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Abstract —The architecture, implementation, and applications
of a special-purpose neural network processor are described.
The chip performs over 2000 multiplications and additions
simultaneously. Its data path is particularly suitable for the
convolutional topologies that are typical in classification net-
works, but can also be configured for fully connected or feed-
back topologies. Resources can be muitiplexed to permit imple-
mentation of networks with several hundreds of thousands of
connections on a single chip. Computations are performed with
6-b accuracy for the weights and 3 b for the neuron states.
Analog processing is used internally for reduced power dissipa-
tion and higher density, but all input/output is digital to
simplify system integration. The practicality of the chip is
demonstrated with an implementation of a neural network for
optical character recognition. This network contains over 130000
connections and is evaluated in 1 ms.

I. InTRODUCTION

EURAL networks have demonstrated their capabili-
ties 1n numerous apphcations, including pattern clas-
sification, speech recogmtion, and control {1]-[8]. How-
ever, the computational requirements, data rates, and size
of neural network classifiers severely limit the throughput
that can be obtained with networks implemented on se-
quential general-purpose computers. Better performance
1s achieved with special-purpose VLSI processors that
employ parallel processing to increase the throughput.
Speed and data rates are not the only challenges faced
by specialized hardware designs for neural networks Be-
cause of the rapid progress of neural network aigorithms,
processors must be flexible enough to accommodate a
wide variety of neural network topologies. Moreover, the
size of networks under nvestigation 1s increasing as pro-
gressively more difficult tasks are solved with neural net-
works. Networks with several tens or hundreds of thou-
sands of connections are typical for high-accuracy pattern
classifiers, and this number 1s expected to grow further.
To be economical, such networks must be implemented
on a small number of chips. Moreover, the hgh-perfor-
mance paraliel-computing unit must be matched with an
equally powerful interface to avoid bottlenecks.

Manuscript receved May 5, 1991, revised August 16, 1991 This work
was supported 1n part by the U S. Army SDC

The authors are with AT&T Beil Laboratones, Holmdel, NJ 07733.

1EEE Log Number 9103700

Meeting all these requirements calls for a trade-off. On
one side, the hardware should be as general as possible to
support a wide range of applications. At the same time,
efficiency dictates a design that carefully matches neural
network characteristics. In Section 11, hardware require-
ments of neural networks are examined, with special
emphasis on classification applications. Issues considered
include the regulanty of neural network architectures, the
feasibility of sharing common hardware for multiple func-
tions, and the effect of limited accuracy computations.

The architecture of the neural network chip is de-
scribed 1n Section II1, and implementation aspects of the
functional blocks are presented. A mixed analog and
digital design has been chosen to exploit the low compu-
tational accuracy typically required by neural network
algorithms, and at the same time address system integra-
tion 1ssues, which call for a digital interface.

Experimental results and performance figures are sum-
marnized in Section IV. The flexibility and speed are
documented with a vanety of sample neural network
architectures and the corresponding update rate that 1s
achieved with the chip.

The practicality of the design is demonstrated in Sec-
tion V with results from an implementation of a neural
network for handwritten digit recognition with over
133000 connections. The network fits on a single chip and
1s evaluated at a rate n excess of 1000 characters per
second, which constitutes a speedup of two orders of
magnitude over a DSP based implementation. Despite
the low resolution of the chip, the error rates of the
neural network processor and DSP implementation are
very similar at 5.3% and 4.9%, respectively. For compari-
son, the measured human performance on the same
database is 2.5% errors.

1. NEurAL NETwWorRK HARDWARE REQUIREMENTS

Artificial neural networks that solve difficult problems
1n areas such as speech recognition and synthesis, or
pattern classification, consist of thousands of neurons
with tens or hundreds of inputs each. Every neuron
computes a weighted sum of its inputs and applies a
nonlinear function to its result. Architectural parameters,
such as the number of inputs per neuron, and each
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