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Abstract: In VISAPP 2009, we showed that exact optical flow can be determined using only a single pixel and frame
of the correlation image sensor(Ando et al., 2009). In this paper, using the newest device of it, we present
a theory and experimental evaluation of a bio-inspired vibro-visual correlation imager with various feature
extraction capability. Mimicking the involuntary movement (microsaccade) of human eyes, it vibrates rapidly
and finely a mirror in its visual axis so as to generate an equivalent vibration of every pixel in a doubly circular
locus. The time-varying intensity is captured by a correlation image sensor (CIS) with synchronous reference
signals to the vibration, and complex first/second order differentials and Laplacian are obtained as the image
features. General theoretical foundations and an implementation result of this system using a no&P640
pixel device are presented. Several experimental results using it including a realtime control of resolution and
edge detection from a combined use of the first and second order differentials are shown.

1 INTRODUCTION interval, the continuous intensity distribution on its
surface is counter-vibratorily shifted. This causes
For image recognition systems, tasks for extracting @ time-varying incident light, i.e., temporal modu-
brightness gradient, edges, corners, ridges, etc. andation, on the pixel according to the local structure
localizing them accurately are extremely important. Of the intensity distribution around the pixel. The
Almost all methods proposed so far are for an im- temporal modulation based sensing scheme of spa-
age array that has captured already by a sensing detfial structures, being free from spatio-temporal sam-
vice. In those methods, reduction of various noises Pling/quantization error, have been studied in various
and artifacts caused by the sensing device and spatioareas (Tang, 1978; Ikuta, 1985; Storrs and Mehrl,
temporal integration/sampling through it has been 1994; Hlyo and Samms, 1986; Wang et al., 1997;
treated as one of major subjects for achieving a sat- Hongler et al., 2003), but most of them are for point-
isfactory performance (Ando, 2000b; Ando, 2000a). by-point sensing. Our study is different in the use of
The spatio-temporal sampling/quantization before ex- parallel imaging/demodulation device, i.e., the corre-
tracting those structures by conventional image sen-lation image sensor (Ando and Kimachi, 2003; Ando
sors is often a significant obstacle to perform desired, €t al., 2007; Han et al., 2010) for this purpose. In this
detailed, and accurate analysis of them. paper, we present theoretical foundation and experi-
The goal of our study is the realization of vibro- mental evaluation of a bio-inspired vibro-visual cor-
Visua' |mag|ng system m|m|ck|ng invo|untary eye relation imagel‘ with various feature extraction Capa-
movements of human vision that can extract impor- blllty Novel dOUbly circular vibration and simultane-
tant image features during the capturing process of 0Us three frequency demodulation schemes are intro-
continuous intensity distribution (Ando et al., 2002; duced. Theoretical foundation is constructed by using
Hontani et al., 1999; Hontani et al., 2002). The complex differential (d-bar) operator theory.
involuntary eye movements are the small and per-
petual vibration of eyeball when the human vision
gazes at an object. When the image sensor is vi-
brated in a period sufficiently shorter than the frame
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2 THEORY in which el s the time-varying term cor-
responding to thg2k — r)th harmonic component
2.1 Complex Differential Operator of the circular rotational frequencg. The other
terms involving the complexth order differential
Let us introduce a coordinate transform 0"1(0,0)/029(z')"* is the amplitude of this har-

] ] monic component.
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in the image planéx,y) (j: imaginary unit). Any
function f of (x,y) can be expressed equivalently us-

ing the coordinatdz z*) as f(z z*). The differen- K . T T .y
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tials in (z,z") are also expressed as(Brandwood, 1983;
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For simplicity of notation, we often abbreviate the co-  (a) circular vibration (b) frequency components

efficient 1/2. The f.irSt order c_omplex dlfferen_'uals are Figure 1: Circular vibratory scan and its spectral encoding
the complex notation of gradient vector and its conju- ¢ complex differentials. The dz and dz* in (b) indicate

gate as d/0zandd/dz", respectively.
of of .of of of  of
a7z ox +1 a_y’ 2 ox Ja_yv To understand the meaning of summation @amd

k, let us illustrate visually the terms takingg 2 r (or-
der of harmonics) as horizontal axis andorder of
amplitudeg) as vertical axis. They are then expressed

and the second order ones are the complex second or
der differential and Laplacian as
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All of them are greatly important as primitive im- 1/ €2 2¢2 €2
age features for image pattern recognition and under- 1/6 3 3¢3 3¢3 &3
standing. 1/24 ¢ 4¢ 6e? 4¢ g

