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CIRCUITRY FOR PERFORMING A MULTIPLY-ACCUMULATE OPERATION

Field of the Invention

The present disclosure relates to circuitry for performing a multiply-accumulate operation

in stochastic computing.

Background

In stochastic computing, computation is performed on bitstreams representing the
operands to a computing operation. The bitstreams may be random or pseudo-random,
and the value of the operand is represented by the probability of observing a one in that
bitstream. For example, for a bitstream that is eight bits long and contains four ones and
four zeros distributed randomly or pseudo-randomly throughout the bitstream, the
probability of observing a one at a randomly selected bit position in the bitstream is 4/8

= 1/2, and so the value represented by the bitstream is 1/2.

Stochastic computing permits the use of simple logic to perform complex operations. For
example, a multiply operation can be performed with a single AND gate performing a
bitwise AND operation on input bitstreams representing the operands to the multiply
operation. In the example shown in Figure 1, to perform the multiplication operation 1/2
x 3/4, the first operand (1/2) represented by the bitstream 01101010 (i.e. an 8 bit
bitstream containing four ones) is input to a first input of a logic AND gate, and the second
operand (3/4) represented by the bitstream 1011011 (i.e. an 8 bit bitstream containing
six ones) is input to a second input of the logic AND gate. The 8 bit bitstream output by
the AND gate is 00101001, i.e. has three ones, and thus the probability of observing a
one at a randomly selected bit position in the output bitstream is 3/8, which is the correct

result of the operation 1/2 x 3/4.

Thus, provided that there is no correlation between the operands, a multiplication
operation can be performed simply by performing a bitwise AND operation, with the
accuracy of the result being dependent upon the number of bits examined at the output
of the AND gate.

Modern computing systems typically make extensive use of matrix multiplication

operations, which are typically implemented using multiply-accumulate (MAC)
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operations. While multiplication is simple in stochastic computing, a multiply accumulate
operation is more complicated, as each product (i.e. the result of each individual
multiplication operation) must be accumulated to reach the final result of the MAC

operation.

Summary

The present disclosure relates to circuitry for performing a multiply-accumulate (MAC)
operation, in which operands of the MAC operation are represented by unary coded
bitstreams. Multiplexer circuitry receives the bitstreams representing the operands and
selects each bitstream for output by the multiplexer circuitry for a proportion of a total
computation time period. Over the computation period the multiplexer thus generates
and outputs a time division multiplexed signal based on the bitstreams input to the
multiplexer. The proportion of the total computation time period for which each bitstream
is selected for output by the multiplexer circuitry is determined by a vector quantizer

based on weighting signals received by the vector quantizer.

According to a first aspect, the invention provides circuitry for performing a multiply-
accumulate (MAC) operation, the circuitry comprising:

a first multiplexer having a plurality of inputs for receiving a plurality of unary-coded
input signals representing operands of the MAC operation and an output for outputting a
multiplexer output signal representing a result of the MAC operation; and

a first vector quantizer configured to receive a plurality of weighting signals, each
representing a proportion of a computation time period for which a respective one of the
unary-coded input signals should be selected by the multiplexer and to output a first
selector signal to the multiplexer to cause the multiplexer to select each of the input

signals in accordance with the plurality of weighting signals.

The circuitry may further comprise an integrator for integrating the multiplexer output

signal over a period of time.

The circuitry may further comprise an encoder for encoding a signal output by the

integrator into a unary coded output signal.

The circuitry may further comprise a consecutive edge modulator (CEM) configured to

encode the multiplexer output signal into a consecutive edge modulated signal.
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The CEM may comprise:

a first counter configured to generate a first pulse width modulated signal based
on the number of high bits in a first frame of the multiplexer output signal;

a second counter configured to generate a second pulse width modulated signal
based on the number of high bits in a second frame of the multiplexer output signal; and

a selector configured to select the first pulse width modulated signal as a first frame
of a CEM output signal and to invert the second pulse width modulated signal in time to

generate a second frame of the CEM output signal.

The second frame of the multiplexer output signal may immediately follow the first frame
of the multiplexer output signal, and the second frame of the CEM output signal may

immediately follow the first frame of the CEM output signal.

The first frame of the multiplexer output signal may be an odd-numbered frame of the
multiplexer output signal and the second frame of the multiplexer output signal may be

an even-numbered frame of the multiplexer output signal.

The first vector quantizer may comprise:

a plurality of integrators, each configured to receive a respective weighting signal;
and

a processing unit configured to, in each cycle of a computation period of the
circuitry:

determine a maximum among the outputs of the plurality of integrators;

output a control signal to the first multiplexer to cause the first multiplexer to select
an input corresponding to the weighting signal received by the integrator whose output
is maximum; and

reset the integrator whose output is maximum.

Resetting the integrator may comprise resetting the output of the integrator to 0 or to a

random value.

The first vector quantizer may comprises a tree-based modulator, for example.

The circuitry may further comprise a second multiplexer configured to receive a second

selector signal from the first vector quantizer.
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The circuitry may further comprise a second multiplexer and a second vector quantizer,
the second multiplexer being configured to receive a second selector signal from the

second vector quantizer.

Each of the plurality of unary-coded input signals may be encoded according to a

common encoding scheme.

At least one of the plurality of unary-encoded input signals may be encoded according
to a different encoding scheme than at least one other of the plurality of unary-encoded

input signals.

