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SUMMARY  We propose herein a motion detection artificial
vision model which uses analog electronic circuits. The proposed
model is comprised of four layers. The first layer is a differen-
tiation circuit of the large CR coefficient, and the second layer
is a differentiation circuit of the small CR coefficient. Thus, the
speed of the movement object is detected. The third layer is
a difference circuit for detecting the movement direction, and
the fourth layer is a multiple circuit for detecting pure motion
output. When the object moves from left to right the model
outputs a positive signal, and when the object moves from right
to left the model outputs a negative signal. We first designed
a one-dimensional model, which we later enhanced to obtain a
two-dimensional model. The model was shown to be capable of
detecting a movement object in the image. Using analog elec-
tronic circuits, the number of connections decrease and real-time
processing becomes feasible. In addition, the proposed model of-
fers excellent fault tolerance. Moreover, the proposed model can
be used to detect two or more objects, which is advantageous for
detection in an environment in which several objects are mov-
ing in multiple directions simultaneously. Thus, the proposed
model allows practical, cheap movement sensors to be realized
for applications such as the measurement of road traffic volume
or counting the number of pedestrians in an area. From a tech-
nological viewpoint, the proposed model facilitates clarification
of the mechanism of the biomedical vision system, which should
enable design and simulation by an analog electric circuit for de-
tecting the movement and speed of objects.

key words: neural network, motion detection, analog circuits,
artificial retina, two-dimensional circuits

1. Introduction

We propose herein a motion detection artificial vision
model using analog electronic circuits. A neuro chip
and an artificial retina chip are developed to comprise
the neural network model and simulate the biomedi-
cal vision system. At present, basic image processing,

Manuscript received June 22, 2002.
Manuscript revised September 8, 2002.
Final manuscript received October 23, 2002.

TThe author is with the Department of Electrical Engi-
neering, Suzuka National College of Technology, Suzuka-shi,
510-0294 Japan.

' The authors are with the Department of Environmental
Technology and Urban Planning Graduate School of Engi-
neering, Nagoya Institute of Technology, Nagoya-shi, 466-
8555 Japan.

T The author is with the Department of Electronic Engi-
neering, Chubu University, Kasugai-shi, 487-8501 Japan.

a) E-mail: masashiQelec.suzuka-ct.ac.jp

and Masayoshi UMENO!T, Regular Members

such as edge detection and reverse display of an im-
age has been achieved [1], [2]. In the present study, we
develop a motion detection model using an analog elec-
tronic circuit. We measured the shape of the output
waves produced by the input movement signal using
an electronic circuit simulator (SPICE). The retina is
composed of visual cells, horizontal cells, bipolar cells,
amacrine cells, and ganglion cells. Amacrine cells are
thought to receive input from bipolar cells over a wide
area through excited synapses, and time and spatial
changes have been detected in the output of bipolar
cells. Therefore, the amacrine cell is able to recognize
the movement object in the biomedical vision system.
In the retina, not only is an optical signal converted
into a nerve impulse, but also the complex signal is
processed. The signal is then sent to the brain through
the retina. Thus, in the biomedical system, the retina
functions as a sensor for the image input.

The retina consists of the inside retina and out-
side retina. The inside retina sends the nerve impulses
to the brain, whereas the outside retina receives opti-
cal input from the visual cell. As a result, the outside
retina emphasizes spatial changes in optical strength.
Recently, the network between the amacrine cell, the
bipolar cell and the ganglion cell has been clarified theo-
retically, which has led to active research concerning the
neuro device, which models the structure and function
of the retina. Easy image processing, reversing, edge
detection, and feature detection, have been achieved
by technologies such as the neuro chip and the ana-
log VLSI circuit. Some motion detection models are
proposed in the recent research. One paper describes
the application of an analog VLSI vision sensor to ac-
tive binocular tracking. The sensor outputs are used
to control the vergence angles of the two cameras and
the tilt angle of the head so that the center pixels of
the sensor arrays image the same point in the envi-
ronment [3]. Another model is presented the imple-
mentation of a visual motion detection algorithm on
an analog network. The algorithm is on Markov ran-
dom field(MRF)modeling. Robust motion detection is
achieved by using a spatiotemporal neighborhood for
modeling pixel interactions. Not only are the moving
edges detected, but also the inner part of moving re-
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gions [4]. The other model is an analog MOS circuit
inspired by an inner retina. The analog circuit pro-
duces signals of motion of edges which are output in an
outer retinal neural network. Edge signals are formed
into half-wave rectified impulses in 2 types of amacrine
cells, and fed back to the wide field amacrine cell in
order to modulate width of impulses [5].

