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g or Abstract—We present an analog very large scale integration (VLSI)

= 01 cellular architecture implementing a version of the boundary contour

é system (BCS) for real-time focal-plane image processing. Inspired by

3 02 neuromorphic models across the retina and several layers of visual cortex,
03 the design integrates in each pixel the functions of phototransduction and

simple cells, complex cells, hypercomplex cells, and bipole cells in each
-04 of three directions interconnected on a hexagonal grid. Analog current-
05

mode complementary metal-oxide—semiconductor (CMOS) circuits are
used throughout to perform edge detection, local inhibition, directionally
(b) selective long-range diffusive kernels, and renormalizing global gain
control. Experimental results from a fabricated 12 x 10 pixel prototype
Fig. 6. Measured outputs from the array o = 0.22. (a) The offset in a 1.2um CMOS process are included, demonstrating the robustness
corrected even output (solid line) compared with the response of an ide&the implemented BCS model in selecting image contours in a cluttered
filter (dashed line). (b) The offset corrected odd output (solid line) comparéd noisy background.

with the response of an ideal filter (dashed line). Index Terms—Active pixel sensors, analog VLSI, boundary segmen-

tation, cellular neural networks (CNN'’s), focal-plane image processing,
tion kernels similar to those of the Gabor filter simultaneously. Te8guromorphic engineering.
results indicate that the chips work as expected. Future work on chip
design includes fabricating chips with larger numbers of cells and
two-dimensional (2-D) filters with tunable orientation and scale. On
the application side, we are investigating the use of these chips inThe boundary contour system (BCS) and feature contour system

. INTRODUCTION

binocular vergence control of an active stereo vision system. (FCS) combine models for processes of image segmentation, feature
filling, and surface reconstruction in biological vision systems [1],
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Fig. 1. Diagram of BCS/FCS model for image segmentation, feature filling; o Hexagonal arrangement of BCS pixels, at the level of simple and

anltlj surface reconstruction. Three layers represent simple, complex, and bipg plex cells, extending in three directions v, andw in the focal plane.
cells. !

therwi h of the struct d i f BCS The full-blown BCS model [1] is sufficiently complex to make
OINETWISe preserves much of the SWUcture and properties o a23calable focal-plane VLSI implementation impractical, if not im-
implemented here, is presented in [4].

. . . . . possible. Algorithmic and architectural simplifications, which pre-
Simple cells compute unidirectional gradients of normalized i

tensity obtained from the photoreceptors. Complex (hypercomple rve much of the original functionality of BCS, are the subject

I f tial and directional tition (inhibition) for ed Section Il. An analog VLSI cellular implementation in current-
cells perform spatial and directional competition (inhi ! ion) for edg ode CMOS technology is presented in Section 1ll, and experimental
formation. Bipole cells perform long-range cooperation for bound-

. -_..results from a small (12<x 10 pixel) prototype are included in
ary contour enhancement and exert positive feedback (ex0|tat|(§1§' ( pixel) p P

. : ction IV.
onto the hypercomplex cells. Our present implementation does not
include the FCS model, which completes and fills features through
diffusive spatial filtering of the image blocked by the edges formed Il. MoDIFIED BCS ALGORITHM AND CELLULAR ARCHITECTURE

in BCS. We adopted the BCS algorithm, as described in detail in [1] and
The motivation for implementing a relatively sophisticated modeb), for analog continuous-time implementation on a hexagonal grid,
such as BCS on the focal plane is dual. First, as argued in [@ktending in three directiona, v, and w on the focal plane as
complex neuromorphic active pixel designs become viable enginegidicated schematically in Fig. 2.
ing solutions as the feature size of the VLSI technology shrinks |y the implemented circuit model, a pixel unit consists of a
significantly below the optical diffraction limit and more transistorphotosensor (or random-access analog memory) sourcing a current
can be stuffed in each pixel. The pixel design that we present contajRgicating light intensity, gradient computation and rectification cir-
88 transistors, likely the most complex active pixel imager ever paijits implementing simple cells in three directions, and one complex

on SiIiCOn. Second, our mOtivation iS to extend the fUnCtiOna”ty %ypercomrﬂex) cell and one b|po|e cell for each of the three
previous work on analog VLSI neuromorphic and cellular imaggjrections.

