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Abstract—A CMOS bio-inspired motion direction sensor struc-
ture and its associated computation method are proposed. Both
method and structure with excitation-inhibition operation are de-
rived from the directionally selective ganglion cells (DSGCs) in the
retina to mimic their functions. Edge-number normalization for
direction calculation and pseudo-random tessellation (PRT) struc-
ture for pixel layout arrangement are also proposed to enhance
the accuracy of the computation. An experimental chip based on
the proposed method and structure has been designed, fabricated,
and measured. The chip comprised 32 X 32 pixels with a pixel
size of 63 x 63 um? and a fill factor of 12.8%. The total chip
size is 3.3 X 4.2 mm? and the power consumption is 9.9 mW in
the dark and 21 mW at a maximum clock rate of 10 MHz with
3.3-V power supply. The fabricated chip has been measured with
different moving patterns, and a computation error of less than
11 degrees has been accomplished. This verifies the correct func-
tions of the proposed motion direction sensor. With the capability
of real-time motion detection and processing under low power dis-
sipation, the proposed sensor is feasible for many applications.

Index Terms—Directionally selective ganglion cell, direction
sensor, retinal chip, vision chip.

I. INTRODUCTION

HE retina, which is viewed as an extension of the brain [1],
T not only senses the incident scene of the environment but
also interprets the scene in a format called visual language for
the visual cortex in the brain [2], [3]. It also extracts the temporal
and the spatial features of the scene for further analysis in the
brain. One of the most essential features is motion direction. It is
found that a kind of retinal cell called the directionally selective
ganglion cell (DSGC) is related to motion direction detection
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[4]. In recent research, the structure and mechanism of the cell
have been understood. Based upon preliminary results [5], an
operational model of the DSGC has been established. The model
is suitable for real-time estimation of motion directions of an
incident scene.

A DSGC model similar to [5] was developed and realized in a
direction-selective silicon retina chip whose output has the char-
acteristic of the DSGC [6]. The chip was tested with simple pat-
terns to verify the DSGC functions. Further algorithms of direc-
tion computation for arbitrary patterns have not been developed.

Other hardware implemented motion sensors have been pro-
posed [7]-[11]. They adopt the correlation-based algorithms in-
spired by biological models. The concept of a correlation-based
sensor is to find the correlation between adjacent pixels over an
interval of time and then determine the velocity and the direc-
tion of motion. Although its performance for velocity detection
is good, the accuracy of 2-D direction detection is not verified
when complex patterns are used. Because the range of the cor-
relations is limited to neighboring pixels, these chips may suffer
from the well-known aperture problem [12], [13] when calcu-
lating motion directions of complex patterns.

A stand-alone CMOS motion sensor based on retinal-pro-
cessing circuits is proposed to realize a compact and real-time
motion detection system [14]. The chip is implemented with
a modified correlation-based algorithm and a pixel-level corre-
lator to detect motion direction and speed. It has a high accuracy
of direction and speed and can be operated over a wide range of
speeds. However, only a stripe pattern perpendicular to the mo-
tion direction was tested. Moreover, the aperture problem that
may degrade the accuracy of direction computation has not yet
been solved in the proposed chip. It also has a higher power dis-
sipation of 120 mW.

This paper proposes a direction computation structure based
on the DSGC model to extract the motion direction of scenes.
The proposed structure is realized in CMOS technology, and a
prototype chip is fabricated and tested. With the capability of
real-time motion detection and processing with low power dis-
sipation, the proposed sensor possesses many potential appli-
cations such as target tracking systems, wireless optical mice,
pointing devices, optical remote controllers, and digital image
stabilization systems.

In Section II, the directional computation structure is de-
scribed. The techniques of edge-number normalization and
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Fig. 1. Model of directionally selective ganglion cell (DSGC) in the retina.

pseudo-random tessellation adopted in the sensor design are
demonstrated in detail. The overall simulation results of the
proposed structure are also presented to verify its correct func-
tions. In Section III, both the design and operation of the chip
implemented to realize the proposed structure are detailed. A
test chip with the sensing array size of 32 x 32 is designed and
fabricated with a standard 0.35-pm CMOS technology. The
experimental results of the chip are presented and discussed in
Section IV. Finally, the conclusion is drawn in the last section.