In the present study, we propose a motion detec-
tion model in which the speed is detected by differen-
tiation circuits. The surface layer is composed of the
connections of capacitors. In the inner layer, the move-
ment direction is detected by difference circuits. When
the object moves from left to right, a positive output
signal is generated, and when the object moves from
right to left, a negative output signal is generated. We
show this model is able to detect the speed and di-
rection of a movement object by the simple circuits.
Despite the large object size, this model can detect the
motion. The connection of this model is between adja-
cent elements, making hardware implementation easy.

2. One-Dimensional Model

We first composed a one-dimensional model, the struc-
ture of which is shown in Fig. 1.

The characteristic of this model is realized by two
capacitors placed in series in the input layer. As a
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Fig. 1

One-dimensional four-layer motion detection model.

result, the input signal does not transmit output di-
rectly. Only a pure differentiation element is allowed
to transmit to the next layer. The surface layer is a
differentiation circuit realized by CR. The object speed
is detected by the differentiation circuit, and the di-
rection of the movement is detected by the difference
circuit. The CR circuit of the surface layer corresponds
to the visual cell of the retina cell, and the MOSFET
differentiation circuit corresponds to the amacrine cell
which detects movement information in the retina [6],
[7].

2.1 First Layer Differentiation Circuits (First Layer)

The current is given by Eq. (1), where the input volt-
age is denoted by V™ and the capacitance is denoted
by Ci. The current into a capacitor is the derivative
with respect to time of the voltage across the capaci-
tor, multiplied by the capacitance. The output voltage
Vi* is given by Eq. (2). Equation (2) is multiplied the
resistance Ry, calculating the voltage potential.

avn
I= 1
o )
d n
V" =1R, = CiRy _c‘l/t (2)

Buffer circuits are realized by operational amplifiers be-
tween the first layer and the second layer.

2.2 Second Layer Differentiation Circuits (Second
Layer)

The second Layer is also composed of differentiation
circuits; however, the C'R coefficient is small compared
that of the first layer differentiation circuits. The out-
put of first layer, V)", is differentiated again, and the
output of the second layer is assumed to be V3, calcu-
lating the voltage potential.

vy
I= 1
Cy 7 (3)
d
Vit = IRy = CuRy ;/1 (4)

2.3 Difference Circuits (Third Layer)

The third layer consists of difference circuits realized by
MOSFET. In Fig. 2, the bottom I}, is a current source.
The manner in which I, is divided between @1 and Q2
is a sensitive function of the difference between V”Jrl
and V3*, and is the essence of the operation of the stage.
We assume the MOSFET device is in the sub-threshold
region, the I-V characteristics follows the exponential
characteristics, then the drain current Ip in the sub-
threshold region is exponential in the gate voltage V
and source voltage V. V is electric potential of current
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source Ip. Iy and k are coeflicients.

Ip = Lygpe"s ™" (5)
Applying this expression to @)1 and )2, we obtain

I, = Ioe”V;H_V and Iy = Ipe®™"2' =V (6)
The sum of the two drain currents must be equal to Ij:

=I5 +1I=IeV (e”Vz"“ + e"v’;) (7)

We can solve this equation for the voltage V:

I 1
V= P (8)
IO e/in + e/inn
Substituting Eq. (8) into Eq. (6), we obtain expression
for the two drain currents:

1
enV2"+ eNV2n

L=1, and L=I, (9)

Vn+1

T on+1l <o T n+l . n
etVa +€NV2" eHV2n _|_e/iV2"

This difference is
NV2"+1 _ eNVQ"

(&
II_IQZIb Vn+1

_——— 10
erVa + emVQ” ( )

Multiplying both the numerator and denominator of
n+1 n

Eq. (10) by e~ (V2 v )2 we can express every expo-

nent in terms of voltage differences. The result is

(Ve =V /2 —r(VH —vg) /2

L —I, =1

eN(VQnJrlsz")/Q + efn(vzn+1fv271)/2

n+l n

The circuit consists of a differential pair and a single
current mirror, like the one shown in Fig.2, which is
used to subtract the drain currents I; and Is. The
current Iy drawn out of Q3 is reflected as an equal cur-
rent out of QQ4; the output current I,,; is thus equal to
I; — I, and is therefore given by Eq. (11).

