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Abstract- We present in this paper a programmable 
real-time pattern recognition retina fabricated in 
standard CMOS 0.6 pn process. Each of the pixels of 
the retina is composed of a photodiode and an 
electronic device used during the programming phase 
to digitalize the image of the pattern to recognize into a 
binary image stored in latches. The array of pixels is 
thus partitioned into two complementary disjoint sub- 
sets with all the photodiodes of the same sub-set 
connected together in order to obtain the sum total of 
the currents. During the analysis phase, an optical 
correlation between the projected image and the 
reference binary image memorized in the circuit is 
done. The result is read-out as two voltages 
representing the following two currents: a "white" 
current proportional to the luminous flux falling on the 
photodiodes pertaining to the "white" part of the 
binary reference image and a "black" current 
corresponding to the black part. By comparing these 
two voltages to expected values, a shift of the pattern 
or a difference between the observed and programmed 
pattern can be detected. 

I. INTRODUCTION 

A silicon retina is a particular image sensor in which an 
analog andor digital signal processing circuitry is 
integrated next to the photosensitive or image sensing 
element. The role of the latter is to allow some low level 
processing to be done on the image signals before they are 
made available at the output of the circuit [l,  2, 3, 4, 51. 
The type of processing that we would like to implement in 
the case of our retina is pattern recognition in real time. 
Our idea is to compare an observed image with a reference 
binary image programmed in the retina. The result of the 
comparison is two signals in the form of electrical currents 
that would allow the retina to detect a shift or a difference 
between the observed image and the programmed 
reference image. 

In the next section of the paper we shall present the 
working principle of the retina and show its pattern 
recognition features by use of a simple example. In section 
III, we shall describe the architecture of the circuit and 
give the block diagrams of the programmable pixel from 
which an array of 100x100 pixels has been fabricated in 
standard CMOS 0.6 pm process. In section IV, we shall 
describe the characterization of the retina and give the 
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results that we have obtained. Finally, the results of the 
experiments that we have carried out on the retina in order 
to verify its ability to recognize patterns or to detect spatial 
shifts of patterns will be reported in section V before 
concluding by section VI. 

11. WORKING PRINCIPLE OF THE RETINA 

The working principle of our silicon retina is based on 
the comparison between an image projected on the circuit 
by some optical means and a reference binary image 
obtained by thresholding the image to recognize according 
to a suitable threshold as shown in Figure 1. This reference 
binary image is stored in latches in the circuit by assigning 
the logic value 0 to a black pixel and the logic value 1 to a 
white pixel [6,7, 81. 

a) Image to recognize b) Binary reference 
image R(i, j) 

Figure 1 : Binary reference image 

When an image is projected on the retina, the currents 
produced by all the pixels pertaining to respectively the 
black and white areas of the reference binary image are 
summed in order to give two total currents called as the 
black and white pixel currents. These currents, denoted by 
Ibhck and I,,,,k, can be expressed as: 

and 

where X(i, j) is the luminous flux falling on the pixel of 
coordinates (i, j)  and K a constant which defines the linear 
relationship between the luminous flux and the current 
produced by the pixel. 

0-7803-7241-71'0 1!$10.00 (~)2001 IEEE 
367 



Now, let us consider the two images represented in 
Figure 2.a) and Figure 3.a) as well as the Iblack and Iwbk 
currents computed for these two images using a binary 
reference image obtained by thresholding the first image 
(e.g. the image of Figure 2.a)). One would notice here that 
this image is the same as that of Figure 1.a) so that the 
binary reference image is the one represented in Figure 
1 .b). 

Iblack A ,- 

a) Observed image: X(i, j) 

Figure 2: Computing the Iw& and I b ~  currents for the 
reference image 

I I 

a) Observed image: X(i, j) 

Figure 3: Computing the I&, and Ibhk currents for the 
image to compare 

It is obvious from Figure 2 and Figure 3 that the Iwbk 
current is the same for both images whereas the Iblack 

current is different due to the presence of the triangle. 
Thus, by comparing the and Iwke currents, we can 
conclude that the images of Figure 2.a) and Figure 3.a) are 
different. In this particular case, only the Ibhck current is 
involved in the discrimination of the two images as 
illustrated in Figure 4. In the general case, both the 
and Iwbe currents contribute to the discrimination of the 
images. 

Figure 4: The I b ~ c k A w ~ e  plane 

111. THE PROGRAMlMABLE RETINA 

The programmable retina is; composed of an array of 
programmable pixels. Each of the pixels contains a 
photodiode and an electronic device used to program the 
reference image by digitalizing it and storing the binary 
value in a latch. According to this value the photodiode is 
connected to either the Iwkte or the Iblack current output of 
the array. The block diagram of the programmable pixels is 
shown in Figure 5. 

Figure 5: Block diagram of a programmable pixel 

During the programming phase, the image to recognize 
is projected on the circuit and the current produced by 
each of the photodiodes due: to the luminous flux is 
compared to a threshold cuurent Ith using a current 
comparator. The result of the comparison is a binary value 
stored in a latch by applying a pulse to the input "Program" 
(Figure 5) .  This binary value is used during normal 
functioning mode to set the position of the switch in order 
to connect together all the cathodes pertaining to the same 
type of photodiodes. The state of the switch is maintained 
as long as no new memorization or programming pulse is 
applied. 

