit.h rhan!?,ill!?, 

illumination levels in t.he biological retina l1lay h(' accollnt.ptl fo\' hy t.1H' .Hlapt.at.ioll of CO\lI' 

and horizontal cell recE'pt.ive field sizes. Fllrt.hermoIe, wc sllggest. a pOHsihl1' 11\p('ha.nislIl hy 

which interplexiform eeli feed back modifies the horizontal <:ell ('on pli 11!?, .lS a l'II I\ct.ion of t. hl' 

local spatiotem poral contrast. 

Figure 4.11 shows schemat.ically the compu tations pel fonned al. (>,\ch I.Ly!'1 in (JtIJ' 1110<1('1. 

A hyperbolic nOlllillearity a.1. thE' l'ecept.ol I('vel convPI'Is i 1l\,1!?,C i nt.<'II!.i t.ips t 0 hll!,llals t. hat 

are used by the l'est of the ret.inal nct,wOl'k. The :,(!nsit.ivit.y of t.he (,()III'S i!-l l'ont.lol1(·d 

by a combination of both the local spatial illllbif'lIt. int.ensity 1 ... (l11odplIilll!, t.he l'fl'(lct. 01 

horizontal celi feedback), and il. long t.f'l'm temporal illllhif'lIt. illt.C'lI!>it.,Y for (lflot!"lIilll!, t.hC' 

effeet of pigment bleachillg). These adaptation \1ICChallis11ls al! tn c('n t. 1'1' t hl' ;{ ICl!?, IIl1it. 

response range of the canes aIound the cornbined ambient. illten!.it,Y !.igllal 1'1' COI\PS a.rl' 

coupled to neighbouring cones. The dE'gree of coupling vaJ'i('s with iIIUl1Iillitt.ioll lev,,1 .Uld 

effectively controls the retinal visnal acuity. 

Cone outputs go ta bath horizontal cells and hipolar ('cils. IIoJizont.al (l'Ils comput.e 

a spatiotemporal average of the cane signais over a larp,c J'pcppl.ive fi{'ld and alMl (ll'Ovicl(' 

signaIs to bipolar cells. The cone:. and horizontal cells have diffcrent tilJJ(, constant.s leacling 

to temporal transients at the bipolar cell level. There are two c1asscs of hipo);tJ c('lIs and 

ganglion cells. Each midget bipolars cell leceives a. centre input from ft :,inJ.!,I(! ('()ue alld a 

surround input from a horizontal cell. Each midget hipolal' ('ell pl'Ovides an OUt.plll. 1.0 or\(! 

P-type ganglion eell. These ce Ils comprise the high acuity visual pathway. Diff\J!;(! hipolar 

cells get centre input from nille con es and surrollnd input from IrlrLny horizont.al (·l'lIs. Both 
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the centre and sll/'l'Ound ;JOrtions of their receptive fields are three times larger than those 

of midget hipolalfl. A delay hetween the centre and surround signaIs enhances the diffuse 

bipolar cPJl respollse ta high temporal freqnencies in the input signal. Diffuse bipolar cells 

p/'Ovide inputs ta M-type ganglion cells. There is one M-type ganglion cell output for every 

nine COlle inputs. This pathway has poorer spatial resolution, higher temporal sensitivity, 

and a larger contrast gain than the P-cell pathway. Bipolar celIs 11.150 provide input ta 

intcrplexiforrn cplls which then feecl back to horizontal cells. Increased spatiotemporal 

<Olltrast raufles IPX fcedback to reeluce the horizontal eell coupling. 

In the next chapter, the behaviour of the model is pxamined in l'esponse to a variety of 

'itimllli and compar('d t.o Pllhlished dat.a Oll hiological ret.inas . 
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Chapter 5 EXPERIMENTS AND RESULTS 

ln this chapter, the response of the computer retinfl model to various simple visual stimuli 

is presented and compared to hiological retinas. In addition, the l'esponse of the model ta 

more complex irnages is a.lso shawn in order ta demonstrate what the outputs in the retina 

might look. The aim is to show that the retinal model developed in this thesis, although 

quite simple, responds in a manner qllalitatively similar to the primate retinal co ne system. 

In particular, the model qualitatively accounts for the gain and sensitivity changes as well 

.LS visnal aCllity c:hallg,es found in the retina with illumination levels varying over i orders 

of magnit1lde. 

5.1 Methods 

5.1.1 Model Implementation 

The 1Il0del of the l'etinal co ne system as described in the pl'evious chapter was implemented 

in C and executed 011 Sun4 Spa,rc machines. l The computer 1'etmfl program takes in as 

input a se(luence of images which are then processed hy the mode!. Several sets of outputs 

cHe prodllced, one for each of the retinal neuron layers. The output data may he either 

displayed as images or analyzed using a mathematical package such as MATLAB.2 

The r'01nlJ1lter T'dina pl'ogram simulates both t.he t.emporal and spatial characteristics 

of retinal processin!?;. The l'pat ial domain is discr("tized into pixels with each pixel width 

nsstlllled ta l'epresent. the width and spacing of foveal cones in the human letina. The 

temJloral domain is also dis('J'etized. The sequence of images l'ead in as visual input is 

assllllled t.o have a. a IllS intel'val between each successive frame. This value was chosen 

t.o simplify the implcmentation of a :3 ms ùelay (Tdeta!l) of the horizontal cell signal ta 

the diffuse hipolar terminal l'eCJuired in the model [47J. For sorne experiments. thousands 

of image frames had to be processed by the compute,' retina because these experiments 

l'N!lIirecl the input image stimuli to be presented for several seconds of l'eal-time. Typical 

l'xecntion times on a Se(IUential SPARC-10 machine fOI' 100 x 100 images (without using 

log-polar samplillg) were about. 5 seconds/frame. 

The rompu te,' l'rtÎrw progl'am allows flexihility in cOlltrolling the features of the model 

t hat are <,nabled 01' disahled. Fol' example, the use of log-polar sampling can be enabled and 

disabled at. will. For most of the experiments described in titis chapter. log-polar (foveated) 

1 Sun4 Srare l!o a. reglstered tradelllilrk of Suu Mlerosystems. lne. 
J~IATLAB Il' il regll'tercd tr:\(It'llIark of The Ma.thWorks, Ine. 
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sampling was disabled. With this feature disabled, t.here was no varia.tion of recelltive 

field (RF) sizes with eccentricity and the fovea encompassed the ent.iJ'{, field of view. 'l'his 

simplified analysis and comparison of the model ceU outputs to responsl'S of hiological J'et.inal 

ceIls, most of which were measured in the fovea. OtIler compute,' "ctma program directives 

allow enabling/disabling of features such as the effects of hOl'izon tal f('pd ba.l'k on COIlCS, and 

adaptation of co ne and horizontal ceU receptive field sizes. 

5.1.2 Input Stimuli 

In order to test the adaptive aspects of the model, images wit h a larp,e dyualllÎc muge of 

intensities (up to 7 orders of magnitude) are requil'ed. COllllllmTial raIllera hySt,('\llS and 

frame grabbers are inadequate, as most only use R bit.s t.o J'(,{>I·('sent. t.he out.put. illt.ellsity 

level. To represent (-j- i orders of intensity ma~nitude. at. h·a/;t. 20 hit.s '1I'P ('('Cluired. Most. 

image databases 'He also lestricted to R hit. illtellsity dynflmic lall/!,t'S and Ihll~ an' ilOt. 

directly suitable. 

To circumvent these problems, most of the images Ilsl'd ill t.hesl' ('xperÎlIlenls w('t'(, syll­

thetically generat.ed. Two main t.ypes of I:'xperiments were ronducI .. <1 alld Ihe stimuli r('­

quired for each type were generated in different ways. 

To compare the outputs of this model with pnhlished data on hiologi<:al !'('t.inas, some 

of the experiments commonly performed hy electrophysiologist,s werp leplicat.1'11. Typically, 

these experiments measure the outputs of a few \'<>tinal cells in \'Pspollse ln Vf~ry silllpl(~ 

stimuli su ch as ftashed backgrounds, spots of light, step pdges, a.nd t.l'lIlporally 1Il0dnlat,('d 

sine gratings. Such simple images, with dynamic ranges of Uf> t.o l::! log unit.s of intcnsity, 

were easily generated in software and llsed as input 1.0 the ('(J1111mlf'1' ,'f'I.Wfl. 

In addition to experiments with simple stimuli, the ollt.pllt.r. pl'Oducl·d by t.l1(' model ill 

response to more complex stimuli (more \'ealistic images) are a.lso sltown. For t.lwse t,l'st.s, 

sorne images \Vere generated using a very simple ray tracing; image g,crwl'at.ioll package:1 

This package used Hl bits to quantize the image intensitips allowillg, '1 ordcl s of magnit.llde 

of image intensities to be represented in a single ima/!,e. Ta fm thl'I' illen'aS(1 'he illIIUt. 

illumination dynamic range, the intensity values in synthetic images alld i/llilp,(>~ from image 

databases were exponentiaI1y scaled by variolls factors to ('f'lIdely app/'Oximat.11 t.he pff(·ct.s 

of increased illumination levels. 