By using the complex differentials, the Taylor ex-

pansion off (Z,7*) around(0,0) is expressed as Namely, for example, thek2- r = 0 frequency com-

ponent (DC) locating at the center is constructed by a

. - 0 .0 sum of 1,82f(0,0)/0z9(z), 3*£(0,0)/0220(z")2, - --
f — —({ — —) f(0.0 ’ ) ’ ’ )
(€&) r; (¢ az+Z az*) 0.9 complex differentials with each amplitude(1/2) x
© 1/ 3 1(0,0) 2¢2 (1/24) x 6€%,---, respectively. For the R—
= 20— % KR r = 1 frequency componenty, it is constructed by
Lorl L azka(z*)r k 3
=0 K= 01(0,0)/0z, 9%f(0,0)/0220Z",---. Here, let us as-

3) sume the radius of circular vibration is sufficiently

small and the intensity distributiofi(z,z") is suffi-
2.2 Circular Vibratory Scan ciently smooth. Then, the lowest order term &of

in each frequency component can be expected to be
Let us consider first a circular vibratory scan with ra- sufficiently larger than the higher order terms. This
diuse (~ a few pixels long) and angular velocity. means the lowest order term dominates in each fre-
Let us place the origin at a pixel of interest. Then, quency component individually, and hence, the time-
using the Taylor expansion formula for complex dif- varying intensity is expressed as

ferentials, the time-varying intensity received by the © of 3TF(0.0) . o f(0.0) .
pixel is expressed as f(t) ~ Zor—'( a(zf’ )e”‘*‘Jr a((z*if )e‘”“‘)
ot it r= .
f(t) = f(ee!™ ee 1)
> el 0"f(0,0 ©)
— Zog_' Zo< L ) ej(z‘(‘r)“‘%, (notice this expression is valid only under usage after
== 020(z) frequency decomposition). This shows that the ampli-

4) tude and phase of frequency componentcwfs just
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equal torth order complex differential. For positive
frequency components, we can obtain the complex
differential of the same order as the complex ampli-
tude of the harmonics. For negative frequency com-
ponents, we can obtain the conjugate complex differ-
ential.

A significant drawback of this vibrating scheme is
that complex differentials composed of batfoz and
0/0z° such as Laplacian can not be obtained as the
dominant term of frequency component. A solution
to this problem will be given in the next section.

2.3 Doubly Circular Vibratory Scan

As an extension, the doubly circular vibration is the
scan shown in Fig. 2(a) along the locus
(z7)=

whereQ < w and the radiie and £ are both small
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(a) locus of a doubly circular scan
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enough. Therefore the Taylor expansion is expressed

EPEPANY

X (£ 4 ged M)K(£e 1N | gem IOy
0"
azka(z*)f*k
Using a similar argument as in the previous section,
we obtain an expression of the time-varying intensity
as

r—k
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which shows that the amplitude and phase of fre-
guency component ofw+ sQ is just equal to the
complex differential3"5f /ou'ov® where u,v = z
whenr,s> 0 andu,v = z* whenr,s < 0. The spectral
distribution is shown in Fig. 2(b).

3 SYSTEM AND EXPERIMENTS

3.1 Optical Setup

The photographs of the setup are shown in Figs. 3
(a) and (b). The doubly circular vibration of optical
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frequency
(b) frequency components

Figure 2: Doubly circular vibratory scan and its spectral
encoding of complex differentials. (&)= 0.3, £ = 0.8,
andw/Q =18, (b) spectral components, dz and dz* indicate
0/0zand0d/dz*, respectively.

axis was given by a 2-D angularly oscillating mirror
driven directly synchronously by the camera. It is in-
serted in front of the imaging lens in 45 deg angle
to capture the object in 90 deg angle from the cam-
era. The frame frequency was chosen as 12Hz to
avoid an interference with ambient light frequencies
(50Hz and 100Hz). The driving signals are a mixture
of sinusoidal waves with frequenci€¥/2m= 12Hz
and w/2m = 48Hz. The amplitudes of them can
be changed freely during the capturing operation by
changing the volume control of audio-amplifiers used
to drive the oscillating mirror.

