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ABSTRACT

This essay is considerably longer than the published version of the same theory,
and s designed for readers who have only elementary knowledge of the retina.

It Is organized into four parts. The first is a review that consists of four
sgctions: retinal anatomy, physiology, psychophysics, and the retinex theory.
The maln exposition starts with Part 11, which deals with the operation of the
retina in conditions of moderate ambient illumination. The account s limited
to an analysis of a single cone channel == like the red or the green one -- the
rod channel! being referred to freguently durimg the accounmt. Part |1l considers
various interesting properties of retinal signals, including those from the ful-=
ly dark=adapted retina; and finally the thoray problem of bleaaching adaptation
is dealt with in Park IV, The general flow of the account will be from the re-
ceptors to the ganglion cells, and am analvsis of each of the retinal cells and
synapses is given in the appropriate place.

Work reported herein was conducted at the Artificial Intelligence Laboratory, a
Massachusetts Institute of Technology research program supported in part by the
Advanced Research Projects Agency of the Department of Defense and monitored by
the 0FfFice of Naval Research under Contract number NOOOD&-TF0-8-0362-0005.
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Summary
B. A brief revied of the facts knoun about the retina is
prasantad.,
l. It is proposed that one function of the primate retina is to
compute |ightness by a method derived from the tuo-dimensional
parallel algoriths of Horn (1374).
2, The computation comsiats ef three stages: (1) A centre-
surround difference operation, computed in approximately
legarithmic units, the result being carried by the bipolar cells.
(2] An approximately constant threshold applied to this signal.
{2} The inverse transform of (1), performed in the amacrine
layer, whose output is |ightness. Lightness probably appears at
H-g@lls, uhich should therefore provide the information for
subseguent colour naming.
3. The operation of the midget bipolar-midget ganglion cell
channel is analysed in detail. It is shown that the small,
stratified amacrine cells are well placed to carry the necessary
additive lateral connexions bestueen nearby midget bipolar
terminals; and the diffuse amacrine celis, for suppliying the
necessary subtractive coupling betusen the tuwo lateral systems in
the inner and cuter thirde of the inner plexiform layer.
4, In particular it is necessary that:-
[al A large proportion of the midget bipolar duad synapses
should be with stratified aracrine cells. All synapses in such
a dyad complex, including the amacrinelbipolar sunapase, must
have a computational ly positive sign.
(b} Oiffuse amacrine cells must receive excitation from one
|ayer [(from midget bipelar. and possibly from stratified
amacrine cells), and must send inhibitory synapses to the other
layer, to midget ganglion and to stratified amacrine cells, but
net to the midget bipalar axen terminals. The synapses from
midoget bipolar to diffuse amaceipe cellsz need not be
accompanied by & reciprocal aracrinefbipolar synapse, whereas
those to a stratified amacrine call should be.
s, Midget ganglion cells, and perhaps all X-cells, should hthav-
|ike detectors of |ightness, Their centre-surround receptive
field organization arises from suitable setting of the OC level
of the retinal output.
B. Hhen the illumination falls below 2 certain minimum level, the
lightress computation must be abandoned.
7. If receptors are desensitized over & region, the difference in
signal size at its boundary should cause a pseudo-signal to arise
from genglion celis all over that region. This may be igportant
for warious properties of bleaching adaptation.
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Introduction

It has long been thought that the assigneent of subjective
“lightness” and "colour" to visible surfaces depends mainly upon
the use of comparative, not absolute, medsurements of |umsinance
made by the visual system [(Helmholtz 1562 (1BET}). An ané:dutal
expression of this opinion m;u be found in the lecture by Rushton
(1372 p27P-31P}. HNo precise guestions about how these
comparative measurements might be combined to produce global
colour or lightness assignments were asked until Land formulated
what he called his retinax theory (see Land & McCann 137Z).
Land's work has however been |largely ignored by the main
community of retinal physiologists, (e.g. Brindley 1378 makes no
reference to his workl. This is apparently because it seemed to
:nn:1;t of observations, about simultaneous colour :nﬁtraat* that
have baen gquite well known fnr.a long time.

LWhat then ﬁa: Land contributed? His demonatrations and the
effect that bears his naﬁa.ars very uell-knoun, but [ balia;a
that his most impertant contribution was to try to quantify the
phenomena that he so ably demonstrated. He noticed that the
golution of problers in simul taneous contrast is an important
iggue, and deserves sore than hand-waving and neglect. He
attespted to approach the problem in & guantitative manner, {(Land
& McCann 1571), and although his method is wunsatisfactory, his

contribution s nevertheless valuable. A formal salution to the
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tuo-dimensional problem was cbtained by Horn (1L37&): this paper
enquires about its relevance to the primate retina.

This essay is considerably longer than the published version
of the same theory, and is designed for readers who have only
elementary knouledge of the retina. [t is organised into four
parts. The firat is & reviesw that consists of four sections:
retinal anatomy, physioclogy, psuchophysice, and the retinex
theory. The main exposition starts with Part [1, which deals
With the cperation of the retina in conditions of moderate
ambient 11lumination. The account is limited to an analysis of a
single cone :hannnf - like the red or the green one - the rod
channe| being referred to frequently during the account. Part
I1] considers various interesting properties of retinal signals,
including those from the ful ly dark-adapted retine; and finally
the thorny problem of bleaching adaptation is dealt with in Part
I¥. The general flow of the account will be }rnm the receptors to
the ganglion cells, and an analysis of each of the retinal cells

and synapses is given in the appropriate place.

PART [: PRewview

1 The cells and cell gcontacts of the primate reting
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Mest gualitative, and some guamtitative aspects of the
structure of the primate reting are well understood, thankas to
the early work of Cajal (1811), and the recent thorough studies
by Missotten (1365), Dowling and Boycott (15EE), Boucott and
Dowling (with Kelb) (13€3), and Kelb (1378). The primate retina
containa five types of functicnal elements: the receptors
themselves, the horizontal cells, the bipolar cells, the amacrine
cells and the retinal ganglion cells, whose axons conatitute the

optic nerve (see figure 1).

1.1 The anatomy of the receptor and puter plexiform layers

At the outermost extent of the outer plexiform layer lie the
primary receptors, the rods and cones, (see Brindley (1378)
chapters I_E 2). The outermost parts of the receptors contain
the photosensitive visual pigments, and the innermost parts make
contact With other retinal neurcnes. The rods are smaller and
more cylindrical than the cones, and their bases are the so-
called rod "spharules”, that contain a single group of
invaginating processes from lower cells. The bases of the cones
Widen out into the cone "pedicles™, im each of which there are
between 12 and 25 groups of invaginating prucﬂuuui (Boycott and
Dowling 1363, Kolb 13780 {see figure la for the general
arrangement) .

Thu cells Whose processes contact .the receptors are the so-
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Legend to Figure 1
Figure la shous the general structure of the primate retina,
radraun from Boycott & Douling (1369 figure 38) and Kolb (1378
figure 5B). The cones contact the horizental cell dendrites (HO),
and three kinds of bipolar cell: midget (MB), flat midget (FHB),
and H.at bipolar celis (FB). The arrangesent of these processes
in the cone pedicles is shoun in figure lc (from Kolb 1378 figure
EB). The rods synapse with the horizental cell axons (HA), and
with the rod bipolar cells (RB) in the manner shoun in figure lb
{from Kolb 1978 figure 59). The bipolar cell awons synapse with
the amacrine cells (Al-AS), amd with the ganglion cells (GL-G&):
the different kinds of cells are described in the text. Figure ld
(from Douwling & Boycott 1366 figure 14} illustrates a dyad
synaptic complex. This is ::::rq:-uua:l. of synapses from a2 I:-ipn'ial-
cell (B) to an amacrine [(A) osrd to a ganglion cell (G}, together
With a synapse back from the amacrine process to the hipﬁlar-
awxon. In addition, amacrine-amacrine and amacrine-ganglion

sSynapaes are Seen.
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FIGURE 1
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cal led "horizontal™ and "bipolar" cells. There are probably tuo
kinds of horizontal cell, and there are four kindas of bipolar
cell. The horizontal cells are distinguished by the size of thelr
dendritic processes, which comtact enly cones. The "large"
hnriznntpl cells contact about 12 cones, and the "small" ones,
about 7. The horizontal cell axons contact the rod spherules
(Boycott and Dowling 1563, Kolb 1378}: the number of such
tnnta:tu.madt by a single horizoental cell axon is too large to
assess, The horizontal cell awon is extremely thin along most of
ite length, and is difficult to stain in the primate. In both
the rod spherules and the cone pedicles, the horizontal cell
processes form the large lateral elements of the invaginations,
and there are aluways two of them fnr each invagination. In the
rod spherules, these tuo aluays come from different horizontal
cells, and in the cone pedicles, this is almost aluways true. The
game horizontal cell may however provide one of the lateral
elements to many of the invaginations on the base of a single
cone. The number of different horizontal cells that contact a
single cone ie about B¢ the number of contacts with néarhg
horizontal cells is greater than ths number with those lying
further auay. Th@ number of horizontal cells that contact a
gingle rod is aluays two.

The ather contacts with the receptors are made by the
bipolar calla. A firm digtinction can be made betueen rod and

cone bipolar cellis. Aod bipolar cells never contact cones, and
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vice versa, There are usually tuo rod bipolar processes
contacting a given rod spherule, and these processes aluays end
az tha central elesents of the invaginations (see figure lbl. The
number of rods that have been seen to contact a given rod bipolar
lies betueen 16 and 45. The only other contacts made by the rods
are With other rods, and With cones: these are discussed belou.

The bipolar cells that contact cones can be divided into
three classes: midget bipolars, flat midget bipolars (recently
discovered by Kolbl and flat bipolars. There is ane l}ﬂget,.anﬂ
one flat midget bipolar to every cone, and each kind of midget
bipolar cell contacts its cone at each of its 28 or so
invaginations (Kolb 1378). Each so-called flat cone bipolar cell
contacts about B cones.

The central invaginating process in the cone pedicle is
aluways formed by the midget bipolar cell. The lateral processes
are horizontal cell dendrites, and adjacent to the midget hipnlaf
process are the tuo processes from the flat midget bipolar cell
(see figure lclg there are therefore tuice as many contacts to a.
cone from its flat midget bipalar cell as there are from its
midget bipolar. On either side of these, and n:ﬁ::innaliu also
outside the umbrella of horizontal cell processes, appear ths
terminals of flat cone bipolar cells.

The invaginating structure in the rod spherules is-similar

(aee figure 1.
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The ultrastructure of the symapses that ue have been
discussing is intriguing, and has attracted much attention (see
Gray & Pease 1371}. In figure 2, there zppears & diagram of this
synapse obtained from electron microscope studies that were made
using a stain that ie specifiec for various parts of the sunaptic
apparatus. Perhaps the most conspicuous feature of the synapse is
the synaptic ribbon (er in figure 2}, which is @ half moon
structure about lmu by E.Euﬁ. and about B.B3mu thick (Gray &
Pease 1371), containing a protein (or polupeptide) that is rich
in aromatic amine acids (Bunt 1371). A similar structure is
presant at other retinal synapses where it s also known that
there are no action potentials. It is thought that this ribbon is
the analegue of the dense projections in conventicnal sunapses,
uhléh may be concerned with guiding sunaptic vesicles to their
appropriate position on the synaptic membrane. Post-sunaptic
thickenings are visible on the parts of the horizontal cell
processes :Iﬁll!t to the synaptic ribbon, and there iz no reason
to suppose that this synapse s fundamentally different from any
other chemical ﬂunahst, except for the peculiar fact that the
presynaptic trigger appears to be a hyperpolarisation, rather
than a depolarisation. {This and other evidence has provoked
Toyoda, anah{ & Tomita 1968 to suggest that the vertebrate
photoreceptor ia actively depolarised by darkness, and pasgi?eiu
repolarised in lightl. The distance betweesn the synaptic putter

[=sg im figure 2}, and the top-of the midoet bipolar process is
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Legend to Figure 2
Figure 2Za shows a diagram of a section of @ synapse from the
mammal ian cerebral cortex, and 2b, of a retinal receptor synapsae.
Tha ribbon has been cut transversely. The abreviations used are
as follows: ad, arclform density; b or bi, bipelar cell process;
cv, complex (coated) vesicle; dp, dense projectiony fov, forming
complex wesicle; h, horizontal eell process; iev, wesicle with
shell portion still atached (incomplete complex vesiclel; av,
auter rod of ribbon vesicles; p, pouch ar pouch surface membranej
pst, postsymaptic thickening; sc, synaptic cleft; sf, shell
fragments; sg, synaptic gutter; sl, specific localities; sam,
surface membrane; sr, synaptic ribbon; ves or sv, synaptic
vesicley wd, dense undercoating wall of presynaptic bag. (From

Gray & Pease 1971, figure l).
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about B.3mu, and the diffusion time for transmitter across such a
distance is small compared with the time for the response of a
cone to |ight.

Some receptor=receptor contacts are visible in most
preparations, but thair number is very senaitive to tha
particular staining or embedding techmigues used (Douling &
Boycott 1968, Missotten 1965 p.58). Such contacts may not be

functional in primates.

1.2 The inner retinal layers

The bipolar cells join the outer plexiform layer to the
inner. - The two types of retinal cell that reside here are the
amacrine cells, and the retinal ganglion cells, which synapse
uith each other, and with the bipolar cella. The fine detailas of
the structure of the inner plexiform layer are not as well knoun-
as are those of the outer, but a certain amount of information is
available.

Boycott and Douling (1963) have reviewsd the previous
ITterature, and have described the following tupes of amacrine
cell in the primate retina. The word "diffuse", In this context,
refers to processes that are distributed perpendicular to the
sclera, and the word "stratified" is used to mean |ayered
parallel to the sclera. All the celis that have been seen in the
primate retina have roughly circular symmetry. The dismeters in

uhat follous refer to the diameter of the spread of the amacrine
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cell processes, or of the ganglion cell dendrites.

1.2.1 The amacring galls

(&1} Marrow field diffuse ana:finu cells, having a diameter of
18-E@mu., average about Z5mu., found all over the retina.

(A2) Hide-field diffuse amacrine cells, having processes that
spread out gradually as they descend to the level near the
panglion cel| bodies, and spread out there to attain a diameter
of up to BEBBmu. These cells are particularly likely to synapse
Hith rod bipolar terminals, and are unlikely to contact the
gangl ion cell bodies,

{A3) Stratified diffuse amacrine cells, having & diameter of 2B-
S8mu., are restricted to the top, middie, or to the lower third
of the Inner plnulfnrn.tag:r, but are diffusely distributed
within one of them. A given stratified diffuse amacrine cell
probably makes freguent, but not exclusive contact with a
particular ganglion cell that haﬁ ite dendrites similariy
distributed.

{AG) Unistratified anacrine cells, whose diameter |ies betueen
188 and 1BBBmu., extend their processes in the plane immediately
corneal to the inner plexiform lauer.

(AS) Bistratified amacrine calls, 4ith a diameter of about
1BBmu., send horizentally distributed processes to the planes

corneal and scleral to the inner plexiform layar.
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1.2.2 Ihe ganglion cells

(Gl} The midget ganglion cells are of tuo kinds, ome with
terminale in the outer third of the inner plexiform |ayer, and
the other with terminals in the inner third. The middle third
seams to be free of midget ganglion cell terminals. This fits
Hell with the known distribution of the midget bipolar terminals
(see abovel. There is probably a cne-to-one correspondence
betueen midget bipolar and midget ganglion cells.

