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Abstract—A bio-inspired model for an analog programmable retinal fabric are realized on lacal basis; each cell interacts
array processor (APAP), based on studies on the vertebrate retina, with its nearest neighborsAlso, every cell belonging to the
has permitted the realization of complex programmable spatio- g5 me |ayer has the same interconnection pattern. For each retinal

temporal dynamics in VLSI. This model mimics the way in which | th tofint fi iahts i lied t h
images are processed in the visual pathway, what renders a feasible ayer, tneé same set ot Interconnection weights Is applied to eac

alternative for the implementation of early vision tasks in standard ~ and everyone of its cells; i.e., layers aatially-invariant In
technologies. A prototype chip has been designed and fabricated addition to this, the signals supporting intra- and inter-layer in-
in 0.5 um CMOS. It renders a computing power per silicon area  teractions are continuous in magnitude and time.

and power consumption that is amongst the highest reported for - the phenomena observed in [3] are modeled in [7] by two
a single chip. The details of the bio-inspired network model, the - . . - .
analog building block design challenges and trade-offs and some COUpled sets of two-dlmenS|ona_I (2-D) .nonllnear dlﬁereﬂtlza_l
functional tests results are presented in this paper. equations. Because of the local interactions and the spatial-in-
variance, the behavior of such a model is fully described
by some 25 parameters. This set of controlling parameters
include interaction strengths, time constants and bias terms.
By properly setting their values complex, interacting waves

. INTRODUCTION are generated which emulates the phenomena observed in the

HE RETINA is found to be responsible for a rathefmammalian retina. This paper presents a fully-programmable
T involved treatment of visual information at early stage§ixed-signdl implementation of the model in [7] on a sil-
in the process of vision [1][3]. Through the close interactiof¢®n chip. The chip, fabricated in a standard @:a CMOS
of sensory and processing structures, complex spatio-tempd@ghnology, have a core composed of>332 elementary
processes are realized in the retina which reduces the enormi@sessors to implement the behavioral model, and embeds, in
amount of information associated to the visual flow into gddition to this core circuitry, a set of circuit structures needed
data set of manageable size. Although retinas are not yet fufjreénder it a complete retina-like visuaicroprocessosystem
understood, and defines a challenging basic research aféha chip, namely, the following:
the construction of vision processing devices with retina-like ¢ establishing boundary conditions for the network
features shows large potential to overcome the limitations of ~ dynamics;
conventional vision technologies. In that sense, during the last * storing intermediate images, through 2-D short-term
few years, several neuromorphic [4] vision chips have been analog and digital memory banks;
developed and reported in literature. Some of these works are® content-controlled and programmable intra-cell dataflow;
listed and examined in [5] and [6]. * global control and timing;

Recently, the behavior of the more external strata of the multi- * addressing and buffering of the core cells;
layered structure of vertebrate retina has been successfully mod- input—output;
eled by using theCellular Neural Network (CNN) framework « storing user-selectable analog and digital programming
[7]. Such model has been based on studies and observations parameter configurations (for the coding of interaction
about the mammalian retina which have been recently published weights and the setting of reconfiguration conditions);
in Nature [3]. In this model, interactions between cells in the ¢ storing user-selectable instructions (programs) to control
the sequence of operations of the processing core;
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The integrated system belongs to the category of the
so-called Snglednstruction Multiple-Data processors [8],
although works directly on analog signal representations. It
reports significant advantages in terms of area and power
efficiency. For instance, leaving aside the resources needed to
obtain the digital image representations used by the chip in
[8], it features 4AMOPS/mm? (OPS:OPerations peiSecond) ) W Lo
and MOPS/mW; while the chip in this paper features &L %
6 GOPS/mm? and 1.56 GOPS/mW. In addition to that, o Of /K e Bipolar cells
and to the best of our knowledge, no other SIMD micropro- : N\ [
cessor-on-a-chip with retina-like behavior has been reported
to date, although a number of remarkable, pioneering vision
chips have been successfully implemented as for instance those
listed in [6].

This paper is organized as follows. Section Il is dedicated
to the bio-inspired network models, the foundations of the \, S
mathematical network model in a sketch of the biological /J’L:__\J(://L/J_J)
retina. Section Ill describes the architecture of the APAP
chip and its main components. Section IV explains how thﬁg. 1. Schematic diagram of the vertebrate retina [9] showing the layer of
analog building blocks of the basic processing units have begntosensors at the top and the ganglion cells connecting to the optic nerve.
designed. Section V reviews the peripheral circuitry design.

Experimental results obtained from testing a prototype chip, first, bias photodetectors and, second, to account for inhibi-
are shown in Section VI. Finally, Section VIl displays soméon on the vertical pathway. The four main transformations that

( Cone

g ) photodetectors
\\"\

Horizontal cells

Amacrine cells

conclusions. take place in this structure are: the photoreceptor gain control,
the gain control of the bipolar cells, the generation of transient
Il. B10-INSPIREDNETWORK MODEL activity and the transmission of transient inhibition. Briefly, cap-
tured stimulus are promediated and the high-gain characteris-
A. Sketch of the Vertebrate Retina tics of the cones and the bipolar cells are shifted to adapt to the

Due to the vast amount of information contained in the visugBrticular light conditions. These operations have a local scope
stimuli, nature has developed a specialized part of the nerv@ugl depend on the recent history of the cells. Once adaptation
system to handle it: the retina. On one side, the neuronal iie-achieved, patterns of activity are formed dynamically by the
pulses conveying information along the nerves do not suppé@fesence or absence of visual stimuli. Also inhibition is gen-
such a large data rate. On the other side, because of the eghied and transmitted laterally through the layers of horizontal
correlation found between the elements of the image —mostasfd amacrine cells. As a result of these transformations, the pat-
the energy of the signal, in images displaying natural scenestggs of activity reach the layer of ganglion cells. At this point,
concentrated in the lower spatial and temporal frequenciesthe patterns are converted into pulse-coded signals that are sent
not every bit of information has to be passed to the brain t@ the brain to be interpreted. In a sense, the layered structure
accomplish vision. Therefore, the retina, brought to the sedfthe retina translates the visual stimuli into a compressed lan-
sory periphery instead of being integrated in the central nervagigage that can be understood by the brain in recreating vision.
system, processes the visual information at the focal plane, real- .
izing what is called early vision. By performing so, the data flofp- CNN Analogy of the Inner and Outer Plexiform Layers
to the visual cortex is greatly reduced, thus solving the problemThere are, in this description, some interesting aspects of the
of intelligent processing of visual information in a tight timeretinal layers that markedly resemble the characteristics of a
frame. CNN: the 2-D aggregation of continuous signals, the local con-