JThe ray tracing package (MlJkf'Jlllflf}e) llsed il! the eXpCrlIllcntb Wol. .. d(~v{'l(Jpf'd !ly IInn Y.Llllallloto of 
Ca.non, Inc . 
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5.1.3 Units 

AlI intensity values In this thesis are expressed in photopic trolands (td) as this is the 

unit most cornmollly used in t.he biological literature. Photopic trolands are a measure 

of retinal illuminance and are defined as the product of luminance (cd/cm2 ) and the pupil 

diameter in (mm). Time is expressed in seconds (5) 01' milliseconds (ms). Celi output values 

are normalized so that a maximal output is one. Spatial frequencies are represented in 

cycleS/pixel or cyclesJdegree when compared with the primate data. Temporal fl'equencies 

are expressed in Hertz (Hz). 

5.1.4 Model Evaluation 

The results of four hasic types of experiments are presented in this chapter. These are: 

• Flashed background experil1lpnts 

• Experiments wit.h sinusoidal gratings 

• Experimellt wit.h st.ep pdge st.imuli 

• Experimellts wit.h more complex real and synthetic images 

The first. t.wo t.ypes rcplicat.e same of t.he typical experiments performed by electrophys­

iologists on hiological retinas and thus allow eomparison of the computer retzna outputs to 

hiological retinal cell responses. The last two types of expel'Îments show the hehaviour of 

t.he computer ,'f'lznfl in response 10 more complex stimuli and illustrate the data reduction 

achicved by using log-polar !>ampling. 

Wherever possible, comparisons of t.he com1Jttter T'cima outputs to t.hose in biological 

ret,iuas are made Ilsing published dat.a on the primate retina, Althollgh there have been 

a fair Humber of recordings of the out.puts of primate cones and ganglion cells4 [4][8][19] 

[46][55], t.he recording of 1Il0st other retinal celIs is extremely diffienlt to study in mammals 

hecause of their smalI size. "Vhat is available are reeordings of these eells in other animais. 

Fortunately, fol' many visual properties, illterspecies comparisons are possible when the 

underlying behaviour and st.ructure of the retina are similar [15][57], Many of the visual 

properties of interest here can be «lIalitatively compared with fi<;h, cat. and monkey retinas. 

Therefore. comparisons of the model outputs are made with data from animaIs whose visual 

systems are helievecl to he similal' 10 prima.tes, when primate data was Ilot available. 

In making comparisolls of t.he comlmte7' ,'etina responses \Vith biological retinal ceUs, the 

differences in t.he polarity of somp retinal cell outputs as compared t.o the model responses 

41\fallY of the gallgholl cell rha.ra.cterlstics a.re actually inferred from recordings of cells in the Lateral 
Geniculate Nucleus (LGN), where the hulk of the ganglion cell outputs terminate. 
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should be noted. In aIl biological vision systems t.he out,put pot.ential of phot.oreceptors 

(rods and cones) and horizontal cells hyperpolarize (hecome more negative) in l'csponse t 0 

increased light stimulation. In contrast, our model co ne and horizontal cell outputs .ue 

designed to become more positive to signal increased output levels. In hiological rl't.ina.s, 

bipolar cells are of two types: those that hyperpolal'ize in l'eSponsl> 10 inc:reased st.imulation 

in their receptive field centres, a.nd those t.hat depolarize (hecome morc positive). Th~ 

bipolar cells outputs in the computer T'etina are positive when tht' l'Pceptive field cent,re is 

brighter than the surround and are negative when t.he s1\I'round is hl'i~hter than tht' Ct'II\.l'e, 

5.2 Flashed Background Experiments 

We conducted ftashed background experiment.s similal' 10 \.hose l'OIl<!u('tl'(1 hy Norlllaull, 

Werblin, and Sehnapf in arder to show t.he temporal l'eSpOIlS(lS of OUI' ('(JlIlIJlI/('1' l'dùw 

cells to full-field flash inputs [,-11][55][72]. In these expel'im(lllts, a lIuif'ol'lll harkp;roullcl 

intensity (which fills the entire visnal field) was presellt,t'c! to thl' l'I'\.ina illtprsplll'spd wit.h 

short intervals in which a background of a different. illt,ensity was "f1ashed" 01 suhst.it.ut.(l(1. 

The response of various cells are recorded fol' the l>nt.il'et.y of the (lXpt'l'Îllll'lIl .. Fo1ll' \.y[)(IS of 

experiments were performed wit.h flashcd background st.illluli. Thl'se Wel'(' IISI'(\ t.n det.errnine 

the following: 

1. The co ne "impulse" l'es panses ta short dim flashes 

2. The effeet of horizontal cell feedback on cone out.put 

3. The tempora.l l'es pOli se of varions relIs ta 101l~ fllll-fj('ld lIaslws 

4. The intensitY-l'esponse cnl'ves for varions retillal (,1'1Ir-. 

The Collowing sections desCl'ibe the result.s of the ahovp t.l'st.s. 

5.2.1 Cone "Impulse" Response 

Figure 5.1 (top) shows the superimposed lesponses of a mod(~l cone ('l'li wl)(,11 t.lte C07It­

puter retina was subjected ta short 30 ms "flashes" of mrreasillg int<'llsity ;Ult! t II(! l'PSPOJlS(!S 

of a monkey cone (bottom) in a similar t.est [.15J. Th~ monkey cOlle l'PSpOIlSP is characterized 

by a peak due to the flash followed hy an ovel'shoot when l'etnl'lling 1.0 t.he l'pst.ing potelltial. 

This overshoot is due to the effects of feeclback from horizontal cells 1.0 t.he ('~)/)e. Tite model 

l'esponse also exhibits this overshoot with the horizontal eell feedha('k (·nahled. Tite moclel 

cone output reaches a peak 30 ms aCter presentation of the "flash" while a mOUkf!'y cone 

typically takes ,50 ms. This discrepancy indicates that the cane time consta.nt (TroTte = 10 

ms) used in the model may he 1.00 small. Howevel', the chosen enne a.nd hol'Îzonta.l cell 
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Figure 5.1: COlle Response to Short Full-Field Flashes: The top figure 
shows the model cone response to 30 ms full-field flashes at flash intensities of 10, 
20,40,80, 160,320, and 640 trolands added onto a background of 100 trolands. The 
boUoll1 figure shows membrane current from a monkey cone as the flash intensities 
werc progrcssively doubled (from Schnapf [55], @1987 Scientific American) . 
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time constants are consistent with the values llsed by Richter [.17]. In all ot.her aspects, t.ht'! 

model's cone response appears t.o behave similarly to t.he lIlonkey rone ('('11. 

5.2.2 Effects of Horizontal Cell Feedback on Cone Output 

To isolate the responses of cones alone, without the horizont.al n~1I [e('c1bark, ('lect.\'Ophysi­

ologists often treat the retina with an aspartate solution. Tl\(! pn'senet' of aspartat.e blocks 

the horizontal cell signal from inftllencing the cone out.put [21][41]. In t.he NJ1IqJUfc1' 1'clin(1 

program, it is of course simple t.o turn off the horizont.al cdl feeclback. 

Figure 5.2(a) shows the model cone response to a flashed hack~I'OIIIHI test. hot h with i\.ncl 

without horizontal cell feedback. Data on the effects of horizontal ('l'li f('('(lhack on prima.t.e 

co ne responses are not available. However, for comparison, data fol' t.he fJl'('A'o "rone-likt'!" 

rod photoreceptors is shown in figme 5.2{ b). 

Although the temporal cha\'arteristics of the gecko 1'0<1 ilr(' 1111\('11 slow<'I' t hall iL prilll,Lf,(' 

cone and the input stimuli used are slight.Jy c1ifferent., th<, df'e('t.s of horizontal ('{,Il f('('dhark 

on the gecko photoreceptor responses are comparable to t.hat. ohsl'l'vpd ill 1.111' IIl(HI('1 ('ont' 

response. It can he seen that when horizontal ecll fee<lhack is )JI'('sent" t.he slIlilll delay 

in the feedback signal with respect to the co ne serves 1.0 sigllifici\.ut,ly ill(,l'cas(' t hc peak 

amplitude and sharpen the cone temporal l'esponse 1.0 a "flash". 'l'Ill' init.i.Ll conc pl'iLk 

response is quickly diminished by the effects of network feeclback [1'0111 t.he 1I000iwntai ('('Ils. 

This network adaptation mechanism acts t.o qllickly retul'll the cone pot.!'nt.ial t.o t.he IlPi\.!' 

the middle of its response l'ange, thereby pl'eventin~ COlll' l'lat III atioll. 

5.2.3 Cell Responses to Full-Field Flashes 

Shown next are the outputs of the model cone, horizont.al, and hipoliu ('(,Ils ill l'l'spoJlse t.o 

ftasheci background experirnents performed al various ambient illumina.t,ion If'wls. TIII'se 

outputs are compared to those recorded in fish retinas by Nonnanll [,II] iUlI! W""hlin [12]. 