(G2} Diffuse ganglion cells, dendritic diameters ranging from 3B-
75mu, the smaller diameters occuring nearer the fovea.

(G3) Stratified diffuse ganglion cells, like the stratified

di ffuse amacrine cells, are diffuse within the outer, middie, or
inner third of the plexiform layer. There may be more in the
outer third than in either of the others. Diameters range from
48mu near the fovea, to BBau in the periphery. .
(G&) Unistratified genglion cells, cccurring at all levels, have

a diameter of about Z88mu.

1.2.3 Ihe sunapses pf the inner plewxiform layer

The most common synaptic complex foumd in this region of the
retina is the so-calied dyad sunapse, (see figure 1). At a dyad
synapse, & bipolar cell contacts both 8 ganglien and an amacrine
cell, and close by there is {probabluyl & further synapse from the
amacrine cell back nn{u the bipolar terminal (Douwling and Boycott

{136E}}. Im addition to the dyad sunaptic complex, amacrine to
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amacrine, and faacrine to ganglion dendrite synapses are seen.
The proportions in which the various types of synapse occur.
in the human reting are roughly as fol low:
the complex of dyad + amacrine to bipolar: 3
amacrine to amacrine @ 1
amacr ing tu'gangliun p 1l
bipolar to amacrine soma : 1/12

(from Douling and Boycott 13BE table 1).

2  Aspects pf fetingl Phusiology

It would be absurd to try to susmarise the whole of the
physiology of the retina when such an excellent monograph as
Brindley's (L378) already exista: but it is egually impossible to
omit any sﬁmmaru altogether, since the emphasis of the knouledpe
that is reguired differs someuhat from that of Brindley's
account. Furthermore, a number of impertant results have been
published since 1969, and it is convenient to collect them
together for ease of referance.

The photochemistry of the retina is fairly well understood,
(see Brindiey 1378 chapter 1), but the means by uhich the
chemical aventulpruvuhe a signal in the retinal neuvrons, and
indeed the nature of the important part of that signal, remain

somexhat. obecure. The most likely candidate, supported by recent
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pbeservationa of Pann & Hagins 1369 i(rods), of Tomita, Kaneko,
Murakami & Pautier 1387 (comes), and reviewed by Brindley (1978
ppSB-54), is that photochemical events affect the membrane of the
outer segment of the receptor: this causes a3 change in
permeability to potassium and/or to sodiumi this causes a
hyperpolarisation of the outer segment, which affecta the |nner
segment by passive conduction, and the resulting signal causes
synaptic transmission to the underliying retinal neurones. The
difficulties with this theory are firstly, that the size of the
hyperpolarisation at the inner segment of a rod in response to
one gquantum Hnufd be about 188 microvolts: this is a tiny signal.
And secondly, it is even then unclear how a single guantum can
produce the required changes in the membrane of the cuter
aegment.

It is fortunate that the retinal cells of the mud-puppy
Mecturus macylosuys are unusually large, for this has enabled
Werblin and Douling (1383) to obtain intracellular records of
many types of retinal cell (see also Brindley 1378 chapters 2 and
3). These authors confirm and establish a number of important

facte, and these are susmarised next.

2.1 Ihe receptors
The receptor response is a hyperpolarisation, as was already
known, that conmsists of an initial transient which decays to a

steady level; see (Kaneko & Hashimoto 13567, Tomita 1368, Naka
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1963, Toyoda et al. 1353, Werblin and Douwling 1363). Whan
illumination is removed, there ig a small "off* transient, and
the potential ~eturns very slowly to the base |ine. The |atency
of the response is lomg - about 58 msecs - and its magnitude is
about & ®mY, 8 typical resting potential baing 38 m¥Y. There arse
tuwo important points to note about the receptor response:
firstiy, 1t seems to obey the relation

¥i¥maw = TS501 + K}
(see Waka & Rushton (1366, 1367}, Niha {1363}, and papers cited
in section 3). K is about 2BE guantalrodfsec for humansl. This is
consistent with Werblin & Dowling's report that the response is
almost |inear over about 2 log units after which it begine to
saturate, because the atimull have to be relatively strong in
arder to produce an effect on the receptor that can be dutnnt;d
uifh an intracellular micro-electrode. Secondly, and very
impurt&ntlu, it is independant of the illumination of

neighbouring receptors (see aleo Temita (1388) in fishl.

2.2 Tha berizontal cells

The horizontal cell response, like that of the receptors, 18
8 sustained hyperpolarisation that is graded with intensity over
about 3 log units., It has a latency of about 1BBmsecs in the
Budpuppy. From the fact that the ruaﬁunua of the horizontal cell
im greatur than that of the receptors, and saturates at higher

intensity when annular rathe: than spot stimulation is used,
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Werblin and Dowling conciuded that the response is probably
formed through the weighted summation of many sites, each of

Which can be saturated.

2.3 Ihe bipolar cell response

The bipolar cell receptive field is organised into two
concentric, antagonistic zomes. Herblin and Dowling report that
gbout half of the units hyperpolarise to central illumination,
and about half depolariae; but that illurination of the periphery
is capable only of removing part or all of the signal due to the
canire, not of producing a signal in the cpposite direction.
According to Werblin and Douling, the magnitude of the bipolar
response can be held constant for &8 fixed ratio of centre-to-
surround illumination over a uide range of absolute intensities.
Since the latency of the surround effect is sbout 188 msecs
.nrﬂatﬂr than that of the centre, however, the bipolar respn&sa
consiste of an initial transient to any change in illumination

even if there iz no change in contrast.

2.4 The gmacrine gel|

Hitherto, all responses have consisted of graded slou
potentials: tFe amacrine and the ganglion cells are however
capable of sustaining action potentials. The threshold for an
amacrine cell spike is at least as low as that of the earlier

cells, but only ¥ the intensity change is sudden. By varying it
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slouly, one can increase the intemsity mary times without
provoking a regenerative response. [t ie particularly interesting
that Herblin and Oouling were able to find twe kinds of amacrine
cel |l responsa: some unite had very broad, uniformly sensitive
receptive fields, and responded at "on" and at "off" to
illumination of any part of the field. Dthers had ni;rnu centres
(188-288nu) and larger surrounds; these responded at "on" to
central illumination and at "off" to peripheral illumination. Te
diffuse illumination, they apparently responded at both "on" and

"off".

2.5 The ganglion cells

The traditional picture of the response of a cat's retinal
ganglion cell is that presented by Kuffler {1353): (see Brindliey
(1378 ppBl=B3) for a reviedw of earlier workl. MAccording to this
picture, the receptive field of a ganglion cell is circular, and -
is divided into tuo concentric, antagonistic regions. The size of
the centre ranq.nIb-tulln ahﬁﬁt B.1 and 2degs of visual angle,
and that of the surround is somewhat larger. The size of th;
dendritic trees of the retinal ganglion cells agrees closely with
that of the centres of the receptive fields (Brown & Major 196G,
Boycott & Dowling 1363). Barlow, Fitzhugh & Euffler (1357) fuuna
that when dark-adaptation is nearly conplete, the surround effect
disappears quite suddenly, and all lights that.havs any effect

upon a8 cell have the same effect. This change is not . |linked to
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the change from cone to rod vision that gives riss to a number of
other phenomend.

The true picture i probably rather more elaborate than
this. In the |ight-adapted cat's retina, three substantially
different kinda of ganglion cell response can be recorded. Their
discoverers, axercising perhaps undue academic restraint upon the
nominative process, christened them X, Y (Enroth-Cugell & Robson
19661 and W calls (Rodieck 19BY, Stone & Hoffmann 1972). These
categories are distinguished in @ variety of interesting ways. A
rough grouping is by conduction velocity of their axons in the
optic nerve:r Y cell axons are the fastest, [(35a/sec iﬁ the
periphery, ZZm/sec centrallyl; the ¥ cells are next [(lEm/sec in
the puripﬁtru. 1Bm/fsec centrallyl; and the .H celis are the

glowast {usually <lBm/sec) (Stone & Freemam 1571).

2.5.1 EBroperfies of H cells

H-cells, roticed first by Rodieck [1967) and seen again by
Fukada (1371, his two "unclassified" cells), were studied mnru.
thoroughly by Stone & Heffmann 113?2].. There are tuo hinqu of H=
celly the less common one, first described by Rodieck, shows
spontaneous activity that is suppressed by almost any change in
contrast, It appears that such cells can be stimulated by a fast
object leaving the visual field at about ZBE deg/sec, but no
other stisulus has been found that raises their firing rate. The

more compen kind of H-cell is excited by any change of contrast.
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& typical receptive field is B.3 deg in dianster, and the cell

_ responds to & B.2 deg spot flashing anyuwhere in the receptive
field. H cells may constitute a large fraction of the retinal
output, and their axons probably project to the superior
caolliculus., (Somes unpublished work by J.Stone and collaborators
shous that at laast some W cells are specific for satimuli moving
in a certain direction in the cat. Thus the distinction betueen
the cat and the rabbit retina may be one of degree, rather than

kind,)

2.5.2 ¥-gells and Y-gells

The eriginal distinction betueen X and ¥ cells was reported
by Enroth-Cugel| & Rebson [136E). It has been confirmed by a
numnber of wWorkers, who have added to the list of discriminating
properties (Fukada 1571, whose tupe | ?nd tupe Il cells are
respectively Y and X cells, Fukada & Saito 1371, Cleland, Dubin &
Levick 1371). ¥ and ¥ cells may be distinguished in the following
SEVEen Ways.
(x¥1) Hesponse 1o standing contrast

[f a stationary sinusoidal grating pattern is introduced ind
Hithdrawn at various pﬁa:n angles, the responses of X and of ¥
"cells are guite different. (See figure 1 of Enreth-Cugel| &
Rebson 13EE). The X-cells give a short transient response when
the grating is introduced, and the transient decays over about

ZB@mzecs to the sustained |evel, which is maintained. The
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response of the X-cell is easily understood if it I8 regarded as
the sum of a central and a |larger antagenistic surround region,
both with approximately gaussian weighting functions. The
sensitivity of an X-caell, but not its response magnitude, behaves
like a linear function of the appropriately weighted energies
incident on these regions. Consequently, its behaviour at a
phase angle of @ deg is the reverse of ite behaviour at 128 deg,
and the responses at 98 and at ZVY8 deg are both null.

The response of the Y-cell, on the other hand, conszists
entirely of a non-|linear transient. The mean diacharge freguency
for ¥Y=celle is greatly increased when grating patterns drift
across their receptive fields: this is not the case for X-cells.
(X¥Z) Hesponge to fine, moving gratings

In agreement With their essentially |inear behaviour, as a
grating pattern moves across the receptive field, the X-cell
response is modulated about a mean, which gradually tends to zero
@s the apatial frequency of the grating is increased., For :#¥-

cell, on the other hand, the moving grating provokes an
unmodulated ircrease in discharge Inual that persiasts uhila the
movenant continues.

(K¥3) After effects of stimsulation

After stimulation by a moving grating, as described in
{(M¥2), the Y=-cell response returns te its resting level. That of
the X-cell, on the other hand, is depressed for as much as 38

E1-t=
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{(xX¥4) 3Size pf receptive field

The optimal size of an X-cell stimulus is usualiy B.5 to 1.8
degs in diameter. That of a Y-cell is 1 deg or more: no Y-cell
has been seen With an optimal size of 8.5 deg or less.
(K¥S) Zpeed of moving stimulus

If & contrasty target is moved very fast (Z2BBdegfsec) across
tha receptive field, X=cells fail to respond, but Y-cells do
respond.
(XY6) The effect of flicker

The average impulse freguency of X-cells is insensitive to
flicker over a large range of freguencies. That of a given Y=cell
is unimodal, centred on some maximum freguency value. The
critical fusion frequency for @ Y-cell is positively correlated
With conduction velocity, and with the maxisum impulse freguency
for that cell: neither of these is true for an X-cell.
(X¥7) Ihe periphery effect

Melluain's (1364, 1588) periphery effect, wherebu retinal
ganglion cells may be excited by moving stimuli that are far
outside their receptive fields as conventionally defined, was
presant for all Y-cells, but weak or absent for X-cells (Cleland
et al.1971). The form that this response tskes is that any
continuous movement of a large object far (say 1S deg) from the

cell's receptive field, raises the cell’s maintained discharge

rate.
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.2.5.3 A note on the fate of X and of ¥ cell awons
Tne distinctions betueen ¥ and Y cells are apparently

presarved by the lateral geniculate nucleus (Stone & Hoffmann
{1971), Cleland et al, (13711). (In particular, the conduction
velocities of optic nerve axcms that converge onm & given
geniculate cell are astonishingly close (8.1 mfsec) - a degrea of
pracision that must have implicatiens for how this particular
develcpmental problem is solved.] Perhaps more surprising is the
.uaq these cells terminate in wisual cortex. According to
Hoffmann & Stone (1371), at least 4BY% of, and perhaps all,
conplex field cells in those parts of the cat's visual cortex
frem which they recorded (area 17 and the 17V-18 boundaryl, are
monosynaptical ly driven by fast afferents from the geniculate.
These are geniculate cells that are driven by retinal ganglion
~cells of class ¥. They aiso found that cells with simplie, or with
hypercomplex, receptive fields are not discharged by fast
afferents, and a proportion are discharged lnanUHEpticallu by
;Inu afferents. Huffman & Stone’s finding contradicts that of
Denney, Bausgartner & Ador jami (15988), but it is probably
correct, becauss of collateral evidence from later studies. In
particular, in an investigation of areas 17 and 18 using
antidromic stimulation, Stone & Oreher (1573} found that many
geniculate ?.:Eliu project to both 17 and 18, whereas geniculate
K cells project only to area 17, 1t seems that there are tuo,

paral lel pathuays to complex cellis: Stone (1372) has discussed
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the relationship of his and Hoffmann's finding to the uork of

other investigators,

2.6 Ihe indspendence of ihe rod and pf ihe ihree cone channels

There is some evidence that the rod and the three cone
channels are processed independently {(ses articles by Alpern
1365, Gowras & Link 1365, Gouras 1366, 1367, Alpern Rushton &
Torii 1378a and d, Westheimer 1578, Westheimer & Hiley 1378, and
MekKee & Westheimer 1978). Recent papers (Lennie & MacLeod 1373,
Bariow & Sakitt 1373, see also Brindley 1378 pp75-8B) cast doubt
on a nu-her.n+ these findings, however; and aithough there is
little information available about chromatic interaction in the
primate retina (Hubel & Wiesel 13681, it is probable that some
interaction is visible in primate retinal ganglion cells, and
certain that such imteraction takes place in the lateral

geniculate (De Yalois 1365, Hubel & Wiesel 13B8).

2.7 Gain and lstency studies on ganglion gells

In two papers, Cleland & Enroth=Cugell (1368, 1378) have
ifartud an accurate study of the characteristices af the ganglion
cell response. They found that the weighting function for the
central excitatory area of a ganglion cell had the form of a
plateau (the "unifore centre"l with exponentially decreasing
sensitivity over & surrounding annulus. They also showed that the

threshoeld for sinuscidal stimuli at various diameters depends
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only on the characteristics of the centre, and that adaptation
effects for such stimuli depend on summation effects acting over
the same areas as the centrea.