The vertebrate retina has the structure displayed in Fig.n&ctivity between elementary nonlinear processors, the analog
[9]. A first layer of photodetectors at the outermost layer ofeighted interactions between them. Also, the complete signal
the retina, the cone cells—a different type of cell, the rods, apathway in the retina have the topology of a 3-D, or more prop-
specialized in sensing in very dim light conditions and saterly, two-and-a-half dimensional pile of 2-D layers connected
rate very easily, captures light and converts it to activation sigertically network. Motivated by these coincidences, and based
nals. Bipolar cells carry these signals across the retina layersphysiological and pharmacological studies [2], a CNN model
to the ganglion cells that interface the retina with the opticalas been developed that approximates the observed behavior of
nerve, in a trip of several micrometers [3]. The ganglion celthe vertebrate retina [10].
convert the continuous activation signals, proper of the retina, The outer plexiform layer of the retina, OPL, is responsible
to spike-coded signals that can be transmitted over longer disrthe image capture. It has been characterized by experimental
tances by the nervous system. On the way to the ganglion ceflgasurements [11], leading to a model with three different
the information carried by bipolar cells is affected by the opelayers of cells. The first one, the photosensing layer, consists in
ation of the horizontal and amacrine cells. They form layers am aggregation of cone cells. It is assumed here that the retina
which activation signals are weighted and promediated in ordsradapted to lighting conditions and so the rods are saturated
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Fig. 2. Conceptual diagram of the (a) OPL of the retina and (b) the wide-field activity in the IPL.

and remain silent. In addition to the layer containing the cone b input bauy

there is a second layer composed of horizontal cells and

third one composed of bipolar cells. Each of these layers h = , _ | layer 1

the structure of a 2-D CNN itself. Each of them has its owbias iz 1Yz AnYi

interaction patterns (CNN templates) and its particular tinr * ﬁ S _ T2 | layer2

constant. Cell dynamics are sustained by a first or a seca Y AnYz Y2

order core. The structure of the OPL is depicted in Fig. 2(c f - © | layer3

where interactions between layers of cells are represen output V wiYL Y

by arrows. The input signal is captured by the cones and

feedforward to the layers of horizontal and bipolar cells. Frofrig- 3. Conceptual diagram of the second-order three-layer CNN.

the experiments it has been concluded that no feedforward

connection exists between the horizontal cells and the layerroéble array processor of the chip consists in two coupled CNN

the bipolar cells. No feedback has been observed neither frtagers, and a third layer, of a much faster dynamigs€ 1, 72)

the output of the bipolar cells to the previous layers. It has bethat supports analog arithmetic [see Fig. 3]. Each elementary

deduced that the feedback connection of the horizontal cgbiocessor contains the nodes for both CNN layers. The third

to the layer of cones acts as a modulator of the feedforwdeyer is inherently implemented by these analog cores, with the

functions rather than affecting directly to the cones state. Thiglp of the local facilities for analog signal storage. The evo-

feature, that is not implemented in this chip, is realized in [12ution of the coupled CNN nodes of a specific cél(s, j) is
Regarding the inner plexiform layer, IPL, it is responsible fodescribed by these coupled differential equations as shown in

the generation of the retinal output. A simplified model of th€l) at the bottom of the page where the nonlinear losses term

IPL is described in [11]. It has three layers of cells and suppoidsd the output function in each layer are those of the FSR CNN

the so called wide field activity, observed in certain amacrimaodel [14]:

cells. Wide field activity consists in the integration of the ac- .

tion potentials along a widely extended area previous to the gan- , m(enij = 1)+ 1 1w >1

glion cells. Based on the experimental records, the model cond (Zn.ii) = Hm_§ wn,ij it |omij| <1 (2)

sists in two layers of wide field amacrine cells excited by the m(@nij+1) =1 if 24 < -1

input signal, which in this occasion is the output of the bipolg{ng

cells, and a third layer that controls the dynamic of the previous 1

layers by means of feedback S|gr_1als. A_s befor_e, the three Ia_yers Ynij = [(Tnij) = §(|xn,ij + 1] = |znij— 1))  (3)

are supposed to be 2-D CNNs with their own internal coupling

and their own time constant [see Fig. 2(b)]. Fig. 4 depicts the block diagram of the vertically coupled
Because of the relative simplicity of these models, a pr&NN nodes. Synaptic connections between cells are linear.

grammable CNN chip has been proposed [12]. The prograBach CNN layer incorporates feedback connections, by means

dl’lyij

T = —3g|Tr1.445
1 i g[ 1, _7]
1 1
+ Z Z A11,k1Y1, (i+k)(j+1) T b11,0001,i5 + @12y2.45 + 2145
k:*?"l l:*’l‘l
dxo ;i
7” = — g[z2,i;]
ro 7o
+ Z Z a22,k1Y2, (i+k)(j+1) T b2 00U2,ij + G21Y1,ij + 22,i5 (1)
k=—ro l=—79
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Fig. 4. Block diagram of the two coupled CNN layer nodes.
of which the output of each cell contributes to the state of its H .m.\,E‘.'./a(?ll“?‘ﬁr.g*}ﬁ‘?m.mH | <Ej>
neighbor, weighted by the elemengs,,,, »;}; a feedforward g e Analog
connection, weighted by, o0, that regulates the contribution %5 e Vo
of the cell’s input; a bias term,, ;;, that can be different for ElE
each cell; and finally coupling connections between both layers, il s
weighted byas; anday». Each layer has its own time-constant §* g
7,,. Programming different dynamics in this CNN model is pos- BE
sible by adjusting the template elements and the time-constants 5
of the layers. The total number of synapses to be implemented E : boundary sondiiont
on each cell is 22, plus the 2 bias maps multipliers, which will [TTTDTA] FohMertan andbufters| | |
be treated as a second input image for each layer. Program ] %
input |:> = JQ}E‘:@H—— ! e S ——

lIl. APAPCHIP ARCHITECTURE
. Fig. 5. Floorplan of the prototype chip.

A. Analog Programmable Array Processor Chip

The proposed chip consists in a mixed-signal parallel priied in one section of the program memory, need to be trans-
cessing array of 3% 32 identical cells [see Fig. 5]. It is sur- mitted to every cell in the network in the form of analog volt-
rounded by a ring of circuits implementing the boundary condiges. Thus, a bank of D/A converters interfaces these memory
tions for the CNN dynamics. The peripheral circuitry, requireblocks with the processing array. Distributing analog references
for the proper operation of the central array processor consisross large distances within a chip is not a trivial task. Apart
in the timing and control unit, the program memory and the I/@om the problems derived from electromagnetic interference,
interface. voltage drops in long metal lines carrying currents can be quite

The timing and control unit is composed by a micro-instrugioticeable. Signal buffering and low-resistance paths must be
tion decoder, generating the appropriate signals to configure fitevided to avoid this, especially in the case of weights, that
network, and an internal clock/counter with a set of finite stagnter the synapses through a low impedance node.
machines that generate the internal signals that enable prograrinally, the image 1/O interface consists in a serializing-
memory accesses and other data transfers. The operation ¢@serializing analog multiplexor. It accommodates the serial
trol unit constitutes the interface between the program memagalog I/O channel to the 32 1/O lines corresponding to the
and the processing array. The program memory is composedg3@ncolumns of the array by means of a battery of blocks. The
one side, of 16 blocks of SRAM of 64 bytes of capacity dediorresponding row and column address decoders, controlled by
cated to the analog weights, and four blocks of 128 bytes edble timing unit, are part of this block.
for the logic program, including bits for the network configu- .
ration and control signals for the I/O interface. Digital signal§: Basic Cell Structure
buffering can be considered part of the operation control unit. The basic cell of the CNN-based array processor has a sim-
In addition, the analog instructions and reference signals, cdldr architecture to that of the CNN universal machine cells
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Fig. 6. Conceptual diagram of the (a) basic cell and the (b) internal structure of each CNN layer node.