According to a second aspect, the invention provides convolutional Neural Network

(CNN) circuitry comprising MAC circuitry according to the first aspect.

According to a third aspect, the invention provides stochastic to consecutive edge
modulation (CEM) converter comprising:

a first counter configured to generate a first pulse width modulated signal based
on the number of high bits in a first frame of a received stochastic signal,

a second counter configured to generate a second pulse width modulated signal
based on the number of high bits in a second frame of the received stochastic signal,
and

a selector configured to select the first pulse width modulated signal as a first frame
of a CEM output signal and to invert the second pulse width modulated signal in time to

generate a second frame of the CEM output signal.

According to a fourth aspect, the invention provides an integrated circuit comprising the

circuitry of first, second or third aspect.

According to a fifth aspect, the invention provides a device comprising the circuitry of

The first, second or third aspect.

The device may comprise a portable device, a battery powered device, a mobile
telephone, a tablet or laptop computer, a smart speaker, an accessory device, a headset

device, smart glasses, headphones, earphones or earbuds.
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According to a sixth aspect, the invention provides circuitry for performing a multiply-
accumulate (MAC) operation, the circuitry comprising multiplexer circuitry configured to
output a time division multiplexed output signal comprising portions of a plurality of unary
coded multiplexer input signals selected according to a control signal received by the

multiplexer circuitry from vector quantizer circuitry.

According to a seventh aspect, the invention provides circuitry for performing a
convolution operation between a kernel and a set of data, the circuitry comprising:
vector quantizer circuitry configured to receive one or more input signals
representing the kernel;
first multiplexer circuitry configured to receive a first plurality of unary coded input
signals representing a first subset of the data; and
second multiplexer circuitry configured to receive a second plurality of unary coded
input signals representing a second subset of the data,
wherein the vector quantizer circuitry is configured to:
output a first selector signal to the first multiplexer circuitry to cause the first
multiplexer circuitry to select each of the first plurality of unary coded input signals
for a respective proportion of a computation period, wherein the proportion of the
computation period for which each of the first plurality of unary coded input signals
is selected is based on the kernel; and
output a second selector signal to the first multiplexer circuitry to cause the
first multiplexer circuitry to select each of the second plurality of unary coded input
signals for a respective proportion of the computation period, wherein the
proportion of the computation period for which each of the second plurality of unary

coded input signals is selected is based on the kernel.

According to an eighth aspect, the invention provides circuitry for performing a mean
pooling function for a plurality of unary coded data signals, the circuitry comprising:
multiplexer circuitry configured to receive the plurality of unary coded data
signals; and
vector quantizer circuitry configured to output a selection signal to cause the
multiplexer circuitry to select each of the plurality of input signals for an equal

proportion of a computation period.

Brief Description of the Drawings
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Embodiments of the invention will now be described, strictly by way of example only, with

reference to the accompanying drawings, of which:

Figure 1 is a schematic diagram illustrating a the use of stochastic computing techniques

to perform a multiplication operation using a logical AND operation;

Figure 2 is a schematic diagram illustrating one approach to performing a multiply-

accumulate (MAC) operation;

Figure 3 is a schematic diagram illustrating a further approach to performing a MAC

operation;

Figure 4 is a schematic diagram illustrating a further approach to performing a MAC

operation;

Figure 5 is a schematic diagram illustrating circuitry for performing a MAC operation;

Figure 6 is a schematic diagram illustrating circuitry for implementing a vector quantizer

suitable for use in the circuitry of Figure 5;

Figure 7 is a schematic diagram illustrating encoder circulitry for encoding a stochastic

signal into consecutive edge modulated ((CEM) signal;

Figure 8 illustrates signals in the encoder circuitry of Figure 7;

Figure 9 is a schematic diagram illustrating alternative circuitry for performing a MAC

operation;

Figure 10 is a schematic diagram illustrating further alternative circuitry for performing a

MAC operation;

Figure 11 is a schematic diagram illustrating functional blocks of a typical convolutional
neural network (CNN);

Figure 12 is a schematic diagram illustrating example operations performed by circuitry

implementing a convolutional neural network;
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Figure 13 is a schematic diagram illustrating circuitry for implementing convolution

operations;

Figure 14 is a schematic diagram illustrating circuitry for implementing a non-linear

function;

Figure 15 illustrates a transfer function of the circuitry of Figure 14; and

Figure 16 is a schematic diagram illustrating is a schematic representation of circuitry

that may be used to implement a pooling block or layer in circuitry implementing a CNN.

Detailed Description

An approach to performing a MAC operation is illustrated generally at 200 in Figure 2,
and uses a multiplexer 210 having first and second inputs for receiving first and second
unary coded bitstreams q, B and a selector signal 8, which is a unary coded bitstream
representing a random number between 0 and 1. The complement of the selector signal
8 is defined as 6 = 1 — 6. In some examples, the selector signal 8 and the first and
second unary coded bitstreams a, B may be synchronised to a common clock signal (not
shown in Figure 2), in which case the behaviour of the multiplexer is well defined. In
examples where there is no common clock signal, the selector signal 8 and the first and
second unary coded bitstreams a, f may be pleisiochronous, in the sense that they are
approximately but not instantaneously frequency-aligned. In such examples, this

approximate frequency alignment may be considered an extra source of noise.