The finding of the weighting curve for the way incident flux
susmates over the central region enabled Cleland & Enroth=-Cugel |
(15378) to define the concept of "effective flux"., The effective
flux of an incident light is that flux which would have the same
effect if it all fall in the uniform centre = that part of the
central area where summation 1s |inear. They found that, when a
cell responded With a pura.nantral response to an incremantal
flux, applied against a steady background, the gain and the
latency were a function of the total effective flux of the
iﬂ:rlh:nt and the background. In other words, the field
adaptation leval is set very guickly for such stimuli - it is set
Hith;n the response time.

It is interesting in this connection to recall Naka &
Rushton®s (1988) experiments on the effect of adaptation upon s-
potentials. Apart from their main finding, that the effects on s-
potentiale of after-images and of real backgrounds differ, they
found that the effect of adaptation is to attenuate the receptor
signals in sese fixed manner before they ever reach the s-units
horizontal er bipolar cells, see Brindley (1378 p.78). Thus an
important part of the retinal gain-;gtt]ng pechanisas |lle in the
outer |layers.

Enroth-Cugell and Finto (1972a,b) continued the study of
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ganglion cells by studying pure surround responses. Pure surround
raaponses could be recorded from only half of the tested cells,
for reasons of varying certainty; but on & or 7 occasions, pure
centre, and pure surround, and the combined responses Were
obtained for the same cell (& long and exacting experimental
process). They found that on these occasionse, the centre and the
purround responses interacted in 8@ way that was probably

algebraic, {Enroth-Cugell & Pinto 137Zal.

3 [ark Adaptation

The |iterature on dark adaptation is extensive, and has
become particularly controversial in the last few years. This
summary can start by referring the reader to a paper by EE;IQH
"{1554), in which an excallent review of previous work 1; given,
and one of the tuo rival modern hypotheses is proposed.

Very briefly, the history of the subject up to that time is
gs follous. The oldest guantitative relation, known since Heber
(1834}, 1= the so-called Weber-Fechner lau (s=e figure 3). This
ralates the incremant threshold to the intensity of the
background illumination in the following way:

tfto = ([ = Iol/lo ; (1]
Where to is the absolute threshold, t the increment threshold,

1 is the intensity of the background illumination, and Jo s &
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constant, associated with the background noise levels in the
retina. The conditions under which the Heber-Fechner law is true
are somewhat complex (Barlow 1957), but roughly speaking, it is
true for stimuli of large area (5 degrees]l or of long duration (1
sec) presented on a3 background that is at leasat 1088 times
agbsolute threshold. For stimull that are both short and small,
on backgrounds that are less than about 1B,BBE times threshold,
the measurements are well fitted by the relation
t/to = (I + lad/Todwel/2 2
which Barlow interpreted as the optimal criterion for extracting
a signal from a noisy randos variable with mean (I+lod/lo. The
relation (2] for small signals is pleasing, because it can be
understood: relation (1) is however altogether surprising,
because almost all other sensory modalities have thresholid
relations which involve the log of the background signal. As we
shall see, thil.riflicta the fact that over an enormous range,-
the ocutput from the visual receptors is approximately linsar wWith
_tha incident energys
The second guantitative relation that was known since the

work of Crauwford (1337, 1347) was that varying degrees of
bieaching of receptors, and varying levels of background

illumination, have very sinilar effects on the measurement of

increment threshold for a flash [see figure 2).
The theory of the effect on increment threshold of an

immediately praca@ing bBright light had already passed through a



Legend to figure 3
Incremsent threshold plotted against time since a bleaching
stimulus, and against the intensity of the bachground
illumination. The atraight portion of the latter curve is the

Heber-Fechner relation. (From Crawford 1347, figure 7.)
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number of stages by this time. The earliest serious attempt to
think about it HE; probably the simple photochemical theory,
thribt the raised increment threshold was attributed to the
reduced sensitivity of receptors after bleaching by light.
According to this theory, if t is the threshold when a
proportion B of the rhodopain is bleached, and to is the
absolute threshold, then t/to = 1/(1-B). This theory was
-already sufficiently discredited in 1538 for alternative
explanations to be sought, and was fimally mest directly
disproved by Rushton (1381}, using & technigue whereby the
fraction of rhodopsin that was bleached was measured by direct
observation of the living retina.

Im 1348, Lythgoe observed that in order to cause a very large
change in threshold, only a seall anount of pigment needs to be
bleached: in fact, when B«=l1/2, the increment threshold for cones
in tumans lies betueen S8 and 580 times the absolute thresholid,
depending on the size of the test flash. From about this time,
therefore, adaptation was held to be organised by a neural
mechanism of a suitable, but unspecified nature; and this vied
had the temporary effect of releasing investigators from any
obiigation to define this mechanism with any precision.

Lythgoe's observation about the disproportionate effect of a
small amount of bleaching naturally raises tuo guestions:
firstly, does the threshold of an individual receptor (rod say)

change very much for moderate (say ZBY) degrees of bleaching? And



Lightness and the retina 33

secondly, a@re the outputs of receptors pooled in some way,
threshold decizions being then taken in the light of information
about the activity in the pool as & whole. The neatest (though
not the earliest) answers to these guestions were provided by
Rushton & Hestheimer (1562), and by Rushtonm (1985a). 1t was shown
firstly that the threshold for perception apparently changes
drastically even when the flash falle on rodes that received few
or no guanta during the hlla:hinﬁ gxposure, Hence the threshold
getting process must be the result of & susmation over some Kind
of pool, whose result operateg in & uniform way on signals from
the receptnrslthat contribute to that pool. Secondly, using a

" grating as a bleaching and as a test stimulus, and by varying the
phase relation betusen the two situations, 1t was shown that
there is no apparent difference betueen the responses of rods

_ that have and have not been previously bleached. The accuracy of
the grating experiment of Rushton & Hestheimer [(13BZ2) has houwever
been guestioned recently (Barlow & Andrews 1373), uwho found that
although there exists sone elevation of threshald by pooled
gignals, it is nouwhere near as large as previously reportad.

In & uelcome reaction to the imprecision of the neural
"theories® of the 1348°s, Wald (1555,1957) proposed & new and
guantitative theory of adaptation. It was essentially a
‘compartmental® wversion of the nldtq photochemical theory.
According to this ifdea, there are a number of compar tments in

each of whieh there is a chance B that a given molecule of
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rhodopsin Will be bleached by exposure to the light-adapting
light:. B is then the fraction of rhodopsin bleached. 14 k is
the number of molecules in each compartment, then the probability
p that no molecule is bleached is (1-Blawk.: [t is assumed that
if a molecule is bleached, the whole :n@partm:nt becomes
refractory: hence p=t/t@.

i.e, t/tB = p = {1-Blewk = exp(kB) for small B.

This theory is precise, attractive, and generated many
frul tful experiments - evidence af inherent wirtue firm anough to
Hithatand even the fact that those experimenis also effectively
disproved it. Barlow {1364} lists the reasons why the theory
cannot nod be held, and points out that its valuable legacy was
to cause the relation

log (t/tB) = KB 3]
to be established empirical ly over a large range of B (in
particular for B rnear 1, which was not predicted by the
compartmental theoryl (Dowliing 196B in the rat, Aushton 1361 in
man) .

Barlow then presented his oun :haractariﬁtinallg elegant
appraisal of the situation. The problen is to explain the
formulae (1} and (3}. In effect, his hypothesis is that the
receptors are noisy devices, and that when they are bleached,
they become yet noisier. A receptor that is bleached emits a
signal that is indistinguishable from that which it emits when

receiving light of an intensity Ib, where IbsexplkBl, for some
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constant k. This explains equation (3) above: and 1f ue make the
further hypcthesis that in the case where there s real light of
intensity I, falling on & receptor that is bleached an amount
B, the two signals should add, then the increment threshold tfto
ghould be given by the formula

tfte = (I % 16)/flo, where o = [o.explkBl.
This is found to be correct. Perhaps the mest convincing evidence
for this theory is however contained in the results of Barlow and
Sparrock (1964). In these éuperimanta. sub jects had to match the
brightness of an after-image against the brightness of a real,
gtabilised background illumination. [t was found that the results
from this experiment matched those from increment threshold
curves obtained from real and after-image backgrounds. These
results, and those of a number of other investigators, in:lbqing
the remarkable findings of Crauford (1337, 1347) on the
equivalence for increment threshold of bleaching and background
illumination, are therefore explained very neatly by Barlou, and
all are agreed that the neu theory captures many facets of the
exper imental results,

But not all of them. Before discussing the exceptions, it is
convenient to note three facts about Barlow's theory. Firstly,
the high rise in threshold that is provoked by relatively small
amounts of bleaching is attributed to an inherent property of the
receptors - their unfortunate increase in noisiness. Secondiy.

Ib, the egquivalent background |ight produced by this noisiness,
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is imagined to be totally indistinguishable from the signal
produced by a real background light (stabilized on the retinal of
intensity Ib. There should therefore be no observable
differencas betuwsen these tuo cases, and in many respects this is
true. Thirdiy, Barlow himself comments on the odd fact that the
intensity Ib of the pseudo-aignal varies with the exponent of
the fraction B8 pf bleached pigment. Barlow mentions some
possible mechanisms for achieving the exponentiation (his p.57)
but is clearly not completely happy about the matter.

Meanuhile, Rushton had been pursuing his investigation aloeng
aomeqhat different lines. Fuortes and Hodgkin [1384) analysed the
potentials recorded from celis in the ommatidia of limulus, and
defined a model that ﬁnnuratﬂlu describes the values that they
found. It turns out that the same model describes thresheld
relations in man, and it ie therefore important to sketch |t here
{see Rushton 1355 FLI. In this model, the attenuating mechanism
for signals from the receptors is regarded as being a leaky cable
of length s and leakiness 3" (see figure 4al. The signals from
the Pl:lpturt.llut ue consider the rods for noul pass through
this cable, and the output serves tus functions: one s to form
the transmitted signal of the system, and the other is as a
feedback that determines the value of the |leakinezs a". [f the
output of the system is ¥', then the eguation of the system
(assuming that the cable is open-ended and exp(-Za‘'sl<<l ) is

¥' m |"expi-g2") (&)



(a)
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(b)
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Legend to figure &
Figure &4a shous the cable Ill.:ldEI draun upon in the text: figure 4b
illustrates the stimulug for Alpern’s contrast-flash effect. The
test flash % on background x, occurs With surround flash  on
a surround background #. F.P. ia the fization point, :auslng' Y

to fall Bdegs temporal to the fovea.
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[" is the input signal (which varies directly with intensity over
a considerable rangel from the receptors. Inserting the feed-
back, we get a'=al+al¥l, where aB and al are constants. After
appropriate choice of units, this becomes

| = Vexpl¥) (5}

Rushton then examined the predictions that follod from this
model in the various threshold experiments. He first shows that
the Weber-Fechner law can be derived (but only approximatelyl:

dlFdY = exp(¥] + Vexpi¥) = axp(V¥] + I {6}
Assume that | attains threshold by causing d¥Y to reach some
value dV¥o: then with [ = B,

to = dlo = dVo.exp(Bl = dVo

Mow (here is the disturbing approximation) over the
relevant range, 1t turns out that to within B.1 log units,

loglexpl¥] + 1) = log{l+l.Z2I]

Hence tfto = 1+1.2I it is the incrememnt tHraahuldI,
which is the Weber-Fechner lau in slightly changed units.

So far then, so good. The interest of the model however
attaches to its treatment of bleaching. Rushton points out that
the effect of having bieached a fraction B of rhodopsin is
equivalent, for threshold purposes, tc a background |ight of
intensity Ib, where (18+1b/18)=expikB} for some constant k.
Remember that this was the observation of Crawford's that formed
the central pivet of Barlow's theory. As Rushton repeated, it is

most natural to assume that the egquivalent background |ight Ib
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erters the sustem through the same path as before, and with
intensity I8lexp(kB) = 1). But in a conversation uith Rushton,
Hodgkin apparently pointed out that a more elegant formulation
results if one assumes that the effects of bleaching enter the
system through the feed-back path, rather than through the input.
The delight of this idea is that it removes the irritating
necessity for raising the bleaching signal exponentially.
In this case, the expression (4) becomes
¥' = ["exp-(s3" + ra") R T
Where r is the signal from the bleached rhodopsin entering the
feedback added to ¥1. Repeating the derivation above, one obtains
[ = VexpiV + 5] (&)
{where f=about 458 in humans after suitable choice of unitsl, and
di/sd¥ = [ + expi¥ + 31 (2
which reduce in the unbleached condition (B = B} to egquations (5]
and (6. |
Orne of the most attractive features of Barlow's formulation,
in which the b'eaching signal enters through the same path as the
light signals, is that the eguivalent background due to bleaching
is expected simply to add to any luminous backround that is
present. Rushton notes this, and attacks Wwith vigour the
question of what his new hypothesis predicts. His argument, a
construction of some elegance, is the following. Consider two
states, represented by subscripts 1 and 2, that give the same

cutput [¥1=¥Z). In state 1, there is bleaching Bl, and in the
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second, full regeneration has occurred (B2=B). Using (8) and (3],
ua get:
11 = expifl). 12
and (t1/tB)=exp(Fl). (t2/t8)
Where ti/tE = dlifdVB, and d¥@ = tB, the threshold value
required for perception of the output signal.

In other words, if the receptors are bleached an amount BL,
the increment threshold curve for a background of intensity Il
is the same as the increment threshold curve for an unbleached
receptor, displaced an amount 81 along the Fechner curve [(sae
figure 3). This is a perfectly valid interpretation of Crauford's
results. Finally, to explain the results of Barlow and Sparrock,
one needs to assume only that perceived brightness corresponds to
the guantity Y+8: the derivation involves the approximation we
mat above, but otherwisze it 'ooks acceptable.

The Rushton theory and the Barlow theory thus differ in
visible effect only in the place at which the bleaching signal
enters the system. Barlow's theory asserts that it enters along
“the same path as the [ight uigﬁalh from the rods, and Rushton's
theory esserts that it enters through the feedback. Any
phenomenon that distinguishes experimental |y betueen the effects
of thu.hluachad signal {("pseuda lignt") and ts esguivalent
(stabilized} real light is evidence against Barlow's theory: and

it turns out that there are & number of such phenosena, thuugh

they are somewbat controversial.
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Firstliy, Aushton (1365b) used a perforated screen through
‘which to deliver a bleaching flash. The increment thresholds
predicted by the tuo theories in this case are different: in
Barlow's case, they should vary with the log of the average
intenaity of the bleaching signal [(taken over the whole field of
viewli and in Rushton's case, they should wary with the average
of the log. Rushton demonstrates that the latter is in fact
observed, but Brindley (1578 p.182) points out that Rushton
failed to control sue-movements, and eye movements tend to be
vary important in this kind of experiment.

in tﬁ& same year, Hestheimer [19B5) had observed that the
threshold to a small (B.ldegsl stimulus p, concentric with &
brighter region (of size d say) on a 1Zdeg diameter background
b, varied uith d: increasing d beyond B.75deg lowered the
incrament threshold to the Email.tput. Teller, Andreuws, and
Barlow (1366) confirmed this Qurpriaing finding, and showed that
it repained true for stabilized retinal images. Hestheimer (1358)
then revealed that the effect is no longer present if either of
the larger stimuli consisted of bleached receptors (after imagas)
instead of the equivalent real light. Hestheimer concliuded that
the difference postulated by Rushton, between the channels. used
by real and by pseudo light, needs to be maintained.

