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Abstract

In this paper a filter is modeled, based on the visual system of mammals. In the filter the retinal
ganglion receptive fields and simple cortical receptive fields are used as described by neurophysiologists.
The functionality of a ganglion cell and a simple cell are modeled with a gaussian and Gabor function
respectively. In the filter also the linear magnification function is included which gives the size of the
receptivefield with retinal eccentricity. With modeling thefilter we hopeto get moreinsightsin the human
visual system and in the primary visual cortex especialy.

1 Introduction

In the past forty years much work on sensory areas has been done by neurophysiologists, so parts in the
primary visua cortex (of the macaque monkey) are now well understood. Kuffler was the first one who
recorded the activity from the axons of the retinal ganglion cells that make up the optic nerve [10]. His
experiments revealed the type of receptive fieldsthe retinal ganglion cells possess. Kuffler discovered that a
retinal ganglion cell or ageniculate cell responds best to acircular spot of light, he found two basic types of

cells (the center-on surround-off cell and the center-off surround-on cell). Later Hubel and Wiesel did alot
of pioneering work in the primary visual cortex (also called striate cortex or area17). They explored various
visua cortical regionswith their recording micro-electrodes and found two types of cells, which they called

simple and complex cells respectively. The orientation sensitive cells that belong to the first type are one of
the most remarkable discoveries [9].

Hubel and Wiesdl [8] also described the topographic mapping of the visual fiel ds onto the cortex and the
relation between field size and magnification factor. The magnification factor isthe relation between a one
millimeter movement in the cortex and the displacement in the visual field [7, 2]. The maximum receptive
field size of a cell in the primary visua cortex can be derived from the magnification factor and the fact that
a two millimeter movement in the cortex is needed to displace fields from one region to an entirely new
region. From Fischer [4] we know that the receptive fields of the cats ganglion cells grow in a linear way
with retinal eccentricity.

In the paper a comparison between the cortical map and ganglion map is made. For this comparison
the assumption is made that both maps only contain center-surround cells and that both, a ganglion and a
cortical cell with the same eccentricity (distance from the center of the visua field) have the same receptive
field size, although the receptive field of a cell in the cortex has usually not the same size as the receptive
field of aganglioncell.

In our previous work we used the fields with circular symmetry, modeled by a mexican-hat (gaussian)
function and the orientation sensitive cells, modeled by a Gabor (a gaussian multiplied with a sinusoidal)
function al separately [13, 14, 12], thisin contrast with the the model described in this paper, where the
receptive field size depends on the eccentricity and the fields are related to each other.

The paper is organized as follows: In section 2 the relation between the sizes in the cortex in relation
with the visual field will be modeled. We will define a visua field angle in relation with a distance (in
millimeters) in the cortex. With this relation we are then able, given a visual field position, to calculate
the position in the cortex. Section 3 will give a description of the physical structure of a two dimensional



artificia field and itslimits. This means that we are going to describe the limits of electronical devices, such
as athelens of a camera and a frame grabber. Section 4 outlinesthe sizes and types of receptive fields, and
how a receptive field can be represented by a mathematical formula. In the fifth section a cortical filter is
described. First aloca filter is defined, which has a known position and size in the visual field. These local
filtersare used in the cortical filter. Thelast section shows the experimental results.

In futureresearch cortical filtersof complex and end-stopped will also be modeled. After that the model
will be extended and used for object detection and recognition.

2 Magnification between cortex and visual field

Before we define the magnifi cation between the primary visual cortex and thevisual field, let usfirst consider
the visual fields and the visual range of a human being or another mammal. A human being has two visual
fields, onefor theleft - and one for theright eye. In Figure 1 thevisua field for the left eye isshown. Inthe
model we do not take in account the limited physical visual field angles but the maximum visual field angle
reached by the horizontal |eft angle of the left eye, we define the maximum visua field angle as V Famax.

The magnificationisarelation between an angleinthevisual field and asizein theprimary visual cortex.
In the center (fovea) of the visual field a human being has a more detailed image then at the periphery, this
suggests that more information from the center of the visua field is (temporary) stored in the primary
visual cortex in comparison with the information from the periphery of the visual field. This implies that
a larger surface in the cortex is used for a constant surface in the center of the visual field then when the
same constant surface is used in the periphery of the visual field. Daniel and Whitteridge [2] gave a good
description of the relation between magnification in (mnvo) and visua field angle in (0). They showed
not only that the magnification drops logarithmically if one moves from the center of the visual field to
the far periphery, but also that this relation isvalid in every
direction. Which means that if the angle between the fovea
and a certain positionin the visua field is constant, that the
magnification is also constant, independent of the position
inthe visual field.

