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Abstract - This paper describes a hybrid weight-control strategy for the VLSI realization of pro-
grammable CNNs, based on automatic adaptation of analog control signals to levels specified
by digital words. This approach merges the advantages of digital and analog programmability,
achieving low areas and reduced number of control lines, simplifying the control and storage of
the weight values, and eliminating their dependency on global process-parameter variations.

1. Introduction

The implementation of general-purpose programmable CNN systems is a requisite for the
application of this computation paradigm in many areas of great interest [1]. In the design of
this class of systems, one of the major trends is the optimization (in terms of area and power
efficiency, accuracy, and speed) of the programmable scaling blocks or “multipliers”. The
design of the programmable scaling block is intrinsically related to the type of programmability
selected: analog or digital. This contribution analyzes the two possibilities, and proposes a
hybrid (analog/digital) approach which combines the advantages of the two alternatives and vir-
tually eliminates their drawbacks.

2. Programmable scaling blocks for CNNs

The programmable scaling blocks required for programmable
CNN implementations can be represented as in Fig. 1. Both x; and Ware| x, — >< x
input signals, while x,, is an output. We refer to x; as the input signal or
simply the input, while W is called the weight signal. The input is driven
by the signal to be scaled (the output variable), which is a function of w
time during network operation. On the other hand, the weight signal is | Figure 1 - Representation
time-invariant during the CNN process. The ideal behavior of the scal-| ¢f @ programmable CNN
ing block can be formulated as follows, “multiplier”
X, = P(W)-S(xi) . . (l)
where S(.) is a linear and continuous functiop of x; in some range around x; = 0. Function S(.) is
normalized to the value of its derivative at x; =0 ’
ds - )
& =l | @

3; = 0

and hence, P(W) represents a scaling factor within the linear range of S(.), in which S(x;) = x;.
In general P(.) is not required to be linear, antl it can be either a continuous or discrete function.
Note that the functionality of the scaling block is not exactly that of a linear analog muitiplier.
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We will be however use the term multiplier for simplicity.

Two general classes of multipliers cart be considered attending to the nature of the weight
signal W, Digitally-programmed multipliers are driven by a digital weight signal, and hence,
function P(W) needs to be defined only for a discrete set of values of its variable. Analog-pro-
grammed multipliers are driven by an analog weight signal, and hence, function P(W) needs to
be defined within a continuous set of values of its variable. The use of multipliers of either class
presents important advantages and drawbacks for CNN implementations.

3. Digitally-programmed multipliers .

The weight signal of a digitally-programmed multiplier is commonly represented by a
binary number of several bits. We assume hire a particular representation with N+1 bits, the first
of them indicating the sign of the signal, and the remaining N bits indicating the absolute value
of the weight. That is,

Wa (wywo, Wi, oWy _ 1) 3)
where w, and wg, wy,..., wy. are either “1” or “0”, and
-1,if w,=l
M= w, =0
N-1 ‘ @
=Y w2is2V-1
i=0
which can be summarized by
v N-1
W= (1-2w) ¥ w2 5)
i=0

Note from Eq. 4 that the maximum absolute value of W is 2N~1. In order to achieve a
weight range of [~Ppnax, Pmax): We associate the following weight increment to each unitary
increment in W,

ap=p__ /-1 6)
and define the weight function P(.) as
P N-1 ) '
P(W):AP.W=2_Nm£(1—2w:) Yy w2 )]
-1 i=0

An schematic implementation of a AP
digital multiplier using this weight cod- | o[>0 ps(x) 0 wo
ification is shown in Fig.2, where a -1

symbolic analog block with a transfer | __l—tf
characteristic S(.) and a fixed scaling } ™ 2
factor AP is used. Clearly, the output | w,
signal x, is related to the input x; by
Eq. 1 with P(.) given by Eq. 7. Figure 2 - Scheme of a digitally-programmed multiplier.

For accuracy reasons, fixed scaling factors equal to a power-of-2 multiple of AP are
obtained by connecting several identical blocks with voltage-mode input and current-mode out-
put in paraliel. The design of these type of multipliers is straight forward after the unitary ele-
ment with AP scaling factor has been designed. Linearity is easy to achieve because every
unitary element is designed with a fixed scaling factor. Also, linearity is independent of the
weight value, and the linear output signgl-range scales linearly with the weight. Concerning
weight accuracy, digitally-programmed multipliers are inherently robust against wafer-level
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process parameter variations, since the weight is given by the number of identical devices being
used. Only severe variations affecting the behavior of the basic unitary block will result in
wrong performance. The binary codification of the weight signal allows an easy external control
of the scaling factors, since the relationship between the weight signal and the actual weight is
clearly known a priory and robust against process variations. Weight values can be stored on
digital memories, avoiding the time-degradation problems associated with analog memories.
Finally, the same binary signals used to codify the weight value can be used to “power-off” the
parts of the multiplier circuitry not being used for some particular weight value. This feature is
convenient in many cases, given the high power dissipation expected from large programmable
CNN systems.