= [, tanh
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The output voltage of this circuit is as follows.

Vit = (1 — I2)R3

n+1 _ n

Using the difference circuits, we obtain the peak output
value of movement. V3* and V;**! are the second layer
outputs of the neighbor terminal, V3" is the third layer
output. Rj3 is the earth resistance.

= Iy R3tanh

2.4  Gilbert Multiple Circuits (Fourth Layer)

The fourth layer is comprised of Gilbert multiple cir-
cuits. We show it in Fig. 3. We assume the MOSFET
device is in the sub-threshold region, the I-V character-
istics follows the exponential characteristics, then the
drain current Ip in the sub-threshold region is expo-
nential in the gate voltage V, and source voltage V.
The result for the two drain currents of the differential
pair were derived in Eq. (9).

eHV"'H

Il = IbeHV"+1 +€"€V1

I yrtl v

S (1 +tanh u) (13)
2 2

and
eﬁvl
IQ = IbeRV"Jrl —|—€KV1

I n+1 _

= 5” (1 _ tanh M) (14)

Similar reasoning applied to the two upper differential
pairs fed by I; and I leads to expressions for the four
upper drain currents.

L3 = % (1 + tanh M) (15)



390
Iip = L <1 _ tanh M) (16)
2 2
Iy = % (1 + tanh M) (17)
I o
Ipg = =2 <1 — tanh M) (18)

We sum I3 and Iy2 to create I, the positive contri-
bution to the output current. We can compute I by
adding Egs. (15) and (18).

Vs = V)

L +1 I — I

S t 0 ! 2 tanh (
2 2 2

Similarly, I;2 and Is3 are summed to create I_, the

negative contribution to the output current. We can
compare I_ by adding Egs. (16) and (17).

_ Il —|—12 _ Il —12 tanh K(V3 —‘/2)
2 2 2

The output is formed by subtracting I_ from I,. We
can thus compare I,,; by subtracting Eq.(20) from
Eq. (19).

I (19)

I_

(20)

KV — V3)
732 2 (21)

Substituting Eqgs. (13) and (14), we obtain:
k(VHL V) .

Iout = (Il — IQ) tanh

r(Vs' —Va)

I, =1y tanh anh

(22)

In Fig.1, V4 and V5 are connected to ground respec-
tively. In this circuit, the voltage Vi and V5 are 0. The
fourth layer produces the third layer output V3" and
the input signal V"™*!. This circuit detects the pure
output of movement. I is the current source, and « is
a coefficient [1].

Vn n+1
I} = Iytanh "> tanh ”VQ (23)
(n ?’L+1
V{* = I} Ry = IR, tanh “‘2/3 tanh “VQ (24)

I} is the output current of the fourth layer, R, is the
earth resistance, and V" is the final output. I}’ corre-
sponds to I,,; in Fig. 3.

Figure 4 shows the input and output signal of each
layer. The output of the first layer indicates that input
signal is differentiated by a large C'R coefficient. The
output of the second layer shows that the first layer
output signal is differentiated by a small C'R coefficient.
V! indicates the neighbor terminal of V™. Therefore,
the input signal of V"*! is delayed compared to V™.
The difference between the second layer output V" +!
and V™ is calculated. The third layer output shows the
peak positive signal. Finally, the fourth layer produces
the third layer output V3* and the input signal V7 *1.
This circuit detects the pure output of movement.

Figure 5 shows the input and output signal of each
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object size is large.

layer and each terminal when the object size is large.
Despite the large object size, we obtain the peak sig-
nal of final output. Therefore, the proposed model can
detect the moving object and is not affected by object
size.