In each clock period of the common clock signal, the multiplexer 210 selects and outputs
the value (logic 0 or logic 1) of a current bit of the unary coded bitstream a at its first input
when a current bit of the selector bitstream 8 is at logic 1. Thus, as shown in Table 1
below, when the current bit of both the first unary coded bitstream a and the selector
bitstreams 6 are at logic 1, the output y of the multiplexer 210 is also logic 1. Otherwise
the output y is logic 0. Accordingly the multiplexer 210 performs a bitwise logic AND
operation on the first unary coded signal a and the selector signal 6. As explained above,
this is equivalent to a multiplication of the first unary coded signal a and the selector

signal 0.
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o 0 output y
0 0 0
0 1 0
1 0 0
1 1 1
Table 1

The multiplexer 210 is configured to select and output a value of the current bit of the
second unary coded bitstream B at the second input when the current bit of the selector
bitstream 6 is at logic 0 (and thus the complement 8 of the selector bitstream 8 is at logic
1). Thus, as shown in Table 2 below, when the current bit of both the second unary
coded bitstream B and the complement 8 of the selector bitstream 8 are at logic 1, the
output y of the multiplexer 210 is also logic 1. Otherwise the output y is logic O.
Accordingly the multiplexer 210 performs a bitwise logic AND operation on the second
unary coded bitstream B and the complement 8 of the selector bitstream 6. As explained
above, this is equivalent to a multiplication of the second unary coded bitstream 8 and

the complement 8 of the selector bitstream 8.

B 0 output y
0 0 0
0 1 0
1 0 0
1 1 1
Table 2

As the selector bitstream 6 and its complement 6 cannot (by definition) take the same
value at any given time, the multiplexer 210 effectively acts as an AND gate for the first
unary coded bitstream a and the selector bitstream 6 for a first proportion of a
computation period, and acts as an AND gate for the second unary coded bitstream
and the complement 6 of the selector bitstream 6 for a second proportion of the

computation period.

Thus over the whole of a computation period (comprising, for example, a number of
cycles of the common clock signal that is equal to the length of the input bitstreams) the

output y will be a combination of the result of a first logic AND operation between the first
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unary coded bitstream a and the selector bitstream 6 and the result of a second logic
AND operation between the second unary coded bitstream B and the complement 6 of

the selector bitstream 6, i.e.:

y = ab + B6.

As will be appreciated, this represents a MAC operation, as the result of the second
multiplication operation 8 is accumulated with the result of the first multiplication

operation ab.

Under this approach it is possible for the operands represented by the first and second
unary bitstreams a, B to be correlated, as the output y will be correct if there is no
correlation between either a or B and 6, provided that the durations of the first and second

proportions of the computation period are correct.

Figure 3 is a schematic representation of a further approach to performing a MAC
operation. As shown generally at 300, in this approach first and second multiplexers
310, 320 are daisy-chained together, with an output of the first multiplexer 310 connected

to an input of the second multiplexer.

A first input of the first multiplexer 310 receives a first unary coded bitstream signal a. A
second input of the first multiplexer 310 receives a constant logic O signal. A first selector
signal 81 in the form of a unary coded bitstream is received at a control input of the first

multiplexer 310.

A first input of the second multiplexer 320 receives a second unary coded bitstream
signal B. A second input of the second multiplexer 320 is coupled to the output of the
first multiplexer 320, and a second selector signal 62, also in the form of a unary coded
bitstream, is received at a control input of the second multiplexer 320. The first and
second signals a, B and the first and second selector signals 61, 62 are synchronised to

a common clock signal.

Thus, the output y of the chained multiplexers 310, 320 over a whole computation period

can be expressed as:

y = 62 + 08162, where 62 is the complement of the second selector signal 62.
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Again, the first and second unary coded signals a, B can be correlated without adversely
affecting the accuracy of the result of the computation, provided that there is no
correlation between either a or B and 81 or 82, and that that the durations of the first and

second proportions of the computation period are correct.

In order to perform the calculation

_awgtfBwg
- 2

(where w, and wg are weightings to be applied to the variables a and 8 respectively)

using the arrangement shown in Figure 3, the correct values 81 and 62 can be calculated

as follows:

awy+Bwg

BO2 + 162 = X8

SO:

The approach illustrated in Figure 3 can be improved by using a multiple input

multiplexer, as shown generally at 400 in Figure 4.

In the implementation shown generally at 400 in Figure 4 a multiple input multiplexer 410
having, in this example, four inputs, receives first to fourth unary coded input signals q,
B, y, 0. A selector signal 0 is received at a control input of the multiplexer 410. The
selector signal 0 in this example is a random number with a probability distribution
function that causes the multiplexer 410 to select each input signal a, B, y, d for the
correct proportion of each computation period, such that over a given computation period
the output y of the multiplexer 410 is a time division multiplexed signal containing

appropriately weighted (in time) versions of the input signals and can be expressed as:

Yy = awq + Bwg + ywy + Ows (Where wq, we, Wy, andw; are weightings to be applied to the

variables q, B, y and 0 respectively).
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Figure 5 is a schematic representation of circuitry implementing a further approach to
performing a multiply-accumulate (MAC) operation on a plurality of operands

represented by unary coded bitstreams.

The circuitry, shown generally at 500 in Figure 5, includes multiplexer circuitry 510 having
a plurality of inputs for receiving a plurality of unary coded bitstreams a, B, y, 0
representing operands of the MAC operation. The circuitry 500 further includes vector
quantizer circuitry 520 having a plurality of inputs for receiving a plurality of weighting
signals wq, wg, Wy, Ws, each weighting signal corresponding to one of the plurality of
bitstreams q, B, y, 0 and representing a proportion of a computation time period for which
that unary coded bitstream should be selected by the multiplexer circuitry 510 in order to

correctly perform a MAC operation using the operands.