In 1388, tuwo other papers were published that support this
vied. Ernst [(13E8) found that a real light background permits

better resclution of superisposed flicker than the eguivalent
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degree of bleaching. And in an electrophysiological
investigation, Maka and Rushton (1968) showed that the effects of
bleaching and of background on non-colour-sensitive s-potentials
in fish are very different, and that this was true in both
species that they investigated. Furthermore, it appears that the
great change of senaitivity that accompanies dark-adaptation has
already occurred by the time the s-units have been reached.
{Other evidence (see Brindley p.78} suggests that the s-units are
the horizontal cells: the conclusion of Nake and Aushton was
demonstrated only for long times; the behaviour of tramsients Was
not investioated - indeed it is very difficult to do so, owing to
the high freguency attenuation produced by the necessarily high
impedance of the tiny micro-¢lectrodes that have to be used in
these studiesl.

In his summary of this state of affairs, Brindley {1578
B 183) comes out strongly against Rushton's idea of two channels,
asserting that some combination of Barlow's and of the early
photochemical theory should suffice to rescue the situation.
Brindley's reason is the very sound principle of biological
econcmy. | guote: "Rushton's suggestion explaines his own
cbeervations and those of Hestheimer, but on grounds of
biclegical econcmy it.it as unattractive a notion as Barlow's is
beautiful. Long-lasting insensitivity after guite smal| degrees
of bleaching is a wholly disadvantageous property of the viaual

system. Barlow attributes it to @ regrettable but unavoidable
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faature of the organization of rods and cones; Rushton to an
inessential feature, fairiy complex and altogether harmful. One
would have expected such a feature never to have evolved, or to
have besn eliminated by natural selection if it did evalve."

This is a strong case: its key point, however, lies in the
word jnessential. If we can establish that two channels, far from
being a wasteful and useless feature of retinal organisation, are
actually a consequence of its proper functioning, the way wWill be
clear for us to accept at least some of Aushton's theory. Perhaps
I may be permitted to quote once more, this time from Barlow
(1984} whesre he makes a suggestion for a resclution to be passed
by the International Conference of Ophthalmologists, It Is that
“Apparent |y mataﬁaptive features are signposts to wisual
mechanisms awaiting discovery". In this case, the visual
mechanisms concerned are those related to computing |ightness
(see section 4). The present theory implies that.tharﬂ are
indeed tuo channele (in disagreement with Barlow), but that the
second channel cannot be used te contrel attenuation (in
disagreement with Rushton), becauvse 1t does not appear until
after the attenuation has ocourred.

At a time of |ife when most scientists are content to relax
on the sidelines of their subject, Rushton has continued to
pursue his chosen field Wwith undiminished distinction and vigeour.
In 1965, Alpern (1585} discovered what he called the "contrast-

flash" effect: if the centre of a visual fleld is illuninated
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With a brief flash &, and a concentric annulus with a flash &,
then the presence of & influences the threshold for perception
of A in 8 certain way (see figure &bl. That way will concern us
later, but for fow, we need to note three points about the -
contrast=flash effect:
{i) Rods and cones act independently in this effect: there
iga no interaction betusen then.
(11} The effect is not caused by simple distraction
{iii} Most surprisingly, the disruptive effect of the surround
flash & is vary insenaitive to its exact timing
relative to A. P can occur up to 5P mesecs pefors or afiec .
In an admirable collaboration, Alpern and RBushton (1367},
Alpern, Rushton and Torii (157Ba, 1578b) used the contrast flash
phenomencn to establish a8 number of important results. The first
task was to examine the effects of adaptation on each and on both
af the regions in the contrast-flash situation. They found
essentially that the ;.au relation holds as Alpern found in the
unadapted state, provided that the values of hand ¥ in the
unadapted ;tatu were replaced by sensible analogue measures for
the adapted state. More precisely, |f the curve for the
unaﬁap_t-d state is
AWB = f[B/PE) (%8 and $8 being absolute threshaolds)
the situation for the adapted state is
AMiu.AB) = §(d/v. 58],

Hhere W and v measure the thresholds for the current .
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adaptational states of X and & respectively., MNow, by the
Fechner relation,
H.HI.1 oo+ u gl uB,

and ve &+ 81 D

In other words, the results of this experimant have the following
intarpretation. Hhat was happening in the unadapted atate Was
that signals from X and from & were interacting at some
stage, before they left the retina on their way to the brain.
The exact form of this interaction does nnt'grnatlu matter, but
it is described by the functionm f. After adaptation, the
interaction between the two may be regarded as having the same
farm f, provided one assumes that the signale » and

$ are first attenuated by an amount that depends upon the local
adaptation state, according to the forsula thE/(th + thEl.

The next pair of papers iﬂlgurn. Rushton and Tormii 1578a
and hi asked uwhat was the form of the signal that was attenuated.
in the first of these, the experiment was conducted in the
unadapted condition and consisted of varying independentiy the
area and the luminance of the surround region %. Te their
:ar-fuiiu simulated astonishment, they found that whatever the
form of the signal from < that interacted uwith A to create the
contrast-flash phenomenon, the size of that signal wvaried with
the total scotopic energy incident on the surround. This uas true
over a large range. The exact formula for the nerve signal N is

in fact
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Nedi{dseo ) (18]
where o is the size of incident luminance that gives half the
saturation value of N, In fact,e has the value of 3088
guanta/rod/sec: hence over a considerablie range (e.g. 17188 to
188 guantalrod/sec) the signal N is effectively linear in 4. It
ig pointad out by these authora that this relationship also
describas the results of many intra-cellular measurements made in
retinal cells (Naka and Rushton 1385, Naka and Rushton 1367,
Tomita 1968, Naka 13683 (a very accurate studyl, Herblin and
Douling's 1989 curves).

Combining the results of these and the previous experiments,
ona derives the final relation for the size of the nerve signal
for stimuli of large area and of long duration in the adapted
state to be

Ne @B {(Predl. (0B {6+ 08)) (11}
(In the case where the receptors are bleached, # ia the
equivalent background lightl.
In the accompanying paper, Alpern et al. (157Bb) use all the -
artful tricks availabla to the;a exper ienced and ingenious
.invtltigaturl to wvarify that this relation holds over the entire
intensity range.

The next problem is to apply the same technigues to the case
uwhere the background is Flplacad by bleached receptors. Alpern,

Rugnton & Taril (197Be)l fournd that their results were well

fitted by the equation
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1/M = (1 +0/88 + f(of Vb + /40) (12)
where b = lB8wwlZ2B8, and B is the fraction of pigment that is
bleached. (12} reduces to {ll] when B = B. This eguation was not
tested for haﬁhgrﬂundu congisting of & combination of blieaching

and of real light.

& note on ihe disappearance of stabilised images

It might be thought that the phenomencn of the disappearance
of stabilised images would hawe aroused & great deal of
speculation and experiment. While it has been the subject of a
number of papers, (Barlow 1353), there has been surprisingly
little comment on the necessity for such a phenomenon. For
clearly, on Barlow's theory of bleaching signals, something has
to be done about all the images captured by varying degrees of
bieached pigment on the retina, otherdise one would have
considerable trouble trying to ses real images. Evidently, the
introduction of some fairly relaxed condition on the time course
of retinal signals, sufficient to ensure that entirely stable
images disappeared, would remove the irritation attendant on
their continual presence without undus burden on the cerebral
machinery that sust al low for eye-movements.

da far as [ am aware, however, only one paper has been
publ ished recently that bears upon this topic. Carpenter {13721,
remarking upon an observation by E.Darain (1734}, examined the

perception of after-images on backgrounds of different kinds. His
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findings are the following. For an after image, a background
luminance can aluays be found [after 38 secs) againat which the
after image disappears freversiblyl. He called this luminance le,
the eclipsing luminance, and found that le depends not at all on
properties of the bleaching signal that caused the after-image,
but depends wholly on the immediate history of the background
luminance. Essentially, he found that, if stared at fFF long
enocugh, any background luminance | pecomes the eclipsing
luminance. He suggested that the signals that form the input to
Hu:ht#n‘a devices ought properly to be viauaﬁ as the time
derivatives af certain guantities that are intimately associated
u]th'prn:auaa: in the receptor and elsedhere, and he proposed a
model that has a3 number of attractive features, Houwever, it
fails to explain the case of changing from & lower to 28 higher
background luminance {indeed from his plotted resulta, 1t is
aimost as |f the eye fails to change under these conditions).
Egrpant:r'n model is interesting, houever, because it postulates
tha existance of an intermediate photo-product, uwhose
concentration is the "bleaching signal® reguired Eu'thﬂ Aushton-
Hodgkin model.

Finally, mention must be made of the interesting paper by
Snarpe (1372), uwho studied the vieibility and fading of the
entoptic shadows of retinal blood vessels. He shoued that, for
perception of fln- detail, the slow drift aof the shadous across

the retina is essential, Whereas to see coarser detail, the
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contrast need oniy be temporally modulated. He also found that
the rise in contrast threshoid of the pattern of shadows as they
are viewed is partially binocularly transferred, which proves

that some of the perceptual fading has a central origin.

& land's retinex method

Intensity is the product of illumination and reflectance.
The visual system is really interested in reflectance, and so ue
are interested in studying mcthode that can extract reflectance
from measurements of intensity. Lightness is an approximation to
reflectance that is based on the usually valid assumption that
changes in reflectance are discontinuous, whersas changes in
illumination are gradual. The retinex is & way of extracting
lightness from information about intansity.

Land has characterised this operation sufficiently for a
computer program to be written that cam sisulate it, and the
daﬁ:riptiun of that program is roughly as follows. Given a
picture that loocks like one of the works of ﬁnndrian. the
computer moves over the field in a pseudo-randon walk, measuring
the luminance of each point, as viewed through a filter of an
appropriate kind (red, blus, ar gresnl. At each point, the
program notes any discontinuities in the luminance, and ignores

gsmooth changes that will commonly be due to changes in lighting
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rather than changes in reflectance. The system then uses the
record of diﬂﬂﬂﬂtiﬁuitill o Imtegrate back to the original. Thus
the output from the retinex operation is the same as the input,
except that the effects of slow changes have been el iminated.
This is done independently for all three colour channels, and the
resul ts are then combined with some suitable normalising
constants to produce the final, computed colour, The relation
betwesn the output from the three channels, and the "correct”
colours in the scene, can be set by the viewer if he “knous the
colour of® (can assign aa internal colour name to} some objects
in the scenes.

Land is careful to point cut that the Retinex cperation
should not be viewed only as an ald to colour vision: the
variability in illumination of monochromatic scemes is such that
the retinex process 18 just as indispensable to seeing them, in
condi tions of everyday 1ife. This is borne out by the great
trouble that must be taken te achieve correct [ighting even for
black-and-uhite television, because no retinex operation is (at

presant) performed bﬁFure tranamnission of the picture,

Horn's algorithm for ihe Retinex effect

The implementation given by Land for his Retinex theory (&
unsatisfactory firstly because 1t is not particularly easy to ses
exactiy Hh;t is happening from it; and secondly because it

relies on covering the Mondrians by a sufficiently dense random
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Halk, which is a8 somewhat messy process. Horn, in 38 companion
paper to thies one, has shoun hou the retinex function may be
computed by a wuniform procedure, [t 18 easy to understand, as
follous. Hhat Land reguires from his retinex process is that it
measure |ocal gradients, and accepts only discontinulties, In a
discretes space, this corresponds to measuring local contrast and
gpplying a8 threshold to it so that amounts that are small enough
to be due to gradual changes in illumination are ignored, and
the larger ones are et through.

The beauty of Horn's algerithm is however that it has such
an easy inverse. Mrite = for the output from a receptor, x' for
the output from the gradient operator, =" for =' after a
threshold has been applied, and =% for the final output. Then if

Mix) denotes the neighbours of x , the egquations are as follous:

"ax - 1/nY oy (L)
k)

»' 1f |x'| > threshold t [say) (2]

®
]

X
i

= 8 otheruise
wie = ®" 4 1/m % gw  (3)
T :

That these are inverses may be seen as follows. Take a point
source, dith B neighbours arrenged hexagonal iy round x.
Then x=1, yi=@ (i=l,...,B), and

I+'1..|, u‘i = "'l-l'r‘E '-I-'l-.-llhpE}
and xw=l, uyw=B is a solution to (3}, for boundary conditions

that are zero everuwhere. The solution is wunigue, and the two

tranaformations are inverses for point sources. Since any
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luminance pattern may be regarded as a |inear combination of
point sources, the transformaticns are inverses in general. [f a
threshold is interposed, we replace x' by =" as in (2) above, and
the effects of slou changes are removed. Computer simulation of
the effects of this are given by Horn [(1974).

Thus the retinex operation may be performed by three stages:
the first takes local differences; the next stage is a8 threshold
operation, wWhere the asize of the threshold is set anprnpr}atelu:
and the third, reconstituting stage is easily performed by a
resistive network. The threshold may be set by loocking at the
gradient histograms, and choosing the threshold to exclude the
central peak. .

This algorithm looks much more promising for implementation
in biological harduare, and it represents an important step
foruward. 45 we shall seas, hodever, it 15 not guite :nPFEEtt but
it has probably brought us to the brink of being able.tu relate
part of the function of the retina to its structure. In the rest
of this essay, | explore the conseguences of assuming that the

retina performs something like the retinex computation.

.FﬁHi II: The operation of the |ight-adapted retina

in the absence of significant bleaching
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In conditions of soderate illumination, the retina has to
compute the retinex function from its inputs, and present the
ansuer in 8 forr that ia suitable for transmission along the
optic nerve. Luminance is the product of rafiactanéa amd
illumination, and lightneas is an apprﬁuimatiun to reflectance:
hence in order to ramove the effects of illumination by a linear
process, the computation must be performed om logarithmic
measures of brightness. Because there are a number of methods
that could be used for computing the retinex function, the
analysia of retinal structure must be preceded by a brief
discussion of the constraints dictated by physicliegical

considerations.

1.1 Ihe need for attenuation

The receptor response is what Rushton calls an H-curve
(I1/(1+K1), and so is nearly |inear over a large log intensity
range. Cells that transmit signale using spikes probably do not
ghare this large dynamic range, 50 in addition ito the retinex
process, considerable attenuation af the signal must take place
at some stage. Feychophysical evidence relevant to decidiné When

the attenuation takes place is discussed in section 3.5.
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1.2 Separate channels for positive and for pegative signals
Nervous elements can transmit only a8 one-sided response.
Hence 1f a number that cam be either positive or negative has to

ba signal led, either two channels sust be used, or zero must be
coded as half the maximal response. 1f & condition on the
absolute size of the number has to be applied by using some Kind
af threshold mechaniesm, ocne probably has to usae tuu-thannult.
This argument, together with the relevant physiological evidenca,
means that algorithms have to be selected that use variables

whleh are alther aluays positive or aluays negative.