Figure 5.3 shows the model colle outputs (top) and the Nertll1'w. (iL t.ypP of fish) cone 

recordings (bottom) when exposed t.o long (900 ms - 2 s) t.est. flashes of val'iolls intellsity 

at two different background intensities [41J. The Nectllrtls COlle recordings weJ'{' made in iLli 

aspartate treated retina and thus were isolated from the effects of horizontal ('('Il feeclhar.k 

[41]. To allow for a comparison, a separate experiment recorcled the rone Ollt.puts in the 

absence of horizontal cell feedback. The moclel cone responses are simila.r 1.0 t.hose l'ecord('d 

in the NectuTtls. The main difference is that the model cones have a 11111 cil shar)l(!r clflcay 

from the initial peak l'esponse to a flash, and th us reach a stable plateau HIndi l'aster (within 

250 ms) than the Necttl1'tl~ cones (ahout 1 s). This decay to iL stable plateau is a. l'esult of 

cone temporal adaptation mechanisms which adapt the cone sensitivity t.o t.he new arnbi<lJIt 
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Figure 5.2: Effect of Horizontal Cell Feedback on Cone Response: (a) 
shows the normalized model cone responses to 900 ms flashes of varying intensity 
with horizontal cell feedback enabled (left) and disabled (right). The intensity of 
the flash is indicated beside each curve in log troland units. The background inten­
sity was 1.0 log troland units. It can be seen that horizontal cell feedback causes 
the cone potential to very quickly return from a peak response to one nearer to 
the middle of its response range, thus "sharpening" the cone transient response. 
These responses may be compared with those obtained from recordings of gecko 
"cone-like" rod photoreceptors in (b) with horizontal feedback present (left) and 
absent (right) (from Dowling [21] with permission of Harvard University Press). 
The gecko rods hyperpolarize in response to increased illumination stimulation and 
t,hus their responses are inverted with respect to the model cone responses. Al­
though the temporal characteristics of gecko photoreceptors are much slower than 
the primate cones and the input stimulus is different from that used in (a), the effect 
of the horizontal cell feedback in sharpening the photoreceptor transient response 
is comparable. 
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intensity. The observed difference is thnG due ta the much short.er t.ime constant choseu 

for cone temporal adaptation in the comrJllter /'etina (modelillg pigment hleaching in the 

primate system) than exists in the Nectttrtls retina. 

Figures 5.4 and 5.5 show the data for horizontal and midget. hipolar n'Ils, resp(wl.ively, 

for flashed background experiments as performecl on the wnes. In t.his ras(', horizont.al n.-II 

feedback to the cones was enabled to allow comparison of model cl'll out.puts a.gainst t.hase 

of non-aspartate treated mudpuppy retinas [72]. The model cell out.put.s are compara.hle tu 

those ofthe mudpuppy but have a much sharper transient responses due t.o t.he short.eJ' t.irne 

constants used in the model cells. Although primat<, horizontal and bipolal' c('11 l'eroJ'dings 

are not available, Richter estimates that the time constant in mammals lIIay he allywhNc 

from 5-10 times shorter than in fish [47], 

5.2.4 Intensity-Response Curves 

Figure 5.6 shows the intensitY-J'esponse C1lJ'ves for the model COlle, horizont.aL lIIid/!,et. hillola.r 

and diffuse bipolar cells. These c11l'ves were obtained hy plot.t.ill/!, t.he IH'ak itmplit,ud('s of 

the ceil output vs, the log illtensity of the flashes as ohtained from the flash('d hack)!;l'oulld 

experiments described in the previous section, A separate ('mve was oht.a.il\{'d at parh of 

the background intensities shawn. The moclel cone and horizontal ('l'Il plot.s show that, t.hes(~ 

eells have a dynamic range of about 2.5-3.0 log units centred al'oulld any g,iv('J1 ha.ck/!,roll1ld 

intensity. Flashed intensities outside this range eithel' l'licit. negligihle 1'('11 J'espollsP or a 

saturated response. Increasing the background intensity shift.s t.he opemt.illl!, point. of rone 

and horizontal eeUs and shifts their entire IR-clll've to t.he Iight wit.hout a. rha.lI~e ill lihapl'. 

Both the midget and diffuse hi polar eells al80 exhibit liimilal' hehaviolll', 'l'II(' 1II0(lelmi(lg(~t. 

bipolar cell has a dynamic l'ange of apPl'oximatcly l.5 log unit.s while I.IH' diffus(' hillolal' 

cell has a very nal'l'Ow 1.0 log unit l'esponse range arollnd a. p,iven hack/!,l'olllHI illt.PlIsit.y, Fol' 

background intensities close 1.0 the "cone threshold" « 102 t.cl), most. of t.he J'('spolISe J'1U1gf' 

of bipolar ceUs is used to signal intensities brightel' t.han the ha.ckground (p()sit,iV(~ ('olltmst). 

It is only at mu ch bl'ight.er int.ensities that the model hipolar ('('lis l'espolld ('(Iually wpll to 

negative contrast as well as positive contrast. Figure ,!j,(i (hottom) shows t.he rOlTespOlHling 

intensity-response curves obtained by Normann [41] and Werblin [72] in t.he Nectur'us(colle) 

and mudpuppy (horizontal and bipolar cell) retinas. Note t.hat t.he slopes of t.he fish co ne and 

horizontal cell curves are the negative of those fol' the conesponding ('ont]Juter' r'dillfl ('('Ils 

because of the hypel'polal'izing nature of t.hese biological cells. The lrIudpuppy horizontal 

cells appear to have a dynamic range of slightly over :J.O log units while tlw hipola.r l'csponds 

to only a 1..5 log unit range of intensities around the pl'evailing hackground intellsity . 

The flashed background experiments show that the outputs of the cOTTqmter' rdirwa.p-
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Figure 5.3: Cone Temporal Response to Full-Field Flashes: The top figure 
shows the temporal response of model cone cells when 900 ms test flashes were 
substituted for the background every 8 seconds at two different log background 
intensities (1,0 and 3,0 log td) indicated at the top of each set of curves. The 
intensity of the substituted flash is shown to the right of each trace in units of 
log t.rolands. The initial cone response to a "flash" slowly decays to a new resting 
pot.entinl as the cone adapts to the new illumination leveL The model cone cell 
response CllrVeS are similar to co ne responses obtained by Normann in the aspartate 
treated Necturus retina shown in the bottom figure [41] (with permission of the 
Rockefeller University Press), Note that the cone potential in the Necturus retina 
hyperpolarizes (becomes more negative) in response to brighter illumination levels 
and thus is opposite in polarity to the model cone responses, Increasing flash 
intensities are towards the bottom of the figure for the Necturus and the opposite 
of thosc for the mode} cone curves. 
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Figure 5.4: Horizontal Cell Respollse to Full-Field Flashes: 'l'III' top fig­

ure shows the temporal response of model horizontal cells 1.0 900 ms tCHt f1l1shcH 

substituted for the background every 8 seconds at two separate backgroulld inten­

sities (shown at the top in units of log trolands). The intensity of the SUbHI.ituted 

flash is indicated to the right of each curve in log trolands as in the cone expmi­

ment. The hottom figure shows horizontal ccII recordings ohtained by Werblin in 

the mudpuppy retina in a similar experiment [72] (with permissioll of the Rockefeller 

University Press). Note that mudpuppy horizontal cells hyperpolarill,e in reRpOllHe 

to increased stimulation white computer retina horizontal ccII outputs increasc ill 

response to increased stimulation. As a result, the polarity of the rnodcl horizontal 

cell rcsponse is the opposite of that of a mudpuppy horizontal cell . 

101 



• 

• 

• 

5. EXPERIMENTS AND RESULTS 

1 Il BACKGROUND 3.0 BACKGROUND 

1 () 

()sL- os L-
()s~ os. 

1.0 BACKGROUND 2.5 BACKGROUND 

!lOBACKGROUND 

65 

60 

55 

50 

-1.-+4.5 
~40 -r---t- 35 

osL-
os, 

5.0 BACKGROUND 

Figure 5.5: Midget Bipolar Cell Response to Full-Field Flashes: The top 
figure shows the time course of model midget bipolar cells to 900 ms test flashes 
substituted for the background every 8 seconds at three separate background inten­
si tics (illdicated at the top in units oflog trolands). The intensity of the substituted 
flash is shown to the right of each curve in log trolands. The bottom figure shows 
recordillgs from a depolarizing bipolar cell in the mudpuppy retina obtained by 
Werblin in a similar experiment [72] (with permission of the Rockefeller University 
Press) . 
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Figure 5.6: Intensity-Response CUl'ves: The top four plots in the Figurf' 

show intensity-response curves for the model cane, horizont.al, rnidgef. bipolar, and 
diffuse bipolar cells as obtained from flashed background experimcnts. The ~)()f.torlJ 
plots show (from left 1,0 right), the corresponding data for sirnilar experirnent.s in 
the Necturus (cane) [41] and mudpuppy (horizontal and bipoJar rell) [72) (with 
permission of the Rockefeller University Press). Note that the sJopes of the fish cone 
and horizontal cell curves are the negative of those for the correspond mg COT/lImler 

retina cells because of the hyperpolarizing nature of these biological retinal cells. 
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proximale to the first order the temporal nature of responses found in biological retinas . 

Where c1ifferences exist, most may he attributed to a difference in the time constants between 

lish retinas and those useel in the model implementation which were based on estimates for 

iL lIlammalian retina. 