The pixel has been realized in standard CMOS 0.6 pm 
process with three layers of metal. The size of the pixel is 
about 50x50 pn with a fill factor greater than 30%. From 
this pixel a correlation retina <of 100x100 pixels has been 
fabricated. The size of the retina is about 6x6 mm. 
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IV. CHARACTERIZATION B Spatial sensitivity 

The &,lack and Iwkk currents obtained at the output of the 
array of pixels are converted into voltages, that we shall 
denote by V b h &  and Vwkte, in order to facilitate their 
measurement. The current-to-voltage converters, made up 
of an operational amplifier and a 2.2 MSL feedback 
resistor, are integrated into the retina circuit. 

A Spectral response 

A tunable monochromatic light source capable of 
emitting light rays of wavelength in the range of 300 to 
1200 nm has been used. The determination of the spectral 
response, represented in Figure 6, is done in two steps: 

Measurement of the spectral characteristic of the 
light source. A bolometer is used to measure the 
radiant flux emitted by the monochromatic light 
source. 

Measurement of the characteristic of the retina. For 
each wavelength, two voltmeters are used to measure 
the Vbhck and VWkk voltages. 

The sensitivity of the sensor, defined as the ratio of the 
output currents over the radiant flux, can be deduced from 
these two series of measurements. Note that our 
measurements give the output voltages, Vbhck and Vwbk, 
instead of the output currents, &,lack and Iwbte. However, the 
latter can be deduced from the Vbhck and V,,, voltages 
knowing the trans-resistance value of the current-to- 
voltage converter. 

The sensitivity is a hc t ion  of the wavelength and for a 
wavelength of 550 nm, for example, it has been found to 
be equal to 0.23 A/W, which corresponds to an efficiency 
of 51%. This value is to be compared to the 0.2 A/W value 
given in the literature and which corresponds to an 
efficiency of 4 1 %. 

Spectral characteristic 

:: I]. 

lo 0 P 
400 600 800 1000 

Wavelength (nm) 

Figure 6: Spectral response of the retina 

We are interested here in the minimal surface area, AS, 
of an object that the retina can detect. To determine this 
surface area, we have placed the retina in the dark and 
measured the output voltage. It has been found to be equal 
to 20mV. This value corresponds to the smallest signal, 
V-, that can be measured and it is due to the dark current 
and noise of the device. For a radiant flux of 16 pW (the 
radiant flux of the light source we shall be using for our 
experiments in the next section) and for V- = 20 mV, we 
deduce that the minimal surface area is 60 pixels. 

C Read-out rate 

The working principle of the array of pixels is based on 
an optical correlation. The settling time of the Iblack and 
Iwbte currents is thus only limited by the sum of the 
generation time of the charge camers due to the luminous 
flux falling on the photosensitive area of the pixels and the 
transit time for these charge carriers to travel from the 
photosite to the output of the array of pixels. However, the 
current-to-voltage conversion stage limits the response 
time of the retina. 

To illustrate this, we have memorized an image 
corresponding to a fan with the three blades in a given 
position. Next, we have switched on the fan and observed 
the variation of the read-out Vblack and Vwb, voltages with 
respect to the rotation speed of the blades. The cutoff 
frequency of the output stage has been measured and found 
to be equal to 720Hz. This cutoff frequency depends on 
the characteristics of the trans-resistance amplifier or 
current-to-voltage converter. It can easily be improved if 
necessary. 

D Influence of Fixed Pattern Noise 

Fixed Pattern Noise (FPN) is defined as the noise 
signals due to a shift in the characteristics of the pixels. 
Indeed, if the characteristic of any two pixels is slightly 
different, then the current produced by these two pixels, 
illuminated by the same luminous flux, will also be slightly 
different. In order to show the effect of the FPN on the 
binary image stored in the retina, we have memorized the 
nine gray levels pattern represented in Figure 7 with the 
threshold current set to the average current value of the 
image. 

/ zone/ zone \zone \ 
Figure 7: Uncertain zone due to Fixed Pattern Noise 
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Without FPN the pixels would be classified into a 
black and a white zone separated by a well-defined vertical 
frontier. However, due to FPN we notice that for gray 
levels for which the corresponding pixel current is close in 
value to the threshold current, the pixel is randomly 
classified as a black or white pixel. In the case of the nine 
gray levels pattern, which we have used for our 
experiment, we have determined the uncertain zone 
represented in Figure 7. 

V. APPLICATION 

The experimental set up shown in Figure 8 is used to 
test the pattern recognition and spatial shift detection 
features of the retina [9]. The latter is fixed in a case with a 
25 mm lens and located at a distance of 45 cm from the 
light source (a 150 W backlight emitting a maximal radiant 
flux of 16pW). With this set up the view area is 
16x16 cm. 