processors for image boundary segmentation, e.g., [5], [6], and

[8]-[12], which are based on simplified physical models that do nét Definition and Notation

include directional selectivity and/or long-range signal aggregationThe BCS equations and architecture involve the notion of vector

for boundary formation in the presence of significant noise and cluttéields, mapped on a cellular architecture and discretized both in space

The analog VLSI implementation of BCS reported here is a firgind angular resolution.

step toward this goal, with the additional objectives of real-time For notational convenience, let subscript zero denote the center

low-power operation, as required for demanding target recognitigixel and +u, +v, and +w its six neighbors, depicted in Fig. 2.

applications. As an alternative to focal-plane operation, the inp@omponents of each complex cell vect@r; at grid location i,

image can be loaded electronically through random-access pix@idng three directions of edge selectivity, are indicated aswith

addressing. superscript indexj for the direction taking values:, v, or w.
From the perspective of cellular neural networks (CNN's) [12]similarly, the bipole vectors are denoted By at grid locations, or

[13] the architecture implementing BCS described here is interegbmponentwise aB; in the three directiong. Nonvector (i.e., scalar)

ing in two aspects, which extend the capability of conventiongields, such as input intensity, only take a subscript index for location.

cellular structures with nearest neighbor connectivity. First, long-

range connectivity across the bipole cells is achieved through tRe Simple, Complex, and Hypercomplex Cells

use of (a variant on) diffusor elements [7], [15] which implement The photosensors generate a curréntthat is proportional to

a diffusive kernel extending across several cells with just neardstensity. Through current mirrors, the curredispropagate in the

neighbor coupling between cells. Second, directional selectivity three directionsu, v, and w as noted in Fig. 2. Rectified finite-

the response to image edge contours is achieved by mapping a vedifference gradient estimates 6f are obtained for each of the three

field onto a cellular structure on a hexagonal grid, with componertiexagonal directions. These gradients excite the complex €¢lls

in three directions for each cell. More specifically, the BCS model Lateral inhibition among spatially) and directionally ) adjacent

integrates three layers of such vector fields, including simple celtsgmplex cells implement the function of hypercomplex cells for edge

(hyper) complex cells, and bipole cells, with bottom-up and top-doweanhancement and noise reduction. The complex out@lix i6 inhib-

interactions between layers. ited by local complex cell outputs in the two competing directions
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Fig. 3. One-dimensional (1-D) network of diffusive elements. (a) Translinear (@)
implementation. (b) Equivalent resistive modgl,;/gver+ determines the

spatial extent of diffusion.
¥ (S e

us
of j. Cy is additionally inhibited by the complex cells of the four % o@D
nearest neighbors in competing locatiangith parallel orientation.

The complex cell€” also interact with bipole cell8’ which exert w®
local positive feedback to corresponding components of complex cells @ @
for long-range directionally selective smooth contour enhancement ®
and suppression of spurious edﬁ,é.is excited by bipole interaction é)e é)e
received from the bipole celB! on the line crossing in the same % %

direction j.
The operation of the simple and (hyper) complex cells in the
hexagonal arrangement is summarized in the following equation for P @

one of the three directions ® ®
Cs =3I, + 1) — Ib| — a(Cy + C5') ée ée
—d(C+CL+CE, +CE)+ 6By 1)

where
[1/2(1, + Iv) — Io| rectified gradient input as approx- (b)
imated on the hexagonal grid; Vs
a(C§ + C§) inhibition from locally opposing NARO ‘ ’ (P@ ue
directions; W N . VAR,
A(CY+CL+C, 4+ C",) inhibition from nonaligned neigh- ) . % vd
bors in the same direction; AN s )
BB excitation through long-range co- Q
operation from the bipole cell.
The corresponding equations for the other two directiorasd w 7 A = (o N i 6}9 P, 4
are symmetrical with respect to (1), obtained through rotation of the S UV AV ‘ ‘

reference axes by /3 ", Urod Svert | A
5 =|3Tw+ 1) — Io| — a(Cy" + Cy) Svert Q
@

and 7S y - B y ({29

Co' =|5u+ L) — | — a(Cy + C7) J

S CE O 4 CY +CE) 4 BB, () /\ § /\ %

C. Bipole Cell-Diffusive Kernels ()

The bipole CeIISBf' interconnected on a directionally selectiveFig. 4. Network of bipole cells, implemented on a hexagonal resistive
diffusive network provide long-range cooperative feedback to ttgid using orientationally tuned diffusors extending in three directions. (a)

complex cellsC? and enhance smooth edge contours while reduci gle 1-D diffusor network tuned to horizontal orientation. (b) Interlaced
- ¢ . usor networks tuned to three orientations. (c) Crosslinking provides
spurious edges due to image clutter.