5.3 Sinusoidal Grating Stimulus Experiments 

Sinusoidal grating stimuli are often used in visual psychophysics and electrophysiology since 

t.hey allow researchers to characterize the response of the visual system over a wide spec­

t.I'UrTl of spatial and t.emporal frequencies. Typically, a sinusoidal grating stimulus consists 

of a. pattern in which the intensity varies sinusoidally along one of the spatial coordinates. 

ru addition, t.he stimulus may he modulated temporally so that the intensity also varies 

sinusoidally with time. Figure 5.:3 shows a. typical sinusoida.l grating stimulus. The parame­

tl'rs that specify t.he sinusoidal J?,rat.ing pattern inclllde its spatial fl'equency k (cydes/pixel), 

Hs t.mnporal freqllency of modulation w (Hz), background intensity h and t.he contrast or 

depth of modulation c of the grating (0 < c < 1.00). 

Fïgm'e 5.7: Sinusoïdal Gratillg Stimulus 

ln clect.rophysiolop,Îcal l'xperiments on primates. the sinusoidal gratin!!, stimuli are pre­

sl'ntèd while t.11P out.put.s of ('l'Ils in the parvorellular and magnocellular layers of the laterai 

/!,l'niculate nucleus (LG N) are 1'('('01 ded. The parvocellular and magnocellular layers al e 

where the output.s of l'l't.inal P and M ganglion cells tel'minate. respect.ively. The LGN cells 

have very simple ccnt.re-surround receptive-field structures, just like the P and M retinal 

ganglion eells, and are t.hus believed to have properties, in most respects, similar to the 

ga.nglion relis which provide their input. 

In these experiments, t.he recorded monkey P-cell and M-cell data may be expressed in 

any Humber of wa.ys. The most common measures used are contrast sensitivity, gain and 

l'OlItrast p;ain. Contra.st sensitivity for individual ceIls is typically defined as t.he reciprocal 

of t.he contrast required in t he input stimulus to produce a criterion l't'sponse (a minimum 

level of output that. must; he achieved in order to consider the input stimuli distinguishable 

from barkground llois~) in t.he l'eH output. Gain and contrast gain are defined here to be 

consistent. \Vit.h Shapely [5(il and Purpura [461: 
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M eun cril l'rspon,'lt' 
Gnzn= ~----------------------~----------------(Stimulus contrast)(Mc(!1I 1'('(I1/(/{ lilumlllllt/OII) 

C 
(1\1 ean ccli "C'~J101l.'l(') 

ont l'ast glU n = ~-, -,---:------=---~ 
(Stzmlllu$ cOIII/,(/,~1) 

(:J, 1 ) 

Only measurements of contrast gain or absolllte gain are givC'1l for t.1H' l'm//llllll'1' 1'1'1111/1 

ganglion eeil respollses. Determination of the eontrast sensit.ivit.y was omi t tpd as il. 1 PquÎrps 

a lengthy iterative procedure to determine the smallest input routrast. l'<'qui\'l'<! to ('Iirit a 

criterion output response. Measuring it would have innl'asl'd t hl' l'Xl'r\lt ion 1 illH' of t hl' 

experiments by at least an orcier of magnitude, lIowf'vPI'. l!te IIlPilSnn' of ('onl rast. gaill il. 

very similar t.o contrast sensitivity if one assumes il lilleal s,vstl'Ill .1IIt! t!tus is snfliril'Ilt. l'or 

the qualitative comparisons macle here. 

Titree types of experiments \Vele rondllrtpd tlsin/!; :-.inllsoid.t1 gl'.ltillg :-.t1l1l1l1i tu chante­

terize the following featllres 01 the ('oT/tl,u/n' 7dW/l: 

• Changes in spat,ial freq lIelH',V SC:'Jlsi ti vi ty ('a tlspd hy i 1111 mi lia tioll Il'vl' 1. 

• Changes in temporal freqllellcy gain as a fUllrt.ioll of ill1llllinal iOIl Il'v!'l, 

• Changes in contrast gain as a funct.ioll of iUIlII\. ront.mst. ,lIId ll'lIIpol.\1 fl'l'llI!4'lIry, 

The results from these expel'iments ale prescllted Ilexl.. 

5.3.1 Spatial Frequency Sensitivity 

In this experiment. the spat.ial frequency spnsit.ivity of t!\(' mndpl P-I l'Ils ,,"d ~I-( 1·11:-. W,I:; 

determined at several illumination levels . .-\1. carh hackg;roll IId illulII inil tillll Il'v!'1. 1 h .. pl'.1 ho 

responses of the P-cell and M-cell outputs W(lJ'(l l'(,(,ol'dp<l as tIlt' ... palial IrI'II'II'IIC'y 01 t hl' 

g,rating \Vas slowly varied ovel' :! or<!NS of magnit.ude, Thp input ~liIllUIIl:-' Wil:-' PIl·!'>C·"I.I·d 

with a temporal modulation of 2 Hz while t.he g;ratiu/.!, ('Out.l'a:-.t. wa:-. kl'pl. fixl'd al. (' = D,'.W 

throughout the experiment. The ganglion ('t.1I Ollt.pllt. Il'vpls WI'II' divitll'd bv Ih" 1 o"tl.ISt. (' 

to obtain a rneasllre of contrast gain. 

Figure 5,8 (top) shows the contrast gain of 1110(1<-1 1'-(1·11:-. aud :VI-ll'lb a:-. Il IUlllt.ioll 

of spatial frequency (l,t several illumination l('vl'Is, Thp :-.pat.ial fI e{!,I""1 J('~ haVI' .dl 111'1'11 

eonverted from cycleS/pixel to cydes/degree ta aid l'OlIIpalÎholl wit.h MIU'WJlH' lIIollk(~y dat.a, 

from Derrington [19] shown at t.he bottorn of Figure :J.~, 'l'hl' figul'f' iII1l1-ot.rat.l'i'> l'>l'vI'I'al 

aspects of the behaviolll' of the c07TlJl1ller r'dl1lfl P-cl'Ils and M-( 1'1Ifo whk!t /JIil,V 1,,· l'OIllJ!illl'd 

with known facts on the primate IPt.ina . 

• The frequency resporise of primate P-('clls and M-Cl·lls is spatially hand P;IfoS al. pltotopir 

illumination levels [81][5ï]. 
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Figure 5.8: Ganglion Cell Spatial Frequency Tuning: The figures at the 
top show the contrast gain of the computer retina P-cells (top left) and M-cells (top 
right) as a function of the sinusoidal grating spatial frequency at several illumination 
\evc\s (10, 100, 1000,105, and 107 trolands). The temporal frequency of modulation 
was mailltained at 2 Hz and the grating contrast was fixed at c = 0.20 throughout 
t.he cxperiment. The spatial frequencles have been scaled from cycles/pixel to cy­
cles/ degree 1.0 allow comparisoll with primat,e data. Comparable data on the typical 
cont.rast sensitivity of individual Macaque monkey parvocellular (P) and magllocel­
\ular (M) LGN cells is shown in the bottom two figures (from Derrington [19] with 
permission of The Physiological Society @1984). The grating stimuli used in the 
Macaque monkey experiment were modulated at a temporal frequency of 5.2 Hz at 
a background illumination of approximately 320 td. 
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• Increasing illumination lcvels are accompanied by illcreases in visllru aCllit.y and thlls 

an ability to resolve higher sinusoidal grating frequencies [6SJ[ïS]. 

• At low illumination levels, an increase in ilIuminat.ion leVt'1 is <\l'compallied hy an 

increase in contrast sensitivity (contrast gain) (81). 

• At still mu ch higher illumination levels, the contrast. sensit.ivit.y (contrast. gain) as weil 

as spatial acuity reach a plateau and become insellsitive to any furt.l1('r incr(lases in 

background illumination level [81]. 

• The M-cell system in the primate retina has a higher contrasl, gain than the P-l'ell 

system [57][4]. 

• P -ceUs are ahle 1.0 respond to much higher gpat.ial fl'('q\lc1\cil'~ (·\O-HO cyl'l('s j <1t'g,\'('1' ) 

than M-cells (10-20 cycles/degl'ee) as a l'l'suit of t.heir IllIlC!t slIIa.lll')' ('(\cppt.iVl' tieilis 

[33]. 

AlI of t.he above pl'Opert.1es are qllalitat.ively exhibit.ed hy 0\11' ('oll/lml/'l' 1'('lmu. As the 

illumination levels increase. the P-cell and M-cell contras!. gain increasl's and t.he olltpllt.S 

reach a peak at much higher spatial frequencies of modlliation. The M-c(lll olltpUt.S exhihit 

higher contrast gain (larger peak outputs) and are tuned to lower spatial fI'Cqllf'lIcil's t.hall 

P-cells at all illumination levels. The mode! P-cells have a peak sensit.ivity to bpat.ial fre­

quencies of 12-15 cyc1es/degree and are able to signal frc<!lIencies Ill' t,o 50-()O cydesjdnJ!;l'cl.' 

and is consistent with primate data. The model P-cells I\ud M-celh; I\lso ('xhihit. fi, ~light. 

spatial bandpass chal'acteristic, 

It should be noted that the shape of the spatial fl'eqllency l'esponst' is dt'pl'lIdpllt. "1'011 

the temporal frequency of modulation as weIl. Figure 4.10, which shows t.he spat.iot,(·ml'0ra.l 

tuning of P and M cells at one iJlumination level, illustrates t.ltis point, At v('ry low tel/lporal 

frequencies, both P and M c('11 l'esponses exhihit a strong spatial handpass cltara.dm i:,t.ic, 

At moderate or high temporal frequencies of modula.tion, the spat.ial handpass rharaderÎsl.i<: 

hecomes much less pronounced and eventllally hecomes a lowpass chal'iLcteristir. ThiH eff'(>('t. 

is also observed in the primate and cat retinas [1!»)[24]. 