1.3 Qegrees of freedom available

If @ system is to perform the retinex computation using a
mathod analogous to Horn's algorlthm, the ]pitial operation must
be some kind of difference function, and the result of this
di fference must be passed tn.tht next stage for reconstitution of
the image. There are many variants of Horn's algorithm that
compute something eguivalent to the reguired rltln;x function.
For example, the difference function may be a pure subtraction;
the log of the results of a division; or even the raw result of a
division, [i.e. the geometric mean of =fy for gy in the
nuighhnurhund Nixll, pruyidéd that the next siep is to take its
logarithm. For each of these, there exists an appropriate form of

éha reconstitution algorithm.
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1.4 HBelevant phusiological information

There is a large amount of infermatioen available about the
retina, and because of the high prevailing standards of retinal
phusiology, & successful theory must explain almost every
finding. Conversely, aince ao much 18 known, it is possible to be
specific about most of the details of the retinal computation.
There are some places where the account [ have given, though
probabliy the mcst likely, is not the only possible one: in such
cases, | have erred on the side of specificity rather than of
caution, because a definite statement that can be disproved ia

more fruitful than a vague one that cannot.

2 Cormputing the Qifference Functicn

From 1.3, it is clear &hat the first stage in the retinex
computation must consist of some kind of difference function.
The possible candidates for the output of this stage are the
receptors, the hnrl:nntallctlll. thie bipolar cells, or perhaps
some later cell. The most likely candidates are the bipolar

cells, and the following arguments constitute what is virtually a

proof that it must be them.

2.1 Qifferences must be itsken sarly

[f a retinex operation is to be pearformed on a visual input,
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it must be the first thing that is done to the information.
Contrast detection for local operations only may take place
before reconstitution, and may perhaps proceed in paralliel with
the difference operation for the retinex;, but theay may not
precede it. Further, since the retinex must preceds any
operations that depend on global assignments (like colour
namingl, and will greatly facilitate line and edge finding (by

- removing the effects of slow changesl, there is no reason not to
implemant it at the first available cpportunity in & vision
system. Hence the first place at which the transform could be

computed Will be Where it 18 actual ly computed.

2.2 The difference signal must pe after the receptors

Th; first possible place at which the difference signal
could be coded is by the receptors. A possible explanation is
that the horizeontal cells, or perhaps receptor-receptor contacts,
provide the necessary antagonism to compute the gradiemt. The
latter puuaiﬁi]ity ig ruled out, because the antagonism has to be
colour-gcoded, and the packing of the blue cones is inconsistent
with this. Hence, for at least this channel, 1t would be
necessary to create the antagonistic surround via the horizontal
cells. But the horizontal cells must be driven by the receptors:
hance, if they fed back onto and affected directly the signala
from the ru:aptnra,.tha receptor ouiput signal would be the

ﬂtéadu state solution to an expression of the form
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¥ o= o= lfnz:u'
M x!)
which is the wrong transform. Hence the difference function
cannot be signalled by the receptors: they must carry the pure

receptor response.

2.3 Ihe horizontal cells must provide fhe aniagonism

Since the receptors must signal the flux of light that they
receive, some other agency must provide the antagonism neceasary
for computation of the difference function. This agency could not
hé the midget bipolar cell because it contacts only one come.
Hence the midget bipolar cell nust carry the difference function,
and the horizontal cell must provide the necessary antagonistic
surround for computing the local gradient. [deally, there should
be as many horlzontal cells as there are f:neptura: thare are
not, however, and because the horizontal response is a |inear,
not a logarithmic function of intensity, the compromise
represents some degres of approximation. However as we shall see,
the receptor-bipelar interface is probably a very complex
structure, and & final judgement of its performance must wait

wntil it is thoroughly understood.

2.4 Evidence from the mud-puppy
The above arguments were constructed from purely anatomical

evidence, because there is no physiological information about

these cells in the primate retina. Herblin & Douling's (1569)
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recordings fros the mud-puppy retina are however perfectiy in
accord With this vied, The receptors show no centre=surround
organizationt neither do the horizontal cells; yet the bipolar
callis do. Because the structure of the mud-puppy retina is so
similar to that of the primate, (Dowlimg & Werblin 1369), this is
strong udppurtive evidence that the horizontal cells are
responsible for antagonism which interacts with the receptor

signal at its transmission to the bipolar cell.

2.5 Absence of jnteraction betueen horizontal cells

The present theory reguires that there should be no direct
horizontal cell = horizontal cell interaction. The difference
function for a single cone chammel, though it need not consist of
taking only the difference between a cenfral receptor and 176 the
gum of its six neighbours, should have a spread that is only
slightly less local. There should be no trans-retinal
transmiasion that would follow from significant interaction
betueen horizontal cells. In particular, the peculiar long-
distance effects known to occcur for retinal ganglion cellis (see
part 1 2.5.2 (¥Y7)) should not be present at the bipolar cell
dendrites. (They will be discussed in section 3 of Part I111).
Douling & Enu:ntf gearched careful ly for synapses between

horizental cells, but failed to find any.
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2.6 Aemarks sbout hocizontal gell phusiology

The conseguences that follow from the reguirement for no
inter;':'mtiun between horizontal celles in each retinex system, and
for no interaction betueen the different systems, are these:
firstly, there should be no interaction betueen the horizontal
processes that form the lateral elements of the receptior
invaginationg; secondly, the horizental cell axon must be Hithout
function; and thirdly, the phusiolegy of the horizontal cell
"dendrites” should be very similar to that of its axonal
processes. B.B.Boucott (personal communication) has éuggauéud

that the horizontal cell axon may be veatigial.

3 Irangmitting the Qifference Signal

Having decided that the bipolar cells must carry the initial
difference signal, we nou ask what is its form, and how is it

carried.

3.1 Bositive and negative channels

Whatever the exact shape of the bipelar cell message, it
should in principie be continuously variable ocver a large range,
both positive and negative for a subiraction or for the log of a
divigien, or less than and greater than 1 for & rauw division. In

the mud-puppy, this is not the case (see Part | section 2.3): the
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effect of the horizontal cells is to attenuate tramsmission from
the receptors, not to polarise the bipelar cell in the opposite
direction. Further, two kinds of bipolar cells are found, with

so=-cal led "on=" and "off-centre" responses. 1t therefore looks as

if, in the case of the mud-puppy, the difference function is

signal led along two channels: one carries = if =" is positive,
{for #1) and the other carries -x" when x" is negative (or <l}.
This is to be expected, for the reasons outlined in section
1.2. The difference carrier has to transmit @ tuo-sided signal,
and this asignal has to be thresholded, whether its magnl tude
varies {roughly) linearly with the signal or logarithmical ly.
Hence tuo channels are used, One other small point is the
additional bonus of isproved accuracyt this may be useful, even
if the signal ranges were of the order of 100988, because the
bipolar channal is carrying di fferences rather than absolute

valuas.

3.2 Extension to ihe primate retina

In view of these arguments, the organization of the bipolar
celis found in the mud-puppy makes such very good sense that one
is entitled to expect & similar organization in the primate
retina. If the retinex process is to be carried out at the
ultimate resolution of single receptors, 1t will be necessary to
supply sach recepftor With ftuwo kinds of small bipelar cell, one

for the positive, and one for minus the negative component. [t
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cannot be coincidental that each come contacts one midget, and
one flat midget bipolar cell (Kolb 1578). The present theory thus
explaing the presence of the two kinds of midget bipelar cell,
though it cannot predict which channel is which.

In the case where the retinex process is carried out at
lower rasalution, as it may be in many non-primate retinas, in
the rod channel of the primate retina, and perhaps also in
parallel frem cones in the primate retina, it is not necessary to
match the two channels so exactly, though the closer they are the
better. Thus, where bipolar cells contact more than one receptor,
the condition for strict duality of bipolar cells is relaxed
slightiy, though the resolution of the two channels must be the
same. [t will however always be necessary to have two channels.
Hence every receptor must contact at least two bipolar cells, one
plus and cne minus. This conseguence s particularly interesting,
ainna.aa:h rod in the prisate reting uvsually containe only tuwo
bipolar processes: the theory therefore predicts that these must

have opposite signs.

_E,Eluﬂﬁmsniummnuﬂinmm-m

Herblin & Dowling {13B3) reported that the bipolar cell
response in the mudpuppy ratina depends, over a large range of
gbsolute energies, upon the ratio of the energies in the ;untra

and the surround. The receptor response curve i8 an H-function

({I/(1+K}), see 2.1 of Part 1), and Maka & Rushton (18E7) found
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that horizontal celle also exhibit an H-curve response to

i llumination. Rushton (1372 p24P) believes that the H-relation is
continued in the bipolar cells, but does not cite any direct
evidance.

The guestion is an important ocne, because one is naturally
interested in the exact function that is transm{ttud by the
bipolar cell. Three kinds of evidence suggest that it should not
be a quu subtracticn: firstiy, the requirement of Land that the
retinex operation be performed on logarithmic guantities;
secondly, the finding of Werhiin & Douwling mentioned above; and
thirdly indirect peycho-physical eavidence that the reconstitution
stage |s computed using logarithmic quantities (see 3.5 below,
‘and Part 111}, There is however some room for doubt about whether
the bipolar signal 18 @ rad divieion or 1ts logarithe, though it
isg probably not exactly either of these. On the available
evidence, the most likely cendidate seems to be the logarithamic

guantity, but it may be carried With variable gain.

3.4 Evidence about the prder of subsecuent pperations

It is clear that a large number of transformations must be
applied to the difference signal before it can be passed to the
aptic nerve, and psychophysical evidence can help us tu-danidu in
What arder they are perforsed. From the contrast-flash

experiments of Alpern, Rushton & Torii that were reviewad

earlier, it ies clear that several things are going on. They are:
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3.4.1 The summation of signals from the various parts of the
surround € this summation is linear in the incident energy.
3.4.2 The logarithm of the sum (or some very similar. function) is
taken, both of the surround, <, and of the centre, A.

2.4.3 Both signals are attenuated by an amount that depends on
the background {ignoring bleachingl, by a fraction

fad/ (6 + 48}, where & i3 the strength of the héchgruund. The
experimants do mot specify whether the attenuation is performed
after 3.4.1, im which case it is a division; or after 3.4.2, in
which case it amounts to & subtraction. Rushton's (1355FL) use of
Fuortes & Hodgkin's (1364) cable theory model is @ clever example
of how the two operations could be perfurméd simul tansously.
3.4%.4% Finally, the tuo transformed, attenuated signals are
compared, and if the difference is noticesble, & signal is
transmitted. The results of Alpern & Rushton (1387 figure 1) are
best explained by supposing that J.4.4 is performed after alf of

314"1 tn 31“‘1-31-

3.5 The order suggesied bu this theory

In trying to decide upon the nature of the bipolar signal,
one must first be clear about which facts are not relevant., One
result suggesting that the signal must at this stage still be a
linear function of the intensity is Alpern et al.'s (1978a)
finding that the surround signal adds |inear|y before interacting

With .the signal from the centre, However the size of the central
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reagion (2 degrees for the rod experiments, and 28" for the cone
ones, Alpern et al. 1378a&d) allow that the summation could all
take place in the horizontal cells, which are knoun to exhibit a
| Fmear responso,

A second possibly relevant finding s Rushton & Westheimer®s
(1362} that the threshold of all the rods in @ summation pool is
gpparently raised by bleaching some of them. This seems to imply
that at some stage, & Rushton-style gain box must be used that
attenuates all the signals from & susmating pool. This result is
apparently very difficult to explain an the presant theory,
because if the bipelar signal really is a division, or log
divigion, there is no necessity to set an explicit threshold: a
constant one Will suffice (see &.1). Yet the natural place for
the gain-box to be is at the foot of the bipalar cell axon,
because this iz where the pseuds light input (corresponding to
the reguired bleaching signal) is to be found (see Part [I1).
There is however a possible explanation that dosa not involve the
gaim-box idea at all - indeed almost the only concept that is
reguired from Rushton's theory is the notion of tuo paths, one
for pseudo and one for real light. [§ this iz correct, the
peeuda light signal will explain the results of Barlouw &
Sparrock, (see ﬁart.III]. and the results of Rushton & Hestheimer
(1962), of Rushton (L355a and bl, and of Hestheimer (1358)
receive 3 uiparata explanation. These have fto be dealt with in

Part I¥, but they are consistent with the notion that the bipolar
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signal is the log of & divis'en.

The main argument fros retinal structure suggests that
Whatever guantity is carried in the bipelar channel, it I8
composed of subquantities that cam freely be added together. This
is because the horizental cell interaction With the bipolars is
disparsed, which means that if the receptor-horizontal-bipolar
junction parformed a pure division, errors would arise bacause of
dilfferent values of the divisor provided by the different
horizontal cells at each site. The difference betueen ({1/2) (1/dl
+ 1/d2)), and rAAd1ld2) is Bl - vd2) AAIdZ: this is especial ly
severe when the v are very different, which in this case u:l:l:u-l‘:
at bopundaries - i.e. at the very places that are of intaraah'Thi
observed anatomical arrangenent would therefore be bad for
- accurate division. This argument |s weakened a little by the
presence of two, usuwally different herizontal cell processes at
each site - suggesting that the divisor is their average - but it
is atill forceful: the argument Tmplies that the bipolar signal
is the ‘El..ll.:ltl'ﬁl'.“tiﬂﬂ: of tuo logarithes, rather than the division of
~two numbers, though this guantity may be carried with variable

gain.

3.6 Qummary
It is thersfore assumed that the bipolar cell carries a
signal that corresponds to an H-function of some possibly

variable multiple af the gquantity (loglx) - I:I.J"Zulgﬂ [Z‘.
Bx*) FLE™)
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Wiyl lagiylll, for some weighting function . The careful data
presented by Kolb {1378 figures 37 & 4% show that the diameter
of the weighting function w is about T8y, and w decreases

Hith distance from the central receptor x.

4 Atftenuation and thresholding pof the difference signal

The heart of the retines computation is the application of a
threshold to the difference signal, for it is this that removes

the effects of slow changes in luminance from the image.

4.1 The gize of the threshold
.Enntld-r the effects of doubling the luminance of a scene
{measured on a |inear, not & logarithmic scalel. The energy
r:n&ivﬁd from sach point doubles, hence gradieqtﬂ double, and
hence thea neceasary threshold must also double. This is however
only a rough guide, because bright sunlight produces views that
are much more contrasty than the [rnuuhlui wniform iliumination
proevided by a thick layer of clowd:, 1f & histogram of gradients
from a scene is taken, the central peak may often correspond to
the thresholds that have to be removed, and it will be important
_ (uhen adeguate transducers becone available) to explore now the
width of this central peak depends upon various lighting

conditions. Until then, one aust assume that a |inear threshold
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is adeqguate; this is consistent with psychophysical evidence on
contrast detection [(see section 1 of Part [[I}. If the bipolar
signal is logarithmic, a fixed threshold applied to the bipolar
signal Qill of course huhsva like a threshold that varies

linearly With intensity, &8s required.

4.2 Qifference signal porsalisation

Even given that the rau divizion signal is transformed into
its logarithm someshere in the outer plexiform layer, there
remains 8 guestion about the nermalisation of the difference
gignal. Despite the fact that the dynamic range of the difference
channel iz probably much greater tham that of the ganglion cell
axon, it should be possible to use the whole of the ganglion cell
chanrel capacity throughout much of the working range of the
retina. The best uay 1& to arrange that the necessary
normal isation takes place at the last possible moment = in this
casse, on the difference signal just before tn:nn:titut]nn+ It can
take place independentiy in the three colour channels, because
the rtlatiﬁnship between colour names and the relative strengths
of the signals from the retina has in any case to be determined

by some other mechanism.