[15]. However, in this occasion, the prototype includes two dibffsets of the synaptic blocks are computed and stored in the
ferent continuous-time CNN layers. Therefore, as depicted éarrent memories. Now the network is almost ready to operate.
Fig. 6(a), together with the local analog and logic memoriéghen, the state capacitors and the feedforward synapses are ini-
(4 LAMs and 4 LLMs), for to the storage of intermediate resultsialized by means of the appropriate switch configuration, and
the local logic unit (LLU), responsible for pixel-level logic op-the network evolution is run by closing the feedback loop in each
erations, two different analog CNN core blocks are found, eaphocessing element. Before stopping the network evolution, the
one belonging to one of the two different CNN layers implefinal state is stored in a LAM register for further operation.
mented. The synaptic connections between processing elements
of the same layer are built around the cell core, as shown, while IV. THE BASIC PROCESSINGUNIT
interlayer coupling, kept within the pixel scope in this model,is . )
placed inside the cell (represented by arrows between the pfo-Single-transistor Synapse
cessing layers in the diagram). All the blocks in the cell commu- One of most important blocks in the cell is the synaptic block.
nicate via an intracell data bus, which is multiplexed to the arrdjhe synapse isimply, a four- quadrant analog multiplier. Their
I/O interface. Control and cell configuration bits are passed dirputs are the cell stat&,, or input,V,,, variables and the cor-
rectly from the control unit. responding weight signal,,,, while the output is the cell’'s con-
The internal structure of each of the CNN cores of the cell tebution to a specific neighboring cell. The multiplier is re-
depicted in the diagram of Fig. 6(b). Each core receives contguired to have voltage inputs and current output. On one side,
butions from the rest of the processing nodes in the neighbboth the cell state and the weight signal, the multiplier inputs,
hood which are summed and integrated in the state capacitoust be distributed over different points in the circuit. The cell
The two layers differ in that the first layer has a scalable timgtate must drive every synapse in the local scope and the weight
constant, controlled by the appropriate binary code, while tls@gnal must be transmitted to every cell in the array. If these sig-
second layer has a fixed time constant. The evolution of the statds are represented by voltages, they can be easily conveyed to
variable is also driven by self- feedback and by the feedforwaathy high-impedance node by a simple wire. On the other side,
action of the stored input and bias patterns. There is a voltdgecause the contributions of all the neighbors are summed at
limiter which helps to implement the limitation on the state varthe input of the processing core, this summation can be readily
able of the FSR CNN model. This state variable is transmitt@eethieved by wiring all these contributions concurrently to a low-
in voltage form to the synaptic blocks, in the periphery of thenpedance node if they are in current format. In addition to this,
cell, where weighted contributions to the neighbors’ are genén-this particular application, there is no need to have a strictly
ated. There is also a current memory that will be employed flimear relation between the weight sign&l,, and the output
cancellation of the offset of the synaptic blocks. Initialization afurrent,,. Moreover, one thing that is common in this type of
the state, input and/or bias voltages is done through a mestpaicessing is that the weight signal does not change during the
multiplexing analog switches that connect to the cell’s internal/olution of the network. It means that any deviation depending
data bus. onV,, is not a gain error, but an offset error, i.e., an error which
Running complex spatio-temporal dynamics in this networtan be cancelled by autozeroing in a preprocessing calibration
requires following several initialization and calibration stepstep.
First of all, acquisition of the input image and auxiliary masks Different CMOS compatible circuits can be employed to re-
and/or patterns. For this purpose, the array 1/O interface is diize the multipliers. For instance, synapses can be implemented
rected to specific LAM locations in a row-by-row basis. Afteby MOS transistors in weak inversion [16], exploiting the ex-
that, the analog instruction, i.e., the set of synaptic weights m@snential law that governs this regime of operation to achieve
quired for a specific operation, is selected and transmitted to allltiplication. There are multipliers based on MOS transistor in
the cells in the array. Then, the offset of the critical OPAMPStrong inversion, operating in the saturation region, where their
is quenched in a calibration step. After that, the time-invarial#rge-signal characteristic exhibits a quadratic law, which is the
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principle behind the well- known Gilbert cell [17]. Direct multi-

plication can also be achieved by a MOS transistor operating in + ©
the ohmic region. Its low-frequency large-signal characteristic 1
is given into first-order approach by (if n-type) @ @
_ Vbs + —
Ips = B |Vas = Vr(Vsp) — - Vps (4) v, +

IO
o . Vy + vy
whereg,, = u,C..'(W/L). A multiplication can be realized Vs
with this device as long aBps < 2[Ves — Vr(Vsg)] holds
[18]. This alternative has several advantages [19]: it requires —— — P —
a reduced amount of area, because four-quadrant behavior is -
achieved with one single transistor. Second, it has a better r&*@? 7. Multiplier using one single MOS transistor in ohmic region.
tion between bias power and signal power, thus leading to higher
accuracy at lower power consumption, while in the saturatio[rh
region the information is carried by a small fraction of the ac-
tual currents flowing through the devices. Third, the use of the Vo
ohmic region shows better mismatch figures than any other re-lo = =0V Ve = BpVaw <vao + |VTp| = Vi = 7) )
gion [20].

The one-transistor synapse works as follows. Consideméich is a four-quadrant multiplier with an offset term that is
p-type MOS transistor operating in ohmic region [see Fig. 7fme-invariant—at least during the evolution of the network—
The transistor is selected type p because the more resistiel not depending on the cell state. Therefore, we have arrive
p-type channel allows smaller currents, and so power consuntp-a four-quadrant multiplier with single-ended voltage inputs
tion, for the same transistor lengths. Or, equivalently, for tind a current output, with a offset that can be eliminated by a
same current levels, the required p-channel MOS is shorter tiedibration step, with the help of a current memory
its n-type counterpart. The source-to-drain current of a PMOS
transistor in the ohmic region is given by [21] I, = =BV Vi + Lofrset (Vi) (10)

en (5) can be rewritten as

Vai+V; The limitations found to this behavior are, in the first order,
L:ﬁwm—wn@%ma—wwWM—iL—?
)

2 the upper and lower boundaries of the ohmic region in strong
( inversion [21]. From them, it can be concluded that
where the threshold adopts one of these two analogue forms:

. Vo € Vi = Vaomax = Vamar — |V, (Vop = Vi) (11)
T, =

~|Vro,| =7 (Vé5 + Vop — Va—é5) if Va > Vs Another restriction is found in the degradation of the mo-
{ —|VT0P | _y ( %5 + Vop — V‘L_\/ﬁb_B) if V4 < v, (6) bility. The transversal electric field (normal to the surface of

the channel) pushes the carriers toward the semiconductor sur-
V7, must be kept fixed in order to u$é, andVy as single-ended face where they suffer scattering, which renders a reduction
input voltages, and to sendg, as the output of the synapsein the speed of the carriers, thus degrading the mobility. This
For this purpose, we can employ a current conveyor [22] at thr@ansversal electric filed depends on the gate voltage, thus the
current input node of each cell. The current conveyor permiigst summand in (10) will no longer be linear with,. Using a
current sensing while maintaining a virtual reference at fpde widely accepted model for this effect in a MOS transistor [21],
All the synapses contributing to the same cell can be connectee arrive to
to the same virtual reference. The only objection being that the
impedance seen at this node must be well below the parallelof, + Vi + Vewar = [V, (VoD = Vi = Vis,,.)
the output impedances of all the synaptic blocks. <Vgp...+ Ve, (12)

Back to (5), notice that the second term in the right side of

the equation does not depend b, therefore nodeQ is a WhereVeg,.. = (Vsa — |V, (VsB)|) lmax iS @ maximum ef-
strong candidate to hold the cell state variable voltage.Jgut fective gate voltage, beyond which the distortion introduced by
must be always positive for the MOS transistor to operate above@bility degradation exceeds the linearity requirements. Com-
threshold, thus le¥; be composed of a reference voltdgg, bining these two equations:
sufficiently high, and a superposed cell state signal

max

Vi e S
Vo =Vy = Vi + Ve ) 2 Vi, (Voo — Vi Vo)
- T, DD = Ywg = Vwmax

. @13
And, in order to achieve four-quadrant multiplicatidn, must _ . _ . _
be permitted to go up and beloW;,. Let us select/;, as the For moderate linearity requirements, in a typical CMOS

reference for the weight signd,,, , being technology, the right hand side of (13) becomes approxi-
mately equal to 1 V. IfV, andV,, are assigned the same
Va=Viv = Vi + V. (8) voltage rangest400 mV around their reference values, then
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Fig. 8. Current conveyor realization and small-signal equivalent.

v

Tmax

=V,

Wmax

= 400 mV. With this, back to (11), substituting degrade performance, e.g., anisotropic evolution of the network

the values oV, , V..., and|Vr, | = 0.8 V yielded by a symmetrical propagation template. As we are im-
Vi < Vi — 1.6 V. (14) pelled to use small-size devices, in order to achieve the highest

cell-packing density possible, the random offset can be quite
Thus,V,,, must be high enough to leave room figy,, but not large. In order to avoid this, an offset calibration mechanism has
too large because the weight signal will progress up’ig..  beenimplemented at the critical OTAs [see Fig. 9]. The input re-
aboveV,,, . In addition, we have to provide range for the currerferred offset voltagel, s, has been taken out of the OTA block
conveyor circuitry to maintain a virtual reference precisely aymbol. Without the offset cancellation circuit (the shadowed
Ve, and for the circuits generating the weight voltages, whicirea), at low frequencies, and considering a negligible output
will have a limited output swing. If we seleét,, = 2.55 V, conductance, the output of the OTA is

then there are 0.75 V abové,, before hitting the power rail

at 3.3 V, what means orj&’, |, approximately. With this value, Io = gm (va+ Vos) - (15)

Va, results in 0.95 V. Finally, once the voltage ranges are ﬁxeéonsidering the error cancellation mechanism, whenis ON,

a maximum current per synapse is selected for meeting powgLn, the inputs are shorteg; = 0, and M., is connected as
requirements, in our case it will be 1./A. With these values, a diode, its source-to-drain is in steady state
the synapse is dimensioned. In our chip, it will b2 wide ’

and 2.59/un |Ong. Imern = IB - ngOS' (16)

B. Current Conveyor After some time ., is turned off and, except from a remnant
The current conveyor, required for creating a virtual refes-WItChIng error, the currert,.,, is memorized l.Jy.mean's of the
. ’ ) (/oltage stored i, . Thus, the total current injected into the
ence node at which the synapses outputs can be sensed, IS0 is free of any offset:
plemented by the circuit of Fig. 8. Any difference between the '
voltage at node&) and the referenc¥,,, is amplified and the Ip = I, + Ipem — IB = gmVa- a7)
negative feedback corrects the deviation.The input impedance
of this block is very low, what means that changes in the small-
signal input currenf\i;,, does not disturb appreciably the vir-C- Current Memory
tual reference at nod@), this is Av;,, =~ 0. The bias current  As it has been mentioned, the offset term of the synapse cur-
is required to ensure that nodg is always the source of tran-rent must be removed for the output current to precisely repre-
sistorM,,. At the same time, this circuit permits the injection osent the result of a four-quadrant multiplication. For this pur-
a nearly exact copy of the input current at the state node, whqsxse, before the CNN operation, but right after the new weights
voltage range differs from that of the weight signals. The onlyas been uploaded, all the synapses are re$gtte V,,,. Then
drawback of using this circuit is that a voltage offdét,s, atthe the resulting current, which is the sum of the offset currents of all
input of the differential amplifier—which can be implementedhe synapses concurrently connected to the same node, is mem-
with a simple OTA as it drives a very high impedance nodeyized. This value will be subtracted on-line from the input cur-
the gate ofM,—results in an error of the same amount in theent during the network evolution, resulting in a one-step can-
reference voltage implemented at n@de Since the main con- cellation of the errors of all the synapses. The validity of this
tribution to the offset is random, this error will be distributed alinethod relies in the accuracy of the current memory. For in-
along the array resulting in mismatched synaptic blocks that cstiance, in this chip, the sum of all the contributions will range
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Fig. 9. Offset calibration mechanism for the critical OTAs.

from 18 1A to 46 4 A. On the other side, the maximum currenand substituting here the valuesdf,, V,,,” andV,,,”, we find
signal of the synapse is: that
Tmax = /BpV V,

ZTmax @ Wmax

~ 0.5 pA (18) TIowe = Lin — gm, AV3 (23)

what means a total current range ofiA. If an equivalent res- the only error left is that corresponding to the last stage. The
olution of 8 bits is intended, theil] /2)LSB = 2 nA. In these former stages do not contribute to the error in the memorized
conditions, our current memory must be able to distinguisturrent. If theS®I block is designed so as to store the most sig-
2 nA out of the 46:A. This represents an equivalent resolutionificant bits in the first capacitor, and the less significant bits
of 14.5 bits. In order to achieve such accuracy levels, a so-calladhe last one, then the error in the memorized current can be
S31 current memory will be employed [23]. As depicted irmade quite small. Consider that the total resolution of the cur-
Fig. 10, it is composed by three stages, each one containingeat memory isN. Let us assume that; is conducting the
switch, a capacitor and a transistor. At the beginning, while mostN/3 significant bits of the current;,,, thenM, conducts

¢2 and¢sz are ON, the currenk,, is divided intol;, I, andlz;, the nextN/3 andM; conducts the rest, thus, for the last stage
and an effective resolution can be defined