5.3.2 Temporal Frequency Sensitivity 

Figure 5.9 (top) shows the gain of the c07n1Jttter retintl P and M ganglion cells as ft fUJ1etion of 

temporal frequency wh en stimulated by sinusoidal gratings. Fol' this experirnent" the spatial 

frequency of the sinusoidal grating was held fixed at 3 cycles/degrce (0,0208 cycles/pixel), 

and the grating contrast wa.s set to c=0.30 throughout the experiment. The grating temporal 

frequency was varied slowly and held at each frequency for 4 seconds c1l1ring which time the 
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mean P-cell and M-cell outputs were recorded and divided by the mean retinal illumination 

level and the contrast c to obtain the gain values. This experiment was repeated for several 

illumination levels to ('xamine the effects of illumination level on the temporal frequency 

gain. The model response may he compared to data from recordings in the Macaque monkey 

LGN made by Purpura [46] shown in bottom of Figure 5.9. 

The general temporal fre{{llency properties of the computer retzna P-cells and M-cells 

may he summarized as follows. Figure .5.9 shows that the M-cell system responds with a 

much larger gain to temporal stimulation and is thus able to respond better than the P-cell 

system at both low and high temporal frequencies. This is in agreement with generally 

cited properties of primate retinal P-cells and M-cells [33]. The gain of the comlJ1tter retina 

M-cells is about 5-8 times larger than that for the P-cells and is comparable to the factor of 

()-7 difference found in monkey eclls. The peak P-eell temporal frequency is around 8-9 Hz 

a.nd within the l'ange of values (8-12) Hz found in primates [46]. In addition, the temporal 

frequeney gain of hoth M-cells and P-eells is inversely proportion al to the mean retinal 

illumination level a.l. low temporal ftequencies and thus is consistent with Wehel"s law. At 

higher temporal freqllencÎes, the gain of the system depends inereasingly on the temporal 

fre<I'aeney and time constants of varions cells in the retin,L and hecomes relatively insensitive 

to the illumination level. 

The C071LTJUtc7' "etina model'!, t.emporal frequeney gain compares reasonably well with 

the Macaque monkey data in most respects. The main difference is in the shift of the peak 

t.emporal fre<lllency (the temporal frequency which gives a peak ganglion cell output) as a 

fllllct.ion of illuminat.ion level. In the monkey data, as the illumination levels rise, the peak 

temporal freCfllency also increases fractionally. This seems to indicate that in addition to 

modulation of receptive field sizes. t.he dynamir properties (time constants of various cells) 

of the retina also adapt to the illumination level. In our model, for the sake of maintaining 

simplicity, the t ime constants for ail the cells are fixed with respect to illumination level 

and t.hus, the romlJUte7' T,ctina peak temporal frequency does not change with illumination 

level. The monkey data is accounted for by Purpura by adapting the time constants of 

severallowpass temporal filters (t.hrough which the input signal passes) as a function of the 

illumination level [46]. 

5.3.3 Contrast Gain 

In order t.o nwasure t.he effeet. of input. stimulus contrast on the contrast gain of P-cells and 

l\I-cells, an additional experiment was performed and the responses compared to data on 

il. similar experiment performed 011 monkey retinal ganglion eells. In this experiment, the 

output.s of model P-cells a-nd M-cells \Vere recorded as a function of temporal frequency at 
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Figure 5.9: Ganglion Cell Temporal Frequency Gain: RCHpOllSC curves in 
the top two figures shows the gain offoveal model P-cells (t.op left) and M-cclls (top 
right) as a function of sinusoidal grating temporal frcqucncy at several background 
ilIuminationlevels (indicated on the curves). A grating of fixed contrast (c = 0.20) 
and spatial frequency 3 cycles/degree was used throughout the cxperimcnt. The 
gain was computed as the mean ganglion ccII output level divided by the producL 
of the stimulus contrast c and the background illumination intensity. The data rnay 
be compared with recordings of P-cells and M-cells made in the Macaque monkcy 
LGN by Purpura [46] (reproduced with permission of Cambridge University Press 
@1990). In Purpura's data, a grating of spatial frcquency 3 cycles/dcgrce and 
a grating contrast of 64% was used for the P-cell experiments while gratings of 
1.6 cyclesjdegree and contrasts between 4% and 25% were used for the M-cell 
experiments. 
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several grating contrasts. The contrast gain was computed as defined in Equation 5.2. The 

pararneters held fixed in this experiment were the retinal illumination level (1000 trolands) 

and the grating spatial freqllency (0.009 cycles/pixel or 1.3 cycles/degree). Figure 5.1O(top) 

shows the contrast gain of model M-cells and P-cells as a function of temporal frequency 

for several grating contrasts. Comparable data on retinal ganglion M-cells and P-cells in 

Macaque monkeys are reported hy Benardete [4] and are shown at the bottom of Figure 5.10. 

This experiment shows that the P-cell contrast gain is largely unaffected by the stimulus 

grating contrast while the M-cell contrast gain diminishes noticeably with increased contrast 

input at the ceU's peak temporal frequency. Such behaviour is consistent with the notion 

t.hat P-cells, which have a smaller contrast gain than M-ceUs, respond linearly with respect 

to contrast [33]. M-cells, however, are easily saturated by moderate to high contrasts in 

t.he input signal cluc to t.heir high contrast gain and thus exhibit diminished contrast gain 

with increasing stimulus cont.ras!.. Again, the romTmter 7'Ctina outputs are similar to the 

finit order of a.pproxilllation to t.he hehaviour ohserved in lllonkey retinal ganglion cells. 

5.4 Step Edge Responses 

In order t.o illllstmte t.he adaptat.ion featmes of the model when confronted with changing 

illumination levels, the ('o7Tt[mter l'etz7w '.~ hehavionr in the neighbourhood of a spatial step 

cdges was explored at several hackground illumination levels. The spatial step edge stimuli 

consisted of images in which t.he right half (of the image) \Vas twice as bright in intensity 

as the left half at any given hackground intensity. The experiment was conducted so that 

a. uniform illtensity hackground \Vas presented for 2 seconds in order to allow the retinal 

responses aclapt. t.o t his int.ensity. This was followed hy t.he presentation of the step edge 

st.il11uli for 0 . .5 s with the left Imlf of the image intensity matching the adapting background 

intcnsity. The out.puts of all cells along a line crossing perpendicular to the step edge (in the 

x-direction) were recorded. This procedure \Vas repeated at several background intensities. 

The background intensities rangecl from 100 t.rolands to lOti trolands in 1.0 log unit steps. 

The rl'sponses of the cone, horizontal, and midget bipolar, and interplexiform celIs, as weIl 

as i\dditional data from t,his experÎment, are shown in Figure 5.4. 

'l'he plots (a )-( h) in Fig\1l'e 5.4 illustrate several aspects about the modelretina: 

• Plot. (a) shows the illumination intensity profile across the step edge at pixel position 
x=20. The right. si de of t.he image is twice as bright as the left half at each background 
intensity . 

• Plot (1)) shows the peak cone response approximately 40 ms after presentation of the 
step eelge. For retin'al illumination levels below 104 trolands (tel), increasing back­
ground illumination levels result in a st.eady increase in the cone potential. However, 
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Figure 5.10: P-cell and M-cell Contrast Gain: The top two plots shows t.he 
contrast gain of model M-cells (left) and P-cells (right) as a functioll of temporal 
frequency at several grating contrasts. The tests were performed at a background 
illumination level of 103 td and a spatial frequency of 0.009 cycles/pixel (1.3 ('y­
c1es/degree). The bottom figure (left 1.0 right) shows similar data for a cat X-ccII, 
and a monkey (X-like) M-cell, and a monkey P-cell from Benardete [4] (with per­
mission of Cambridge University Press @1992). The M-cell is more sensitive 1.0 

changes in contrast than the P-cell. Increased levels of contrast lead 1.0 diminislwd 
contrast gain in the M-cell system due 1.0 the nonlinear saturation funcl,ion. This 
effect Îs much less pronounced in P-cells because of their srnaller contrasl, gains . 
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Figure 5.11: Step Edge Respollses: The figures show t.he results of t.he spat.lal 
step ,,<Ige expl-'rinwnt. Shown in t.he figure are (a) t.he step edge int.ensit.y profile, (b)­

(d) t.he Iwak cone, hOflzontal and midget bipolar cell out.put.s, (e) t.he st.eady-st.ate 
interplexiform cell ollt.puts, (f) the Gaussian width of the HOrizontal œil receptlve 
field (RF) along t.hr st.ep edge profile, (g) variation of cone and horizont.al l'ell 
RF's wit.h illuminal.lon level and (h) the st.eady-st.ate midget bipolar cell outputs . 

Explanations of t.lwse figures are found in the text. 
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for intensities above 10" tel, mechanisrns 1l10delling t.he f.'flcrts of pigment. hl('achin~ 
and horizontal cell feedback act to keep the cone pot.{·nt.ial n<,ar t.1U! middle of it.s 01'­
erating range. The magnitude of the peak cone response t.o t.h(' st<,p etlgt> dt'Ilt'nds on 
the contrast of t.he step edge and very !itt.le on the iIluminat.ion l('wl. 