II. DIRECTION COMPUTATION STRUCTURE

A. The Model of Directionally Selective Ganglion Cell

The DSGC model as proposed in [5] is shown in Fig. 1 where
the cell responds most strongly when the stimulus of scenes is
moving in a predetermined direction called the selective direc-
tion. The stimulus moving in the other direction called the null
direction produces weaker or even no response. In Fig. 1, the
upper ball labeled E denotes the excitatory input, which can be
viewed as the transient input to the cell. The box labeled I sends
an inhibitory signal to the neighboring cell in the null direction
when it is activated into the “on” state by the excitatory input of-
fered by E. The diamond labeled G at the bottom is the DSGC,
which collects both the excitatory and the inhibitory inputs from
E and I blocks. The DSGC determines whether to fire a spike de-
pending on both of its excitatory and inhibitory inputs. Only if
E is “on” and I is “off”” will the cell fire a spike output.

Two operational examples of the DSGC model are demon-
strated in Fig. 2. In Fig. 2(a), a stimulus bar moves in the se-
lective direction. The stimulus triggers Ey and then E;. After
E; is activated, I is activated and I; remains “off”. As G re-
ceives the excitation from E; without being inhibited by I, it
fires a spike output. Although Iy is activated, the generated in-
hibitory signal does not affect Gy because G has already fired
a spike output in the previous state. In Fig. 2(b), the bar moves
in the null direction. Es is triggered first and then I; is triggered
to be in the “on” state. If I; maintains its “on” state until Eq is
triggered in the current movement, G fires nothing because the
excitation is suppressed by the inhibitory signal from I;. This
state-maintaining behavior can be easily modeled as a low-pass
filter or a delay. The time constant of the filter determines the
range of the speeds that the cell can detect. Fig. 2 shows that
the directional selectivity function of DSGC is realized by the
model of Fig. 1 with opposite-directional interconnection struc-
ture and the excitation-inhibition operation.
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Fig. 2. DSGC model operation with a stimulus moving in different directions.
Stimulus moves in (a) the selective direction and (b) the null direction.

B. Direction Computation Structure and Method

The model shown in Fig. 1 provides a simple and robust con-
cept for motion direction extraction. Based upon the model, a
direction computation structure that is suitable for silicon im-
plementation is proposed. In the proposed structure, two major
elements are adopted. Firstly, a binary imager named the retinal-
processing circuit is used to simplify the processing procedure.
Several structures of the retinal-processing circuit realizing a bi-
nary imager have been proposed [15]-[17] where the original
photocurrent is compared with the spatially-smoothed one to
obtain the binary output. No complex analog-processing circuit,
ADC, or multibit processor is needed in the pixel level, which is
an advantage that helps to shrink pixel size and decrease power
consumption. Secondly, the low-pass filter in the inhibition path
is replaced by the digital delay element, a D flip-flop, so that the
delay time can be tuned accurately.

Fig. 3 shows the proposed pixel structure with interpixel con-
nections. Each pixel contains a retinal-processing circuit as the
imager, two registers for frame storage, one multiplexer, two
nand gates, and four direction selection (DS) units to mimic
DSGC function. The retinal-processing circuit generates the bi-
nary image output. The binary outputs of two successive frames
are sampled and stored in two D flip-flops in registers denoted
CF and PF. CF denotes the output of the current frame, whereas
PF denotes that of the previous frame. The interval of two con-
secutive sampled points of the registers can be accurately con-
trolled by the clock signal labeled im_load in the figure. The
non-inverting output of the registers CFQ and PFQ are selected
by a multiplexer and sent to the four DS units as excitatory sig-
nals. The inverting outputs CFQB and PFQB are sent to the DS
units of the four neighboring pixels as the inhibition signals
for the excitation-inhibition operation. The four DS units re-
ceive excitatory and inhibitory signals and generate the outputs
d(+X), d(+Y), d(—X), and d(—Y) in a pixel so that 2-D mo-
tion direction can be extracted. Each DS unit contains an AND
gate and a multiplexer. With an excitation signal within the cell
and an inhibition signal from one of its four neighboring cells as
inputs, the AND gate can realize the excitation-inhibition func-
tion of DSGC.