. o . - . spatial dispersion and graded directional response of the biplglgoert
The bipole cell-resistive grid (Fig. 4) implements a three-foldetermines the spatial extent of the dipole, whergas/geross Sets the
crosscoupled directionally polarized long-range diffusive kerndljrectional selectivity.
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Fig. 5. Simplified circuit schematic of one BCS cell in the hexagonal array, showing only one of three directions; the other directions being alymmetric
in implementation. (a) Photosensor and random-access input selection circuit. (b) Simple cell rectified gradient calculation. (c) Compléal catidspa
orientational inhibition. (d) Bipole cell directional long-range cooperation. (e) Bipole global gain and threshold control.
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formally expressed as follows:
Bi = K,,Cy + K;Cy + K,,CY (4)
where Ky, K./, and K, represent spatial convolutional kernels

Fig. 6. Chip micrograph of BCS processor. Dimensions are>2.2.2 sq. Implementing bipole fields symmetrically polarized in thev, and
mm in 1.2um CMOS technology. w directions.
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Fig. 8. Experimental response of the BCS chip to an example circular pattern. (a) Reconstructed input image. (b) Gradient (complex) field without
hypercomplex inhibition or bipole excitation. (c) Complex field without bipole excitation. (d) Complex field with bipole excitation activatedpdie) B
field. The thickness of the bars on the grid represent the measured components of the complex and bipole fields in the three directions.

Diffusive kernels can be efficiently implemented with a distributetly translinear circuits, implemented with MOS transistors operated
representation using resistive diffusive elements termed diffusamsthe subthreshold region [7].
[7], [15]. One key advantage of diffusor elements is that they A 1-D linear diffusive network spanning one of three directiaris
preserve a cellular nearest neighbor topology of cell interconnectivigiiown in Fig. 3 [7]. This network forms the basis for constructing the
while implementing a long-range diffusive kernel extending acrosscomponent of the bipole field by diffusing thecomponent of the
the entire array of cells. Furthermore, a linear kernel is obtainedmplex field along the dimension. The diffusive network is shown
in the current domain, even though the device characteristics inftwo forms, with subthreshold PMOS transistors and with linear
the MOS-transistor circuit elements used are highly nonlinear. Thesistive elements. Under the transformation= I exp(qV;/kT)
capability to construct linear transfer functions through the use tife two networks become equivalent with: = exp(—g¢xVia:/kT)
exponential transconductance devices is one of the advantages offamdlg... = exp(—gxVeer¢/kT). The network response is linear in
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Fig. 9. Experimental response of the BCS chip to a curved edge. (a) Reconstructed input image. (b) Complex field. (c) Bipole field. The thickness of
the bars on the grid represent the measured components in the three directions.

the current domain, implementing a diffusive kernel Ill. ANALOG VLSI IMPLEMENTATION
Towii — Ts = Jlat (Towtict = 2Touti + Toutim1) The smphﬂec_i circuit dlagram of the BCS cell, mclgdnpg S|mple,_
Guert complex, and bipole cell functions on a hexagonal grid, is shown in
a p 021011, Fl . 5
o Jlat A2 t ) g
Yuert 8112

A. Photosensor and Simple Cells

where the ratigyi.. /..« determines the spatial extent of diffusion  The image is acquired either optically from phototransistors on
along theu axis in unitsAu on the grid. the focal plane, or in direct electronic format through random-access
Three families of linear-diffusor networks are used, each tun%qg@ addressing, Fig. 5(a). The advantage of including a random-

to one of the directions;, v, andw. To allow for angular spread 5ccess electronic interface is modularity and expandability in the
and a graded response to contours in directions different from g, nitecture. This allows, for instance, the ability to interface the

prln(cj:lpail axes, the three farhnllles are Ir:(=._5|s£tllve_:¥]couptl_ed with CrOSSII%ip with other stages of processing, such as a silicon retina [8] or
CONAUCIANCeScros5, aS SNOWN 1N FIg. 4. The ra i@at /geross shunting-neuron [14] preprocessing stage for contrast enhancement
controls the directional selectivity of the diffusion kernel. . . . .
) e ;and dynamic range compression of the input image to BCS. Several
The input to the diffusive network are complex cell curreats . . : ; - )
. o BCS chips can be combined in parallel to increase the available image
scaled by a factoh,., that implements global normalization and_. d te i i el ¢ ) I
thresholding. The bipole field respondg’ at the output of the fl'iz]i’e?';i” ?aifc?rarae imager with elementary preprocessing aflows a

network is then modeled as . S . . .
The simple cell portion in Fig. 5(b) combines the local intensity