• Plot (c) shows that the larger receptive fields of 1 he horizonl al ('('II laYt']' l'PSlllt in .\. 
blurred version of the co ne output. 

• Plot (d) shows the peak midget bipolar cell ou tput apP1'Oximatdy ·10 ms aftet' pl'f.'­
sentation of the eelge. Note that for decreasing illumination levels, t.ht' widt.h of the 
step edge response becomes wider as cone coupling and horizont.al n,II ('onpling in­
creases. In ail other aspects, the bipolar cell l'<,sponst' is iuspnsit,ivt' 10 glohal changes 
in illumination level and instead responds to the fOnt.ra.st in dl(' visnal signal. 

• Plot (e) shows the steady-state output of the interplexifol'lll l'l'Il lay('!' in t.1l(' lIIodl'l. 
Interplexiform cells l'ereive t.heir input from bipolar ('t'lIs and t.hlls t hl'ir out.put.s arc 
large in regions whel'e tll(> hi polar cell outputs are large (Iikp npal' t.IH· slpp l'd~('). 

• Plot (f) shows how th(l dt'~l'ee of horizontal ccll rOl1plill~ (expn'ssl'd h~' \ lit' \Vicll h 
of its Gaussian shaped rerf'ptive field) is reduŒd hy iIlCl'(,i\sin~ !t'V('1f, (If illlllllin;\l.io\l 
level. Dopamine releasE:'d hy illterplE:'xiforlll relIs in 1 II(' !H'i!!,hhol\l'hood uf \. I\(' s\P\I ('(I!!,(' 
fmtlle .. rednces the hol'Îzontal cell coupHu/!, in ('l'lIs lted,1' t II<' st.!'p pd!!,l'. 

• Plot (g) shows the cone and horizontal cell !'('ceptive field (RF) l'>izPS (al!.aÎII ('xpl'esst'd 
in the widths of the equivalent Ganssiaus descl'i bing t.heil' Il F's) ,lS fUII('t.ion of hiU'k­
ground illumination level. At low illumina.tion levels, ('Ollt' ;uul horizolll.a.l fI·lI l'I!I'I!P­
tive fields expand in size in order to improve absolute ('ont.ras\. dpt,(·l'I.ioll. At. hi",h<', 
illumination levels, they shrink in orcier 1.0 improve i\('uity. 

• Plot(h) shows the midget hi polar cell response 250 ms aft.(lJ' 1)J·(lSl'IIt.at.ioll uf t.hl' SI.t'p 
edge. Note that, except in the virinity of t.he f'clge, t.he hi polar ('l,Il rl'spolIsp 011 t.h,· 
left side and right side of the image has now faded to zero. 'l'hl' fiAlIl'l' .1'\:'0 shows t,ha.i. 
the width of the step e<lge response gets narrower with inrt'l'ilsillJ.!, illuJllina.1 iOIl Il'wls 
and is as a result of the shrinkillg receptive field sizps. 

The step-edge experiment ha.s iIll1strat.ed some of the adaptlvl' I)J'O\)('/ t.il'l'> of t Ill' J'l'tillai 

model more cleady. The r<,maining experiments, in the lIext. ~.;pct iOIl, ~ how t.ht' t('SpOIlSI' of 

the computer 7"etinu to l'ea.1 imap,es from ima.ge data.hases alld a 1 f\y t.radll/!, pf\cka!!,f!. 

5.5 Complex Images 

The previous sections illust.rat.ed t.he l'csponse of the ('01T!lmÜ:l' T'('/HUI iJl II'SImUMl 1.0 Yl'ry 

simple stimuli. vVe now show the moclel l'esponse to morc complex iJllitp,(!i'I. TJae images 

used for this section are of two types. Some of the images WNf' p,CIICI a.tl'd lIsing il simple 

ray-tracing package which penuitted intensity values to l'ange OW'I' ,1 ordNS of lIIa!!;nitllde. 

Others were ohtained from image databa.ses and their intellsitif'S W('J'(' (·xpOIU'lltia.lly sCided 

to exp and the dynamic range of intensities in the input signal. D('raUM' of t.}1I' considera.hle 
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storage and computational requirements ta generate temporaIly varying images, the images 

lIsed in thcse experiments were aIl temporally stationary. 

In arder t.o display the outputs of various layers of cells on the computer screen and 

t.o make figures for this thesis, the comTlUter T'etina celi output ranges were scaled ta fit 

intcnsity values from 0 ta 255. For the bipolar and ganglion ceIls, which have outputs that 

may he positive or negative c1epending on the input contrast, the zero level of the outputs 

was set to a pixel illtensity of 127, with the total output dynamic range covering intensities 

frorn 0 ta 255. 

5.5.1 Response to Large Dynamic Range Images 

Figure .5.12 shows the steady-state outputs of the computer retina ta an image containing 

a objects (a fOmplex block, a sphere, and a cylinder) on a table surface. The intensities in 

t his I~enerated imap,p varied OVPI' :3-4 orders of magnitude. 

Even t.hou)!;h t.he illtensities in t he input. image range over :J-4 oulers of magnitude, in 

.wy given local neighbourhood of t.he image, t.he fOnes adapt t.heir seusit.ivit.y based on the 

local amhiellt. illt.ensit.y level. This adaptation mechauisIII tends to l'et.ul'll t.he cone potent.ial 

t.o near the lIIiddle of it.s !'ange. As a result., the st.eady-state response of t.he cone layer t.o 

a. stationary image is for t.he most. part equal to the cane half-maximum response except in 

l'egions of sharp intensity gradient. The P-cell and M-cell steady-state responses are only 

sensitive to spatial edges in the image. All ot.her features fade away in the steacly-state 

l'esponse. This is similar t.o the "fixat.ion hlindness" observed in the primat.e retina where 

stahilized images on t.he ret.ina fade away aft.er a very short t.ime [:J(i]. Note that there is 

ollly one M-cpll for ('\,('ry nine P-c('lls, and t hus the output.s of t.he ?\'I-cell layer sample the 

image al, il lIluch mal'ser resolnt ion thall the P-cell layer. 

Figure f>.la shows t.ll(, r('sponse of the rOTrl]Juter retintl to another sal1lple image, this 

t ime t.akcn fl'Oln an image datahase. This image is of a l'Ock climber on the face of a 

mountain. The image intensities in the original image l 0-255) were exponentially scaled to 

ra ver approximately live orclel's of magnitude. In t.he original image, shawn at t.he top left 

of Figure ;'.13, i t. is difficnlt. 1.0 see details on the relatively clark cliff surface. However, 

the rompuü'" T'dina lorally adapts it.s sensitivity at the co ne level (top right image) so that 

bot.h the hl'ight. and dark regions of t.he scene can be seen. In particular, l'egions obscured 

hy shadows in the oI'Î!!,inal scelle are more rlearly visible in the P-cell and M-cell outputs. 

5.5.2 Foveated Sampling and Data Reduction 

For ail previolls eXpel'illlel~ts in t his chapter, the changes in the pl'Ocessing of visual infor­

mation assodated with l'et.inal (lccentricity have been ignored. AlI comparÎsons made with 

114 



• 

• 

• 

5. EXPERIMEN1'S AND RESU 1:I'S 

Figure 5.12: Steady-State Response to Blocks Image: The top left figure 
shows "he input image with the intensities normalized to fit into a grcyscale of 0 to 
255. The actual intensities in the input stimulus ranged from 1 to 5xlO" trolllllds 
(4 log units dynamic range). The very dim cylinder and table are diflicult 1,0 Stle 

in original image. The top right figure shows the steady-state cone rcspouse to t.he 
image after 350 ms. The cones locally adapt thcir sensitivity so thal, both bright. 
regions and dim regions in the image are visible. The P-cell / midget bipolar and 
M-cell / diffuse bipolar cell outputs are shown in the bottorn left, and bott.orn right 
figures, respectively. Ali outputs are normalized to fit a greyscale of 0 to 255. 

biological data were from data in the fovea where the ratio of cone eclls 1.0 gallglioll ccliii ili 

one-to-one. For these experiments, the fovea was assumed to coyer the cnl.irc image. 'l'hili 

greatly simplified the comparison and analysis of the experimental data as thü effect.1i of 

nonuniform sampling and data reduction that occur in the periphery cOllld he igllol'cd. 

However the computer retina is also able to crudely approximate the effects of iIlCrei1li­

ing receptive field sizes and coarser resolution sampling occurring in the periphery. Tlw 

computer retina program makes use of log-polar mappings which separate the image data 

into two regions: the fovea and the periphery5 

In the fovea, there is a one-to-one mapping of the cone inputs to ganglion <;011 outputR . 

5The computer program used to perform the log-polar mappings was dcvclopcd by Marc Bolduc, McCliIl 
University, as part of his Master's thesis [6]. 
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Figure 5.13: Rock Climber: The figures show the outputs of the computer 
retina to the "rock climber" image. The intensities in this image were scaled expo­
Ilentially from 0-255 to cover approximately 5 log units before being processed by 
t.he comptlter retina. Shown from left to right, top to bottom, are the original im­
age, followed by the cone, the peak P-cell and M-cell outputs, and the steady-state 
P-cell and M-cell outputs. Note that although it is difficult determine the absolute 
illuminationlevel from the ganglion cell outputs, the local variations in contrast are 
quite visible in ail parts of the image. 
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In the computer retina periphery, a log-polar sampling scheme, as described in Chaptcr 4, 

is used to model the nonuniform sampling occurring al. the receptol level. a.s wt'll as t II{' 

convergence of information from the cones to the ganglion cell level. 