The discretization of the possible weight values can be seen as a drawback of digitally-
programmed multipliers. However, a fair comparison must take into account the achievable
weight-accuracy of either digitally- or analog-programmed multipliers, affected by systematic
and random errors (mismatch). In what foljows, we use the concept of effective resolution,
referred to the minimum relative weight increment AP/P,,, which can be achieved with a rea-
sonable expectance of accuracy (say 90% probability of weight deviations within the range AP/
2). Assuming the general figure of about 7 to-8 bits accuracy for commeon, not calibrated analog
circuitry [2], digitally-programmed multipliers with eight-bits weight signal will generally
result in similar effective resolutions than many analog-programmed multipliers.

. Unfortunately, there are some other relevant disadvantages. Area consumption is usually
much larger than that of analog multipliers, due to the large number of unitary elements and the
multiplexing circuitry required and, above this, to the large number of global control lines
needed. As an example, a digitally programmable CNN with neighborhood radius of one
requires a total of 19 different coefficients, nine for each of the two templates plus the offset
term. If each of these coefficients is codified by an 8 bits weight-signal, the total number of glo-
bal lines reaching every cell, just for weight control, is of 152. For this reason, this approach
does not seem feasible.

4. Analog-programmed multiplier

An analog programmable multiplier can be characterized, in general, by an expression of
the form,

x, = h(W,x) @)
where h(.) is assumed to be an approximately linear, continuous function of x;, at least in some
range around x; = 0. We define the weight or scaling factor P of the multiplier by

dh
¢ x=0
which is now a continuous, generally nonlinear function of the weight signal W. By defining
W, x))
5(W,x) = P(w)‘ (10)
we can write,
3, = P(W) - S(W, x) (an
It is easy to verify from the above definitions that
Bl - ' (12)
' x; =0

Also, since for a given W value, S(.') is proportional to A(.), S(.) is an approximately linear, con-
tinuous function of x; in some range around x; = 0. Hence, Eq. 11 is similar to the ideal formu-
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lation in Eq. 1, except that now, S(.) is a function of the weight signal. This accounts for the
fact that the linearity and signal range of the normalized output x,/P(W) of an analog multiplier
depend, in general, on the particular value of the weight.

The design of area and power efficient analog-programmed multipliers with proper per-
formances requires, in general, a significantly higher effort than that required for the design of
digitally-programmed multipliers. In many cases, the achievable linearity of the multiplier is
low for extreme weight values, unless high costs are accepted. Also, function P(W) is usually a
nonlinear function dependent on process :parameters, difficulting the external control of the
coefficients. Finally, the on-chip storage of the analog weight values requires analog memories,
which lack the robustness of digital memories and present time-degradation problems.

On the other hand, there are important advantages on the use of analog-programmable
multipliers. Area requirements are much lower than for digitally-programmed multipliers. In
addition, the scaling factor of each muitiplier implementing the same coefficient (one per cell),
can be transmitted through one or two global lines.

5. A synergy of analog and digital programmability

Tab. 1 provides a brief comparison of the advantages and drawbacks of digital and analog
programmability for the realization of geseral purpose CNN systems.As can be seen, most of
the disadvantages of analog programmability are related to the control and storage of the weight
values and their dependency on process parameters. On the other hand, digitally-programmed
multipliers require large areas and an excessive number of control lines, turning them inefficient
for high-density CNN implementations.

Comparison of alternatives Analog 7-8 bits Digital Hybrid
for Programmable CNNs Programmability Programmability Programmability

Effective resolution 7-8 bits 7-8 bits 7-8 bits
Area consumption Low Very high Low
Number of internal signals Low Very high Low
-Power consumption Variable High Variable
Process variation effects High Low Low
Design effort High Low Very high
External weight control Difficult Simple Simple
Global Linearity Difficult Simple Difficult
On-chip weight storage Difficult Simple Simple

Table I - Simplified comparison of different alternatives for programmable CNNs.

Here we propose a hybrid approach,
illustrated in Fig. 3, based on the use of ana-

log-programmed multipliers within the cells g ANALOG
(which provides high area efficiency and low| & PROGRAM-
number of control lines), and digital control ; Mé\:g‘_ﬂ

from the exterior of the network (which
facilitates the control and on-chip storagd of
the weights). In this manner, the APR can be

Figure 3 - Symbolic architecture of a hybrid analog-digi-

realized by a digital RAM memory. tally programmable CNN.
As shown in Fig. 3, an interface circuitry is required to generate the internal analog
weight-signals from their digitally coded values. This circuitry must be compound by several




identical blocks, one for each programmable coefficient in the network. An uniform CNN with
unitary neighborhood radius has 19 different coefficients, and hence, 19 of this interface blocks
will be required in general. If the feedback and control templates are not used simultaneously,
as in [3], only 10 interface blocks are required. In any case, from a system-area perspective, a
reduction in the multiplier area is muitiplied by the number of multipliers in every cell and by
the number of cells, while the area dedicated to the interface circuitry is approximately constant.