Hubel and Wiesel [8] aso show arelation between mag-
nification and eccentricity, in contrast to Daniel and Whit-
teridge who measured to an eccentricity of about 657, they
measure within a maximum distance angle of 22° from the
fovea and give a description of magnification=! in (o/mm).
Thusthey expressamovement of onemillimeter inthecortex
as a displacement of magnification—* degrees in the visual
field. If their results are compared with the results from
Daniel and Whitteridge, it shows that the results are about
the same with respect to the area where in they measured.

Visual field center

Figure 1: The visua field for the left eye of
a human being with a maximum horizontal left
angleof about 70°, amaximum horizontal right
angleof about 35° dueto physical problems, our
nose prohibits us from an angle which would be
about the same as the horizontdl left angle. The
vertical upper angleand vertical lower angleare
about 40° and 50° degrees respectively. The
vertical angles are also both limited due to the
fact that the physical structure of theface prohib-
its alarger angle. In the model only the largest
possiblevisual field angleis used, whichimplies
that one getsacircular visual field.

If one tries to make a function approximation M (Figure
2a) of the magnification factor from the results reported by
[2], one could take a functional approximation which is de-
scribed by two linear functionsand one logarithmicfunction:

M(a) = 7.00 — 1.34«
= 1.69— 0.44log(ax — 3.25)
2.42.10"1—- 231073

a€[0-35)

a € [3.5— 35)

o € [35— 65)(1)
where « istheretinal eccentricity or visual field angleand M

is the magnification factor. As an inverted magnification is
used, as suggested by Hubel, and one assumes that not only

the magnification dropslogarithmically, if one moves from the center to the periphery of the visual field, but
also that the inverted magnification shows a logarithmic behavior then the following function L (Figure 2b)
can be used:
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Figure 2: The magnification M (1) and the inverted
functions L= and A=! are shown in a). Inb) the
inverted magnification M~*, the logarithmic function
L (2), and linear approximation A (3) are shown.

L(a) = é +eclogla+1) «€[0,VFamx]. (2

Where « isthe visua field angle and ¢ is a constant:

Cc = m

From the inverted magnification M —* thethird lin-
ear increasing approximation A (Figure 2b) wasderived
(Seealso Fig 6A. from [8] for alinear increasing inver-
ted magnification factor) which is defined as follows:

A(a) = 014+ 0.11a ©)

where « is the distance from the fovea in degrees and
A the magnification—! factor. Note that Hubel and
Freeman [7] also used a linear magnification™? factor.
They used A(«r) = 0.11 4 0.06cx.

If we consider the inverted function approximation
M1, we may conclude that the function is linear as
estimated by A. Although at first site one may say that
thereisabigdifferenceif thevisua field angleislarger
then 25°. Thisinfact istruebut if the approximation A
isinverted (A1) it gives a really good approximation
as shown in Figure 2a. The difference is not in the
periphery as one may expect but near the fovea (i. e. a
visual field angle < 5°) as shownin Figure 3.

Itisclear that the visual fields map systematically
onto the cortex. The relation between visual field and
cortex isas follows: in the center (fovea) of the visual
field %O corresponds with 1 millimeter in the cortex
[2]. At the far periphery (the visual field angle near

VFama) 1 millimeter in the cortex corresponds with 8¢ in the visual field. As one moves from the fovea
to the far periphery the relation between cortex and visual field drops logarithmically because its inverted

magnification increases in alinear way (3).

Sinceweare interested in how thevisual fieldismapped on the cortex, we define the center of the primary
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Figure3: Thisisanenlargement for the center of the
visual field of Figure 2a, to emphasize the difference
between the magnification factor M and the inverted

approximated linear increasing function A~ 2.

visual cortex asthepositioninthe primary visual cortex
where the center of the visua field is mapped. With
thisdefinitionwe are able to define the rel ation between
the radius from the center of the primary visual cortex
and thevisual field angle. With a given cortex radius 7
(inmillimeters) the visual field angle o is calculated as
follows: ) 20 PR

a(f) = (e +1)7 == (@)
where zo = 0.14 and » = 0.11 as defined in the linear
inverted magnification (3). Equation (4) isderived from
the recursive function a(n):

a(n) = a(n— 1)+ A(a(n — 1)) 5)

