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Abstract 2 Feature detection algorithm

Feature detection and tracking is a fundamental problem  Not all the regions in an image contain motion informa-
in computer vision research. By detecting and tracking fea- tion. Some researcher proposed to track corners, or win-
tures in an image sequence it is possible to recover informa-dows with high spatial frequency content, or region where
tion on both the motion of the viewer and the structure of the Some mix of second-order derivatives was sufficient high.
environment. We designed and tested a CMOS imager withTomasi and Kanade [11], instead of definiagpriori the
analog VLS| focal plane computation for feature detection. characteristics of the features to track, use a different ap-
The chip implements a feature detection algorithm that is proach. They are interested in a region only if that region
suitable for integration in a compact analog VLSI chip. We can be tracked well and they omit a region if it is not good
will review the algorithm, its analog VLS| implementation €nough for the purpose. In this way the selection criterion
and results from the chip. is optimal by construction. We here review the selection

method proposed by Tomasi and Kanade [11].
If I(z,y,t) is the image brightness we can write, under
the assumption of constant brightness,

1 Introduction

dl(x,y,t
% = vax+lyvy+lt = [Iac ) Iy ]V+It =0 (1)
In principle, from the stream of image frames produced where v = [u, , vy]T and the partial derivatives of

by.a moying camera, it !s possible to recover the shape ofr (4 4, ¢) with respect ofz, y and¢ are denoted by, I,

objects in the field of view, and the motion of the cam- and, respectively . If we make the assumption that all the
era. Information on both the structure and the motion of N points in the region of interest are moving at the same
the viewer can be recovered from the displacement of keyspeed, which is reasonable for small inter-frame displace-

features in the image sequence. The selection and trackments and a small neighborhood, we can formulate the lin-
ing of feature in an image stream is therefore an importantear problem

problem in computer vision. The selection of the features

is a computationally intensive task and usually is accom- I, I, I}

plished off-line on a sequence of images recorded from a : : v = _ : or Av=b. (2
camera. These solutions are bulky, expensive, require cam- [}V I}V I}V

eras and frame grabbers and have a very high power con- vy ¢

sumption. Existing real-time systems, of which very few The velocity vectow can be computed as the least squares
exist, are the ASSET-2 [10] systems that uses four VME gojution toAv = b, i.e.v = G~1ATb, where

boards, equipped with custom hardware circuits, and the

implementation by Benedetti and Perona [1] that uses a cus- N o\ 2 N ok

tom board with six FPGAs hosted in a Pentium PC. We de- Z (z) Z LT, b
signed and tested the first CMOS imager with focal plane G = ATA = | 3} Kt = [ Z . ]
computation for feature detection. The chip implements Zla]f[k Z ([k)2

a modified version of a feature detection algorithm that is 1 Y 1 Y

suitable for integration in a compact analog VLSI chip. 3)
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Figure 1. Requiring\; > \; is equivalent to the condi-
tionsP(\;) > 0 and ate

> )\, as shown in this picture.

The feature can be tracked from frame to frame if the sys-
tems (2) can be solved reliably. This means tGamust

be both above noise and well-conditioned. The noise re-
quirement implies that both eigenvalugs and A\, (with

A1 < A2) of G must be large, while the conditioning re-
guirements means that they cannot differ by several order
of magnitude, that isond(G) = 32 < ¢, is bounded.

Two small eigenvalues mean a roughly constant intensity
profile within a window. A large and a small eigenvalue
correspond to unidirectional pattern. Note that when one
eigenvalue is zero, (for instan€e is rank deficient), there
is an unreachable subspace in the solutionvftinat corre-
sponds to the velocity component parallel to the direction
of the edge. This situation is often referred to as the Aper-

wherea, b andc are the coefficients ofx, see (3). The
minimum eigenvalue\; is defined by

I

The expression ok, in (6) it is too complex to be imple-
mented in analog VLSI and therefore a complexity reduc-
tion is necessary.

From Fig. 1 we can see that the condition expressed in
(4) is equivalent to

a+b_
2

a+b
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AL > — (ac—b?) . (6)

P(\) >0 and “TH >\ (7)

and remembering that the coefficiemtandc are positive
by construction, a simpler sufficient condition is

P(A)>0 and a>)X and c¢> )\ .

(8)

We summarize the algorithm to select features in an image
as:

1) Computel, andI, at every pixel location;

2) For the window centered &, y) computeu, b andc;
3) CalculateP(\;) = (a — M) (e — N\y) — b%;

4) The window contains a trackable feature if

c > At (9)

wherep,, is a second threshold introduced to eliminate
any false positive given by image noise.

P(\) >p, and a>X\ and

ture Problem. Two large eigenvalues are found for windows 3 Analog VLSI implementation

with corners, salt-and-pepper textures, or any other pattern
that can be tracked reliably.

The analog VLSI implementation of the algorithm used

For all practical purposes, when the smaller eigenvalueyindows of size3 x 3 pixels (N = 9). Every pixel at

is sufficiently large to meet the noise criterion, the matrix ipe edge of the window computes the spatial-derivative both
G is usually well conditioned. This is due the fact that the gjong ther axis and along the axis from the adjacent pix-

intensity variations in a window are bounded by the max- g|s and therefore the actual number of photoreceptors in-

imum allowable pixel value, so the greater eigenvalug,
cannot be arbitrarily large.
This observation simplify the selection of the trackable
windows as to the ones for which
A > >\t (4)
where); is the minimum eigenvalue and is a predefined
threshold value.

The eigenvalues of the mati* are the roots of the char-
acteristic polynomial

volved in the computation is 21 and the patch has the shape
depicted in Fig. 2a.