Figure 6 shows the shape of the moving object.
When the object moves from left to right, the voltage
will be input to each terminal as shown in Fig. 7. Fig-
ure 8 shows the output of the first layer, first-layer dif-
ferentiation circuits. Figure 9 shows the output of the
second layer, second-layer differentiation circuits. By
using two layers of differentiation circuits, speed detec-
tion via the proposed model is not affected by object
size.
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Fig.8 Output of the first layer.
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Fig.9 Output of the second layer.

Figure 10 shows the output of the third-layer differ-
ence circuits. Figure 11 shows the final output, which
indicates that this circuit detects the pure output of
the movement. Figure 12 shows the final output when
the object moves at half speed. Figure 13 shows the
final output when the object moves from right to left.
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Fig.13 Output of the reverse input direction.

When the object moves from right to left, this model
outputs a negative signal. Figure 14 shows the final
output when the object size is large, which is nearly
identical to the result shown in Fig. 11, indicating that
this model is not affected by object size, with respect to
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Fig.15 Surface layer of the two-dimensional model.

speed detection. These results shows that this model
is able to detect the speed and direction of a move-
ment object in one dimension. We set the parameter
of circuits as follows. In the first layer, C; = 0.1 uF,
Ry = 1kQ. We used the pA741 as a buffer circuits. In
the second layer, Co = 0.1 uF, Ry = 100kQ2. At the
difference circuits, we used the VP1310 and VN1310 as
MOSFET.

3. The Two-Dimensional Model

We enhanced the one-dimensional model to obtain a
two-dimensional model. The first layer (surface layer)
is an array of capacitors, similar to a lattice, which has
a simple structure and allows easy differentiation. The
first layer is shown in Fig. 15.

The second layer is also an array of capacitors sim-
ilar to a lattice. The third layer consists of a subtrac-
tion circuit realized via a MOSFET. The input terminal
and the output terminal of the first layer are arranged
in alternating fashion. The proposed model differenti-
ates the first and second layers, and the speed of the
moving object is detected [8],[9]. The structure of the
two-dimensional model is shown in Fig.16. Figure 17
shows the shape of the moving object detected by the

Structure of the two-dimensional model.

Fig. 16
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Fig.17 Shape of moving object detected by the
two-dimensional model.

two-dimensional model.

The width of the brightness was assumed to be one
pixel, and the width of the peripheral obscure part was
assumed to be one pixel. In the two-dimensional model,
we investigated six different conditions, and the hori-
zontal outputs and the vertical outputs of each input
are shown in Figs. 18 through 23. The inputs for the
object movement are as follows: left to right, bottom
to top, upper-right to lower-left, left to right chang-
ing speed from 1 to 1/2, and changing direction from
right-to-left to upper-to-under and two objects moving
simultaneously: one objects is moving from left to right
and the other object is moving from bottom to up.

In Fig. 18, because the output of a horizontal ele-
ment is positive, a light source moving from left to right
has been detected. Moreover, no vertical direction el-
ement was present and no movement in the vertical
direction was detected. In contrast, no horizontal ele-
ment is seen in Fig. 19. The output value of the vertical
direction element is 1/2 compared to that of the hori-
zontal element of Fig. 18, and the sign is negative. In
Fig. 20, a horizontal element is indicated by the neg-
ative value and a vertical element is indicated by the
positive value, indicating that diagonal movement from
upper-right to lower-left has been detected. From these
two-dimensional results, the speed of the movement ob-
ject can be determined by the output value, and the di-
rection of the movement object can be determined by
the sign of the output value.
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Fig.18 (a) Horizontal output when the object moves from left
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Fig.19 (a) Horizontal output when the object moves from bot-
tom to top at half speed. (b) Vertical output when the object
moves from bottom to top at half speed.