The two NAND gates are used to generate on and off signals
indicating the pixel’s status of being turned on or off. The status
is determined according to the inverting and the non-inverting
outputs of the two registers. The on signal is used to control the
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Fig. 3. Pixel structure adopted in the proposed direction computation structure.

multiplexer in the DS unit. If both CFQ and PFQ are 1 or 0, on
and off is 1 indicating the stimulus on the pixel is not altered. If
om signal is 0 (on is 1) and off is 1, it indicates that the pixel is
turned on with CFQ = 1 and PFQ = 0. In this case, CFQ is
selected as the excitation signal of the four DS units by a mul-
tiplexer. Signal CFQB from the neighboring pixel that can pro-
vide opposite directional inhibition is selected by a multiplexer
in each DS unit. If the stimulus is moving along +Y direction,
CFQB_uis 1. Thus,d(+Y)is land d(—Y),d(+X),d(—X) are
0 to indicate the motion direction is +Y. If off signal is 0 (off
is 1) and on is 1, they indicate that the pixel is turned off with
CFQ = 0 and PFQ = 1. In this case, PFQ is selected as the
excitation signal of the four DS units, whereas PFQB from the
neighboring pixel that can provide identical directional inhibi-
tion is selected as the inhibitory signal in each DS unit. If the
stimulus is moving along +Y direction with the final excitation
at the previous frame, PFQB_d is 1 and PFQ is 1. Thus, d(+Y)
is 1 and others are 0 to indicate the motion direction is +Y. In
this way, the structure can detect the correct motion direction at
the back end of the stimulus. In Fig. 3, the level signals instead
of transient signals are taken as excitation and inhibition signals
for reliable operation. Thus, the inhibition signals are suitably
selected to realize the correct function of the DSGC model.

By combining the four outputs d(+X), d(—X), d(+Y), and
d(=Y) along with &1 and off signals, as shown in Fig. 3, a local
motion vector (LMV) and a local edge direction (LED) in terms
of vector representation can be obtained. LMV and LED can be
expressed as (See equation at bottom of page) where (i, j) repre-
sent the position indexes of the pixel. According to (1) and (2),

if the four outputs d(+X), d(—=X), d(+Y),and d(-Y) are 1, 0,
1, and 0, the LMV is (1, 1) indicating an up-right motion. If the
four outputs are 1, 1, 1, and 1, the LMV is (0, 0) indicating no
motion. There exist nine possible LMVs. They are (0, 0), (0, 1),
0, =1), (1,0), (1, 1), (1, =1), (=1, 0), (=1, 1), and (-1, 1)
representing stillness, up, down, right, up-right, down-right, left,
up-left, and down-left motion, respectively. LED is used to ex-
tract the direction of a local edge defined by the perpendicular
direction of the edge. The values of LED are used to enhance
the accuracy of the motion direction computation. DS units are
shared for both extraction of LMV and LED to save hardware.
The major difference between LMV and LED is that LED gives
static information regardless of the “on” or “off” status of pixel,
whereas LMV depends on the pixel moving status. According
to the proposed structure, if the pixel is not altered or turned
off (on = 1), LMV/LED are extracted from PFQ/PFQB. If the
pixel is turned on, on = 0, only LMV is extracted and LED is
not extracted. Thus, LED is not double counted.

A 1-D example showing how the proposed structure works
is given in Fig. 4. The figure shows two successive frames with
a bar pattern moving one pixel pitch to the right. The positions
of transient pixels are indicated by “on” and “off” signals. Two
DS units with output signals d(+X) and d(—X) in Fig. 3 are
required for 1-D direction extraction. The turn-on pixel denoted
as A is examined first. At the pixel A, on = 0. According to the
structure shown in Fig. 3, CFQB = 1 from the left pixel inhibits
the excitation CFQ and d(—X) = 0, whereas CFQB = 0 in the
right pixel makes d(+X) = 1. This is consistent with the pre-
viously explained DSGC behavior. According to (1), the values

(

ifom=0o0oroff=0

LMV (. j) = { Eg 3—)X) T A =) otherwise M
R R
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Fig. 4. 1-D example of the direction computation structure.

of d(+X) and d(—
motion.

At the turn-off pixel B where off = 0, PFQ(PFQB) is chosen
as the excitation(inhibition) signal. Thus, LMV = 41 can be
obtained. If CFQ and CFQB are chosen as those of pixel A,
incorrect results of d(+X) and d(—X) would be obtained at B.

The purpose of choosing different signals at pixels A and B
through the multiplexer is to utilize static excitation and inhibi-
tion signals rather than transient signals and thus simplify the
hardware. Therefore, only static signals plus o1 and off signals
are used to realize the exhibition-inhibition operation in the pro-
posed structure. As the motion pixels are located in the static
edges, performing the excitation-inhibition operation with static
signals is sufficient to extract both local motion vector (LMV)
and local edge direction (LED) as long as “on” and “off” con-
ditions are known. Another advantage of the proposed structure
using static signals and the multiplexers is that the local edge
direction LED can also be extracted without any extra hardware
overhead. At the pixel B, LED = +1.