The circuitry 500 in this example further includes integrator circuitry 530 coupled to the
output of the multiplexer circuitry 510 and configured to integrate the signal output by the
multiplexer circuitry 510 over a time period p to generate an m-bit integrator output signal,
and encoder circuitry 540 configured to encode the integrator output signal into a unary
coded output signal. In some examples the encoder circuitry 540 comprises pulse width
modulator circuitry, such that the unary coded output signal is a pulse width modulated
(PWM) signal. In other examples, the integrator circuitry 530 encoder circuitry 540 may
be configured to generate a consecutive edge modulated (CEM) signal as the unary

coded output signal, as will be explained in more detail below.

In operation of the circuitry 500, the vector quantizer circuitry 520 receives the plurality
of weighting signals wq, wg, Wy, Ws and outputs a selector signal 8 to cause the multiplexer
circuitry 510 to select each input signal a, B, y, O for the correct proportion of each
computation period, such that over a given computation period the output y of the

multiplexer circuitry 510 is a time division multiplexed signal of the form

Yy = awg + Pwg + ywy + Ows.

The integrator circuitry 530 is configured to integrate the output signal y over a time
period p and to output an integrated signal to the encoder 540, which encodes the
integrated signal into a unary output signal. The integrator circuitry 530 may be generally

conventional, and the encoder 540 may comprise, for example, a pulse width modulator.
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Alternatively, the integrator circuitry 530 and the encoder 540 may be provided by

consecutive edge modulator circuitry, as described below with reference to Figure 7.

Figure 6 is a schematic representation of example vector quantizer circulitry suitable for

use in the circuitry 500 of Figure 5.

The vector quantizer circuitry, shown generally at 600 in Figure 6, comprises a plurality
(in this example four) of integrators 610 — 640, each having an input for receiving a
respective weighting signal wa, wg, Wy, Ws. An output of each of the integrators 610 —
640 is coupled to an input of a processing unit 650 which is configured to calculate, in
each cycle of the computation period, the maximum among the signals received from
the integrators 610 — 640, and to output a selector signal 8 based on the determined
maximum, to cause the multiplexer circuitry (e.g. multiplexer circuitry 510 in Figure 5) to

select the corresponding input signal a, B, y, 0 for that cycle of the computation period.

In each cycle of the computation period the output of each integrator 610 — 640 increases
by the respective weighting signal wq, wg, Wy, Ws, and the processing unit 650 determines
the maximum among the signals output by the integrators 610 — 640 (i.e. which of the
integrator output signals has the greatest value or magnitude). The processing unit 650
outputs a selector signal 8 to cause the multiplexer to select the input signal a, B, y, &
that corresponds to the weighing signal wg, wg, Wy, Ws whose integrator output is

maximum, and resets the output of that integrator to 0.

In the example illustrated in Table 3 below, the weighting signals wq, wp, Wy, Ws have
values 0.1, 0.2, 0.3 and 0.4 respectively, and the weighting signals wq, wg, Wy, Ws are
provided to the first to fourth integrators 610 — 640 respectively. In a first computation
cycle (cycle 1 in Table 3 below), the processing unit 650 determines that the output of
the fourth integrator 640 has the maximum value (0.4) and thus outputs a selector signal
8 of a suitable value (e.g. 4) to cause the multiplexer (e.g. multiplexer 510) to select the
input signal d that corresponds to the weighting signal ws that is provided to the fourth
integrator 640. The processing unit then resets the output of the fourth integrator 640 to

zero for the next computation cycle.

In cycle 2, the processing unit 650 determines that the output of the third integrator 630
has the maximum value (0.6) and thus outputs a selector signal 8 of a suitable value

(e.g. 3) to cause the multiplexer (e.g. multiplexer 510) to select the input signal p that
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corresponds to the weighting signal wy that is provided to the third integrator 630. The
processing unit then resets the output of the third integrator 630 to zero for the next

computation cycle.

In cycle 3, the processing unit 650 determines that the output of the second integrator
620 has the maximum value (0.6) and thus outputs a selector signal 8 of a suitable value
(e.g. 2) to cause the multiplexer (e.g. multiplexer 510) to select the input signal B that
corresponds to the weighting signal wgthat is provided to the second integrator 620. The
processing unit then resets the output of the second integrator 620 to zero for the next

computation cycle.

In cycle 4, the processing unit 650 determines that the output of the fourth integrator 640
has the maximum value (0.8) and thus outputs a selector signal 8 of a suitable value
(e.g. 4) to cause the multiplexer (e.g. multiplexer 510) to again select the input signal d
that corresponds to the weighting signal ws that is provided to the fourth integrator 640.
The processing unit then resets the output of the fourth integrator 640 to zero for the next

computation cycle.

Integrator 1 | Integrator 2 | Integrator 3 | Integrator 4
olp olp olp olp
Cycle no.
1 0.1 0.2 0.3 0.4 (max)
2 0.2 0.4 0.6 (max) 0
3 0.3 0.6 (max) 0 0.4
4 0.4 0 0.3 0.8 (max)
5 0.5 0.2 0.6 (max) 0
6 0.6 (max) 0.4 0 0.4
7 0 0.6 0.3 0.8 (max)
8 0.1 0.8 (max) 0.6 0
9 0.2 0 0.9 (max) 0.4
10 0.3 0.2 0 0.8 (max)
Table 3

The processing unit 650 continues to output a selector signal 8 of a suitable value to
cause the multiplexer to select the input signal that corresponds to the weighting signal

that is provided to the integrator that outputs the maximum value in a computation cycle
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until the total number of computation cycles that make up the computation period have

elapsed.