Figure 21 is the output when the object moves from
left to right changing speed from 1 to 1/2. The output
is shown to decrease along the way. Figure 22 is the
horizontal output when the direction of the movement
object changes from right-to-left to top-to-bottom. The
results of Fig.21 and Fig.22 show that although the
speed and direction of the movement object change,
the output has been generated accordingly. In Fig. 23,
the movement of two objects is output simultaneously.
In Fig.21 and Fig. 22, when the speed or direction is
converted, or in Fig.23, in the vicinity of the inter-
section of two movement objects, an extra output has
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Fig. 20 (a) Horizontal output when the object moves from top-
right to bottom-left. (b) Vertical output when the object moves
from top-right to bottom-left.
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Fig.21 (a) Horizontal output when the object moves from left
to right while varying the speed from 1 to 1/2. (b) Vertical output

when the object moves from left to right while varying the speed
from 1 to 1/2.

been generated. However, if the scale of the model is
enhanced comprehensively, this will not present a sig-
nificant problem.

These results indicate that detecting a moving ob-
ject is possible when the direction of the movement ob-
ject changes or when two or more objects move simul-
taneously. Moreover, no time delay exists between the
input signal and the output signal, as is the case for
one dimension. Thus, the two-dimensional model is



394
40
30
— 20
E 10|
& o
s
2 -10|
20|
-30|
4"3 b c
40,
30}
- 20}
Z 10
En o
>° -10|
-20f
-30)
s b
Unit Number
(b)
Fig.22 (a) Horizontal output when the direction of movement

of the object is changed from right-to-left to top-to-bottom. (b)
Vertical output when the direction of movement of the object is
changed from right-to-left to top-to-bottom.
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Fig. 23 (a) Horizontal output for two objects moving simulta-
neously: one object is moving from left to right and the other
object is moving from bottom to top. (b) Vertical output for two
objects moving simultaneously: one object is moving from left to
right and the other object is moving from bottom to top.

able to detect the speed and the direction of the move-
ment object in both one and two dimensions. Moreover,
the output of the vertical direction can be deleted by
adding a threshold circuit to each output terminal. As
a result, element detection of the pure direction of the
movement can be performed. In addition, detection of
oblique movements is possible by integrating the verti-
cal and horizontal directions of the movement.
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4. Hardware Implementation

The proposed model is processed by analog electronic
circuits. In the biomedical brain, information is also
processed in an analog manner. In the future, move-
ment information will be collected into an analog elec-
tronic brain model. This would allow the hardware sys-
tem of the biomedical brain model to be realized. The
proposed moving detection model has possible applica-
tion as a sensor and can compose part of the receptor.
The proposed model will enable the clarification of the
mechanism of the biomedical brain. The present study
attempts to realize a brain system using an analog elec-
tronic circuit, as described in Fig. 24.

5. Conclusion

We designed the motion detection analogue electric cir-
cuit using a biomedical vision system. We first designed
the one-dimensional model and experimented. Using
the one-dimension model, the movement information
was detected. Next, we designed the two-dimensional
model. The capacitor in the surface layer was arranged
in a similar manner to the lattice in the two-dimension
model. The input terminal and the output terminal
were arranged in an alternating manner. As a result,
a simple circuit and an equivalent output result were
obtained. The realization of an integration device will
enable the number of elements to be reduced. The pro-
posed model is robust with respect to fault tolerance.
Moreover, the connection of this model is between adja-
cent elements, making hardware implementation easy.

The proposed model is applicable to movement
sensors, measurement of road traffic volume, speed
measurement, and counting the number of pedestrians
in an area. In addition, the proposed model may be ap-
plied in sensors for use in industrial or domestic prod-
ucts. Using the analog circuit not only simplifies the
structure, but also provides excellent fault tolerance, as
compared to digital circuits. Using the proposed model,
moving objects can be detected even if two or more ob-
jects are present. This is advantageous for detection
in environments in which several objects are moving
in multiple directions simultaneously. Under these cir-
cumstances, previous scanning methods may lose sight
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of the movement object. In the proposed model, since
the motion is separately detected along the x and y
axes, the movement information can be used as a vec-
tor.

The following problems will be examined in a fu-
ture study. Simplification of the difference circuit and
reduction of the number of connections is necessary in
order to analyze input by devices such as CCDs. In
addition, it needs the preprocessing circuits before in-
put layer. Finally, this model attempts to aid in the
clarification of the biomedical vision system, particu-
larly the mechanism of motion recognition. From a
technological viewpoint, the proposed model facilitates
clarification of the mechanism of the biomedical vision
system, which should enable design and simulation by
an analog electric circuit for detecting the movement
and speed of objects.
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