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Preface

As the size and complexity of VLSI circuits has increased over the last decade,
the emphasis among the many VLSI disciplines has changed from its intial focus
on circuits and technology to a growing concern with design issues. Additional
levels of abstraction have encouraged computer scientists to contribute in a
complementary way with electrical engineers. While computer scientists were
concerned with logic, architecture, and complexity issues, electrical engineers
addressed technology and circuit issues. Early in the decade, there was a
tendency for the two disciplines to produce designs in different representational
domains. The meeting ground was at the artwork level, where both groups shared
a concemn for the details of layout and interconnection. In recent years, however,
there has been increased integration as local optimizations within the individual
representational domains were recognized as inadequate in terms of providing the
best overall system. Performance for specific applications is acknowledged as
the key motivator, and it has necessitated a greater awareness of the interactions
of various design representations, such as layout, circuit, and architecture.

In this conference, the broad range of important contributions to the design
of high-performance circuits (often targeted at novel applications) is
demonstrated. New architectures aimed at improved system performance are
discussed, and the use of novel analog circuits in connectionist architectures is
described. Given the importance of speed, it is not surprising to find several
papers on clock design methodologies, and the use of self-timed circuits. Fault
tolerance, reconfiguration, testing, and verification are topics of growing
concern due to the huge complexity of existing chips and systems which require
fresh approaches to design and CAD tools. Design optimization continues to be a
major theme, focusing on logic, circuit size, and speed. The specification of
high-performance layout (both in theory and practice) is also addressed, and the
integration of these design tools into easy-to-use and extendable CAD systems
deals with the need to coherenly interrelate programs oriented to many facets of
the overall design. We believe this broad range of interest illustrates the vitality
in all aspects of contemporary VLSI research.

We gratefully acknowledge the strong contributions of those on the program
committee, who collectively and carefully read the eighty submitted paper, and
selected nineteen from an outstanding field. The desire to avoid parallel sessions,
and the need to cover a substantial range of topics, prevented us from accepting
many excellent papers. We also thank the authors of the nineteen contributed
papers, and the nine invited speakers, whose expertise characterizes the ongoing
progress in the many diverse aspects of VLSI as well as Robert Lucky who is the
Conference banquet speaker. Thanks to Bernard Chern and Robert Grafton of the
National Science Foundation for their support of the conference. Barbara Lory,
Barbara Tilson, and the staff of the MIT Microsystems Research Center have
contributed to all aspects of the Conference's organization and planning. Paul
Penfield is the guiding hand who has set the standard for this continuing series of
MIT conferences. Carver Mead and Chuck Seitz started these university-based
conferences in 1979, and MIT is pleased to carry on the tradition during the
even-numbered years. We hope you enjoy these papers and the view they provide
of today's VLSI research. '

Jonathan Allen
F. Thomson Leighton
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A Pulse-Width Modulation Design Approach and Path-
Programmable Logic for Artificial Neural Networks

Neil E. Cotter, Kent Smith, and Martin Gaspar

Electrical Engineering Department
University of Utah
Salt Lake City, UT 84112

Simple circuits for performing mathematical operations on analog signals are
described. Multiplication, addition, and nonlinear scaling of voltages are accomplished by
a pulse-width modulation scheme that utilizes comparators and switched capacitor filters
implemented in CMOS. A set of standard cells containing these circuit elements may be
used in a Path-Programmable Logic scheme that provides for extremely rapid artificial
neural network integrated circuit design. Design of a Kohonen self-organizing feature
map is described.

1. Introduction

Biological neural networks rely on analog signal processing and
massive connectivity to achieve low-power, high-speed computation.
Artificial Neural Networks (ANNs) mimic this ability by performing
computations electronically or optically. A new approach for designing
ANN integrated circuits based on Pulse-Width Modulation (PWM) circuits
is described here. The PWM approach has several advantages over other
proposed approaches [1,2,5,7-11,19,20]: (1) it provides a reliable inter-
chip communication scheme, (2) it provides a circuit for multiplication that
has wide dynamic range and tolerates variations in component values, (3) it
provides a nonlinear scaling circuit with a precisely controllable transfer
function, (4) it provides a small number of cell types that can be used to
implement almost any neural network algorithm, (5) it provides convenient
digital PWM test signals, and (6) it provides design cells that require small
numbers of components.