By = XnormCy + 0rat(BY, —2B5 + BY,,) Iy, with intensities I, and I,,, received from neighboring cells,
+ Ceross(BY + BY — 2BY) to compute the rectified gradient in (1) using distributed current

mirrors and an absolute value circuit [7]. A PMOS load converts the
complex cell output into a voltage representatid for distribution
to neighboring nodes and complementary orientations.

Bg = )\narmcg + Ulat(B-zl,J-z,v - QBS + BZU)
+ Ucr'oss(Bg + B(EU - ZB(I)))
B(SU = Anurnzcl[gv + o—lu,t(Bj,’jw - 2B(§U + Bfw)

“ w B. Complex Cells
+ Jcr'oss(B(J + B(J - 2B(J ) (6) p

A complex cell, performing local inhibition for spatial and direc-
whereoia: = grat/goert ANA G cross = Geross/Goert- tional competition according to (1), is shown in Fig. 5(c) for one of
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Fig. 10. Experimental response of the BCS chip to a bar with two gaps of different size. (a) Reconstructed input image. (b) Complex field. (c) Bipole field

the three dimensions. Inhibition is implemented through distributeédOSIS in 1.2xm CMOS technology, is shown in Fig. 6. The pixel
current mirrors. The strength of the spatial and directional inhibitiamit, illustrated in Fig. 7, has been designed for testability and has
is controlled independently by applying source voltage bidseand not been optimized for density. The pixel contains 88 transistors in-

V., which determine the constantsand«’, respectively. cluding a phototransistor, a large sample-and-hold capacitor, interface
circuitry, and three networks of interconnections in each of the three
C. Bipole Cells directions, requiring a fan-in/fan-out of 18-node voltages across the

Long-range cooperation is performed in the bipole layer, of whidhterface of each pixel unit.
one cell in direction is shown in Fig. 5(d). The directionally se- We have tested the BCS chip both under focal-plane optical
lective diffusive kernel (6) is implemented in current mode usintfiputs and random-access direct electronic inputs. Input currents
subthreshold MOS transistors by extending the MOS equivalerfgem optical input under ambient room lighting conditions are
between Fig. 3(a) and (b) to the structure of Fig. 4, with three famili@ound 30 nA. The experimental results reported here are obtained
extending in each direction with crosslinks for angular dispersion.by feeding test inputs electronically. The three components of

Voltage biases control the spatial extent and directional selectivitpmplex and bipole outputs of the array, together with the
of the interactions, as well as the level of renormalization for thecquired input image, are multiplexed out using a separate address
interaction between complex and bipole cells. The values/for;, decoder.
Jiat, and ger0.s controlling the bipole kernel are set externally by The response of the BCS chip to two test images of interest are
applying gate bias voltageBuc,«, Viar, and Ve,oss, respectively. shown in Figs. 8-10. For graphical clarity, the simple, complex, and
Likewise, the constant in (1) is set by the applied source voltagepipole fields are reproduced as bars in three directions, of which
V. Global normalization and thresholding of the bipole responsge thickness indicates the measured activity in each of the three
for improved stability of edge formation is achieved through agrientations.
additional diffusive network, which acts as a localized Gilbert-type The processing through different stages in the BCS chip is il-
current normalizer between complex and bipole cells [only partiallystrated in Fig. 8, showing the reconstructed image, the rectified
shown in Fig. 5(e)]. gradient field, the inhibition by the complex interactions, and the

excitation by the bipole interactions feeding back onto the complex
IV. EXPERIMENTAL RESULTS cells.

A prototype 12x 10-pixel array has been fabricated and tested. Fig. 9 illustrates the interpolating directional response to a curved

A micrograph of the tiny 2.2x2.2-sq. mm chip, fabricated throughedge in the input, varying in direction between two of the principal
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axes { and w in the example). Interpolation between quantized
directions is important, since implementing more axes on the grid
incurs a quadratic cost in complexity. (1]
The third example image contains a bar with two gaps of differentz]
diameter for the purpose of testing BCS's capacity to extend contour
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