As for the no-motion pixels, d(+X) and d(—X) are 1 except
at pixel C where d(+X) = 0 and d(—X) = 1. Because on = 1
and off = 1 at pixel C, the value of LMYV is still O according
to (1). However, LED of this pixel is —1 because this pixel is
indeed located at the edge.

A 2-D example of the excitation-inhibition operation is
shown in Fig. 5 where a pattern moves along +X direction.
The arrows show the LMVs produced by DS units. It can be
observed that the LMVs of all the diagonal edges are (1, 1) or
(1, —1), i.e., up-right or down-right motion, whereas those of
vertical edges are (1, 0). They are the same as the local edge di-
rections (LEDs) defined as the perpendicular direction to edges.
This phenomenon is caused by the aperture phenomenon. To
reduce the error caused by the aperture problem in motion
direction computation, a normalization method is proposed in
the computation.

X) make LMV = +1, which indicates right
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Fig.5. 2-D example of the motion computation method when the symmetrical
pattern moving right along the x-axis is shown with LMVs.

Local motion numbers (LMNs) comprising LMNx, LMNvy,
LMNps, and LMNps are defined by the values of LMV as

1 for LMV (i,7) = (1,0)
LMNx(i,j) = {—1 for LMV (i,5) = (-1,0) (3)
0 Otherwise
1 for LMV (i,5)=(0,1)
LM Ny (i,7) = { —1  for LMV (i,j)=(0,-1) (4
0 Otherwise

1 for LMV(i,5) = (1,1)
LMNpi(i,5) = { —1  for LMV (i,j) = (=1,-1) (5)

0 Otherwise

1 for LMV(i,5) = (1,-1)
LMNps(i,j) = {—1 for LMV (i,5) = (=1,1) (6)

0 Otherwise.

where the subscripts X, Y, D1, and D2 represent the components
of LMV projected on X, Y, 45° diagonal, and —45° diagonal
axes, respectively. A LMN can be 1, —1, or 0 showing positive
direction, negative direction, or zero motion on the axes. For ex-
ample, (LMN)(, LMNy, LMNDl, LMNDQ) = (0 1, 07 0) in-
dicates that the pixel’s LMV is (0, 1) showing an up motion.
LMNs equal to (0, —1, 0, 0) represent a down motion.

On the other hand, local edge numbers (LENs) comprising
LENx, LENy,LENp;, LENps are defined by the value of
LED as

_J1 forLED(i,j)=(1,0)0r(—1,0)
LEN = ’ ’ ’ 7
x(5:7) {0 Otherwise @
LENy (i :{ 1 for LED(i,j)=(0,1)0r(0,—1) )
0 Otherwise
_f1 forLED(4,5)=(1,1)or(—1,-1)
LEN = ’ ’ ’ 9
p1(i-]) {0 Otherwise ©)
_ {1 forLED(i,j)=(1,—1)or(-1,1)
LEN, = ’ ’ ’ 10
p2(i-]) { 0 Otherwise. (10)

LENs are used to indicate the direction of an edge at a pixel.
They can be either 0 or 1 showing that there is no edge or an
edge at a particular pixel. For example, (LENX, LENY, LENDI,
LEND?2) of a pixel located in a diagonal edge whose direction is
the down-right with LED = (1, —1) is equal to (0, 0, 0, 1). As
edge direction is of static information, down-right and up-left
directions are classified as the same type. Therefore, LENs =
(0,0,0,1) represent either a down-right or up-left edge.
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The summations of all LENs and LMNs of pixels in the whole
N x N array except those at the boundary are calculated to ob-
tain global motion numbers (GMNs) and global edge numbers
(GENSs), respectively. GMNs and GEND2 can be expressed as

GMNs|seqx,v,p1,02}
N-1N-1
= Z Z LM Ns|se(x,v,p1,02} (4, )

i=2 j=2

(an

GENs|se{x,y,p1,02}
N—1N-1

= Z Z LENs|seqx,v,p1,02}(4,7)-

i=2 j=2

12)

As the boundary pixels have incomplete inhibitory inputs,
their LMVs and LENs are not considered in (11) and (12) to
avoid accuracy degradation.