The functionality required from the interface blocks is basically that of a nonlinear digital
to analog (D/A) converter. If a linear relationship between the digital signal and the programmed
weight is desired, the nonlinear characteristic of the converter must cancel out the nonlinearity
of the weight function of the analog multiplier. Assume that the desired weight value is given by
p=AP-W, 1 (13)
where Wp and AP are defined by Eq. 5 and Eq. 6, respectively. If the analog multiplier being
used has a weight function p = P4(W,), we need the following transfer characteristic from the
interface block

w, = Pl = Plap-wp (14)
Since the multiplier has two input sig-

nals (the weight and the input signal), its

inverse function can only be defined for some A>“zl°8  —

fixed value of one of the inputs. For our pur-

pose, we must set the input signal x; to a fixed X ¢l | f Wil

reference level x.s. The inverse function of x ‘.| Anatog
- . . Digi ]

the multiplier can be obtained using an adap-| : X %

~¥p

tive architecture involving an analog- and a
digitally-programmed multiplier, both driven
by the same reference signal level xp as Figure 4 -_Architectum of {he D/A interface circuitry
shown in Fig. 4. required for the hybrid-control approach.

For the analysis of this scheme, we rewrite the transfer characteristics of the analog-pro-
grammed multiplier (Eq. 11) as

Adaptive stage <————-——> Cell array

x, = Py(W)S,(Wyx) (15)
and that of the digitally-programmed mulitiplier (Eq. 1) as
x, = Pp(Wp)Spx) 16)

with Wp, given by Eq. 5.
The architecture in Fig. 4 can be described by following differential equation,
daw _
A= 1_‘.1[;1 (WS, (W, x00) + Pp(-Wp)Sp(x o)) an

which defines a first order dynamical system. If function P4(.) is a monotonically increasing
function of W)y, there is a unique equilibrium point which is locally stable, and hence, the sys-
tem is globally asymptotically stable. The value of the equilibrium point is easily obtained,

s (Xref)
W, = PI P (W) e ) 18
A A D D)SA(WA'xmf) (18)
If Pp(.) is of the form given in Eq. 7, which is an odd function of Wp,
w,=PlaP-w Splmn)
A4 DS, Wy, “nf)) {9
and if x;.¢ is within the linear range of Sp(x) and S4(W;.x),
Spiirer) = S4W 42 Xrep) = Xpeq (20)
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from where Eq. 19 results in

w, =P lAP W (03}
which is the desired relationship formulated in Eq. 14.

Because this adaptation is achieved for a fixed input signal value x,f, and since analog
multipliers within the network will be driven by variable signals x;, multipliers offset and lin-
carity are of extreme relevance. In particular, the obtention of Eq. 21 using the simplification in
Eq. 20 must be examined carefully, attending to the real forms of Sp and S, including their lin-
ear ranges and random variations.

Note that offsets in either function will result in large errors in the adapted analog weight
signal, if xpo is not much larger than average offset values (for instance measured from the stan-
dard deviation). On the other hand, large absolute values of x..¢ may produce errors as well,
unless the analog multiplier is highly linear. Further analysis of these error sources on the
adapted analog weight signal can be carried out from Eq. 19 [4], and will not be detailed here.

Let us simply note that the digitally-programmed multiplier (a linear D/A converter) and
the rest of the circuitry in the adaptive stages can be implemented using relative large areas (and
hence with low errors [2]), including the analog-programmed multiplier, which can be com-
pound of several identical bloeks in parallel.

Another alternative is to use a precalibration step to cancel the offsets in the adaptive
stages. This alternative, adopted in [3], requires the offsets to be approximately independent of
the weight value. This property of some analog multipliers allows the use of a precalibration
step to cancel the offset of the processing circuitry in the cells.

An important feature of the proposed adaptive approach is that global variation on the ana-
log multipliers transfer characteristic have no effect on the weight values, since the adaptive
scheme settles the value of the weight to that specified by the digital signal, for any analog mul-
tiplier transfer characteristic satisfying a few weak conditions.

In summary, we have proposed the use of a hybrid weight control strategy for the realiza-
tion of programmable CNNs, based on automatic adaptation of the analog weight signals to the
level required to set the programmable coefficients to the values specified by digital words. The
weight function of the analog multiplier is required to be a monotonically increasing (or
decreasing) function of the analog weight signal, and it is convenient that the random offset of
the analog multipliers be independent of the weight signal. This approach merges most of the
advantages of digitally-programmed and analog-programmed muitipliers in the same architec-
ture, achieving low areas and reduced number of control lines, simplifying the control and stor-
age of the weight values, and eliminating their dependency on global process parameter
variations. Last column in Tab. 1 above summarizes the advantages of the proposed hybrid con-
trol strategy. Except for the difficulty of the design, which includes global linearity and random
error considerations, the best of the analog and digital programmability is exploited.
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