The primate l'etina achieves tremendous data redl1ctioll through the I1S(' of il 1I0nuniform 

sampling scheme that samples the image with increasingly mal'ser 1 l'solution with incr<,a.sin~ 

retinaI eccentricity. Further data reduction is realized by converg,ing incl'l'asin~ numhers of 

cone inputs into ganglion cell outputs. The primate retina has just over a. million ga.nglioll 

cell outputs for about five million cone inputs and thus realizcs a rive fold l'<'duction in t.he 

number of outputs to be processed at higher levels. 

Figure 5.14 illllstrates the data reduction realized by the ('OTltlmtfT /'diua wht'Il IIsin!!; a 

log-polar transformation on the periphery data. The input imap,e sizp is :d2x512 (:,w2,14·' 

pixels). The foveated computer' l'dma generates separat.e on tput.s fol' t IH' fOVPiI and Jll'I'ipill'I'Y 

for both P-cplls and M-cells, The foveal data is l'epresent.ed in 1 he ol'ip,inal ('.II't.l'siall dOlllaill 

while the peripheral information is l'epl'esE:'lIt.ed in 1 he lop,-polal' dUlIl<lill. III 1 hl' lo!!,-pol.lJ' 

domain images. incl'easing log ecc(lnt.l'icity is in t.he hori;wut.al dil'I'ct.ioll 10 1 hl' ri!!,ht.. whil" 

the angulal' posit.ion in t.he l'et.ina is l'('))l'l'sentcd aloll/!, t.he vPlti('al axiH. \VI' al'hil,J'al'ily 

selected the fovea diametel' for the ('07lt[Jutel' T'clintl t.o Il(' approximat.('ly 1 :l% of 1.111' OI'ip,illal 

image and requil'ed t.hat the size of receptive fields on fovea a.nd pPl'i phcry hOIl IHla l'ips mal.dl 

each other, The size of the outputs for each layel were as follows: P-ccll fnvl'iL (7!)xÎ!)), M-('(,II 

fovea (26x26), P-cell periphery (121x305), M-cell periphery (·IOx102), fol' il t.otal of 'lï!}()2 

pixels, induding a 15% overlap regionli h(ltween the fovea and peJ'ÏphNY da.t.a. Ht.J'lIcl.ll1'(,S. 

The computer retina thus achieves a (j fold rE:'c\uct.ioll in dat.a. l'('<(uirpd t.n 1)(' !lro('('HHPc! hy 

subsequent stages of visual proressing hy t he use of a. log-politr lIIilppilJ/!, Sr/If'IIII'. 

In order to see the representat.ion of t.he foveal and pcripheral inforllJatiolJ ill 1.111' ori/!,illid 

l'etinal domain, an inverse-mapping may he perfol'IlIcd. Fip,ure ii.I;) HltO\II , 1 hl' irdollll,lt.ioll 

in the fovea and t.he periphery data struct.ures mapped hack t.o the rpt.illal dnlllaill. 

5.6 Summary 

The experiments in t.Iris chapter ha.ve illustratecl 1 he l'er-.pollse of t.lte f:01/qJ/ll('" /'l'hWI fOI 

a variety of conditions. The exp(lriments Iwrformed with sinusoidal /!,l'iL1.inp, st.illluli ami 

tlashed background stimuli have shown, hy direct cOlllpariHon, thal. al. ICil!>1. 1.0 il. firsl. onll'/' 

of approximation, the qualitativl' hehaviollr of the r01TqJ1ltel' l'dl1Ul ('l'Ils il> Hitrlilil.l· 1.0 I.ha.t of 

GNear the fovea-penphery houlldary the computatIOn of the cell outputs rl!lJlures IlIfornHltlOn frolll IlOth 
the fovea and the periphery. In order to dl'collple the computatlolls III the fOVf'il .LlICI tlll" pl'flplwry, Miel 

thereby greatly rednce the computatIOn C'olllplexlty. the fovea and penphery data htructur"s WI'CI' cxtlmdml 
by over 15% so that they overlapped each other, This a.I1owed the cOlllputatiolls in the fovl'a .1/111 thl' 
periphery to be performed independently of cach other. 
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Figure 5.14: Foveated Retina Outputs: The top figure shows the original 
image as prcsented to the computer retina. The middle row of figures shows the 
foveal representations of the input image, and the cone, horizOIltal cell, midget 
bipolar / P-cell, diffuse bipolar / M-cell layer outputs (from left ta right). The 
foveal portion of the image is quite small (about 79 pixels in diameter) and is 
located at the centre of the original image. The bottom row shows the log-polar 
domain periphery representations in the same arder as for the fovea. Note that the 
actual number of M-cell outputs is only one-ninth of the those for P-cells but the 
M-cell output image has been expanded nine-fold for easier comparison here. 
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fish and primate retinas, Both the temporal and spal ial freqllellcy l'eSpOIlSl'S nI' 1 h(' l't/lllimi /T 

retina celIs match the data from experiments on fish and ]ll'imat,(' 11'1 illas and 1 huI' \'alida.ll's 

our model [4][19j[46][5,5][41j[i2], The step ('dge !'xl>l'rillwl\t, was PI'PSl'lIll'c1 ln l'l'\'I' a 1 1 lit' hmv 

the model responds to il. spatial step edge over il lal')1,(' ran!!,1' of h.trk!!,l'OulId inll'Ilsity 11'\'1'11', 

This experiment also illustrated t.he manuer in which horizolll al ('l'II alld (Oll!' phot ol'!,('ppl 01' 

coupling varies with the illumination level and the local ('\)(\1 ras 1 i Il 1 II(' ~(,I'II(', 'l'Ill' fi lIitl 

experiments, with more realistic images, iIlust rated 1 hat. (llll' l'l'lilial 1110111'1 .\r('OUlI 1 s ror 1101 

only the adaptational aspects of t, he l'et,illal fllIlCt.ioll hu t .111'0 1II1111ir~ th .. d,\ LI 1 t'd \1('11011 

found in the hllman retina, 
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Figure 5.15: Foveated Data Mapped back to the Retinal Domain: The 
figure shows the data from the fovea and periphery data structures mapped back 
to the retinal domain using an inverse mapping. The inverse mapping is shown for 
the original image (top left) , and outputs of the cone (top right), horizontal cell 
(boUom left), and midget bipolar / P-type ganglion celllayers (bottom right). The 
inverse mapping of the original image illustrates how log-polar mappings model the 
foveatioll in the retina. Although the foveal region is sam pIed at high resolution, 
features become blurrier with increasing eccentricity in the periphery. The P-cell 
outputs enhance spatial contrast in the original image. Note that certain regions 
in the image such as under the desk are enhanced and slightly easier to see in the 
P-cell output than in the original image. 
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Chapter 6 CONCLUSIONS 

The aim of this project was to develop a relatively simple 1110del of information processing 

in the primate retina. It was required that the retinal model not ouly al'l'ouut fur !.he data 

reduction strategies employed by the biologieal retina to meet the t.ransmission hottlenet'k 

at the optie nerve, but also strategies llsed to deal with a large dynamic range of ilIllmina.tion 

intensities. It was ftuther required that the model he relat.ively simple so that n potelltial 

silicon implementation may be considered in the future. 

This thesis has presented an overview of primate l'etinal hiolog,y il nd J'('viewed l'xisting 

models of different aspects of information processing and adapt.ation in 1 he fOlie systelll. 

Based on this information, a simple model of the adaptat.ion and adll'OlIla.tic informa.l.iun 

processing in the primate l'etina cone pathwnys was presented. Th{' (·(JIII/llLll',. ,·l'tiutl int.l'­

grates different aspects ofretinal pI'OCessillg snch as local neig,hhoul hood sl'usitivi!.y fOutl'ol, 

enhancement of spatiotemporal contrast, and data l'eduction th/'ollgh 1I0nuuiîol'IlI s;unplinJ!; 

into one coherent model. In addition, a model of the local adaptat.ion of ("('II l'I J ('cpt.ive H{'I(1 

(RF) sizes with illumination level and spatiotemporal contras!. \Vas proposed awl incol'pn­

rated into the computer ,·etina. Experiments similar to those pe/'fOl'med hy ('lect.rophysiolo­

gists on fish and prim.l.te retinas were conducted to validate the modeJ. The r{,spOIlRl'fl of tIlt' 

computer retina were compared to those of hiological retinas a.nd showlI t.o Iw qualitativcly 

similar. In addition, the model response to synthetic and l'eal imav,es \Vas prespnl.(·d 1.0 il­

lustrate the effects of nonuniform sampling and adaptat.ion. '1'11(' <'Xp(,l'illlt'lIts indicatp 1.1HLt 

the computer relma model captures many of the essential properl.ies of viRllal 1)J'()('essin~ in 

the primate l'etina and thus lIlay he used as n hasis tOI' ft ~ellhor dl'si~1l ill hl!icon. 

6.1 Summary of the Retinal Model Features 

Figure 4.11 summarizes schematically the computat.ions perfoJ'rned in t.he H!t.illal mod('1. 