The motion velocity vector components along the X-axis and
Y-axis, denoted as vx and vy, are calculated in terms of GENs
and GMNs as

iy GMNx | GMNp,  GMNp, (o
Ve =X GENy T GENp, T GENp,
GMNy GMNp; GMNp,

=Wy — . (4

=Wy GENy T GEND,  GENp,© Y

In (13) and (14), GMNs are normalized to GENs and the nor-
malized terms are then summed together with weighting factors
Wx and Wy . The reason for adopting the weighting factors Wx
and Wy in (13) and (14), respectively, is to make the projec-
tion of diagonal vectors D1 and D2 onto the X-axis and Y-axis
with suitable weighting. In (13), the projection of the two diag-
onal axis terms GMNp; /GENp; and GMNp,/GENps onto
the X-axis should be multiplied by a factor of 1/4/2 so that
each term has the same contribution as GMNx/GENx. Thus
physical values of Wx and W+ are close to 2v/2 =~ 2.8. The
weighting factors Wx and W+ are also used as semi-empirical
factors to minimize the errors. Therefore, the weighting factors
are chosen as 3 to minimize the calculation errors of motion di-
rectional angles for different patterns according to system sim-
ulation results.

The normalization proposed in (13) and (14), called edge-
number normalization, is important to enhance the calculation
accuracy for arbitrary patterns. Two examples are demonstrated
to show the accuracy of the proposed calculation method. In
Fig. 5 where a symmetrical octagon pattern moving along the
X-axis is shown, LM Vs are all perpendicular to the contour of
the octagon because of the aperture phenomenon. The LMVs
of the diagonal edges are obviously wrong because the pattern
is moving to the right along the X-axis. The calculated GENs
and GMNs from (11) and (12) are listed in Table I. All nonzero
GMN s are the same because of the symmetry of the pattern.

For the purpose of comparison, a set of equations for the cal-
culation of motion velocity vector components without normal-
ization are given as

i, (15)
; =Wy -GMNy + GMNp; — GMNp»

(16)
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TABLE I
CALCULATED GENS AND GMNS FOR THE OCTAGON AND TRIANGLE PATTERNS
GMNs/GENs Octagon Triangle
GMNy 4 9
GMNy 0 0
GMNp, 4 4
GMNp, 4 1
GENy 4 9
GENy 4 0
GENp, 2 4
GENp, 2 1

O o N N AW N

—=Motion direction=m»

Fr T T T T
3.4 5 6 7

Fig. 6. 2-D example with asymmetric pattern moving right along the x-axis to
show the effectiveness of edge-number normalization.

Using the values in Table I, one has (vy,vy) = (7,0) and
(v, viy) = (12, 0). In this case, the calculated directions with or
without normalization are the same, i.e., right movement along
the X-axis. The two terms GMNp; and GMNps, in (16) are the
same because of the symmetry of the test pattern.

Fig. 6 shows the second example where an asymmetrical tri-
angle pattern moving along the X-axis is tested. The results are
also listed in Table I. It can be seen that the values of diagonal
GMNp; and GMNp, are not the same because of the pattern
asymmetry. The calculated (vy,vy) = (3,0) and (vi,vy) =
(14, 3). The direction with normalization is correct and the other
one is not. The result with normalization is correct because the
normalization of GMNp; and GMNp», to GENp; and GENps
makes them cancel each other. Without normalization, GMNp
and GMNps in (15) and (16) cannot be cancelled.

The binary imager of the retinal processing circuit is used to
digitize the image to 1-bit. This may change the pattern shapes.
Since edge-number normalization is adopted in the directional
angle calculation, its accuracy is less pattern shape dependent.
Thus the use of a binary imager does not severely degrade
accuracy.
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Fig. 7. (a) Proposed pseudorandom tessellation structure of pixels. (b) Con-

ventional rectangular tessellation structure.

The directional angle denoted as # ranging from 0 degree to

360 degrees is calculated using

(90° for v,

270° for v,

tan=1! (U—y) or Vg

0 — Vg f €T

tan=1! (%) + 180 for v,
tan~1 (Z—y) 4+ 360 for v,

=0andvy, >0
=0andv, <0

> 0andv, >0
an

<0

> 0 and v, <0.