N
I; I
| lin I, =22 § : oN—k — (21 ) gNerr (24)
Vi=Vo=Vs=V,, =V, +4/—"—. 19 3 <N> N
1 2 3 T0,, B + Ba + 3 (19) 2 KeoN 341 2

. . If the error in the memorized current has to be kept below
Switches controlled by, ¢» and¢3 are successively turnedo_5 LSB, andy,., = 2/FsT5 then

off. Each time that one of these switches turns off, the voltagé

stored in its associated capacitor changes, ¥,g:hanges from I3
A 23 9= (Nesr/2+N/2+2)
Vi to V,,, + AV'1, because of charge injection. The other tran- AVs < 3 2 Y : (29)

sistors have to accommodate to absorb the error, as the Su%r% this is the design equation that relates the geometric aspect
currents is still forced to bé;,, and thus/;, andV; change to gneq 9 P

of transistorMs3, throughgs, with the magnitude of the storage

] capacitor, viaAV3. Once we havgds, 5; andfs can be easily
Vi = Vo, + L Imy A1 (20) derived
" "\ Bi+ B+ P PatOs N/3
. I&; N—k
wheng; turns off. Correspondinglyz changes to fh = (2;:“ Z 2Nk
k=1
Iill Im A‘/1 Im, AVZ 2N/3
le/ — V + + 1 + 2 _ /83 N—k
o \/ﬁl Yt B PotBs | B b=(ona) 2 2V (26)
(21) k=N/3+1
when ¢, falls. Finally ¢3 is turned off, andz ends inV,,,” + One might think that adding more stages to the current
AV3. The final current], ., is memory will endlessly increase accuracy. However, there is
5 , 9 one factor that has not been addressed yet. As the order of
Lot = 1 (Vin = Vro,)” = gm, AV1 + B2 (V,,, = Vo, the memory increase, the tinier the currents that have to be

—Gm, AVa + B3 (V2 — VTOH)(Z — gm,AVs  (22) sensed by the last stages. There comes a point in which the
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Fig. 10. S*I current memory schematics an timing.
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leakages from the capacitors of the first stages are of the siaaealize. If a capacitor with a discrete set of capacitances is
of the current to be memorized by the last stages, thus makidequate, an area of 16 tim2s< 25.9 = 51.8 pm? will be

it impossible to reach a steady state current that corrects froeguired to implement a 1:16 time constant ratio.

the previous errors. This problem worsens as temperature riseS'he second alternative, scaling the transconductances of
For instance, at 70C leakages can introduce changes in thevery synapse contributing to the cell, can be achieved with a
memorized current in the order of 0w\ /us. If the dynamics current mirror. Scaling up/down the sum of currents entering
of the current memory require severalto settle—because of the cell is equivalent to scaling up/down the transconductances
the use of large capacitors and the tiny currents involved—tbéthe synapses, and thus, to scaling down/up the time constant
memorized current will display an error that is quite above thef the CNN core. A circuit for continuously adjusting the

D —

Fig. 11. Binary programmable current mirror (4b).

initial estimation. gain of a mirror can be designed based on the active-input
regulated-Cascode current mirror [24]. The major disadvantage
D. Time Constant Scaling Block of using this circuit is its strong dependence on the power rail

The time constant of the CNN layer is definedras C./G.., voltage. As we will set_a later, the power rail voltage can deviate
the ratio between the state capacitor, and the transconductdiE@er more than 1% is a densely packed322 -cell parallel
G. obtained by multiplying the current factor of the synapséITay processor chip. Thls will cause a large mismatch in .the
B, = 3.13 uA/V?, times the weight signal voltagé, . This time-constants of the different cells in the Iayer. An alt_ernatwe
time constant depends on the specific set of templates being ff-this is a binary programmable current mirror (Fig. 11).
plemented in the CNN. The state capacitor is composed by th@e input current[;,, must be always positive, in the sense
gate capacitances of the 11 synapses driven by the cell’s stitdicated in the figure, and the output current is given by:
AsC,,’ = 3.45fF /um? in this technology, this makes a total of _ Iy
1.97 pF. In the mc/)st favorable case, when every neighbor, even lo = (14 bo +2by +dbz + 8b3)ﬁ 27)
the cell itself, is contributing the maximum amount of currenwherebg, b1, bo andbz are the decimal values of the control bits.
to the cell state, a parallel stack of 18 synapses, a transcondadhis occasion, 4 bits will be more than enough to program the
tance of 22.5:A/V is found. This represents a minimum CNNrequired relations between andr,. The mismatch between
time constant of 87.4 ns. the time constants of the different cells is now fairly attenuated
Scaling the time constant of one of the CNN layers involvesy design.
either modifying the value of the state capacitor or of the A new problem arises related with the placement of the
synapses transconductance. For the first alternative, we wgitialing block in the signal path. There are several alternatives.
need to implement a regulable capacitor. If a continuousiirst, the scaling block, the binary weighted current mirror,
regulable capacitor is pretended, it does not seem to be eaap be placed after the offset cancellation memory, like in
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Fig. 12. Alternatives for the placement of the scaling block.

Fig. 12(a). The problem is that any offset introduced by thaput current, plus the errors accumulated. When it is done, the
scaling block is incorporated to the signal path without possib@NN loop can be closed and the output curréntrepresent
cancellation. The second alternative [see Fig. 12(b)] is to plaite scaled sum of the contributions, with the state-independent
the scaling block before the offset cancellation memory. érrors substracted.
means that th&3I memory will have to operate over a wider The critical aspects of this circuit are related with the feed-
range of currents, and thus complicating its design and surélgck loop formed by/,,1, M2, M,», the inverting amplifieid;
degrading its performance. Our choice, depicted in Fig. 12(@hd the transistord/,,,, when sensing the offset current. During
has been to place the scaling block in the memorization lodhis process the output currehy is zero because the current
The current memory will operate on the unscaled version péth to the state capacitor is open. Once the input current has
the input current, and any offsets associated with the scalibgen established/,,, can be considered a bias voltage. First
blocks will be sensed and memorized to be cancelled on-lingall, it must be taken into account that during the three dif-
during the network evolution. ferent phases in which the loop is closef] ,(¢> and¢; ON,