In this way the multiplexer 510 can be made to select each input signal for the correct

proportion of the computation time to produce the correct result of the MAC operation.

In the example shown in Table 3 below, the weights assigned to the input signals q, B,
y,0are 0.1, 0.2, 0.3 and 0.4 respectively, meaning that input signal a should be selected
for 0.1 of a computation period, input signal B should be selected for 0.2 of a computation
period, input signal y should be selected for 0.3 of a computation period, and input signal
0 should be selected for 0.4 of a computation period. As can be seen from Table 3
above, the output of the first integrator 610 has the maximum value once in a
computation period of ten cycles, such that the input signal a will be selected for 0.1 of
the duration of the computation period. Similarly, the output of the second integrator 620
has the maximum value twice in a computation period, such that the input signal B will
be selected for 0.2 of the duration of the computation period, the output of the third
integrator 630 has the maximum value three times in a computation period, such that the
input signal y will be selected for 0.3 of the duration of the computation period, and the
output of the fourth integrator 640 has the maximum value four times in a computation
period, such that the input signal ® will be selected for 0.4 of the duration of the

computation period.

It may be desirable to add a degree of dither to interrupt or break up periodic behaviours
in the output of the vector quantizer circuitry 600. To effect dither, whenever one of the
integrators 610 — 640 is reset a small random number can be added to its output, so that

the integrator is initialised to a small random number rather than zero.

It will be appreciated that the vector quantizer circuitry 600 of Figure 6 is just one example
of vector quantizer circuitry that is suitable for use as the vector quantizer circuitry 520
in the circuitry 500 of Figure 5, and that other vector quantizer architectures, e.g. a tree-
based modulator architecture, could equally be used as the vector quantizer circuitry
520.

Figure 7 is a schematic diagram illustrating example modulator circuitry suitable for
integrating and encoding the signal output by the multiplexer 510 of Figure 500 into a

consecutive edge modulated (CEM) output signal.
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The modulator circuitry, shown generally at 700 in Figure 7 (which may be referred to as
a stochastic to CEM converter), comprises a demultiplexer 710, first and second
counters 720, 730 and a selector 740. The first and second counters may be, for
example, Mobius counters, ring counters, shift registers or any other form of counter

suitable for counting the number of logic ones in an input bitstream signal.

The demultiplexer 710 has an input for receiving an input bitstream vy, e.g. from the
multiplexer 510 of the circuitry 500 of Figure 5. A first output of the demultiplexer is
coupled to an input of the first counter 720, and a second output of the demultiplexer 730
is coupled to an input of the second counter 730. An output of the first counter 720 is
coupled to a first input of the selector 740, and an output of the second counter 730 is

coupled to a second input of the selector 740.

In operation of the modulator circuitry 700, the input bitstream vy is received at the input
of the demultiplexer 710. The demultiplexer 710 is operative to couple the input of the
first counter 720 to the input of the demultiplexer 710 for odd-numbered frames of the
input signal y, and to couple the input of the second counter 730 to the input of the
demultiplexer 710 for even-numbered frames of the input signal y. (A frame of the input

signal y comprises a predefined number of bits of the input signal, e.g. 8 bits).

The first counter 720 is configured to count the number of logic ones in an odd-numbered
frame of the input signal y that it receives from the demultiplexer 710, and to generate a
bitstream signal comprising a number of logic ones that is equal to the number of logic
ones present in the input signal y in the frame period, followed by a number of logic zeros
that is equal to the number of logic zeros present in the input signal y in the frame period.
In other words, the first counter 720 is operative to generate a pulse width modulated
output signal having a positive pulse whose width is dependent upon the number of logic

ones present in the input signal y in the frame period.

Similarly, the second counter 730 is configured to count the number of logic ones in an
even-numbered frame of the input signal y that it receives from the demultiplexer 710,
and to generate a bitstream signal comprising a number of logic ones that is equal to the
number of logic ones present in the input signal y in the frame period, followed by a
number of logic zeros that is equal to the number of logic zeros present in the input signal

y in the frame period. Thus, the second counter 730 is also operative to generate a pulse
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width modulated output signal having a positive pulse whose width is dependent upon

the number of logic ones present in the input signal y in the frame period.

The selector 740 is configured to select the output of the first counter 720 during even-
numbered frames of the input signal y, and to select the output of the second counter

730 during odd-numbered frames of the input signal.

During even-numbered frames of the input signal y, the selector 740 reads the bitstream
generated by the first counter 720 and outputs the bitstream as the CEM output signal.

During odd-numbered frames of the input signal y, the selector 740 reads the bitstream
generated by the second counter 730 and outputs the bitstream, in reverse order, as the

CEM output signal.

For example, the first and second counters 720, 730 may each comprise a register of
length equal to frame length of input signal (i.e. if frame length is 8 bits then register
length is also 8 bits). At the start of a frame period of the input signal the relevant register
(i.e. the register of the first counter 720 if the frame period is odd-numbered or the register
of the second counter 730 if the frame period is even-numbered) is reset to all 0. Every
time a 1 is detected in the input signal y the bits in the register shift one position to the
right and the most significant bit (MSB) of the register is set to one. Thus at the end of
frame period the register will contain a number of ones equal to the number of ones in
the frame of the input signal y, starting at the MSB position, followed by a number of Os

equal to the number of zeros in the input frame.

