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Two-Dimensional Multi-Layered Analog Electronic
Circuits
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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 diﬀerentiation 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 electronic circuits, the number of connections decrease and real-time
processing becomes feasible. In addition, the proposed model offers 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 moving 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 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.
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 biomedical vision system. At present, basic image processing,
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such as edge detection and reverse display of an image has been achieved [1], [2]. In the present study, we
develop a motion detection model using an analog electronic 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 outside retina. The inside retina sends the nerve impulses
to the brain, whereas the outside retina receives optical 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 theoretically, 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 analog VLSI circuit. Some motion detection models are
proposed in the recent research. One paper describes
the application of an analog VLSI vision sensor to active 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 environment [3]. Another model is presented the implementation of a visual motion detection algorithm on
an analog network. The algorithm is on Markov random 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 produces 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 detection model in which the speed is detected by diﬀerentiation circuits. The surface layer is composed of the
connections of capacitors. In the inner layer, the movement 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 direction 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 adjacent elements, making hardware implementation easy.
2.

result, the input signal does not transmit output directly. 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 direction 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 voltage is denoted by V n and the capacitance is denoted
by C1 . The current into a capacitor is the derivative
with respect to time of the voltage across the capacitor, multiplied by the capacitance. The output voltage
V1n is given by Eq. (2). Equation (2) is multiplied the
resistance R1 , calculating the voltage potential.

One-Dimensional Model
I = C1

We ﬁrst composed a one-dimensional model, the structure 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

dV n
dt

V1n = IR1 = C1 R1

(1)
n

dV
dt

(2)

Buﬀer circuits are realized by operational ampliﬁers between 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 CR coeﬃcient is small compared
that of the ﬁrst layer diﬀerentiation circuits. The output of ﬁrst layer, V1n , is diﬀerentiated again, and the
output of the second layer is assumed to be V2n , calculating the voltage potential.
I = C2

dV1n
dt

V2n = IR2 = C2 R2

(3)
dV1n
dt

(4)

2.3 Diﬀerence Circuits (Third Layer)

Fig. 1

One-dimensional four-layer motion detection model.

The third layer consists of diﬀerence circuits realized by
MOSFET. In Fig. 2, the bottom Ib is a current source.
The manner in which Ib is divided between Q1 and Q2
is a sensitive function of the diﬀerence between V2n+1
and V2n , 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 ID in the subthreshold region is exponential in the gate voltage Vg
and source voltage Vs . V is electric potential of current
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Fig. 2

Diﬀerence circuits (third layer).
Fig. 3

Gilbert multiple circuits (fourth layer).

source Ib . I0 and κ are coeﬃcients.
ID = Isat eκVg −Vs

The output voltage of this circuit is as follows.

(5)

V3n = (I1 − I2 )R3

Applying this expression to Q1 and Q2 , we obtain
κV2n+1 −V

κV2n −V

I1 = I0 e

and I2 = I0 e

= Ib R3 tanh

(6)

The sum of the two drain currents must be equal to Ib :


n+1
n
Ib = I1 + I2 = I0 e−V eκV2 + eκV2
(7)

κ(V2n+1 − V2n )
2

(12)

Using the diﬀerence circuits, we obtain the peak output
value of movement. V2n and V2n+1 are the second layer
outputs of the neighbor terminal, V3n is the third layer
output. R3 is the earth resistance.

We can solve this equation for the voltage V :
e−V =

2.4 Gilbert Multiple Circuits (Fourth Layer)

1
Ib
n+1
κV
I0 e 2 + eκV2n

(8)

Substituting Eq. (8) into Eq. (6), we obtain expression
for the two drain currents:
n+1

I1 = Ib

n

eκV2
κV2n+1

e

and I2 = Ib

n

+eκV2

eκV2
κV2n+1

n

+eκV2

e

(9)

This diﬀerence is
n+1

I1 − I2 = Ib

eκV2

n+1
eκV2

n

− eκV2
+

(10)

n
eκV2

Multiplying both the numerator and denominator of
n+1
n
Eq. (10) by e−(V2 +V2 )/2 , we can express every exponent in terms of voltage diﬀerences. The result is
I1 − I2 = Ib

κ(V2n+1 −V2n )/2

e

n+1

−V2n )/2

−κ(V2n+1 −V2n )/2

−e

n+1

+ e−κ(V2
n+1
− V2n )
κ(V2
= Ib tanh
2
eκ(V2

The fourth layer is comprised of Gilbert multiple circuits. We show it in Fig. 3. We assume the MOSFET
device is in the sub-threshold region, the I-V characteristics follows the exponential characteristics, then the
drain current ID in the sub-threshold region is exponential in the gate voltage Vg and source voltage Vs .
The result for the two drain currents of the diﬀerential
pair were derived in Eq. (9).
I1 = Ib

(11)

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 I1 and I2 . The
current I1 drawn out of Q3 is reﬂected as an equal current out of Q4 ; the output current Iout is thus equal to
I1 − I2 , and is therefore given by Eq. (11).

n+1

eκV n+1 + eκV1


Ib
κ(V n+1 − V1 )
=
1 + tanh
2
2

(13)

and
eκV1
eκV
+ eκV1


Ib
κ(V n+1 − V1 )
=
1 − tanh
2
2

I2 = Ib

−V2n )/2

eκV

n+1

(14)

Similar reasoning applied to the two upper diﬀerential
pairs fed by I1 and I2 leads to expressions for the four
upper drain currents.