The resulting CNN core is shown in Fig. 13 [25]. In this pic¢1 OFF and ¢, and¢s ON, and, finally,¢; and¢, OFF and¢s
ture, the voltage reference generated with the current conveya) the values of,,,,, andC,,, change, so the stability condi-
the current mirrors and th&>I memory can be easily identi- tions must hold for any possible set of values. Considering the
fied. The inverterA;, driving the gates of the transistors of thesmall-signal equivalent circuit for this loop, a three-pole system
current memory is required for stability. Without it, the outpuis found [see Fig. 14], with pole frequencies: = —g,,/Co,
node,@ , will diverge from the equilibrium. The operation ofp, = —1/Cp, R, andps = —gm,,, /Cyp. The nearest pole,
this circuit is as follows. Before running the CNN dynamics, ththat is at nodé/,, will be employed to compensate the loop for
current offsets of all the synapses are injected to the virtual refability. Asg,,,,, andC,, decrease for the latest phases of the
erence at nodg). This current is scaled down to ometh of current memorization, the loop will be more stable because this
its value by means of the adjustable current mirror formed Ipauses the loop dc gaify,, to decrease ang to grow, breaking
M,,; andM,,». The arrow oveiMl,,» stands for the binary pro- away fromp; and thus increasing the phase margin. Therefore,

grammability of this device. The value afis the worst situation will occur whe#,, ¢, and¢s are ON, and
thus the circuit is designed to be stable in these conditions. It
n =14 by + 2b1 + 4by + 8bs. (28) is also important thatd; is kept reasonably low, otherwise it

will displace the unity-gain frequency,,, toward the value of
Then, if all the transistors of th&*I memory are conducting, the inversionu;so. This means a loss of phase margin, and can
this is¢1, ¢o andgs are ON, then the negative feedback loogompromise the loop stability.
makes),, to conduct the same current a$,,. M, is also ~ As we commented before, leakage currents can degrade the
adjustable so as to mald,,; and the current memory to work S*I memory operation especially as the operation temperature
with the same current ranges than the input stage. The restisés. Although the negative feedback moves the circuit toward
the operation has been already described. The current memtwycorrection of the errors, it maybe too slow to settle at a value
stores successively the remaining most significant bits of thefore leakages modify the position of the equilibrium point.
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Fig. 14. Simplified schematics of the feedback loop and its small signal equivalent.

Therefore, compensation must be kept under a limit to avoldhese resistive lines carrying some current cause voltage sig-
slowing down the loop dynamics in excess. nals to drop. In the case of the weight signals—that have to be
transmitted to every synapse in the network, entering through
a low-impedance node and, thus, dragging a quite perceptible

V. PERIPHERAL CIRCUITRY amount of current—this voltage drop can seriously compromise
. . N the appointed resolution. Also for the power supply lines, that

A. Analog Weight Signals Distribution pRol P PRl
carry an important amount of current, voltage drops are a se-

Conveying analog voltages from the boundaries of the arregus problem, as they can cause misfunction of the inner cell’'s
to the inner cells is not a trivial task. Especially if the metal linesircuitry. In consequence, it is important to develop a reliable
supporting the signals have to carry large currents, and the widtlodel for this phenomenon. It is possible to find a closed ex-
ofthese lines must be reduced because of cell area compromipesssion to compute the maximum error in the propagation of
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the reference voltageér gr through a metal line, the one-dimen- / Vioi;
sional model, as a function of the resistance between de|ls, R
and the current demanded by each cgll[25]:

2

|AVinax| = [Veer — Vin41)/2| = (NTUIOR. (29) , R VUA/\/L
This expression is useful to determine the appropriate width of bl \VARY, Vijen
the power lines laid across the array. For instance, in the case o
this prototype chip§/ = 32) each cell demands 3QQA under Rﬁ R
normal operation conditions, let us preview for a much higher Q
peak consumption, say 8QQ\. If the maximum error allowed / D
in the power voltage, nominally 3.3 V, will be 50 mV. and the v
power supply distribution coincides with that of the presented
model—the voltage sources are tied to the ends of each row of
the array, no vertical connection between horizontal power lineig. 15. A 2-D model for the voltage decay toward the center of the network.
is considered, each segment of the lines will have as much as
520 mf2 First, suppose that the network is a squate= N, and that the
power supply is directly connected to every cell in the border:

Vij=Vop Vi,j€{l,N}. (31)

where Ry is the sheet resistance of the metal, dhdnd W The maximum drop will be observed at the centre of the array.
are the length and width of the metal track. For the uppermagh equation can be written for the inner nodes [see Fig. 15],

metal layer in the CMOS process employed, the most condygsuming equal resistances of the horizontal and vertical lines:
tive of the three R is of 35m /] at room temperature, but

can go up to 8anQ/ at 100 C. If the length of the cells 4Vij = Vi—1,j = Vit1,j = Vijj—1 = Vija
is 190 pym, making a conservative estimation, employing the =-IL,R if 1<i,7<N. (32)
higher value forRy, it is found that the minimum width needed

fsc:'rit“r;?u;e t?(?agﬁvivse(re;uF;CF:Iye\éotlct)a:jgeerilvseatﬁ?v?/)i((ljrtﬂa(;?tﬁlf?netg 2 variables, whose matricial form can be automatically com-
bp ploy uted as shown in (33) at the bottom of the page.

lines carrying the weight signals. Now, currents are much lowgr'Solving this system for the central term of the array, a max-

1, = 2.0 pA. But the maximum error permitted is as low as :
o . ) ... imum value for the error is found. The voltage drop frofp

1.6 mV, this is 0.5 LSB for an equivalent resolution of 8b with a i ;
. . . . . in the middle of the network as a function of the number of cells

total signal range of 800 mV. Tracing the weight lines with the

same metal employed before, it is found tRak 6.6 2. The IS pIottgd in Elg. 16. Blac_k _stars are the computed minima while
- : : S : the solid line is the best fitting second-order curve. This approx-
minimum width required to maintain the accuracy is approxi- _ . . . o
Imation yields the following relation:
mately 2.3um.
In the chip, the power supply grid is 2-D. There are vertical AV N? - 2.0543N + 0.01221 . (34)
metal lines connecting the nodes of the network too. Although e 13.569 o
we have not found a closed form for the maximum error in a 2-D It means that providing a second mesh of metal connections

grid, a good estimation can be made making some assumptiara reduce the voltage drop in nearly one half. If the horizontal

R = Rp (%) < 520 mQ (30)

These equations constitute a systenvaflinear equation on

r1 0 0 0 0 0 0 0 0 0771 Vir1 7 I Vbp ]
1 0 0 0 0 0 0 0 0 Vi Vbp
0 0 1 0 0 0 0 0 0 0 Vis Vbp
0 0 0 1 0 0 0 0 0 0 Vin Vbp
0 0 0 0 1 0 0 0 0 0 Vo1 Vbp
0 -1 0 0 -1 4 -1 0 -1 0| Vao | = | -LR|. (33)
0 0 -1 0 0 -1 4 0 0 0 Vas —I,R
0 0 0 0 0 0 0 1 0 0 V31 Vbp
0 0 0 0 0 -1 0 -1 4 0 V3o —-I,R
L 0 0 0 0 0 0 0 0 0 11 LVand L Vbp
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Fig. 16. \Voltage drop fronVpp experimented by the central cell in the grid.

Fig. 17. Weights buffering alternatives and low-frequency small signal models.

and vertical resistances are the same, the error at the centreresiistors, therefore, they must be sized to avoid important
is divided, approximately, by/3. impairities in the converter steps. Integral nonlinearity in the

weights representation is not a problem because it can be
corrected by software.