Which is equivalent with:

o n o
a(n) = —(@+1)" - —=



If the visual field angle « is known then the cortex radius 7 will be:

" log(y;a + 1)

From equation 6 and the maximum visual filed angle VFoma We conclude that a radius of about 38
millimeters are needed to cover the whole visua field (Figure 4a). Which in fact is too large, since the
the visual cortex has a surface of about 1300-1400 mm? [2]. If we assume that the striate cortex has a
circular shape than the surface would be about 4600 square millimeters®. For a correct approximation of
the surface of the cortex, not the linear inverted magnification A should be used but the logarithmic inverted
magnification L. If L isused only aradiusof 19 millimetersis needed to cover the wholevisual field (Figure
4b).

Linear inverted magnification function Logarithmic inverted magnification function

visual field angle (degrees)
visual field angle (degrees)

f . . . . . . . . . . . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
a ) cortex radius (millimeters) b) cortex radius (millimeters)

Figure 4: For avisua field with VFama = 70°, aradius of 38 millimeters in the cortex is needed to cover the whole
visual field when the linear inverted magnification function A isused ascan beseenin a). Inb) the logarithmic inverted
magnification function L is used, amaximum radius of 19 millimeters is needed to cover the whole visual field.

3 Physical structure and limits of an artificial two dimensional visual
field

If one wants to model a visua system than also an input device (camera) should considered in the model.
The setup is usually a camera which is connected to a piece of computer hardware, such that the computer
is used to map a three dimensional scene on a discrete two dimensiona grid. The so created image can be
seen asapart of an artificial two dimensional visual field, sincethelensused in the camera hasafield angle
which is smaller than the human visual field angle. The limited visual field is digitized by a frame grabber,
which can be seen asthe “discrete” map of cones. Inthe grabber one can cut off a part of the discrete visual
field, which makes the visual field even smaller.

Assume that the maximum discrete size of an image created the frame grabber isHnax X Vmax (the PAL
standard usually, for the frame grabber we have itis 768 x 579). Define the field angles of the camera lens
as Homax X Varmax @ maximum constant horizontal field angle and maximum constant vertical field angle
respectively (our camera lens has a horizontal and vertical field angle of 22°37" and 17°03' respectively).

From the discrete 2-D map of the grabber, we cut out an image 7(, y) with horizontal and vertical size
of H and V respectively. The image I will represent the first neuronal image created in the retina. What
should be stressed once more is that with the used lens a maximum field angle of about 20° can be created
thisin contrast to the human visua system which has a maximum visual field angle of about 70°. The thus
created artificial neural image represents only the center of the visual field of a human being.

*The actually used part in the cortex is much smaller, see section 6 Experimental results.
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calculated:

l a(r) = rHamax = rVOZmax (7

Hmax Vmax

Ho/2 Nz Image and visa versa, given the visua field angle o and the
radius » to the center of theimage:

2 Maximum cameraimage

Hmax
= 8
r(a) =« Homra, (8)
Lens . .
Figure 5. Graphical overview of image sizes and ~ Wherer = /x? + y? . With the equations (4) and (7)
angles. the relation between image and cortex is also defined.

4 Receptivefields

Every cell in the visual system has a receptive field, this is an area in the retina where the cell can be
influenced. The map of areceptive field, or short receptive field, gives the behavior of the cell. In the visual
system a number of different receptive fields are used. Hubel and Wiesel, whose basi ¢ techniques have been
widely adopted, performed a long series of experiments examining the response characteristics of neurons
in the visual cortex. They classified four types of neurons. The first type is the circularly symmetric type
(Figure 6a and Figure 6b) which highly reacts on a light spot in a specific position in the visual field. The
circular symmetric receptive fields are found in the retina, the lateral geniculate body, and in layer V< of
the striate cortex. The second type of receptive fields are the simple cortical cells (Figure 6¢ and Figure 6d)
these cellshighly react on adlit of light with a certain orientation and positioninthe visual field, thesefilters
can be seen as a combination of circular symmetric cells[9]. The third and fourth type are the complex -
and hyper-complex receptive fields respectively. There are of course more types of receptive fields but we
only consider thefirst two types of cells here.

4.1 Receptivefieldsweighting functions

In this section the circular symmetric and the simple cortical receptive fields will be modeled by a math-
ematical function [11]. We use gaussian functions modeling these receptive fields since these functions are
“active” within a limited range, which means in fact that in the center of the receptive field the activity is
strong and it decreases exponentially if one moves to the periphery of the receptive field. The two different
types (circular symmetric and simple) receptive fields are al derived from this function.