S GBeconstituting the lmace
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Tne reconstitution of the Image consists of computing the
ateady state solution to a set of equations [ikei
wir w w4 1/n E: yhe (8
M{x=}
whera the neighbourhood Wikl s matched to the nelghbourhood
that was used in the primary gradient extracting cperation. In
the retina, the position is much complicated by the fact that the

difference signal «x s carried over two channels, wWhich Will
be called x"+ and ="=, where x" = (k"4 = x"=F. In this
gituation, the inverse transformation becomes
wie = (w"+ - x"=]1 + 1/n E: e (1)
M{x*)
One is naturally interested in formulations of this
cperation in dhich the final output is split into two channels,
because of the axistence of on= and of off=centre ganglion cells.

(It may ba that the output has to be split for reasons |ike those

of section 1.2, applied to later contrast detection operationsal.

5.1 Possible gchemes for gomputing the inverse
There are a number of possible ways of implementing eguation

{1}, and they are listad belou. |
§.1.1 The first is a direct implementation, using @ simple
resigtive netuwork. Although this is the neatest solution, it
cannot be Tmplemented in the retina because one has to operate
Wwith variables that are always pesitive.
5.1.2 The second possibility is to solve the pair:

wick = ®' 4+ 1/2n Dux  (2)

M
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- = x"= = 1/Zn 3. ym i3
together with the conditieon :Lat wir = (wded = we=}l. This method
cannot be used either, because circumstances can be constructed
that reguire both channels to be able to carry both positive and
negative signals. For example, consider a situation where the

lecal average luminance }: high, and = ig small but negative.
From eguation (2), =&+ stays fixed, and from (3}, == becomes
glightly less negative. Hence both channels need to carry signals
of both signa, and this implementation is therefore not suitable.
5.1.3 To overcome this, one might propose the solution obtained
by selving (1} and simul tanecusly converting the ansder to two
channe|s wi+  and wie-, where =i+ = xf if wi I8 positive, and -
= =wir | f w& is negative: both are zero otherwise. '] have examined
this poasibility in detail, but was able to reject it. The
argument is leng, and Wwill not be given in full here; but the
basic reason can be briefly described. In order for this scheme
te Work inm & way that is consistent with r"a’r.'lrlal_arla’u.'.|m5|||.r it
turng uui that the full sclution x=¢ has to be computed by both
the plus and the minus chammels. [t s possible to shou that the
full solution (With different signs) must therefore appEaF at thﬁ
axon terminale of both kinds of midget bipolar cell: this
requires that both terminals have access to both ="+ and ="-,
But ="+ has been transformed to xi+  before it can leave the
plus bipalar channel, and similarly for x"-. Hence, the negativae

chanmel cannot receive ="+, and vice wersa, so the method fails.
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§.1.4 The fourth possible scheme is to try to keep the tuo
halwves of the soluticn apart 2z long as possible. This means

aglving the pair:

wtek = w"+ 4 1Lin Dy (&)
M

wi— = ®'- 4+ 1/n Zuw— (£=1)
M

At firet sight, this pair of equations does not appear to
compute anything useful: but one can prove that it does as .
follows. By subtracting (4) and (5}, we obtain:

(et = wr=) = (w4 = w"=) & 1/n 3 lyis - ys=) (B}

-Thus the expression (x&+ = x&=)  is in fact ? solution of the
eguation (1). Hhat this means is that a soclution may be obtained
ffnm 4} and (5} provided that the two soluticns are coupled
in @ subtractive way. In general, the tuo halves =&+ and =o-
Hill both be large and positive, since there is nothing negative
in either of [ﬁi or (5} to pull them doun. The solution is
however not disturbed by subtracting a suitable function (s,
provided that it is done to both we+e and xb= simul taneousiy.
In the particular case of the retina, it is important to keep the
terms positive, so the amount %o be subtracted must never exceed
the smaller of s+ and =9=: subject to this, however, a2
subtractive coupling between wi+ and =#- is persissible.

Hence we obtain the result tnat ({4) and EEI, together with
the operations:

itk goes to (it = Flmwd) (&)

S i goes to (wxg= =  Flswl) i
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gtill represents a solution to (1), as long as the condition

wird @nd xf=  are kept positive {8}
also holds. In particular, the gain in the circuit that defines
f may be chosen to keep the smaller of =+ and xd- near zero.
It is perhaps worth pointing out that the determination of f is
guite separate from the prob'es of fixing th; OC level for the
putput: nor can variations in f account for the disappearance
of itahiliztd retinal images, since this would correspond to
tampering With the difference (wa+ = =u=]: as long as this
difference is preserved, the output of the process is a8 faithful
retinexed copy of the image. (The stabilization problems is dealt

Wwith in section & of Part 1[1].

£.2 |mplementation details

The method of 5.1.4 is the most satisfactory that | have
been able to devise, and it will now be shown that it provides an
euptﬁnatiun of many features of the inner pla:ifnrm-iauar.
£.2.1 The realisation of equation (4) requires a davice uWith
fesdback, because the ansuer, once obtained, must be applied to
the mechanisms that compute the ansuer at neighbouring points.

Since the retinal ganglien cells are not pre-synaptic to any
| ather ratinal cells, the expression of tha final :n:Q-r Wil
{say) cannot exist cniy at these cells, since if it were, it
would mot be available to neighbouring ganglion cells.

B.2.2 Hence, the answer séw+ must be computed in the bipolar cell
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gxon terminalse, or in the amacrine cells, or both. [t cannot be
just the amacrine cells, because most of the ganglion cell

© synapses cose from bipu;ar cells. The most likely candidate is
therefore the bipolar axon terminals, With some kind of
modification from the amacrine cells.

£.2.2 The complex of a dyad synapse plus & return synapse from
the amacrine cell to the bibnlar cell is exactly what this
hypothesis regquires, The reason 8 that the amacrine cells have
to carry an expression |ike 3 g+ for @ neighbourhood, and add
it to the guantity x="+ that comes duuﬁ the bipolar a=on. At the
dyad synapse, the component x%+ Is transferred to the amace i fna
cell transverse carriers, and the ewmpression (i & ikl i8
added in to complete the computation of w4, One would therefore
expact all dyad synapses that invalve a stratified amacrine cell
to be accompanied by an amacrine/blipelar synapse.

5;2.4 The philosophy expressed in section 1.1, that spike-carried
signals must be logarithms (because of the smaller dynamic range)
is consistent with this. At least some amacrine cells support
spikes, and for the theory to be correct, the lateral
interactions must be in terms of logarithmic guantities, (This
also explains various features of bleaching adaptation: see Part
I1¥}. Conversely, if the reconstituting stage is computed in
terms of logarithms, the gradient finding operation must be &
division.

2:.2.2 The coupling between the solutions for xa+ and xw- must
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be provided by diffuse amacrine cells, probably acting through
the amacrine-amacrine and amacrine-ganglion cell synapses. This
cougling can be done effectively in 8 number of ways, and one
cannct decide a priori which should be used, [t is however
helpful to set cut an explicit method for achieving it, because
variants on this method are then rather easy tﬁ devise. Write POS
to stand for “the positive part of": e.g. POS(&)=4, and POS(-
ﬁ}-ﬂ.. {(FOS is useful because it captures the idea that & neuron
With no threshold can transmit &t best only the positive part of
the function that it receives.) Then let us modify equations (4]

and {5} to the following:

it = x"+ + POS{1/n % Iyt = yar=}] (4"
wir- = %"= + POS{1/n %‘ (yi= = yire) ] - (8"}
Then [(xi+ = wi=) i85 atill & solution. Mo wWrite

G+ = POS(sird = mie=) (5]
G= = POS (%= = mves) (18}

Then one of G+, G- will be positive, and will represent the

solution.

The idea behind this formulation is illustrated in figure 5.
The subtractive interaction is done in $W0 Ways: flr=flg. thera
is reciprocal inhibition betueen the stratified amacrine cells in
the top and the bottom thirds of the inner plexiform layer,

mediated by the small diffuse amacrine cells. Secondly, there is
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POS(L Yy -4 vy)

FIGURE 5

Legend to Figure §

One way of computing the two Ralves of the solutien in the inner

plexiform layer. Open circles represent connexions that are
computational ly positiver filled circles, those that are
negative. Cell names are as in figure 1. The assoclation of FMB

uith ="+ rather than with x"- is arbitrary.
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direct inhibition that acts on the ganglion cells, again mediated
by the diffuse amacrine cells. The important points about this
are:

fal the form of the coupling betueen the two systems of
gtratified amacrine cells is very flexible; both the kind of
coupling (i.e. the nusber of terss collected underneath the POS
function), and the amount, are variable provided that they
correspond closely in the plus and minus |ayers.

(B) the sizes of »i+ and of == are kept positive:r this is vital
for allowing @ ="+ signal to escape fros the bipolar terminal
and influence the solution even where G= is strongly positive. It
is because x#+ and x¢— must be non-negative at all times that

direct inhibition to the bipolar terminals ia undaasirable.

5.3 Jhe distribution of amacrine gell processes
From the analysil'af B.2, We see that the stratified

amacrine cells must be the cnes primarily responsible for (4] and
(8), (or (4") and (E")), whereas the coupling betueen the tuwo
halves must use diffuse anacrinss.
5.3.1 In particular, the size of the stratified amacrine cell
processes must reflect the distribution of horizontal processes
apbove them. The dialatér of the stratified diffuse amacrine cells
. {category A3 of Part 1, 1.2.1) is ZB-58u, which is consistent
Hith the figure of about 35u for the radius of the horizontal

cell interaction, (see section 3.E].
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5.3.2 The amacrine cells responsible for coupling the plus and
thé minue nhanhala are probably the marrow field diffuse amacrina
cells, {category All, because the only other candidates, (AS],
have a larger diameter, and are unconmor. &

£.3.2 From these, the following sunaptic relations followu:

fal the dyad synaptic complex should connect midget bipolar
terminale predominantiy with stratified amacrine cells (Al). Al
the synapses at these complexes should have a positive sign, from
the point of view of the computation. In practice, this means
that the bipolar to eamacrine, and the bipolar to ganglion cell
sunapses should be excitatory; and the amacrine to bipelar
synapse should have the sane effect on the midget bipolar
terminal as stimulation of the centre of that cell’s receptive
field.

(b} The diffuse amacrine cells should receive excitatory synapses
from the midget bipolar cells, or perhaps stratified amacrine
cells, in one layer, and should send inhibitory synapses to the
atratified amacrine and midget ganglion cells in the other. They
should not send inhibitory synapses to the midget bipolar

terminal s.

E.4 Ganglicn cell dendeites
By the same arguments, the retinex output should come from
ganglion cells Wwith stratified dendritic distribution, Tt «ill

be shoun belod that these should be the X ganglion calls. Y
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Legend to figure &
The principal elements of the plus and minus retinal channels are
shoun, as analysad in the text, together with their predicted
responses to a central black and to a3 central white spot. The
golutions for swie, wi-, and flwxe) are strictly speaking undefined
for the case where there is no subtractive coupling. In-the
retina, such coupling ies provided by diffuse amacrine cells, and
in its presence, both sw+ and &= are properly defined. Notice

that the response to a central white spot appears at what was

initially the negative channel.
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cella, Which have a response that looks more |ike that uhich the
coupling amacrines should have,may be the diffuse retinal
ganglion cel ls.

The summarizing diagram shown in figure B illustrates the
expected responses of the various retinal components to two

simple stimuli.

F&RT [I[: Properties of the Signals from the Retina

The above analysis has dealt with the processing of a single
channel of the kind originating from a red or green cone in the
fovea; but it is clear that similar arguments may be applied to
the other chanrels. The same kinds of cosputation have to be
performed, but there is no difference in principle betueen o
gnd high resclution channele because of the linearity of the
basic eguation (1). [ shall therefore omit further analuysis of
retinal structure, and Will turn new to exarine some of the many
pecul iar properties of retinal output: the above interpretation

of the retina makes a8 number of them easy to understand.

1 The Heber-Fechner Lad
The WHeber=Fechner relation between overall brightness and
increment threshold is so old that 1t might be thought not to

rneed an explanation. Nevertheless, It is a curious lau, depending
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as it does | inearly rather thanm logarithmically on the luminance
of the background. It is particularly curious that, although at
low levels of illumination the increment threshold varies With
the sguare root of the background luminance, this ceases to be
true at higher levels, although the receptors are still capable
of responding |inearly with the incident energy. Why does the
square root relation, which is the optimal threshold for aignal=
to-noise purposes, break down where it doss - at around 3 or &
guanta per rod pear second?

The prasent theory provides an explanation. The purpose of
the retinex operation is to resove from the image, intensity
changes that are due to gradual changes in luminance. In the
theoratical case of a continuum, it is esasy to diat{nnui:n
continuous from discontinuous changes: but if the continuum is
replaced by a d]:ﬁret& space, the guestion becomes what size of
very lecal gradient is large encugh te be called a disﬂuntinuifu?
It was seen In section 4.1 that in many conditions, the relation
batueen ambient luminance and the regquired threshold is a |inear
ona. But the increment threshold experiment measures exactly such
a threshold: hence the Weber=Fechner Law is a conseguence of

computing the retinex fumction.

2 The derk-adapted retina
At lod levels of luminance, the retinex function cannot be

‘computed. This happens when the average guantum catch at a
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receptor 18 80 low that difference signals measured by the
bipolar cells over their inherent time constant would be due to
the sparsensss of the incident guanta rather tham te & real lecal
gradient

At these low luminance levels, therefore, the retinex
computation drops out, and the retina becomes an efficient
detector of guanta, as Barlow has suggested. At the sase time,
one Would twpl:t.thd centre=surround organization to disappear,
and 1llugions that rely upon the retinex process,  like the Craik=
Cernsueet 1llusion, should no longer function. [ have no specific -
suggestions about how these changes are implemented: it may be
that they are related to the pecul iar properties of the electro-
retinogram at low levels of illumination, (see e.g. Cone & Ebrey

136%).

3 Ganalion gell cesponse gharacteristics

There are many aspects of retinal ganglion cell responses
that have not yet been discussed. Firstly, 1t will be evident by
nod that according to the present theory, retinal ganglion cells
should behave |ike idealised receptor cells, rather than in tha
complex manner that has been observed (see Part |, 2.5). Hhy are
there X, ¥, and W cells, and why do theuy display such ﬁﬂtuliar
characteristics? Now the computation of the retinex process is
guite @ complex operation, and accuracy probably requires that

thé time constants of paﬁt: of the system are guite long. It
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would therefore be surprising if the retinexed output showed very
good temporal resolution, This output should however be tonic
rather than transient; its sensitivity (but not ite response
curvel should be a linear function of retinal illumination
(because of thez |inear prnﬁartiaa of the receptorsl; and the
output Will be relatively insensitive to flicker, or to very fast
moving stimuli, Furthermore, if the computation is done
accurately, there is no reason to expect the retinexed output to
show el fuwain®s periphery effect. Thus the conditions to be
expected for the output from the retinex computation are those
satisfied by X E!Il!. but not by ¥ cells. In particular, if this
is correct, the ":uiqur‘ area of Zeki (1973) should receive its
colour information ultimately from X and mot from Y cells.