3.2 Experimental Results

a) Extraction of Complex 1st and 2nd Differentials
Examples of the results are shown in Figs.4 (a), (b),
and (c). Three images display the intensity, complex
gradient, and complex 2nd-order differential fields of
a moving doll. The phase of the complex image is
shown by the hue of color image. In (a), the dou-
bly circular vibration locus is captured in a specularly
highlighted part. The complex 1st order differential is
equivalent to the gradient vector. So, it can be used
to extract edges or to analyze orientational features
of texture. The complex 2nd order differential shows
zero-cross lines at edges and the phase (double of the
edge angle) is inverted across the line. Therefore, it
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(d) intensity

(e) complex gradient

Circular Vibration for Arbitrary Complex Differentials

(c) complex 2nd order differential

(f) Laplacian

Figure 4: Example of experimental results. (a) and (d) sheiritensity images, (b) and (c), respectively, show theptern
first and second differential image for (a), and (f) showslthplacian image for (a). The phase[2m is represented by

colors from red to violet.

(a) setup (b) CIS and vibrating mirror

Figure 3: Photographs of the experimental setup and vi-
brating mirror. The vibration is given by the 2-axis angu-

larly vibrating mirror between the object and the camera.
The frame frequency is 12Hz, the vibration frequencies are
Q/2mn= 12Hz andw/2m = 48Hz.

can be used to extract and localize edges accurately.

b) Extraction of Complex 1st Differential and
Laplacian

Examples of the results are shown in Figs.4 (d), (e),
and (f). In (e), strength and orientation of edges and
ridges of a resolution chart are displayed. (f) shows
the Laplacian. It is displayed in only two hues corre-

Laplacian becomes higher where the brightness cur-
vature is large such as rising and falling lines of edges
or top of ridges. Those features are captured signifi-
cantly clearly.

¢) Vibration Amplitude vs. Feature Response

Fig. 5 (a) to (d) show the result. When the vibration
amplitude is very small as shown in (a), the image
captures very detailed features smaller than the pixel
interval. According to the increase of the vibration
amplitude from (a) to (c), the captured images tend to
respond to smoothed low frequency features more and
more. This property is desirable for the realtime adap-
tive processing of image scenes. In (d), the vibration
amplitude is maximized. Although detailed features
are eliminated, image captures with very high signal-
to-noise ratio the overall orientational features, e.g.,
edges and/or textures, of object and background.

d) Application to Edge Detection

Figs. 6 (a) and (b) show an example of edge detection
from complex differentials. Two set of reference sig-
nals with frequencieQ /2= 12Hz andQ /Tt= 24Hz
were supplied. (a) shows the intensity image. Its blur
is caused by the doubly circular vibration. (b) shows
the edge image extracted from the zero-cross of the
complex 2nd order differential. The color indicates

sponding to opposite signs because the Laplacian forthe edge orientation determined by the phase of com-
an real-valued image is always real. The amplitude of Plex gradientimage captured simultaneously.
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(c) high vibration amplitude (d) maximum vibration amplitude

Figure 5: Complex gradient images under gradually incregkavel of vibration amplitude. In (a), features smallarthhe
pixel interval are extracted. The phasg0r2r is represented by a color from red to violet.

4 CONCLUSIONS

Theoretical foundation and experimental evaluation
of a bio-inspired vibro-visual correlation imager were
presented. Implementation and several experimental
results of this system using a novel 64812 pixel
device are presented including an application to edge
detection. Although the performance of correlation
image sensor are in a depeloping level, the sensi-
tivity and accuracy of image features captured by it
were exceptionally good. Therefore, we consider the
proposed vibro-visual imaging system is sufficiently
promising for future applications.
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