C. Pseudo-Random Tessellation(PRT) Structure

As mentioned in subsection B, the effect of the aperture phe-
nomenon on asymmetrical patterns degrades the accuracy of the
motion direction computation. Hence, another technique called
the pseudo-random tessellation (PRT) structure is proposed to
improve the accuracy. The idea comes from the natural distribu-
tion of retinal cells of human or other primates that are largely
random in all areas of the retina [18]. The random tessellation
structure increases the degree of the irregularity of the perceived
patterns; thus, the directional distribution of the edges is equal-
ized to some degree. The concept of random tessellation struc-
ture can be applied to the motion direction sensor array to im-
prove the computational accuracy. Nevertheless, a truly random
tessellation structure is not realizable in silicon chips because of
the layout complexity. Therefore, the PRT structure as shown in
Fig. 7(a) is proposed to mimic the characteristic of the random
distribution of retina cells while the regular structure is still re-
tained to keep the layout simple. As compared with the conven-
tional rectangular tessellation structure in Fig. 7(b), the pixels
of PRT in a column are positioned in a saw shape. The next
column is the mirrored image of the previous one shown in
Fig. 7(a) where the interconnections among neighboring pixels
are also sketched. The simulation results of rectangular tessel-
lation, PRT, and the truly random tessellation structures will be
compared in the following subsection.

D. Simulation Results

System simulation with MATLAB is performed to verify the
proposed method for motion direction computation. The test
patterns shown in Fig. 8(a), 8(b), and 8(c) are down sampled
to the resolution of 32 x 32 in rectangular tessellation, PRT,
and truly random tessellation structures. The sampled image is
then converted to the binary one with a spatial template that
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Fig. 8. Patterns tested in the system simulation. (a) Lena, (b) disc, and (c) wire.
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Fig. 9. Simulation results of directional angles with and without edge-number
normalization: (a) computed directional angle versus actual ones; (b) directional
angle error versus actual ones.

models the behavior of the retinal-processing circuit. The sam-
pled binary image is processed with the proposed computation
method to extract global motion direction. The comparison of
calculated directional angle # versus actual ones with the Lena
pattern between the methods with and without normalization for
rectangular tessellation structure is shown in Fig. 9(a). It can
be seen that the curve with normalization is more linear than
that without normalization. The errors are also smaller for the
method with normalization as shown in Fig. 9(b) where the er-
rors for most actual directional angles are less than 10 degrees
for the Lena pattern.

Table II lists the results of the simulation for different tes-
sellation structures. Fig. 10 shows the truly random tessellation
structure used in the simulation. The computational angle is cal-
culated by summing the GENs and GMNs over 11 consecutive
frames when the patterns are moving 0.2 pixel pitch per frame
time for each actual directional angle. The maximum direction
angle error is chosen as the index of evaluation. According to the
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TABLE II
SIMULATION RESULTS OF MATLAB SYSTEM SIMULATION ON
MAXIMUM DIRECTIONAL ANGLE ERRORS OF THREE DIFFERENT
TESSELLATION STRUCTURES

Edge-number  Tessellation Lena Disc Wire

normalization structure (degrees)  (degrees) (degrees)
No Rectangular 21 S 20
Yes Rectangular 13 3 10
Yes Truly random 11 5 14
Yes PRT 10 5 8

Fig. 10. Truly random tessellation used in the simulation. The dots indicate the
center of the sensing region.

results in Table II, the normalization always decreases the error
for all the patterns, even in the rectangular structures. The PRT
reduces the error for complex patterns, but slightly increases the
error for the simple disc pattern. The errors of the truly random
tessellation structure are similar to those of the PRT structure
with edge-number normalization except for the wire pattern.
This is caused by the inevitable overlapping of pixels, which
occurred in the truly random tessellation structure, as shown in
Fig. 10.

The patterns are also simulated at the velocity of 1 pixel pitch
per frame time. The maximum direction angle errors are 10, 4,
and 8 degrees for Lena, disc, and wire patterns, respectively.
The results of moving at 0.2 and 1 pixel pitch per frame time
are almost the same. This shows that the computation error is
less relevant to the velocity of the patterns. To conclude system
simulations, the method with edge-number normalization in the
pseudo-random tessellation structure is the most accurate and
suitable one in computing motion direction angles.

III. ARCHITECTURE AND CIRCUIT DESIGN

The chip architecture that realizes the proposed computation
structure is shown in Fig. 11. The architecture consists of a pixel
array with a pixel structure of Fig. 3, row selector, column mul-
tiplexer, LENS/LMNs decoders, summation unit, accumulator,
controller, address counter, and output drivers. There are 32 x
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32 pixels in the array. Firstly, the controller sends control signals
to sample the CF and the PF image frames. Each pixel produces
d(4+X),d(=X),d(+Y),d(=Y),om, and off output signals. The
row selector and the column multiplexer select four pixels’ out-
puts simultaneously. These outputs are further decoded to LENs
and LMNs by LEN/LMN decoders. The summation unit calcu-
lates the partial summation of LENs and LMEs. The partial sum-
mation of the four pixels is then accumulated by accumulators
to calculate GENs and GMEs. The accumulation repeats until
all of the pixels are counted. It takes 256 clock cycles to com-
plete all the accumulation operations. Finally, the accumulators
send out the calculated GENs and GMNs for off-chip computa-
tion of the motion direction angles.