Wny have Y-cells, and hou are they formed? There is an
obvious ansuwer to this, namely that fast moving things are very
important in the unrtﬁ- An animal with 8 perfect retinex system
Hill nevertheless fail to survive i1f he cannot see 2 preﬁatnr
flash across his visual field, and long time constants in the
computation would have this unfortunate effect. [t therefore
sgems appropriate that another channel should be present, callied
the ¥ cells, which are especially concernad With detecting
tranaients in the retina that are averaged out in the main
r;tintr cutput. As we have seen;, most inputs will cause a change
in the resting levels in the amacrine layer: in the tentative

theory set out above, for example, the necessity to Reep
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computing f efficientiy would mean that a change almost anyuhaere
in the retina could have am cffect on f elsedhere - an effect
that is subtracted out before the main retinex ocutput chammels
are reached. [f this effect was applied to a second charmnel but
with the signs such as to add rather than subtract the extra
quantity, (perhaps by using a diffuse retinal ganglion calll),
something |ike the behavicur of the Y cells, uwith felluain’s
periphery affect, would be the result. The guestion s a long and
dificult one, that deserves a separate paper: but at |east the
present theory explains why Y-cells are necessary, even 1f not
exactly how they are formed. Analogous arguments apply to W=

cella.

4 The dispppearsnce of stabilised ratinal images

The dlsappﬁaran:e of stabilised retinal -images is & puzzling
- phenomenan, egnd one that would not immediately be expected from
the present theory. The retinex output, presumably the X-cells,
ghould not decay with tima, Eﬂ.thEFF saems to be no good retinal
reason why stabilised images should disappear. [t is particularly
interesting that Sharpe (1972) found evidence that at least a
part of the disappearance Was binccularly transferred, and hence
of mecessity a central phenomenaon. -Hnu if tha nruuunt.thtbru is
correct, the X-channel will necessarily carry pseudo-images
caused originally by receptor bleaching (see Part I¥); and

because of thalr relative brightness, if thag were visible In the
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normal way they would undoubtably Interfﬂrﬂ'dika:tly Hith
perception. Sharpe has also pointed out that the slow drift of
the retina that occurs during normal fixation ie essential to the
percaeption of fine detail, yet according to the present theory,
the K-channels, presumably. the means of transmission of the
finest detail, should be largely unaffected by this drift.

An attractive possibility is that the main contrast analysis
of the striate cortex is driven by X-cells, but that the cutput
from this area cannui influence subseguent stages unless i1t is
accompanied by Y-cell signals from the same retinal area. This
Hould be @ convenient way of r-mnvéng undanted stabilised images,
and goes some wWay towards understanding the parallel inputs to

areas 18 and 19 that were cbserved by Hoffman & Stone (1371).

S Genglion gell receptive field grganizatien

The conventional interpretation of the "centre=surround"
organization of the ganglion cell receptive field is that it is a
method for emhancing contrast across boundaries. [f the retinex
- computation was woerking nrnﬁarlu, the output of the foveal
ganglion cells should be |ike the output from the receptors
except that 1t will be very much more useful than the true output
from the receptors, :Tnc-_thu affects of small gradients have
been removed. However, there are two reasons why, in the
conditions under Which such esxperiments are usually performed,

these cells should exhibit behaviour consistent with the centre=
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surround hypothesis. Firstliy, the retines computational machinery
is designed to be run in conditions of normal life: it depends,
especial ly at the reconstituting stage, upon lateral interaction
Hith reasocnable signals from the rest of the rFretine. I[f & central
bright spot is presented to a ganglion cell, and then moved
around close to it while the rest of the reting is In darkness,
it is not clear what will happen. Even apart from these
considerations, howesver, one would expect the normsal working
retinal machinery to exhibit the centre-surround effect. This is
because tha OC lewal in the reconsatitution phase is not fixed,
and is presumably chosen to be about  the average of the receiwved
luminance at the retina. It follows that the hnhavlnu} of a
midgat ganglion :l'l.HIIJ apparently be astrongly influenced by
the Inca{ oroganization of the light on the retina, especially if
fas in well-conducted experiments) ﬁut much s happening
alsewhare on the retina. [f (as also seems sensibiel the OC level
is set on & local basis (giving msaximun local intensity
resolution), the same Will hold even if there is much happening
alsedhere. Herce it is no surprise that the ganglion cells
exhibit a centre-surround organization; this organization is a
consequence of the implementation of the retinex process, and is
not the start of contrast detection.

Because of éhiu. it is mecessary to search the literature on
the lateral geniculate nucleus to see what role the centre-

surround organization at the retina could be playing in a:hi|V1ﬁg
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the centre-surround organization at |ater atages in the visual
patheay. This guestion has been asked in & recent paper by Haffei
& Fiorentini (1572}. These authors state that if the retinal
organization were the first step in contrast detection, the
gsurround at the retina should map into the surround at the
geniculate. If on the other hand, the surrounds at the geniculate
are constructed from the cenires of other retinal ganlion cells,
then the contrasat anzlysis apparently being performed at the
reting 18 aifetti?elu being thrown away at the geniculate.
Indirect evidence that this is in fact the case is to be found in
papers by Hubel & Hiesel {(138l), and by Singer & Creutzfeldt
[(1378); in the change in retinal ocrganization during dark
adaptation (uwhich certainly suggests that the retinal
orgarization is not essential for contrast detectionl; and in
the peculiar characteristics of the size of the surround area of
a'ratinal receptive field. Maffel & Fiorentini found
experimental ly that the geniculate surrounds are in fact composed
cf the centres of a nAurber of retinal receptive fields. Thai;
arguﬂunf i s however weaker than they apparent |y believe, because
the geniculate organization seems to enhance, not contradict the
retinal organization. Thus the strongest result that they can
claim is that the retinal organization may be inessential for the

later computations.



Thispagels
missing from
the original
document.



Lightness and the retina &3

FART [I¥: Bleaching adaptation

It is Mo time to turA to the final important cluster of
retinal pheanomena, namely the vexed guestion of the effacts on

the ~etima produced by bleackhing (ts receplors.

1 Summary of the jmporiant facts

[t was seen from the brief review of the subject that was
presented in section & of Part [ that the phenomena that need to
be explained are the following:
1.1 The grating experiments of Rushton & Hestheimer {1382) and of
Rushton (155%al, and the punctate background experiments of
Rushton {1385b). |
1.2 The log of the 1n:raasaﬁ increment threshold due to bleaching
depends on the fraction of pignent bleached (log(é/98) = kBl
tuo things are remarkable about this: fir5t|y that the degree of
bleaching definitely determines the increased threshold; and
secondly, that a small amount of bleaching raises the threshold
by a large asount.
1.3 Barlow"s -hypothesis accounts for L.2y for the similar time
course of dark=adaptational changes in spatial summation and
small field thréshuld: for the similar effects of bleached
recepiors and of a real backgroundi for the lasting constriction
of the pupil produced by bBleaching; for the results of Rushton &

Westheimer [153B2); and for the results of Barlow & Sparrock
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(1564) about the subjective eguivalence of backgrounds and
hiaachings that ha;a equal threshnold-ralsing capabilities.

1.4 Rushton's hypothesis, of ceparate paths for the blaaching
gignal and for real light signals, also accounts for all the
resul te that Barlow's theory accounts for. In addition, it
accounts for a8 nunber of phenomena that Barlow's theory cannot
handle. These are Aushton's (1985k) finding that the effective
intensity of bleached receptor :igna]s behaves |ike the average
of their logarithms, not the log of the average effective
intensity; it is not contradicted {like Barlor's theoryl by
findings that reguire different paths for the bBleaching signal
and for real |ight, though it does not necessarily explain them,
These findings are Westheiner (13630, Ernst (13B8), and Naka &
Rushten (1388).

1.5 Houwever, even Aushton’s th:nfg in its pure form is
inconsistent with some later ruﬂultq. publisned in the saries of
papers by Alpern, Rushion & Toriil. In experiment 1 of Alpern et
al. (1378cl, bleaching B without background behaved as though
the rods were desensitized by the factor be=lBwxlZ28, not like the
equivalent background |ight.

1.6 Finally, although the nation of tuo paths seems to explain a
large numbnr.uf phanuména, Rushtaon has given no arguments why tyu-

such paths should have evolved, nor has he suggested what they

might be.
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2 Tup ppths: ceal and psewdo light

Ferhaps the most convincing evidence for the presant author
that Barlow's thecry is incorrect was the experiments of HNaka &
Rushton {1358}, The effect of a real background illumination is
to shift the s-potential, and the effects of further stimuli
appear on top of this. The effect of bleaching is houever
invisible (after 3 minutes) unless a light stisulus is supplied,
in Which case the response appears to be attenuated. The abserce
of a steady background potential from the bleached receptors must
mean that they zannot be emitting 2 signal indistinguishable from
that produced by real light, as Barlow's hypothesis requires.

Their other finding, that the s=potentials are already
attenuated by a great amount, is | think of graat uignificén:t.
ggspecially in. vied of the later finding in E!HE;iMEnt I of Alpern
et al. (157Bc) that was referred to above. The reascn is that
the central issue in the controversy concerns the existence of a
second path for the bleaching signal, and it turns out that the
ﬁreaent theory has as a conseguence the existence of a wirtual
path of about the right kind, but it depends upon recepicr
desensitization. Consider the results of MNaka & Rushton once
mora: the only effect of bleaching that they obssrved was that 1t
attenuated signals due to light. Suppose that this was because of
the receptors. This would explain the finding of Alpern et al.
(157Bc), and that result shows us that the receptors are

desensitised by a factor that depends exponentially on the
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bleaching. This is a regrettable property of receptors, and one
that [ find surprising: but if trus, it is the kind of fact of
|ife that one feels comfortaole about havimg as a limit en the
parformance of the visual syster,

Inside the bleached area, recepior signals are attenuated by
a factor 1BaskB. Hence the local difference signal, which is the
log of a division function, is unchanged, and the bipolar signal
should be roughly unaffected. But this is not the anly
consequence. Consider the effect of diffusely illuminating the
whole field of view with intensity 4. At the boundaries of the
bleached area, the strength of the signal from the receptors wWill
change to ®/18wmkB. This will be interpreted by thé divigion
gradient measuring device as a boundary of size 4/($/18x50kB),
i«2. 1BvwkB, which is independent of 4, and has locgarithm kB,
The reconstituting sechanisn, which we sau cperates on
logarithmic guantities, will therefore receive transversely
across the smacrine layer 2 signal that varies with KB, Thﬁs the
bleaching E{fent ig transmitted to the inner laysr, but by a
virtual path that exists because of the way the retina normally
HOrks. The reconstituted image has a negative brightness, but
(like every discontinuityl, will cause positive changes of size
kE to applar-ln both the v+ and the wxé= |ayers. Cérpentst {1972)
has shown that taa dAppearance of after=images depends on the very
recent 1l lumination of the retina, oot an praﬁmrt]es af the

blezaching stimulus that produced the effect; so the wrong sign
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for the pseuda |ight's brightness is not too serious.

3 Some findings exoplaingd

The results of Barlow & Sparrock follow iosediately, bacause
the reconstituted pseudo=image has the appropriate sized
Brightness: this image however exists only in the amacrine cell
layer, where intensity is represented in logarithmic wnits, and
average intensity valuas computed there will behave |ike the
average of logs [as in Rushton 1985b), The electrophysiolagical
results of Naka & Aushton (1388) fallow because af the
attenuation in the receptors, and because in the middle of a
bieached area, there is no signal from the receplors.

The result of Westheimer {15B8] may be explained by looking
at the difference signal in his twe situations. Let the intensity
af the small central test point be p: of the disc, di of the
background, b and of the equivalent bleaching disc, be d*. There
are four situationa:

(1) Emall real diEE; the bipolar signals With and without p are
the Jﬁgs of (p=d+b) b and {d+bl/b.

(2] Large real disc: with anu without p, the bipolar signals are
the logs of (psd+b) s {d+b) and [d+b)/(d+bl.

(3} Emall-bleached disc: the bipolar signals with and ;ithnut p
are the legs of [ip+bl/d"}/b and 10/d")/b.

{4} Large bleached ﬁia:1lﬂin+h]fd'}f{nfd'? and ([b/d")/(b/d" ).

=

The situations With and Without bleachings are different, because
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the gquantities 1n (L} are bigger than those in (2), but those in
{3} are smaller tham those in (4], The present theory thqs
distinguishes the tuo situatiens: any nmon-lingarities Iin the
syster (wWhich are to be expected in cases (1} and (2} if d is
large} would tend to give Hestheimer's result in the case of real
light. The present model is not specific about temporal
properties of the retina = indeed this is probably quite a large
sub ject: the findings of Ern5¥ {1528} may be consegquences of

the receptor signal being so much attenuated.

4 ls pseyde light really the key?

Finally, the experiments of Rushton & Westheimer (1362), and
of Rushion (18ES5a and b} must be accounted for. As is probably
clear, all the necessary inputs are present for a gain-box tupe
of mechanisﬁ to operate in the amacrine |ayer, the gain-box
itsalf being probably the bipolar cell axom terminmal. But this
regquires that the bipolar signal be linear, and the various other
difficulties mentioned in ;u:tipn 2 of Part 1] arise. The effect
of all these difficulties is to make one ask whether these
rasults cannot be explained by phenomena In the outer plexiform
layer without involving the galn-box mechanism. This is a strange
guestion, because one of the at{ractinns cf the present theory is
that it provides the missing input that seemingly makes Rushton's
theory come true. But observe the following analysis of the

results of 1.1 abova.
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£.1 Byshton & Westheimer (1552)

Lat us first analyse the grating auperilent.uf Rushton &
Hestheimer. Their effect nolds for most peeple only for gratings
With paricds up to about 38° at 5 deg eccentricity, which (as
they point out) is consistent with other ﬁeagurenenta lg.qg.
Hallett 1382) of the resclution of the rod channel in that
reglon. But according to the present theory, the rad rod signal
is ot transaiitted to the inner retinal layers: What is
transmitted is tﬁl gum of a8 large number af small logarithmic
terms logl{R/H}, where R is the raceptor response, and H ia the
horizontal cell response. ﬂaauaing that H is constant in the two
experimantal cases, ocne can estimate the size of thi signal as
fol louws:

Case (l}: blesching through & grating. There are n bleached
receptors, and n unbleached, so the total signal is roughly
nilogR + Ing[HIenpihﬁllf}‘ where BL is the amount of bleaching
‘received by those rods that were bleached.

Caze (2}: unifors bleach. Here, all in receptors Harea hlaanhaﬂ;
Eu-thaf the signal Eizﬂ.iﬁ about ZnlleglRfaxp(kB21)]).

These two expressions are the same if Ble2B2. This effect could
suffice to gxplain the results of Rushton & Westheimer, as

wodi fied by Barlouw & ﬁndruuu {1573},

4.2 Bushton (1965a) '

In a later axper}nent. Rushton hlaachea a region of tha

retinad through a grating, and then measured the region's
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increment threshold wusing the same grating at the same, and at
the opposite phgsa relation to the bleaching stinulus. He found
that for a grating of period 3B', the threshold was the same in
both cases. Let us calculate the difference signals that ue
expect according to the presemt theory. Suppose that the
unbleached receptor response to the test flash is Rl for the
light bars of the test grating, and R2 for the dark bars. Then if
the light bars fall on bleached receptors, the FUEpa5E= 18
[logiRl/exp(kBl} + logiR2)}; and if the dark bars fall on
bleached receptors, the response is (leglRl]l + logiRZ2/expikBill.
In both cases, the result is the sane. A similar argument can be
constructed for the other experiment [Rushton 13B5bl.
ﬁ.3ﬂﬂﬁid.ﬁ§_ﬂlh.:r_ﬁm?