During even-numbered frame periods of the input signal y, the selector 740 reads the
contents of the register of the first counter 720 (which were entered into the register
during the immediately preceding frame period of the input signal) in most significant bit
(MSB) to least significant bit (LSB) order, such that output signal of the selector 740
during even-numbered frame periods of the input signal is the same as the contents of
the register of the first counter. During odd-numbered frame periods of the input signal
the selector 740 reads the contents of the register of the second counter 730 (which were
entered into the register during the immediately preceding frame period of the input
signal) in LSB to MSB order, such that output signal of the selector 740 is inverted in

time with respect to the contents of register of the second counter 720.
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Table 4 below illustrates the operation of the first and second counters 720, 730 and the
selector 740 for an example input signal y comprising four 8 bit frames. It will be noted
that the selector output for frame 2 is identical to the bitstream generated by the first
counter 720 during frame 1. The selector output for frame 3 is a time-reversed version
of the bitstream generated by the second counter 730 during frame 2. The selector
output for frame 4 is identical to the bitstream generated by the first counter 720 during
frame 3, and the selector output for frame 5 is a time-reversed version of the bitstream

generated by the second counter 730 during frame 4.

10

15

20

25

30

Frame 1 Frame 2 Frame 3 Frame 4 Frame 5
Input signal y | 10011011 | 01011010 10111011 01001100
Counter 1 11111000 11111100
Counter 2 11110000 11100000
Selector 11111000 00001111 11111100 00000111
output
Table 4

Figure 8 shows the example input signal y shown in Table 4 above as trace 810, the
signals generated by the first and second counters 720, 730 (traces 820 and 830
respectively) and the CEM output signal generated by the selector 740 (trace 840).

Figure 8 also shows, in trace 850, a PVWWM signal representing the input signal y. As can
be seen, the PWM signal 850 has seven transitions between logic 0 and logic 1 states,
whereas the CEM signal output by the selector 740 has only 4 such transitions. As will
be appreciated, the reduced number of transitions in the CEM output signal 840, as
compared to the PWM signal 850 gives rise to reduced power consumption in the CEM

modulator circuitry 700, as compared to conventional PWM modulator circuitry.

Further, the use of a CEM signal as the output signal is beneficial where the circuitry 500
is used for applications such as circuitry implementing a convolutional neural network
(CNN), as the CEM signal facilitates implementation of a non-linear activation function,

as discussed in more detail below.

Figure 9 is a schematic diagram illustrating alternative circuitry for performing a MAC
operation with improved efficiency, as compared to the circuitry 500 of Figure 5, by

performing a plurality of MAC operations using the same weighting signals in parallel.
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The circuitry, shown generally at 900 in Figure 9, includes first multiplexer circuitry 910
having a plurality of inputs for receiving a first plurality of unary coded input bitstreams
a1, B1, Y1, O1 representing operands of a first MAC operation. The circuitry 900 further
includes first vector quantizer circuitry 920 having a plurality of inputs for receiving a
plurality of weighting signals wq, wg, Wy, Ws, each weighting signal representing a
proportion of a computation time period for which a respective one of the first plurality of
unary coded input bitstreams a1, B+, yi, 01 should be selected by the first multiplexer

circuitry 910 in order to correctly perform the first MAC operation using the operands.

The circuitry 900 further includes second multiplexer circuitry 930 having a plurality of
inputs for receiving a second plurality of unary coded input bitstreams a2, B2, y2, 02
representing operands of a second MAC operation. The circuitry 900 further includes
second vector quantizer circuitry 940 having a plurality of inputs for receiving the plurality
of weighting signals wq, Wg, Wy, Ws, which again represent a proportion of a computation
time period for which a respective one of the second plurality of unary coded input
bitstreams a2, B2, y2, 02 should be selected by the second multiplexer circuitry 920 in
order to correctly perform the second MAC operation using the operands. Thus, the
same weightings are applied to the first plurality of unary coded input bitstreams and to
the second plurality of unary coded input bitstreams. If the first and second vector
quantizer circuitry 920, 940 are dithered differently (e.g. a source of dither for the first
vector quantizer circuitry 920 is independent from a source of dither for the second vector

quantizer circuitry 940), then the circuitry 900 will accelerate convergence.

The circuitry 900 further includes adder circuitry 950 configured to receive output
bitstream signals y1, y2 of the first and second multiplexer circuitry 910, 930 and to
combine the received bitstreams into a single output bitstream y representing the sum of

the results of the combination first and second MAC operations.

The circuitry 900 may further include integrator circuitry 530 and an encoder 540 of the
kind described above with reference to Figure 5, for integrating the output signal y and
encoding the integrated signal into a unary coded signal. Alternatively, the circuitry 900
may further comprise CEM encoder circuitry 700 of the kind described above with

reference to Figure 7, for encoding the output signal y as a CEM signal.
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The first and second vector quantizer circuitry 920, 940 may each comprise vector
quantizer circuitry of the kind described above with reference to Figure 6, or alternatively
may comprise circuitry implementing some other vector quantizer architecture such as a

tree-based modulator.