The Path-Programmable Logic (PPL) system, developed by Smith
[21,26-29] at the University of of Utah, may be used to layout PWM
circuits for ANNs. In PPL, layout starts with the definition of signal lines
that are laid down in a grid on the integrated circuit. Circuit cells are then
placed at appropriate locations on the grid. The primary advantage of PPL
is that complete integrated circuits can be designed in as little as a few
hours, but PPL has additional advantages for the design of ANNs: (1)
circuits for simulation are automatically extracted from the layout, (2) analog
and digital circuits are easily combined, and (3) mixed types of ANNs can
be implemented on a single chip. In the last section of the paper the
simplicity of the PPL approach is demonstrated for a somewhat complicated
algorithm: Kohonen's self-organizing feature map [17].



2. Circuit building blocks for ANNs

CMOS circuit building blocks used in the PPL design of ANNs are
shown in Figure 1. The first building block is a comparator with
complementary outputs. As shown below, the comparator is useful in at
least four roles: (1) in converting analog voltage levels to PWM signals,
(2) in multiplying voltage levels, (3) in finding the smallest of a set of
voltages, and (4) in scaling voltages by nonlinear functions.

The second building block is a summation and low pass filter circuit
designed with switched capacitors. This circuit is useful as a stand-alone
low pass filter or as a summation circuit. It accepts either PWM waves or
analog levels as input, and it outputs a slowly varying signal that is
proportional to the duty cycle of the sum of the input voltages. A
complementary analog output (denoted by a solid circle) is provided for use
in multiplication circuits. All resistances in the circuit have the same value

and are simulated by switched capacitors that require a clock signal (¢1).
The third building block is a capacitive storage circuit for synaptic

weights. Values stored as voltages on synaptic weight capacitors act as the

memory elements in an ANN. The function of these synapses is to control

the strength of connections between neurons, exactly paralleling the
function of synaptic connections between biological neurons.

Changes in synaptic weights are effected by a voltage connected to a
capacitor through a CMOS switch and a resistance R. If the switch is

closed for a short time ta, the capacitor starts charging from its initial

voltage Vo towards the input voltage V1. The net change AV in voltage on
the capacitor is proportional to ta provided ta is small:

t
AV = g (V1 - Vo)

This form of synaptic weight change is useful in proportional increment
training [4,22,25], backward error propagation [23], self-organizing feature
maps [17], and adaptive resonance [6].

If VI » VO then the dependence on Vy is eliminated from the equation

for AV, and the synaptic weight can be stepped by fixed increments
proportional to ta and Vr:

tA
AV = EVI

This form of synaptic weight change is useful in outer product rule
learning for Hopfield networks [13-16,30].

The synaptic weight can also be set to a desired voltage level by leaving
the CMOS switch closed until the capacitor charges to the value of Vi. This
is useful for initializing synaptic weights.
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Figure 1 — Circuit building blocks for ANNs.

3. PWM interchip communication scheme

This and the following sections describe how the ANN circuit building
blocks can be combined to provide useful functions. The first such function
is the communication of signals between ANN integrated circuits, a central
issue in the design of expandable ANNS.

Biological neurons use pulses called action potentials to communicate
with one another. To a first approximation, pulse rates encode the activity
of neurons. Because all action potentials are the same shape and size, the
duty cycle of neural output is proportional to pulse rate. Hence, neurons
convey information by altering the duty cycle of a pulse train. Equivalently,
neurons may be said to be communicating sample values of an analog
signal.

A PWM wave accomplishes the same task; the duty cycle of a PWM
wave conveys information about an analog signal. By low pass filtering the
PWM signal, the underlying analog signal is recovered. This scheme is



used in computer sound generators that sample a desired output waveform,

convert it to PWM, and then low pass the PWM signal to produce a
continuous output waveform.

There are three benefits of communicating with PWM rather than
analog signals: (1) the PWM waveform is a digital signal, (2) the duty cycle
of the PWM waveform can be controlled more precisely than the value of an
analog signal, and (3) the information content of PWM signals is unaffected
by moderate attenuation. These benefits permit communication of analog
information to be accomplished with a minimum of analog circuitry.

Consequently, circuit complexity is reduced and the reliability of
communication is increased.

Figure 2 illustrates the PWM interchip communication scheme. In a
transmitting chip, analog output signal V is converted into a PWM wave
i(t) by a comparator whose output goes high whenever the analog signal is
greater than the instantaneous height of a reference triangle wave v(t). With
each cycle of the triangle wave a rectangular current pulse is produced. The
width and DC component of the pulse are proportional to V,. Current
pulses are used so that output lines can be wired together to form the sum of
signal strengths, a convenient operation for ANNs. If the input to the
downstream ANN is a virtual ground, then a resistor may be used to
convert voltages to current in the sending chip as shown in the figure.