*ha arguments outlined in the last two secticns rest on a
large number of assumptions abuﬂt the nature of the bipolar
aignal; probably not all of which are correct: the bones of the
present theory would survive the disproof of many of then.
Nevertheless, it is disguieting to find that p;tudnllight. an
eup}anatiﬂn of uhich i one of the strong points of this theory,
turne out not tu.he invalved In the explamation of the above
thQEMBna, because thoss phenomens dJere part ﬁf the reaszon Wby
one uwas so interested Im pseuds light. The reason uhy
explanations of the above kind have been overlooked iz the
evidence sbout the linear nature of early retinal processes: in

particular, Ricco's Lauw, amd the findings of Alpern et al.



Thispagels
missing from
the original
document.



Lightness and the retina 38

Alpern, M., Rushten, H.A.H. & Torii, 5. (1378c). The attenuation
of rod signals by bleachings. J. Phusiecl. iLond.), ZB7, 4459-451.

Alpern, M., Rushton, H.A&.H. & Torii, 5. (1378d). Signals from
cones. J. Physiel. (Lond.), 287, 463-47%5.

Barlow; H:B: [1356). Retinal noise and absolute threshold. J.
opt. Soc. Amer., 4B, E34-B33.

Barlouw, H.B. (1357). Increment thresholds at low intenaities
considered as asignal-noise discriminations., J. Physiol. f{Lond.}.
138, 4E9-4E8,

Barlouw, H.B. ([1358). Temporal and spatial summation in human
vision at differant background intensities. J. Phusiol. f(Lond.}.
l&ll 33?'35“1

Barlow, H.B. [13&64). Dark-adaptation: a new hypothesis. Yislon
EH!. i{ "‘?‘ET-*

Barlow, H.B. & Andrews D.P. (1573). The aite at which rhodopsin
bleaching raises the scotopic threshold. ¥isign Bes.., 13, S83-
2BE,

Barlow, H.B., Fitzhugh, R. & Kuffler, S5.H. (1357). Change of
organization in the receptive field of the cat's retina during
dark adaptation. J. Phusiol. (Lond.), 137, 338-354.

Barlow, H.B. & Sakitt, B. (1373). Doubts about scotopic
interacticns in stabilized vision, Yisicn Bes., 13, 523-524.

Barlouw, H.B. & Sparrock, J.M.B. (1384). The role of after=images
in dark adaptation. Scignge, 144, 1383-1314,

Boycott, B.B., & Dowling, J.E. (13E8). Organization of the

primate retina: light microscepy. Philos. Trans. Boy. Soc. B.,
255, 1@2-1384.

Brindiey, G.5. (1978). Phuysiolegy of the retina and visual
pathugy. (Physioclogical Society Monograph no. E). London: Eduard
Arnold Ltd.

Brown, J.E. & Hajor, D. (1366). Cat retinal ganglion cell
dendritic fields. Exp. peural., 15, 7B-7E.

Bunt, A.H. (1571}. Enzymatic digestion of synaptic ribbons in
amphibian retinal photoreceptors. Brain Bes., 25, 571-577.

Cajal., 5.R. (1511). Histologie du susteme nerveux.
Madrid:iC.5.1.C.



Lightness and the retina 339

Carpenter, R.H.5. (1372). After-images on backgrounds of
different luminance: a new phenomenon and a hypothesis. J.

Bhusiol. (Lond.)}, 226. 713-724.

Cleland, B.G., Dubin, A.H. & Levick, H.R. (1571). Sustained and
- transient neurones in the cat's retina and lateral geniculate

nucleus. .. Physiol. (Lond.), Z17., &73-436.

Cone, R:A: & Ebrey, T.G. [13B5). Functiconal independence of the
tuo major components of the rod electroretinogram. Nature., 221,
B18-828.

Crauford, B.H. (1337). The change of visual senasitivity with
time. Proc. Roy. Sec. B.. 128, 552-553.

Crauwford, B.H., (1347), Visual adaptation in relation to brief
conditioning stimuli. Prog. Aou. Sec. B., 134, 283-3BZ.

Denney, 0., Baumgartner, G. & Adorjani, C. (1958). Responses of
cortical neurones to stimulation of the visual afferent

radiations. E=p. Brain Bes.. &, Z65-Z72.

De Yalois, R.L. [1365). Analysis and coding of celour vision in
the primate visval system. Cold Spr. Harb. Sump., 28, 567-573.

Dowling, J.E. (1368). Chemistry of visual adaptation in the rat.
Matyre, 128, 114-118.

Douwling,J:E:, & Boycott, B.B, (138E], Organization of the primate
retina: electron microscopy. Prog. Roy. Sec. B., lEE, BB-111.

Douling, J.E. & Werblin, F.5. (1983). Organization of the retina

of the sud-puppy, HNectuyrus macyleosys: [. Synaptic structure. J.
Wevrophysiol., 32, 315-33&.

Eccles, J.C. & Jeseger, J.C. (1358}, The relationship between the
mode of pperation and the dimensions of the junctional regions at
synapses and motor end-prgans. Prog. Egu: Soc. B., 148, 38-5B.

Enroth=Cugel |, C. & Rebson, J.G. (1588). The contrast sensitivity

of retinal ganglion cells of the cat., . Bhusipl. (Lond.), 187,
B17-5E2. . i

Ermast, W. (19=8). The dependence of critical fllicker fusion
freguency and the rod threshold on the state of adaptation of the

eya. Yision Hes., 8, 833-383.

Fukada, Y. (1571). Receptive field organization of cat optic
nerve fibres with special reference to comduction veloeity.. -



Lightness and the retina 1828

m Eﬂ*# u.. EBB—EEE-

Fukada, Y. & Saito, H=A. (1371). The relationship betueen
rasponse characteristics to flicker stimulation and receptive
field organization in the cat's optic nerve fibres. Yision Bes..
L1, 227-248.

Fuortes, M.G.F. & Hodgkin, A.L. (1984)., Changes in time scale and

sensitivity in the ommatidia of Limylys. J. Phusiol. {Lond.},
172, 239-263.

Gouras, P. (13BE). Rod and cone independence in the
electroretinogram of the dark-adapted monkey's perifovea. G

Phusiol. (Lond.), 187, 455-4B&.

Gouras, P. (1367): The effects of light-adaptation on rod and
cone receptive field organization of monkey ganglion cells. .

Phusiol. (Lond.}. 132. 747-768.

Gouras, P. & Link, K. (15558). Bod and cone interaction in dark=-

adapted monkey ganglion cells, J. Phusiol. (Lond.), 184, 433-
gia.

Gray, EsG., & Pease, H.L. (1371}, On understanding the

organization of the retinal receptor synapses. Brain Aes.. 35.
1-15.

Halliett, P.E. (13€2). Scotopic acuity and absolute threshold in
brief flashes. J. Phuysiol. fLond.}, 163, 175-133.

Helmholtz, Hs (1362} Treatise on phusiglogical ppticae. Mew York:
Dover Publications Inc. lFert edition of Handbugh der
phusiologischen Optik published in 1867 by Yoss, Leipzigl.

Hoffmarnn, K-P. & Stone, J. (1371). Conduction velocity of
afferents to cal visual cortex: a correlation with certical
receptive field properties. Brain Aes., 32, 468-4B5,

Horn, B.K.P. (1374). On lightness. (To appear.)

Hubel, D.H. & Wiessl, T.MN. (1558). Receptive fields of optic

rnerve fibres in the spider monkey. J. Phusiol. (Lond.). l&&.
E72-5E88.

Hubel, D.H. & Hiesel, T.N. [(13El). Integrative action in the

cat"s lateral geniculate body.  J. Phusiol. (Lend.), 155, 385-
J98.

" Hubel D.H. & Wiesel, T.N. (156E}. Spatial and chromatic
interactions in the lateral geniculate body of the rhesus monkely.



Lightness and the retina 181

oJs MNeurophysiel., 23, 1115=1156.

Kaneko, A. & Hashimoto, H. (1367). Recording site of the single
cone response determined by an electrode marking technigue,

¥Yision HBes.. Z. 8&47-851.

Kolb, Helga. (1378) Organization of the outer plexiform layer of
the primate retina: electron microscopy of Golgi-impregnated

cella, Philos., Trans. Hoy. Seoc. B., 258, 2B1-283.

Kuffler, S.W, [1353). Discharge patterns and functicnal
organization of mammalian retina. J. Meyrcphysipl., 15, 37-B8.

Land, E.H. [1359). Experiments in color vision. Scientific
American, 281, 16-28.

Land, E.H. & HeCann, J.J. (1371). Lightness and retinex theory.
J. opt. Soc. Amer., Bl. 1-11.

Lennie, P. & Macleod, D.1.A. (1373). Background configuration and
rod threshold, J. Phusiol. (Lond.), 233, 143-156.

Mellwain, J.T. (138}, Receptive fields of optic tract axons and
lateral geniculate cellis: perigheral extent and barbiturate

sensitivity, J. Neurophysisl., 27, 1156-1173.

Melluain, J.T. (196B). Some evidence :nn:-rning the PHUEIﬂlﬂglEEJ
basia of the periphery effect in the cat's retina. Exp.
Bgs.. L. 2B5=271.

Mckea, 5. & Hestheimer, G. (1578). Specificity of cone mechanisms
in lateral interactions. J. Phuysisol. (Lomd.}, ZBE, 117-128.

Haffei, L. & Fiorentini, A. (1572). Retinogeniculate convergence
and analysis of contrast. J. Neurgphysiol., 35, BBE=-7Z.

Hissotten, L. (1385). IThe ultrastructure of the human retina.
Brussels: Arscia Ui tgaven N.Y.

Naka, K.I. (1583). Computer assisted analysies of S=-potentials.
Biophysa. J., 3, B4&5-853.

Maka, K.I. & Rushton, H.A.H. (198E}. S-potentialas from colour

units in the retina of fieh (Cypripidasl. J. Phusipi. (Lonod.}),
185, 536-555.

Naka, K.Il. & RBushton, H.A.H. (13&7). The generation and spread of

;E?ntintills in fish (Qupcinidael. J. Phusigl. (Lopd.), 132, 437=-



Lightness and the retina 182

Naka, K.I. & Rushton, H.A.H. (1368). S=potential and dark
agdaptation in fish., J, Physiol. (Lond.), 134, 253-789.

Penn, R.D., & Hagins, W.A. (1383). Signal transmission aleng
retinal rods and the orogin of the electroretinographic a=uwave.

Mature, 223, Z281-285.

Rodieck, R.W. (13&7). Receptive fields in the cat retina: a new
type. Science, 157, 99-32.

Rushton, W.A.H. {1351). Rhodopsin measurement and dark-adaptation

in a subject deficient in cone vision. J. Phusiol. iLond.), 158,
193-285.,

Rushton, I-I-JL.H. (1985al. The sensitivity of rods under
I1lumination. J. Physiol. (Lond.}., 178. 141-1G68.

Rushton, H.A.H. (1365b). Bleached rhodopsin am:i wiaual
adaptation. J. Phusiol. (Lond.), 181. B45-655.

Rushton, W.&.H. (1965FL)}. The Ferrier Lecture, 1362: VYisual
Adaptation. Prog. Boy. Soc. B.. LEZ. EE-ﬁE+

Rushton, W.&.H. (1372). Pigments and signals in colour vision.
{Invited lecture to the Physiological Societu). J. Phusin].
{Lond.), 228, 1P-31P.

Rushton, W.A.H. & Hestheimer, G. (1382). The sffect upon the rod

threshold of bleaching neighbouring rods. J. Physiol. {Lond.),
1B4, 31E-329, '

Sharpe, C.R. (1972}, The visibility and fading of thin lines
vigualized by their controlled movement across the retina. J.

husiol. (Lond.), 222, 113-134.

Singer, H. & Creutzfeldt, 0.0. (1378). Reciprocal lateral
imhibBition of on= and off-center neurones in the lateral
geniculate body of the cat. Exp. Brain Res., 18, 311-328.

Stone, J. [1372). Horphology and physiology of the
geniculocortical aynapse in the cat: the guestion of parallel

input to the striate cortex. Jovesi. Dphthal., 11, 338-34E.

Stone, J. & Oreher, B. (1373). Projection of ¥= and ¥= cells of
the cat"s lateral geniculate nucleus to areas 17 and 1B of visual
cortex. J. Meurephysiol., 3B, 551-5B7.

Stone, J. & Freeman, H.B. jr. (1571). Conduction wvelocity groups
in the =at's optic nerve classlfied aceording to their ratinal

origin. Exp. Brain Hes.., 13, 4283-437.



Lightness and the retina 183

Stone, J. & Hoffman, K-P. (1371). Conduction velocity as a
parameter in the organization of the afferent relay in the cat's
lateral geniculate nucleus. Brain Res., 32, 454-4E9,

Stone, J. & Hoffman, K-P. (187Z). Very slou-conducting ganglion
cells in the cat's retina: a major, nes functional type? Brain

Bes.. 43, E1B-ElE.

Teller, O.Y., Andrews, O.P. & Barlow, H.B. [19BB). Local
adaptation im stabilized vision. VYision Aes., B, 7Bl-7BS.

Tomita, T. (136B). Electrica'! ~esponses of aingle photoreceptors.
Proc. 1. E. E. E.. 5B, 1815-1823.

Tomita, T., Kaneko, A., Murakami, M. & Pautler, E.L. [(15E7}.
Spectral responses curves of single cunas in the carp. Y¥ision

Res., 7, 519-531.

Toyoda, J., Hosaki, H. & Tomita, T. (15363}. Light-induced
registance changes in single photereceptors of Mecturus and
Gekko. Yision Res., 9, 453-463.

Weber, E.H. (1834). D= pylsy, cesorptione, auditu st tactu
apnotationes anatomicae &t phuysiclogicae. Leipzig: E+F+Knuh1-n
(Cited by Brindley 1378).

Werblin, F.5. & Douling, J.E. (1583). Organization of the retina
of the mud=puppy, MNecturus maculosus: 11. Intra-cellular
recording. - J. Neyrophysiol., 32, 339-365,

lestheimer, G. (1385}, Spatial interaction in the human retina
during scetopic vision. J. Bhysipl. (Lond.}, 181, 881-834.

"Westheimer, G. (1368). Bleached rhodopsin and retinal
interaction. J. Phusiol. (Lond.) 135, S7-185.

Westheimer, G. (1378). Rod-cone Independence for sensitlzing

interaction in the human retina. J. Pousiol. {Lood.}. 285, 1BS-
11&.

Hestheimer, G. & Wiley, A.H. (1378). Distance effects in human
scotopic retinal interaction. J. Physiol. {Lond.}, Z2BE, 123-=143.

Zeki, 5.H. (1573). Colour coding in rhesus monkey prestriate

cortex. Braip Bes., 53, 422-427.