I1
κ(V3n − V2 )
I13 =
1 + tanh
(15)
2
2
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I1
κ(V3n − V2 )
1 − tanh
2
2


I2
κ(V3n − V2 )
=
1 + tanh
2
2


I2
κ(V3n − V2 )
=
1 − tanh
2
2

I12 =

(16)

I23

(17)

I22

(18)

We sum I13 and I22 to create I+ , the positive contribution to the output current. We can compute I+ by
adding Eqs. (15) and (18).
I− =

I1 − I2
κ(V3n − V2 )
I1 + I2
+
tanh
2
2
2

(19)

Similarly, I12 and I23 are summed to create I− , the
negative contribution to the output current. We can
compare I− by adding Eqs. (16) and (17).
I− =

I1 − I2
κ(V3n − V2 )
I1 + I2
−
tanh
2
2
2

(20)
Fig. 4

Diagram of each layer and each terminal.

The output is formed by subtracting I− from I+ . We
can thus compare Iout by subtracting Eq. (20) from
Eq. (19).
Iout = (I1 − I2 ) tanh

κ(V3n − V2 )
2

(21)

Substituting Eqs. (13) and (14), we obtain:
Iout = Ib tanh

κ(V3n −V2 )
κ(V n+1 −V1 )
tanh
2
2

(22)

In Fig. 1, V1 and V2 are connected to ground respectively. In this circuit, the voltage V1 and V2 are 0. The
fourth layer produces the third layer output V3n and
the input signal V n+1 . This circuit detects the pure
output of movement. Ib is the current source, and κ is
a coeﬃcient [1].
κV n+1
κV3n
tanh
2
2
κV n+1
κV3n
n
tanh
= I4 R4 = Ib R4 tanh
2
2

I4n = Ib tanh

(23)

V4n

(24)

I4n is the output current of the fourth layer, R4 is the
earth resistance, and V4n is the ﬁnal output. I4n corresponds to Iout 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 CR coeﬃcient. The
output of the second layer shows that the ﬁrst layer
output signal is diﬀerentiated by a small CR coeﬃcient.
V n+1 indicates the neighbor terminal of V n . Therefore,
the input signal of V n+1 is delayed compared to V n .
The diﬀerence between the second layer output V n+1
and V n is calculated. The third layer output shows the
peak positive signal. Finally, the fourth layer produces
the third layer output V3n and the input signal V n+1 .
This circuit detects the pure output of movement.
Figure 5 shows the input and output signal of each

Fig. 5 Diagram of each layer and each terminal when the
object size is large.

layer and each terminal when the object size is large.
Despite the large object size, we obtain the peak signal 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. Figure 8 shows the output of the ﬁrst layer, ﬁrst-layer differentiation circuits. Figure 9 shows the output of the
second layer, second-layer diﬀerentiation circuits. By
using two layers of diﬀerentiation circuits, speed detection via the proposed model is not aﬀected by object
size.
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Fig. 6

Fig. 7

Shape of a moving object.

Fig. 10 Output of the third layer (after diﬀerence circuit
processing).

Input voltage of each terminal.
Fig. 11 Output of the fourth layer (after multiple circuit
processing).

Fig. 8

Output of the ﬁrst layer.
Fig. 12

Fig. 9

Output of the half speed of input.

Output of the second layer.
Fig. 13

Figure 10 shows the output of the third-layer diﬀerence 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.

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. 14

Output when the object size is large.

Fig. 16

Structure of the two-dimensional model.

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

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 movement object in one dimension. We set the parameter
of circuits as follows. In the ﬁrst layer, C1 = 0.1 µF,
R1 = 1 kΩ. We used the µA741 as a buﬀer circuits. In
the second layer, C2 = 0.1 µF, R2 = 100 kΩ. 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 similar to a lattice. The third layer consists of a subtraction circuit realized via a MOSFET. The input terminal
and the output terminal of the ﬁrst layer are arranged
in alternating fashion. The proposed model diﬀerentiates 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

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 horizontal 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 changing 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 element is positive, a light source moving from left to right
has been detected. Moreover, no vertical direction element was present and no movement in the vertical
direction was detected. In contrast, no horizontal element is seen in Fig. 19. The output value of the vertical
direction element is 1/2 compared to that of the horizontal element of Fig. 18, and the sign is negative. In
Fig. 20, a horizontal element is indicated by the negative 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 object can be determined by the output value, and the direction of the movement object can be determined by
the sign of the output value.
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(a)
(a)

(b)
Fig. 18 (a) Horizontal output when the object moves from left
to right. (b) Vertical output when the object moves from left to
right.

(b)
Fig. 20 (a) Horizontal output when the object moves from topright to bottom-left. (b) Vertical output when the object moves
from top-right to bottom-left.

(a)

(a)

(b)
Fig. 19 (a) Horizontal output when the object moves from bottom 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 intersection of two movement objects, an extra output has

(b)
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 signiﬁcant problem.
These results indicate that detecting a moving object is possible when the direction of the movement object changes or when two or more objects move simultaneously. 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
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(a)
Fig. 24

4.

(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.

(b)
Fig. 23 (a) Horizontal output for two objects moving simultaneously: 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 movement 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 vertical and horizontal directions of the movement.

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, movement information will be collected into an analog electronic brain model. This would allow the hardware system of the biomedical brain model to be realized. The
proposed moving detection model has possible application 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 electronic circuit, as described in Fig. 24.
5.

(a)

Brain system using an analog electronic circuit.

Conclusion

We designed the motion detection analogue electric circuit 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 proposed model is robust with respect to fault tolerance.
Moreover, the connection of this model is between adjacent 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 applied in sensors for use in industrial or domestic products. 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 objects are present. This is advantageous for detection
in environments in which several objects are moving
in multiple directions simultaneously. Under these circumstances, 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 vector.
The following problems will be examined in a future 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 input layer. Finally, this model attempts to aid in the
clariﬁcation of the biomedical vision system, particularly 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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