Electronic 
decision 
circuit 

/tr 

CMOS retina 

testpattems h 
Backlight Ezl 

Figure 8: Experimental set up for testing the retina 

Binary test patterns of simple geometrical shapes 
realized on transparencies have been considered. Any of 
the test patterns can be used as the reference image that is 
first programmed in the circuit. Then, the same or a 
different test pattern is projected onto the retina for 

are processed by an electronic circuit in order to give a 
binary decision. 

comparison, and the two Output Voltages Vblack and vwkk 

When the reference object or image is analyzed after 
the system has been programmed with this image, we 
obtain, in the Vblacflw& plane, a point of coordinates 
(VM, Vd) that is characteristic of the reference image (see 
Figure 9.a)). 

Now, if a test image different from the reference image 
is analyzed it will be characterized by a point of 
coordinates different from (VbO, Vd). The spatial distance 
between the two points is a measure of the difference or 
spatial shift between the two images. 

In order to determine whether two images are the same, 
different or same and spatially shifted, we have defined the 
following metric: 

The two images are considered to be the same image 
and perfectly aligned if E < Vth, a predefined threshold 
voltage. In this case, the characteristic point of the image 
under analysis (vbla&V,k@) d l  be found within the 
shaded area of the Vblacflw&e plane or the shaded area of 
the lAVblackl/lAVwktel plane if the: absolute difference value 
is considered (see Figure 9.b)). 

Vblack LL 
VbO 

The block diagram of the e:lectronic decision circuit is 
represented in Figure 10. In this circuit, a Sample and Hold 
(S&H) circuit is used to memorize the reference voltages 
vbo and Vd corresponding to ithe reference image. During 
the analysis phase the error voltage E is determined and 
then compared to the threshold value Vh in order to 
produce a binary decision result. 
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Threshold 

Memorisation pulse 

Figure 10: Electronic decision circuit 

We have applied to our pattern recognition or spatial 
shift detection system a set of binary test images composed 
of simple black geometric shapes over a white background 
such as squares, circles, triangles, etc. The system has been 
found to be able to distinguish the different shapes. 

In order to quantify the minimum detectable spatial 
shift, we have memorized a heaviside function which is 
next shifted in a direction perpendicular to the black to 
white transition line. We have found that the smallest 
detectable shift is about 1 mm. According to the 
characteristics of our experimental set up, in particular the 
view area, this image shift of 1 mm corresponds to a pixel 
shift on the retina of 1 pixel in the direction of the shift. 
The number of pixels involved in the shift is thus 100 since 
the array is composed of 100x100 pixels. This result is 
consistent with the minimum detectable surface area of at 
least 60 pixels found in the previous section. 

For an in-depth characterization of our retina, we are 
currently conducting more experiments with gray level 
patterns of complex shapes. Moreover, we are also 
studying the application of our device to the position 
control of an object using two retinas. The idea is the 
simultaneous control of the horizontal and vertical 
positions of the object with respect to a reference point. 

VI. CONCLUSION 

We have presented in this paper a programmable retina 
with real-time pattern recognition and spatial shift 
detection features. The working principle of the circuit is 
based on the classification (or programming) of the pixels 
into either black or white pixels representing a binary 
reference image, and on the determination of the total 
current produced by all the pixels of the same type when 
an image is projected on the circuit. 

The programming of the pixels into either black or 
white pixels is achieved by first projecting the reference 
image on the retina. Then, the current produced by each of 
the pixels is compared to a threshold value. If this current 
is greater than the threshold value then the pixel is 
considered as a white pixel, otherwise it is considered as a 
black pixel. 

During the analysis phase, an optical correlation 
between the observed image and the memorized binary 
reference image is realized and the result read-out in the 
form of two voltages obtained by converting the sum of the 
currents due to the black and white pixels. By comparing 
these voltages to reference values, we can decide whether 
the projected image is similar or not to the reference image 
used to program the pixels. 

A lOOxl00 pixels retina based on this working 
principle has been fabricated in standard CMOS 0.6 pm 
process. Its size is about 6x6 mm with a fill factor of more 
than 30%. 

The retina circuit has been characterized with respect 
to its spectral response, spatial sensitivity, read-out rate 
and influence of Fixed Pattern Noise on the binary image 
stored in the latches. The spectral response is in agreement 
with the one found in the literature. Concerning the spatial 
sensitivity and the read-out rate they are dependent on the 
experimental conditions. In our case, we have found that 
the minimal detectable surface area is 60 pixels and the 
cutoff frequency is 720 Hz. 

Simple preliminary experiments done on the retina 
circuit using binary images have shown that the retina is 
capable of discriminating simple geometrical shapes such 
as a square, a circle or a triangle, or detecting a spatial shift 
of these shapes. The ability of our retina to discriminate 
between the observed image and the memorized image or 
to detect spatial shifts depends also on the experimental 
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conditions as well as the Fixed Pattern Noise. For our 
experiments, we have found, using a heaviside function, 
that any spatial shift that involves more than 100 pixels 
would be detected. This result is in agreement with the 
minimal detectable surface area of 60 pixels determined 
during the characterization of the retina. 
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