The D/A converters employed in this chip are of an inher- The outputs of the D/A converters need buffering to be
ently monotonic type [26]. This circuit consists in a long stringransmitted to the array processor. Voltage references driving
of equally valued resistors running from the higher to the lowdéigh-impedance nodes, as the gates of MOS transistors, do not
voltage references. This string is tapped at equally spagedjuire extra driving other than that afforded by the voltage
points. The access to this points is controlled by a tree tfllowers at the converters’ output. Weights, on the contrary,
analog switched driven by the outputs of some decoding logltave to be transmitted to low-impedance nodes, 1024 sources
Monotonicity is assured by construction, as every tap points®d MOS transistors in parallel. The loading impedangs,,

a higher voltage that the previous one. Differential nonlinearitgsults unbearable for the voltage buffer especially if we
in this circuit is introduced by the mismatch between thike into account the resistance of the long tracks of metal

B. D/A Weight Codes Conversion and Buffering
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Fig. 18. (a) Serializing-deserializing I/O interface and (b)2-stage circuit for sample and hold.
— TABLE |
A PROTOTYPECHIP DATA
Technology 0.5pm CMOS 1-P 3-M
Number of cells 32 x32 = 1024
cme 9.27 x 8.45 mm”
Die area (w/o pads) 8.77 x 7.94 mm?>
e . .
5 Ay i 5.98 x 5.83 mm”
© Package ceramic PGA-100
Power supply voltage vdd = 3.3V
Logic “0” / Logic “1” 0V and 3.3V
Accuracy on the weights 8b
Image samples resolution 7-8b
I/O rates 10MS/s
CNN time constant below 100ns
\

|< : .27mm : |

1024 of them in parallel makes &Ry, of k{2, approximately,
thus halving the dynamic range of the signals, and therefore
losing one bit of resolution in the weights. This error can not be
afforded so a different scheme must be employed for the buffers
conveying the signal from one end of the die to the othesfthe weight signals. For instance, in the circuit in Fig. 17(b) is
Basically, the resistance of the metal tracks add up to the buffee actual output voltage the one that is fed back to the ampilifier,

output resistance, thus boosting the voltage division. This is tbausing the output impedance seen by the load to be
situation in Fig. 17(a). Computing the output impedance of the

Fig. 19. Microphotograph of the prototype chip.

buffer-plus-metal-tracks circuit, it adds up to 7 = Ro + R (36)
¢ 1+ A
R, _
Zo =Ry + 154 (35) what enhances the performance of the buffer. But still, propa-

gation of signals through metal tracks carrying strong current
hence, despite the fact that the output resistance of the amplifigensities may end in appreciable disparities between the volt-
is greatly attenuated by feedback, the resistance of the metgés transmitted to different points along the metal tracks, un-
tracks, represented here By, , makesZ, to be as large as theless they are made unrealistically wide. In order to avoid this,
actualRy . The resistance of the metal tracks can be as highwasdtage buffers have been allocated nearer to the cell array [27].
1 kQ while the resistance of one of the p-type MOS transistoW§orking in parallel, they can be considered as a voltage ampli-
operating in the ohmic region employed can be aboiM. fier with gaink, a high inputimpedance and a rather low output
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Fig. 20. (a) Protocol signals handshake and (b) start of image samples acquisition.
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impedance [see Fig. 17(c)]. The output impedance at low-fre {&
quencies is e

R,
Zy =
1+ kA

(37)

what certainly reduces any possible loading effect. The desic
challenge is to avoid the loss of phase margin in the feedbar
loop, being the dominant pole, associated with the output noc

®), and the second pole, which is associated with n@pe
too close to operate without compensation. Extra capacitan
must be added accordingly to no@@ to avoid instability, at
the expense of a reduction on the circuit speed.

C. /O Interface

The last major subsystem of the prototype is the 1/O inter-
face. This circuit is provided for the acquisition and deliverfig- 21. Read-out of a three stepping stripes image row-by-row.
of image samples, which must be analog voltages ranging from
0.6 Vto 1.4V, nominally. The collection of 32 32 image sam-
ples, that will be acquired or delivered on the same batch, ahaering 32 x 100 ns = 3.2 us, which is enough time for the
transmitted through a serial channel but passed in parallel to thré/ing capabilities of the S/H amplifiers to update the voltage
32 columns of the array. This is achieved by the circuit struat the prescribed local memory in the cells of the first row of the
ture depicted in Fig. 18(a). It consists in 32 sample and haddray. By the time the second row of S/H circuits is done with
circuits, one for each column of the array, connected conctine acquisition of the second batch of 32 samples of the input,
rently to the serial I/O channel. Each S/H circuit, represented the first row starts acquiring the following 32 samples, while the
the schematic in Fig. 18(b), consists in 2 S/H stages and seveedond S/H row passes the stored sample to the second row of
transmission gates. When acquiring an imd@®RW = 1. the array of cells. This process continues until the last row of
The serial I/O channel connects the input pad to the input nodbs array is updated with the information from the new image.
of the sample and hold stages. Then, at 10 MS/s, 32 samgtes the delivery of the output image, the process is inverted,
of the signal are stored in the first row of S/H circuits by acENRW = 0, then the S/H circuits first read in parallel what
tivating alternatively signalSH1A; and SH1Wj;. Once the is transmitted by the rows of the array, and then deliver the ac-
first 32 samples are acquired, the following 32 samples of tiqeired samples of the output one by one, through the I/O channel
input signal are stored in the second row of S/H circuits, kihat now is connected to an output buffer to send the voltages
activatingSH2A ; andSH2W; for the 32 S/H stages alterna-off-chip at 10 MS/s.
tively. At the same time, all the signa#H2R; corresponding It must be regarded that most of the signals controlling the I/O
to the first row of S/H’s are activated together, thus uploadirrocesses are generated on- chip, hence, for the user, external
the stored samples to the first row of the array. This is realizedntrol is reduced to follow a simple protocol. First of all,

Authorized licensed use limited to: Universidad de Sevilla. Downloaded on April 07,2020 at 14:32:31 UTC from IEEE Xplore. Restrictions apply.



1328 IEEE TRANSACTIONS ON NEURAL NETWORKS, VOL. 14, NO. 5, SEPTEMBER 2003

INTEGRAL
NON-
LINEARITY

05

INLSB
(8-BIT)

Input image

100
INPUT LEVEL

Output image

Fig. 22. Integral nonlinearity of the 1/O map.