The circuit schematic of the retinal-processing circuit in the
pixel structure of Fig. 3 is shown in Fig. 12. A photodiode rather
than a phototransistor is adopted to improve the transient re-
sponse. The photodiode senses the incident light and converts
it to photocurrent. The amplifier along with MNO clamps the
voltage at the negative terminal of the photodiode to Vx to en-
sure appropriate bias. The clamp circuit and the associated MNO
also isolate the large capacitance of the photodiode and improve
the speed of the current mirror. The photocurrent is mirrored and
amplified to reach MN3-MN4 whose current is denoted as I,
by cascading two cascode current mirrors. The current of MN3
flows in or out through transistors MR 1 and MR2 that are used as
voltage controlled resistors and connected to the upper and the
right neighboring pixels, respectively. The voltage-controlled
resistors connected to the lower and the left neighboring pixels
are not shown in Fig. 12. The four transistors form a resistive
smoothing network that computes the weighted local average of
the original image [19]-[22]. The smoothed current denoted as
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Fig. 12. Schematic of the retinal-processing circuit.

Tsy, 1s then mirrored to MP7 and MP8 through MP5 and MP6 for
further processing. The subtraction of current I;;, and Iy, is con-
verted to voltage at the node OUT’ buffered by an inverter. The
subtraction of unsmoothed and smoothed image performs edge
enhancement [23]. The final output carrying edge-enhanced in-
formation is the binary conversion of the original image. The
pixel structure is similar to [14] and [17] except that an inverter
instead of a Schmitt trigger is used.

IV. EXPERIMENTAL RESULTS

A test chip is designed and fabricated with the TSMC
0.35-pum double-poly-quadruple-metal standard CMOS tech-
nology. The photographs of the whole chip, a single pixel,
four pixels as a subset, and part of the array are shown in
Fig. 13(a), (b), (c), and (d), respectively. The whole chip area
including ESD protecting pads is 3.3 mm X 4.2 mm. The pixel
pitch is 63 pm and the photosensing area is 17.4 pym x 29.1 ym
with a fill factor of 12.8%. The rest of the region in the pixel is
covered by the top metal layer (not shown) to shield the incident
light and prevent the light from interfering with the operation
of other transistors. Top metals also serve as power lines for the
pixel array. Fig. 13(b) and 13(c) show the chip photographs of
a single pixel and a subset of the array, respectively. It contains
four pixels as a basic cell to form the whole array. Every single
pixel in the subset is the mirror image of any neighboring
pixels. The layout area required for the PRT structure is the
same as that of the regular rectangle structure. Part of the array
is shown in Fig. 13(d) where the interpixel connections are
marked to highlight the PRT structure.

The experimental setup is shown in Fig. 14 where a laser is
used as the light source. The laser beam goes through the pat-
terns and projects the image on the chip plane. The pattern is
fixed on a linear motor controlled by a PC. The PCB carrying
the chip is attached to a goniometer that can rotate an object
and measure the slope angle simultaneously. The goniometer
rotates the chip to the desired direction on each measurement.
Because the goniometer only covers rotation angles of —20 de-
gree to 20 degree, the PCB is placed at different angles so that
all the desired motion direction angles can be realized. The
power supply and bias voltage are provided by programmable
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power supply units. Clock and synchronization signals are gen-
erated by a PC-controlled digital waveform generator/analyzer
that also receives the output signals of the chip and stores them
on the PC for further direction angle computation and analysis.