The basic two dimensional gaussian function is defined as follows:

G(r)y=e¢"" 9

The circular symmetric receptivefield isatwo dimensional functionwhichiscalled acenter-on, surround-off
function or because of its shape a mexican-hat function. The mexican-hat function which is derived from
(9) can be defined as follows:

2

20 — r2 20 — 2 2 22442
Gulr) = 5% ={r=VaZ1 2} Guley) = oY) St )

o o

The center-off, surround-on function (Figure 6b) is defined as the negative mexican-hat function-Gas (x, y).
The two simple cortical filters, symmetrical orientation sensitive receptive field and anti-symmetrical
receptive field can be modeled by the real and imaginary part of a so Gabor function[5, 3].
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Figure 6: Four different receptive field functions. Two ganglion cell functions: a) a center-on surround-off function
andb) a center-off surround-on function. Two simple cortical functions, a symmetrical orientation sensitive function
and an anti-symmetrical orientation sensitive function are shown in c) andd) respectively.

A common receptive field RF, an arbitrary one from the defined functions (10)-(12), is active within a
certain radius ». Note that the radius can be easily transformed to avisud field (7). If R isdefined as the
maximum distance from the center of receptive field RF where RF is still active then the receptive field is
inactiveif:

RF(R+A)=¢ (13)
where ¢ > 0is aconstant near 0 where the receptive field is considered as inactive. The used A is a step
sizein radius, which is O if the visual field is continuous. It should be considered that if one has a discrete
visual field not every distance to the center of a receptive field exists, given the radius r = /x2 + 42, the
smallest distance larger than » is» + A, where

r+ A= min (\/(x—l—l)z—l—yz,\/xz—l—(y—l—l)z). (14)
Thismeansthat A is:
A =min (Ve + D74 7 = o2+ 2 a1 (y + 12— VaZ + ) (15)
Since the maximum radius R + A is known, ¢ in the receptive fields can be derived from the gaussian
part e‘é in (10)-(12), o isderived from e~ (e _ ¢, where ¢ isa small constant greater than O.
2
_ _% (16)

Thelast featureto be described, only concerns the symmetric receptive fields, since they contain a center
and a surround. The border between center and surround can be defined asthe radius b in the receptive field
where the defined mexican-hat function, defined in (10), will change itssign. Which in formula means that
Gar(b) = 0. Radius b will be:

b=20 = {ofrom(16)} b= % (17)

This means that the relation between the receptive field radii of center and surroundis1 : /—Toge.



4.2 Creating receptivefieldsin relation to each other

A receptivefield RF isone of thefunctionsas shown inthe previous section.
The next step isto create areceptive field which sizeisrelated to a visual field
angle «. Let p be defined as the receptive field angle. First we have to know
the minimum useful receptive field radius. Assume that we have a center-
Figure7: Minimal discrete  ON, surround-off receptive field, than the the minimal discrete receptive field
center-on (+), surround-off  will have, as shown in Figure 7, a discrete radius of one. This means that
(=) receptive field. r(p(a)) = 1 and the minimum angle for p(a) will be Hana,

The maximum receptive field angle p should be rdlated to the inverted
magnification factor, if one wants to cover the whole visual field. This means that p is proportional to A if
the linear inverted magnification function A isused. Thus

pla) = cA(a) (18)

—_ [+ =

where c isaconstant.

In [6] is described that roughly a 2 millimeter movement in the the cortex is needed to displace fields
from one region to an entirely new region. We may conclude that, if one movestwo millimetersin the cortex
that the receptive fields do not interfere with each other, so the maximum receptive field angle is obtained if
yields:

_ a(r+2) —afr)
afr) +pla(r) =alr+2) —pla(r+2)) = e= 2T i o (19)
as shownin the left part of Figure 8).

The receptive field angle is known
as one moves from the center of the
visua field to the far periphery, but the
relation between two receptive fields
who have the same visua field angle
a is gtill not defined. So the last step
for covering the whole visual field is
the relation between two neighbor re-
ceptive fields who have both the same
receptive field angle « but a different
positioninthevisual field, as shownin
theright part of Figure 8. For thisrela-
tion again a two millimeter movement
is used to be in an entire new field re-
gion. We assume that two neighbor re-
ceptive fieldswith an equal visual field
angle have also a one millimeter posi-
tion difference in the cortex.