The width (or duty cycle) of a pulse is equivalent to a sample value of
the original analog signal. If the frequency of the triangle wave is much
higher than the frequency of the analog signal, then the analog signal may
be recovered by passing the PWM wave through a low pass filter
[3,12,24], as shown in the receiving chip in Figure 2.

It is assumed that the reference triangle wave is provided by an external
signal source. Although this requires additional circuitry, the same triangle
wave can be used by every chip in a system, and triangle waves are easily
generated. Furthermore, amplification or other analog processing of the
triangle wave is unnecessary.

4. Multiplication

A common element of ANN algorithms is the need to compute
weighted sums of voltages, where the weights are synaptic strengths and
the voltages represent incoming activity from sensors or other neurons.
Perceptrons provide a typical example:

N
Vi= Sgn(_EOWijVj)
J:

where Vj = output of ith neuron
Wwij = synaptic weight for
Jth input
Vj = jth input
Since synaptic strengths and input signals are both represented by

voltages, a voltage multiplier is needed. Figure 3 shows the block diagram
of a PWM multiplier. Multiplication is accomplished by using the
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comparator described in the previous section to convert voltage wjj into a
PWM wave . (If the incoming signal is already a PWM wave this step is
unnecessary.) The PWM wave is then used to control CMOS switches
through which voltages +Vjand -V; are passed. Dual signal polarities are
needed for four quadrant multiplication. This is the reason for having op-

amps with complementary outputs in the low pass summation circuit
discussed earlier.

The output of the multiplication circuit is a PWM wave whose duty
cycle is proportional to wij and whose height is proportional to V;. Hence,
the DC component of the output waveform represents the product wi;Vj. A

. RSN
low pass filter can be used to extract the DC component, yielding a

continuous analog signal.

5. Nonlinear scaling function

In most ANN algorithms a sharp threshold or nonlinear sigmoidal
function is required. If the inputs to a comparator are ground and a signal, a
sharp threshold function of the signal is obtained.

A nonlinear sigmoidal transfer function g() may also be obtained from a
comparator. The scheme is illustrated in Figure 4.” A signal Vj that is to be
compressed by the g() function is connected to the + input of a comparator,
and a reference signal gp(1)(t) is connected to the - input of the comparator.
The output of the comparator is a PWM wave with DC component Vg equal
to g(Vi). A low pass filter extracts the DC level.

+V

Low
Pass —o V

I__t Filter l |
Vo |_ _I

Figure 4 — Nonlinearity Circuit with arbitrary transfer function.



To obtain a given transfer function g(), the needed reference signal
gpCD() is calculated in four steps illustrated in Figure 5:

1. Find the function inverse gt-1() of g(). (The function
inverse g-1)() satisfies g(-1)(g(V)) = V and should

not be confused with the multiplicative inverse 'g(lT)')

For g-1)() to exist, g() must be invertible. This
requirement is met by all strictly increasing or
decreasing functions, a class of functions that
includes sigmoids used in ANNs.

2. Scale the horizontal axis of g{-1)() so that its domain
corresponds to one time interval T, where T is much
longer than the clock ¢1 used for switched
capacitors. For this scaling to be possible, g() must
have a restricted range. This requirement is met by
sigmoids that are bounded above and below.

3. Create a periodic signal by replicating g(-1)() along the
horizontal time axis. : ™

4. To reduce the bandwidth required for gp(-1(t), flip { |}
every othefzr copy (1)1f g(1() right-to-left, and.round \ B ¥ 1 #3# /
off the infinitely high points on the signal. Start ™
rounding off at zoltagges just above the Z(:’Y:omparator \.««/
supply voltages. The resulting waveform is the
desired reference signal gp(-1(t).

The DC level V,, of the comparator output is equal to the percentage of
time the comparator output is high (Vi > gp('l)(t)) minus the percentage of
time the comparator output is low (Vj < gpl1(1)). Voltage Vo may be
computed from one interval of gy(1)() as illustrated in Figure 6. The
mathematical equation relating Vo and Vj involves integrals corresponding
to the time intervals where V; > gp(-1(t) and V;j < g,(-D(v):

4 -1
vo=%({ vV dt - det) = g(Vi)

ti

where t; is implicitly defined by gp(-1(t;) = V;
and £V are the comparator supply voltages

A single external circuit may be used to generate and distribute the
gpC1(1) signal to any number of ANN integrated circuits. A stairstep
waveform passed through a smoothing filter is a suitable way to generate
gpC (1), and the shape of the waveform may be slowly varied over time if
desired. This is useful in Hopfield networks where increasingly steep
sigmoidal functions are used in solving optimization problems.