At every pixeli the chip computes

1] i

(I;)Q = I;I; (erft - V;“ight) (szft - V;“ight)
(I;)Q = I;I; (Vulp - leown) (Vulp - leown)
I;I; = (szft - V;“Zight) (Vulp - leown) ’
(10)
where the quantities}’ ;;, V4, Vii, andVj,,,, are pho-

toreceptors voltages of the four neighboring pixels, see Fig.

PO\ = (a—N)(c—A) — b? 5)

2b. We then need to add these three values to the general



Vphoto Vup

Vleft Vup | Vup Vphoto
— - M
\Vdown|Vdown|
Ic
Ib
la
o/l Photo |
Vphoto Receptor| |Vright
Vdown Ic Ib la Vphoto
a) b)

Figure 2. a) We used &8 x 3 pixels window. The number of photoreceptors involved in the computation ig)2At every pixel
the quantitieg7:)?, (I;)* andI.I, are computed by three four quadrant multipliers and added to the glphil andI. wires.

summation that is carried out in the window. Both the mul- its outputis low if(I, — I,)(I. — It)/Irey — I} [ Lreg > I,
tiplication and the summation is elegantly accomplished us- (conditionP()\;) = (a — A\¢)(c — A¢) — b* > p,) and high
ing three four quadrant multipliers with current output con- otherwise.

nected to the corresponding wires of the currépid, and

I. that represent the quantitiesb andc. 4 Experimental results
The photoreceptor used in this imager is the adaptive
photoreceptor proposed by Dallok' and Mead [2] that in We designed, fabricated and tested a chip with =

a normal design has a peak-to-peak output voltage of abouB array of pixels that allows us to detect features in four
500mV. If images with high contrast were focused onto the windows of3 x 3 pixels. It is worth noticing that, even if
chip, a standard Gilbert four quadrant multiplier [5] in sub- the four windows are non-overlapping, the actual 21-pixels
threshold CMOS with a linear range of about 100mV would patches used in the algorithm are overlapping and only the
saturate, degrading the precision of the computation. Wephotoreceptor of the central pixel of the window contribute
designed a multiplier with a larger linear range [9]. The to only one patch. The chip was fabricated in a Tiny-Chip
multiplier (Fig. 3), has a linear range of abatitV, a factor dye in al.2pm double-poly double-metal process available
of 20 increase with respect to the normal 100mV, with less through the MOSIS fabrication service.

than double the number of transistors. The power consump- We tested the chip with different stimuli and it per-
tion of the multiplier under normal bias condition is below formed reliably in all the tests we performed. In Fig.
1uW. 5a the image of a pen was projected onto the chip; as

Finally, steps3) and4) of the algorithm are implemented  €XPected none of the four patches reported a feature.
using the simple network of Multi Input Translinear Ele- N Fig. 5b the tip of the pen was just on the top-right
ments (MITES) [6, 7] reported in Fig. 4. The two nFETs in Patch and the feature was correctly detected by the cor-
box 1 subtract the currei, representative of;, tothe two ~ '€SPonding thresholding circuit.  Additional examples,
input currents, andZ,. The three MITEs output the cur- With different stimuli, can be found at the web site

rent(I, — L) (I.—I;)/ Ies (i.e. (a—A¢) (c— ) that s then http://www.klgb.caltech.edu/ ~a|bertq/—
mirrored to the node A. It is interesting to notice that this feature chip.ntml — where we posted movies gener-
circuit, at the same time, test for the two conditidgs> I, ated with the experimental data directly recorded from the

andI. > I, (corresponding to the conditions> \; and  CNiP-

¢ > \;) because if one of the two input curredtsand ..

is less than the threshold currdpthe current outputof the S Conclusion

network of three MITEs is zero. In box 2, first the abso-

lute value of the currenf, is computed, then, using the two We presented a CMOS imager with focal plane compu-
MITEs, the currentis squared to obtdffy I,.. ;. Finally the tation for feature detection. We reviewed the algorithm, its
inverter connected to node A performs the final comparison: analog VLS| implementation and presented results from the
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Figure 3. The multiplier used in the pixels has alinear range of aliel\ with power consumption belowgW. In this case it
is shown the multiplier that computes the cross téfii, and adds the resulting current to the glohawire.

testing of the chip. To the best of our knowledge this work
represent the first successful example of a CMOS imager
with computation for continuous time feature detection. (2]
A second implementation of the same algorithm is cur-
rently being fabricated. Using a different version of mul-
tiplier and a careful layout we were able to obtain a 100%
increase in resolution using the same technology and dye
size. [4]
We envision to use this feature detection scheme in as-
sociation with a simple token-based velocity algorithm [3]
to build a velocity sensor not affected by the aperture prob- [5]
lem. Another possible use of this algorithm is to replace the
intensity-based saliency map with a feature-based one in vi- [6]
sual attention or oculomotor systems [8, 4]. If fabricated in
a more dense array, either using a smaller technology or a
large dye, a feature detection chip can also be used as a;
front-end to those navigation systems that detect and track
features to navigate in the environment.

(3]

(8]
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Figure 4. Network of MITEs that implements ste@} and4) of the algorithm. If(I, — I)(I. — I)/I,e; — I¢ /I,y > I the
output of the inverter goes low to indicate the presence of a feature and stays high otherwise. ThéAbltagmuld be either
supplied as an external bias or generated injecting a current in a diode-connected MITE as illustrated in box 3.
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Figure 5. a) The image of a pen is projected onto the chip. The tip is not in the field of view and the chip correctly reports that
there are no features preseim}.When the tip of the pen was in the field of view of the top-right patch the chip correctly signals the
presence of the feature.
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