The angle ¢ (Figure 8) needed to
cover the visua field for a constant
visual field angle « isas follows:

6 = arcsin (@) (20)

The number of receptive fields for a

Figure8: Thereceptive fieldsare represented by grey circles. By using  gjiven constant visual field angle o is:
the neighboring receptive fields in the cortex with a radius of n, n+1,

and n+2 millimeters, the maximum receptive field angle p(a(n)) canbe N(a) = 2r 21)
calculated (1eft). With a constant visual field angle « and the receptive T

field sizer (p(a)), & can be calculated (right). where N is the number of receptive

fields. For a uniform distribution of
receptive fields over the visua field, the average number is used for all used visual field angles.

O = receptive field




5 Modeling a cortical filter

From the properties described in the the previous sections, areceptive field filter can be modeled easily. We
call amodeled receptive field filter alocal filter since the receptive field has a position in the visua field
and has alimited activity. A uniform distribution (as described in the previous section) will give the cortical
filter.

a) 5 b) ) ¢) i —=

Figure9: Theresultsof the local filter LFy can be shown in three different ways: a) with radiusr and orientation ¢, b)
with arélative radiust and orientation ¢ or c) the relative radiust and orientation ¢ mapped on a rectangular grid.

A local filter is defined as follows:

r(p(a(i)))
LRs(r (a(i)),p) = / et I{z 4+ 21,y + y1)RFs o (21, y1)dz1dyy (22)

L _llat) +a7 )

2loge

where o is derived from equation (16) with B = 7(p ( (1)) and A = 0, ¢ isthe cortex radiusin millimeter,
1 isatwo-dimensional visual field (image), and RF is one of the receptive field functions from (10)-(12).
Thelocal filter LF will be displayed as shown in Figure 9a. The local filter should defined slightly different:

r(p(a(i)))
LFy (ia 30) = / I(l‘ +z,y+ yl) RF€,0($1, yl)d$ldyl (24)
=r(p(a(i)))

if one wants to use a relative display as shown in Figure 9b and 9c. In the filter x = r(a(i)) cosep,
y = r(a(i))sing, and ¢ is the orientation of the local filter LFy if a orientation sensitive (i.e. a simple
cortical) receptive field is used, otherwise the orientation # may be ignored. The location of the local filter
LFy inthe visua field is given by ¢ and r(«()). The two-dimensional receptive field is represented by a
2-dimensional inputimage /.

The cortical filter contains a number of loca filters LF which are distributed over the cortex. If the
cortex represents a discrete square grid of a certain step size in millimeters, in every discrete point of the
grid alocal filter will be calculated.

6 Experimental results

Assume that in the center of the visual field a face image is presented, as shown in Figure 10a. In Figure
10e-f we used a combination of center-on surround-off and center-off surround-on cells. The combinationis
used since negative inputsto neuronswill never cause them to fire[14]. The “ganglion map” is not distorted
since the ganglion cells do not give a distorted map, this is also the reason that the ganglion cell density
decreases with retinal eccentricity [1, 15]. The receptive fields (local filters) are small in the center of the
visua field so high detail will be obtained here. The fields grow linear with eccentricity, this means that the
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Figure 10: A faceimage which is mapped on the center of the visual field. The exact center of the visual field is alittle
under the right eye in the imagea). In c) and d) the results of acortical filter using the ganglion type of cells which are
used in the striate cortex arealV® on adistorted map areshown. A linear inverted magnification factor and alogarithmic
inverted magnification factor are used, ¢) and d) respectively. An enlargement of c) is shown inb). In€) and f) the
results of a cortical filter using the ganglion or lateral geniculate cells on a non distorted map are shown. Again for a
linear and logarithmic inverted magnification function, €) and f) respectively.



image will be blurred more and more as one moves away from the center of the visual field. The differences
are clear, for example if the two eyes in the filtered images are compared with the eyes in the original image.

Thesamefilter isused for layer IV€ inthe striate cortex, the distorted map will give acompletely different
view (Figure 10c-d) in comparison with the resulting images from the ganglion cells. In the distorted map
there isin comparison a large surface used for the center, where the details are visible. Note that really a
small part of the cortex is used from the estimation we made in one of the previous sections. In fact, if the
linear inverted magnification function is used the 'effective’ radius of the cortex is about 17 millimeters.
This in fact means that the effective surface of the cortex is about 1000 square millimeters, if a circular
surface is considered. This gives a good approximation of the actual used size in the cortex.
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