In operation of the circuitry 900, the first and second vector quantizer circuitry 920, 940
each receive the plurality of weighting signals wq, wg, wy, Ws. The first vector quantizer
circuitry 920 outputs a first selector signal 81 to cause the first multiplexer circuitry 910
to select each input signal a1, B4, y1, 01 for the correct proportion of each computation
period, such that over a given computation period the output y1 of the first multiplexer

circuitry 910 is a time division multiplexed signal of the form

y1 = 4Wq + [31W[5 + yiwy + O1Ws.

Similarly, the second vector quantizer circuitry 940 outputs a second selector signal 62
to cause the second multiplexer circuitry 930 to select each input signal a, B2, y2, 02 for
the correct proportion of each computation period, such that over a given computation
period the output y2 of the second multiplexer circuitry 930 is a time division multiplexed

signal of the form

y2 = QoWq + ﬁzW[s + yawy + OoWs.

The adder circuitry 950 receives the output bitstream signals y1 and y2 and combines
them into a combined output bitstream y containing both of the bitstream signals y1 and
y2. By varying the dither between the first and second vector quantizer circuitry 920,
940 (e.g. as discussed above in relation to the vector quantizer circuitry 600 of Figure 6),

it is possible to ensure that the bitstream signals y1 and y2 are different.

The circuitry 900 of Figure 9 is particularly suited to applications where the same weights
are to be applied to different sets of input signals, for example circuitry that implements

a convolutional neural network (CNN) or the like.

It will be appreciated that the circuitry 900 illustrated in Figure 9 could be extended to
include further multiplexer circuitry, each additional instance of multiplexer circuitry
having an associated instance of vector quantizer circuitry. For example, in an

implementation having six instances of multiplexer circuitry for receiving six sets of input
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signals, there will also be six instances of vector quantizer circuitry for receiving a

common set of weighting signals to be applied to each set of input signals.

Figure 10 is a schematic diagram illustrating further alternative circuitry for performing a

MAC operation.

The circuitry, shown generally at 1000 in Figure 10, includes first multiplexer circuitry
1010 having a plurality of inputs for receiving a first plurality of unary coded bitstreams
a1, B1, y1, 01 representing operands of a first MAC operation and second multiplexer
circuitry 1020 having a plurality of inputs for receiving a second plurality of unary coded

bitstreams ao, B2, y2, 82 representing operands of a second MAC operation.

The circuitry 1000 further includes vector quantizer circuitry 1030 which is common to
both the first and the second multiplexer circuitry 1010, 1020. The vector quantizer
circuitry 1030 has a plurality of inputs for receiving a plurality of weighting signals wq, wg,
Wy, Ws, each weighting signal representing a proportion of a computation time period for
which a respective unary coded bitstream of each of the first and second plurality of input
unary bitstreams should be selected by the first and second multiplexer circuitry 1010,
1020 in order to correctly perform the first and second MAC operations using the

operands.

As in the circuitry 900, the circuitry 1000 includes adder circuitry configured to receive
output bitstream signals y1, y2 of the first and second multiplexer circuitry 1010, 1020
and to combine the received bitstreams into a single output bitstream y representing the

sum of the results of the combination first and second MAC operations.

The circuitry 1000 may further include integrator circuitry 530 and an encoder 540 of the
kind described above with reference to Figure 5, for integrating the output signal y and
encoding the integrated signal into a unary coded signal. Alternatively, the circuitry 1000
may further comprise CEM encoder circuitry 700 of the kind described above with

reference to Figure 7, for encoding the output signal y as a CEM signal.

The vector quantizer circuitry 1030 may comprise vector quantizer circuitry of the kind
described above with reference to Figure 6, or alternatively may comprise circuitry

implementing some other vector quantizer architecture such as a tree-based modulator.
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In operation of the circuitry 1000, the vector quantizer circuitry 1030 receives the plurality
of weighting signals wq, wg, Wy, Ws and outputs a first selector signal 61 to cause the first
multiplexer circuitry 1010 to select each input signal a4, B1, y1, &1 for the correct proportion
of each computation period, such that over a given computation period the output y1 of

the first multiplexer circuitry 1010 is a time division multiplexed signal of the form

y1 = 4Wq + [31W[5 + yiwy + O1Ws.

The vector quantizer circuitry 1030 also outputs a second selector signal 62 to cause the
second multiplexer circuitry 1020 to select each input signal az, B2, y2, Oz for the correct
proportion of each computation period, such that over a given computation period the
output y2 of the second multiplexer circuitry 1020 is a time division multiplexed signal of

the form

y2 = OoWqg + ﬁzW[s + yawy + OoWs.

The adder circuitry 1040 receives the output bitstream signals y1 and y2 and combines
them into a combined output bitstream y containing both of the bitstream signals y1 and
y2.

The circuitry 1000 of Figure 10 is also well suited to applications where the same weights
are to be applied to different sets of input signals, for example circuitry that implements
a convolutional neural network (CNN) or the like. In comparison with the circuitry 900 of
Figure 9, the circuitry 1000 of Figure 10 has reduced power consumption, because
instead of having a plurality of multiplexers, each having an associated vector quantizer,
a single vector quantizer can be shared between multiple (two, in the example of Figure

10) multiplexers.

As before, it will be appreciated that the circuitry 1000 could be extended to include more
instances of multiplexer circuitry, with additional instances of vector quantizer circuitry

as necessary to support and control the additional multiplexer circuitry.