The disc and twisted wire patterns have been tested. The disc
pattern is produced by an opaque plastic board with small via
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Fig. 15. Test patterns used in the experiment and four consecutive output frames of the retinal-processing circuit. (a) Disc. (b) Wire.

through holes around 0.9 mm in diameter on it. The twisted wire
pattern is produced by a thin metal wire twisted arbitrarily. The
wire width is about 0.25 mm. Because the two patterns are pro-
duced by nontransparent objects, they produce extremely high
contrast images on the chip, which is larger than the fixed pattern
noise (FPN). The captured images of four consecutive frames
produced by the two patterns when they are moving are shown
in Fig. 15(a) and 15(b). The directional angle is calculated from
GENs and GMN:ss of three consecutive frames. Five calculated
angles with a pattern moving in a specific direction are aver-
aged to yield the final computed angle. The computed direc-
tional angles, their errors, and simulation results are plotted in
Fig. 16(a) and 16(b). The speed of the movement is fixed to
250 mm/s, equivalent to one pixel pitch per frame time sam-
pled at 3.6 kS/s with the clock of 1 MHz. It can be seen from
Fig. 16(a) and 16(b) that for all tested motion directions, the
largest errors are 9 and 11 degrees, whereas the rms errors are
5 and 8 degrees for disc and wire pattern, respectively. The ex-
perimental results are close to the simulation results. Linearity
is also calculated with linear regression to evaluate the overall
figure of merit. The average linearity is 98.6%.

The measurement results of the disc pattern moving at dif-
ferent speeds and at 0 and 45 degrees are shown in Fig. 17. Since
the range for the inhibition operation is one pixel, the maximum
speed is set to one pixel pitch per frame time. It can be seen
from Fig. 17 that the detectable velocity range with angle error
less than 10 degrees is from 1 to 0.8 of the maximum speed. In
Fig. 17, the angle error increases with decreasing speed. As the
speed decreases, the number of extracted GMNSs per frame is
smaller because the number of edges crossing the pixel bound-
aries is fewer. Smaller GMNs are more susceptible to fixed pat-
tern and temporal noises. Therefore, angle measurements are
degraded with decreasing speed in the results of Fig. 17. Be-
cause noises are not included in system simulations, the speed
of disc pattern does not affect the calculated angle errors in
simulation.

Another pattern tested is a Lena pattern printed on a trans-
parency by a laser printer. Because the contrast of the pattern is
not good enough, serious FPN is observed in the measurement
when a transparency pattern is used. The image is distorted and
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Fig. 16. Measurement and simulation results. (a) Computed directional angles
and (b) the directional angle errors.

the computational accuracy is degraded by the added FPN off-
sets to GENS. It also masks the moving patterns so that the cal-
culated GMNSs are fewer than the values they should be. Thus,
the measured error with the Lena transparency is as high as 31
degrees. The FPN and the temporal noise that may degrade the
accuracy of computation can be reduced by a Schmitt trigger for
binary conversion. With less noise, the accuracy of computation
can be enhanced even when a lower contrast pattern is used.
The fabricated chip consumes 17 mW and 21 mW when it
operates at | MHz and 10 MHz, respectively, with a 3.3-V power
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TABLE III
THE MEASURED PERFORMANCE OF THE FABRICATED CHIP

Process TSMC 0.35-pm 2P4M
Power Supply 33V
Resolution 32x32

Photosensing Area 500 pm? (17.4 pm x29.1 pm)

Pixel Pitch 63 pm

Fill Factor 12.8%

Chip Size 3.3 mmX4.2 mm
Maximum Frame Rate 36 kS/sec
Maximum Clock Rate 10 MHz

Power Consumption 9.9 mW (@ dark & standby
16 mW (@ standby
17mW @ 1 MHz

21 mW @ 10 MHz

supply. The standby power consumptions with and without laser
illumination are 16 mW and 9.9 mW, respectively. The standby
power consumption of the fabricated chip is 5 times smaller than
that in [14]. The measured performance of the fabricated chip is
given in Table III.

V. CONCLUSION

A direction computation structure and method based on the
DSGC model in the retina are proposed to calculate the motion
direction of scenes. The method extracts local and global motion
and edge numbers to calculate the final directional angle. Edge-
number normalization in computation equations and pseudo-
random tessellation structure in pixel layout are proposed to en-
hance the computational accuracy. Simulations have been per-
formed to verify the proposed method. A CMOS test chip based
on the proposed method is designed and measured. A max-
imum error of 11 degrees and a linearity of 98.6% is measured.
The total power consumption is 9.9 mW at dark standby and
21 mW at the maximum clock rate of 10 MHz under 3.3-V
power supply. The proposed structure is suitable for motion di-
rection sensor applications that require accurate real-time mo-
tion direction extraction with low-power consumption and com-
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pact chip size. Further research on applications such as target
tracking systems, wireless optical mice, pointing devices, op-
tical remote controllers, and digital image stabilization systems
will be conducted.
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