1st layer (slow)

9

Fig. 23. Triggered waves across the fastest and slowest layers.
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19 20 21 22 23 24

Fig. 24. Wide field erasure effect (only the fastest layer shown).

there is an internal clock, made up from a ring of inverters, Therefore, with the activation dENIO and the arrival of
with frequency controlled by an analog voltage, constitutingpe firstPixCLK rising edge, a shift- register clocked Byb-
a nonharmonic VCO. This is the subpixel clock, generatingixCLK passes a pulse from the leftmost stage, SBRY, to
signal SubPixCLK. From the program memory, bits 54th andhe rightmostSR5, permitting the generation of synchronized
55th of the logic program instruction indicate the initiation oédges that will constitute the rising and trailing edges of the
an 1/O process (the 54th bit corresponds to sigeldlO) and S/H control signals. These pulses can be combined to obtain
specify whether a 32 32 -pixel image is to be acquired orthe desired control signals. The internal generation and sepa-
delivered by the chip (what is done by sigiENRW, 55th bit ration of the signal edges prevent uncontrolled delays to alter
of the logic program instruction). Then, when an instructiothe precedence between signals, almost independently of the
containingEINIO = 1 is selected, the 1/O interface waits forclock frequency at which these circuits are operated. At the end
a rising edge of an external signal nanf&dCLK , referred as of the count realized by the shift-registefPaReady pulse is
the pixel clock. Once it occurs, an internal process controllggnerated, notifying the user that the next voltage sample can
by SubPixCLK generates the appropriate internal signalse recorded in the following capacitor of the S/H battery. The
(SH1A;, SH1W;, SH1R;, SH2A;, SH2W; andSH2R;, combinational and sequential logic circuits employed to imple-
and the appropriate row selection) to acquire or deliver omeent the I/O interface has been designed full-custom, in order to
voltage sample. When this is achieved, the I/O interfaglow as much integration with the processing array as possible.
generates a pulse namBtkReady, that must be sensed by theUsing a library of cells would not have permitted the intricate
user, that means that the system is ready to receive, or send rthuting employed to tailor the I/O control.
following pixel sample. The critical steps in the design of this
scheme are two.
« Overlapping in the S/H selection signals must be avoided. .
Guard times must be provided that do not rely on the it Prototype Chip Data
ternal delays that are not controlled precisely. A prototype chip has been designed and fabricated in a stan-
« Control of the local memories access must be passeddard 0.54m CMOS technology with single-poly and triple-
the 1/0O interface while acquiring or delivering an image.metal layers. Fig. 19 displays a microphotograph of the chip. It

VI. EXPERIMENTAL RESULTS
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Fig. 25. Wide field erasure effect, represented in 3-D.

contains a central array of 3232 cells of the type formerly de- total number of cells, what is not the case of the overhead cir-
scribed. Surrounding the array, a ring of boundary cells, impletitry, which tends to be a smaller fraction of the total chip size
menting the contour conditions for the CNN dynamics, is founds long as the number of cells rises. The power consumption of
together with the necessary buffers to transmit digital instruttie whole chip has been estimated in 300 mW. Data I/O rates are
tions and analog references to the array. On the lower part of treaminally 10 MS/s. The time constant of the fastest layer (fixed
chip, the program control and memory blocks can be found. Thime constant) is designed to be under 100 ns. Table | summa-
last major subsystem is the I/O interface including S/H batterigizes some characteristics and measured features of the chip.
decoders, counters and different sequential logic. The wholeThe peak computing power of this chip is of 470 GOPS. Here,
system fits in 9.2 8.45 sq.mm., including the ring of bondingOPS means analog arithmetic operations per second. In a time
pads. Without pads, the total area is 8:77.94mm?, this in- constant, 100 ns, each CNN core performs 12 multiplications
cludes the CNN array and the necessary circuit overhead. Trel 11 additions, then, for each cell, with two cores, we have 46
array of CNN cells alone occupies 5.986.83mm?, which is, operations within each cell in 100 ns. Having 1024 processing
roughly, the 50% of the total area of the chip. The resulting cadklls, the chip can reach 470 GOPS when running the network
density, excluding circuits outside the array, is 2%:@4/mm?2. dynamics. If the computing power per unit area —considering
In order to cautiously handle this data, it is important to notidhe main array alone— and per unit power are calculated we
that the area occupied by the cell array scales linearly with thave 6.01GOPS/mm? and 1.56 GOPS/mW.
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Fig. 26. Spatio—temporal edge detection and deactivation (fast layer).
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Fig. 27. Traveling-wave generation (fast layer only).
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Fig. 28. Spiral wave (only the fastest layer shown).
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B. Electrical Test Results VIlI. CONCLUSION

First of all, the I/O interface has been tested. In Fig. 20(a), it The proposed approach supposes a promising alternative to

can be seen how the chip gives backBeReadypulse, a cer- conventional digital image processing for applications related

tain time after the sign&ixCLK shows arising edge. Fig. 20(b)Wlth early-vision and low-level focal-plane image processing.
. . L Bafsed on a simple but precise model of the real biological
displays the start of the image acquisition process. Because 0

limitations of the test setuixCLK has a frequency of 2 MHz s_ys_tem, a feasible efﬁmen@ implementation of an _art|f|C|aI
. . . . . vision device has been designed. The peak computing power
in this tests, but the chip has been designed to operate with_ 3, . o R

. ; : T of this chip is 470 GXPS, what outdoes its digital counterparts
10-MHz pixel clock. Fig. 21 shows an image consisting in thre

vertical stripes of different values (0.6 V, 1.0 Vand 1.4 V) belngue to the fully paral.lel natgre of the processing . based on the

. nalogy not on the simulation. In terms of computing power per
delivered through the 1/0O channel. In order to test the accu.. . : .

. o . silicon area and power consumption, this chip features amongst

racy of the image acquisition and delivery processes, a ramp_0 .
. i . the more powerful devices reported.
analog values ranging from the minimum to the maximum valid " .
. . . . , In addition to the advantages in terms of performance fea-
inputs has been transmitted to the chip, stored in the LAM’s, and o . . . L
: : ures highlighted in the previous table, the chip presented in this
finally recovered. The separation of the recovered samples from

their corresponding input in a 256-level representation, is rr—ig—iper Is capable to generate complex spatio-temporal dynamic

resented in Fig. 22 in LSB as the INL of the input acquisitio rocesses, in a programmable way and storing intermediate pro-
. .. cessing results.
storage and recovery. The chip can handle analog data withan
equivalent resolution of 7.5 bits.
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Image processing algorithms can be programmed on this, of hrogrammable current mirrors and with D. Bélya and P.
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C. Retinal Behavior Emulation

tuning the appropriate interconnection weights — the program-
ming interface is digital while internal coding of the weights is
analog. Propagative and wavelike phenomena, similar to those
found at the biological retina, can be observed in this chip%
by just setting the proper coupling between cells in the same
or in different layers. For instance, Fig. 23 shows how some
spots in the faster layer (second layer) grow until reaching thel!
boundaries of the network, these same spots trigger a slower set
of waves in the first layer. These pictures has been generategh]
with the prototype chip by running the network dynamics, 5]
from the same initial state, during successively larger periods
of time. This permits the reconstruction of the evolution of the
state of the cells during the CNN dynamics. (6]

The wavefronts generated at the slower layers can be empy
ployed to inhibit propagation in the faster layer, thus generating
a trailing edge for the waves in the fast layer. This produces the
similar results as the wide field erasure effect observed in theg
IPL of the retina [see Fig. 24]. Fig. 25 displays a 3-D plot of this
effect for a different input. Another interesting effect observed
in the OPL of the retina [11] is the detection of spatio—tem- [
poral edges followed by de-activation of the patterns of activity.
This phenomenon has been also programmed in the chip [s&&]
Fig. 26].

[11]

D. Active Waves Phenomena

By setting the appropriate interconnection weights, activélz]
wave phenomena—the propagation of waves in an energetically
active medium, can be observed in the chip. For instance, th&3l
triggering of a traveling wave [see Fig. 27], or the generation
of spiral waves [see Fig. 28].
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