The information processing strategies employed in the crmqmtcr ,"'ma lIlay he IIs(ld as a 

starting point for the design of "smart" sensors more closely rnat.rhecl in pCl-fol IIliLlICf! t.o the 

human retina. These strategies may be sumrnarized as followR: 

• Nonuniform sampling at the photoreceptor level, modelled hy th!, lise of il log-polar 

mapping, significantly /'educes the arnollnt of data that IIcecis 1.0 he [>/,()('css(ld al, 

subsequent levels . 

• The cone layer is responsihle fol' converting the illumination intensity information into 

signaIs used by the l'est of the l'etinalnetwork. A meaSUIe of the loca.l neighbourhood 
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spatiotemporaJ ambient intensity is used to locally set the sensitivity of each photore­

ceptor element and allows the computer retinfl to adapt 1.0 scenes containing a large 

dynamic range of retinal illumination intensities. This feature models the effects of 

pigment bleaching and horizontal cell feedback on the adaptation of cone sensitivity 

in biological retinas. 

• Diffusion is used to model the coupling or spread of signaIs between cells in any 

given retinal layer and to generate Gaussian-weighted receptive fields. The diffusion 

operation recJllires information only from immediately neighbollring cells and thus is 

relatively simple to implement in silicon. 

• The horizontal cell layer generates a spatial and temporal lowpass version of the 

visnal signal. Horizontal ce Ils have mu ch larger receptive fields and integration time 

constants t.han cones. 

• A difrerellfP operat.ion het.w(>(ln t.he (,o7n1J1lter l'Cti1Ul cone and hOIizont.al cell signais, 

cach with diffel'ent spat.iot,empol'al charactel'istics. leads to t he extraction and en­

hancement of spat.iotempol'al contrast in the visual signal at. the hipolar and ganglion 

ceU lcvels. 

• Two output. channels emeIge at the hipolar and ganglion cell levels with visual in­

formation coded at different sc ales and with distinct spatiotemporal properties. The 

smaller receptive field sizes and greater nnmber of midget hipolar and P-type gan­

glion eclls make them sensitive t.o high spatial contrast. In compal'ison, diffuse bipolar 

and M-t.ype ganglion fe11s have mnch larger receptive fields, are less numerous, and 

are hetter t.llnecl t.o respond to temporal fl'equency modulation. The spatioternporal 

propel'ties of the computer l'ctina P-ceUs and M-cells appear qualitat.ively sirnilar to 

t.hose of CC'lIs in Macaque IlIonkey retinas. 

• The diffllsivity 01' coupling between cells in t.he cone and horizontal cell layers in the 

f'OTnputel' l'rtmfl is changed as a fnnction of the local neighbourhood illumination level. 

Altering t.he ceU cOllpling in slIch a manner affects the size of receptive fields at the 

ganglion cell level and serv(>s as an adaptation mechanism t.hat attempts to maintain 

hot.h high con trél...'it sensi tivity a.nd high visnal acuity. At low illumination levels, 

increased ('one auel horizontal cell coupling leads to lcll~~r receptive field sizes. This 

l'eelnces the visnal acuity but combats photon noise and improves the output signal­

to-noist' ratio (SNR) so that smaU contrasts in the visual signal can be detected. 

At higher illuminations, photon noise becornes insignificant compared to t.he intensity 

signal 50 that small éontl'asts may be eletected even with reeluced coupling and srnaUer 

receptive fields. 
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• eeus in the interplexiform (IPX) layer react vigorollsly in regions of high spat,iotl.'lII­

porai contrast in the input image and reduce t.he HF size of hOl'izontal (·(·lIs. This 

adaptation mechanism lectuces the relative SiZl' of the surl'OlInd pOI't.ion of hipolar and 

ganglion cell RF's in regions of high spatiot.emporai cont.ra.st. (spat.ial (ld~(ls, f1ickcI'Ïng 

üghts, etc.) which improves the 10caIizat.ion of spat.ial and tcmpo!'all'cI",,<,s. 

6.2 Limitations of the Retinal Model 

Although the computer retina behaves in a manner Cfualit.atively similal' 10 t.1lt' prilllilt,l' rt't.iniL 

in many respects, there are several limitations of the modcl. TIll'Sl' lIl<1y 11(' SlIIlIlIlill'izt'd as 

follows: 

• Only the cone system is modelled. The mode of opl'rat.ion in t.hl' hiolo/1,Î<'.t1 l'('t.inil 

switches smoothly from the l'od regime at. very dim illuminilt.ion l"vf'ls 10 t.he l'Ont' 

regime at brighter levels. The hehavio1lr of the COlllpUt.('J' l'('tinil t hus difli'ls fJOIII t h(' 

performance of the hiologicai retina in the mesopic iIIuminat.ion /'.1,/1/1,<' W Il Pli hOt.J1 Ilw 

cone and roel systems are in operation. 

• Primate cone pathways carry chromatic as weil as a.<'h/'olllat.ic Itllllinilllc(' illformat.ioll 

in the same channel. However, t.he ('omTmle1' ,'etzua 1II0d(,1 i/!,Ilol'I's 1 h.· III'Ol'(lssillg 

of colour information. The contrast sensitivity of pI'ÎIIlat.e P-cells t.n dllollliLtÎ<'él.lIy 

modulated gratings have heen shown to be np t.o X t.imcs highl'I t.hall rür adll'Omat.ic 

gratings and thlls suggests a vit.al IOle fol' chromat.ic info/'luation in visual IH'J'fPpt.ioll 

[uJ. 

• Many simplificatÎ'Jns were made in dewloping t.hc modpl. 'l'laI' ollaiShioIl of ("('l't.ain 

features may have important consequences in the ovemlll)JocPhsiug of vistlal informa­

tion. My-celIs, which al'e relatively nonlinear and comJlrise ilPJll'oXilllilf('ly :lX) of l,Ill' 

ganglion cell population, are not incorporated int.o the 1\10<1(>1; only Mx and P ('('Ils 

are modelled. In addition. the effects of amacrine cells on t.hl' out.put:. of Ail.uglion 

cells have heen omitted. In orcier to reduce the Ilumher of out.put.s /'('(!lli/'I)d in t.lH' 

computer retina at the bipolar and ganglion eeIl I('vel by t.wo, hot.h t.he posit.ive iLnd 

negative contrast signaIs are ral'ried in a. single channel. By co/llp<l.rison, hiological 

retinas split this information iuto separate on-œntre and oj}('(mt.I'(~ pa.t.hwa.,Ys al. t.lw 

bipolar ceU level. 

• The temporal properties of P-cells and M-ceUs in the computer ret.i ra a. difff>1' fl'OUI t.holi<' 

of the respective primate ganglion celIs in al. least two ways. 'l'lac fil'st. differcnw is ill 

the peak temporal frequency sensitivity. The peak temporal fl'equenc.Y of the model 
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P-cells and M-cells differs only slightly from each other (10 Hz and 12 Hz respectively) 

whereas this difference is much larger in primates (8 Hz and 16 Hz respectively) [33] . 

• The contrast gain of primate ganglion cells drops off rapidly for temporal frequencies 

)?;reater than the peak gain frequency so that P-cells and M-cells are unable to follow 

stimulus modulations more rapid than :10 Hz and (iO-80 Hz respectively [:33]. In 

cornparison, t.he mmplltc1' retina P-celI and M-cell contrast. gain diminishes rather 

slowly, illdicat.ing al equil'ement. for pxtra stages of t.emporallowpass filtering or higher 

order lowpass tilters in al! htages of processing. 

6.3 Suggestions for Future Research 

This t.hesis has ollt.lined a ililllple l'('t.inal model which incorporates many of the features 

ohservpd in t.he plÎlIl') te rel ina. Althollgh the many simplifications made in the model 

lead t.o some discrepancies Ill't.weell the hehaviollr of t he rompu/cr ,.rti71fl and hiological 

r et.ina, the PSSCII tial plOpert.ips of adapt ation to a wide rallgp of i111llnination Ipvels and data 

l'f'cluct.ion haw 1)('('1\ incorporalpcl, This model was dev"loped wit.h the hope that il. may 

('v('nt.ually h" t.<.'sted in silicon. ThllS a logical next step mav he to investigate the feasibility 

of a silicon implelllPntation of t.he mode!. 

Future rcscarch of possihly great henefit woulcl be the extension of the mode} ta in­

corporate featllres of the IOd system for operation at very low illumination levels and the 

processing of chl'OlIlat.ic information. In addition, lIIany of the limitations of the model 

olltlined ahove lIIay 1)(' addressed a t the expense of slight inCl'eases in model complexity and 

i Il ncasccl 1111111 hel uf pa l'illlletl'rs. llowever, t 11(> henpfi t wOllld he a lllorp complete lIlodel of 

r('t.illal in forllla tioll pl'O('('ssing. 

Ot.hcr it!'pas t ha t 1'l',!llirp fmt hel <.'xploration ,li e the possi ble pffects of t.he adaptation 

of the integratioll 1 irrll' COllilt ants and t he relative weightings of the centre and surrollnd 

portions of hipolar and gallJ?;lion ccli receptive fields as a function of illumination intensity 

or spatiotemporal rOlllrast. 

The retinal model presentecl here is not a final procluct. Instead it is hoped that this 

will thesis serve as a fonudation 011 which to hase the design of "smart" sel1sors and tItat 

more ('0111 prehellsive l'l't.illa.l llIodels may be cleveloped in the future . 
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