An architecture comprising a vector quantizer and a plurality of multiplexers is particularly
suited for use in circuitry implementing a convolution layer of a convolutional neural
network (CNN).
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Figure 11 is a schematic diagram illustrating functional blocks of a typical CNN. As
shown, the CNN 1100 includes a convolution block 1110, a non-linear function block
1120 and a pooling block 1130.

The convolution block 1110 is configured to apply a kernel (e.g. a common set of weights)
to different subsets of a set of input data. The non-linear function block 1120 is
configured to receive output data from the convolution block and to perform a non-linear
activation function such as a rectified linear unit (ReLU) activation function on the
received data. The pooling block 1130 is configured to perform a pooling function on

data output by the non-linear function block 1120.

Figure 12 is a schematic diagram illustrating example operations performed by circuitry

implementing a convolutional neural network (CNN).

In order to perform convolution of the kernel with the input data set, the kernel is applied
in turn to different subsets of the input data set (which in some examples may be
overlapping subsets of the input data set), typically using a matrix multiplication
operation. The matrix multiplication operations are represented in Figure 12 by first and
second convolution operations 1210, 1220 (though it will be appreciated by those of
ordinary skill in the art that a typical convolution block or layer will perform more than two

such convolution operations).

As shown, a first convolution operation 1210 is performed on a first subset (e.g. a first
vector) D1 of input data and a kernel W1 of weight data. A first non-linear activation
function 1220 is performed on the result of the first convolution operation 1210. A second
convolution operation 1230 is performed on a second subset (e.g. a second vector) D2
of the input data and the kernel W1, and a second non-linear activation function 1240 is

performed on the result of the second convolution operation 1230.

As will be apparent from the foregoing disclosure, because the convolution operations
1210, 1230 are matrix multiplication operations, they can be implemented as multiply-
accumulate (MAC) operations using stochastic computing techniques, and thus can be
implemented in circuitry using a combination of a plurality of multiplexers and a vector

quantizer that is coupled to each of the plurality of multiplexers, as shown in Figure 13.
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The circuitry, shown generally at 1300 in Figure 13, comprises vector quantizer circuitry

1310 and first and second multiplexer circuitry 1320, 1330.

The vector quantizer circuitry 1310 is configured to receive the kernel W1 as a set of
weighting signals wq, wg, wy, ws. The first multiplexer circuitry 1320 is configured to
receive the first subset D1 as a first set of unary coded bitstreams a«, B4, y1, 01, and the
second multiplexer circuitry 1330 is configured to receive the second subset D2 of input

data as a second set of unary coded bitstreams az, B2, y2, 32 of input data.

The first and second multiplexer circuitry 1320, 1330 are coupled to the vector quantizer
circuitry 1310 so as to receive respective first and second selector signals 61, 82 from

the vector quantizer circuitry 1310.

In operation of the circuitry 1300, the vector quantizer circuitry 1310 outputs the first
selector signal 81 to cause the first multiplexer circuitry 1320 to select each input signal
a1, B1, Y1, 01 for the correct proportion of each computation period, such that over a given
computation period the output y1 of the first multiplexer circuitry 1320 is a time division

multiplexed signal of the form

y1 = 4Wq + [31W[5 + yiwy + O1Ws.

Similarly, the vector quantizer circuitry 1310 outputs the second selector signal 62 to
cause the second multiplexer circuitry 1330 to select each input signal a2, B2, y2, 02 for
the correct proportion of each computation period, such that over a given computation
period the output y2 of the second multiplexer circuitry 1330 is a time division multiplexed

signal of the form

y2 = QoWq + ﬁzW[s + yawy + OoWs.

As will be appreciated, in a practical implementation of a CNN, the convolution block or
layer will be required to perform more than two matrix multiplication operations in order
to perform convolution of the whole input data set with the kernel. Each additional matrix
multiplication operation can be implemented simply by coupling an additional multiplexer
to the vector quantizer circuitry 1310. Thus, if the input data set were divided into four

subsets D1 — D4, the circuitry 1300 would include four multiplexers coupled to the vector
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quantizer circuitry 1310, each multiplexer receiving a different one of the subsets D1 —

D4 of input the input data.

Thus the architecture shown in Figure 13 permits low-power performance of the

convolution operations required by the convolution block or layer of a CNN.

As discussed briefly above, the use of a consecutive edge modulated (CEM) signal

facilitates implementation of a non-linear activation function.

Figure 14 is a schematic representation of circuitry for implementing a non-linear
function (such as the non-linear functions 1120, 1220, 1240 of Figures 11 — 13). The
circuitry, shown generally at 1400 in Figure 14, comprises first CEM modulator circuitry
1410, an OR gate 1420, and second CEM modulator circuitry 1430.

The first CEM modulator circuitry 1410 receives a unary coded signal representing the
value 0.5, and outputs a corresponding CEM signal to a first input of the OR gate 1420.
A second input of the OR gate 1420 receives the signal output by a multiplexer (e.g. the
first or second multiplexer 1310, 1320 of Figure 13). The output of the OR gate 1420 is
coupled to an input of the second CEM modulator circuitry 1430, which outputs a CEM

modulated signal representing the signal received at its input.

The circuitry 1400 has a transfer function of the form shown in Figure 15, which is

corresponds to the transfer function of a ReLU function.

Figure 16 is a schematic representation of circuitry that may be used to implement a
pooling block or layer in circuitry implementing a CNN (e.g. the pooling block 1130 of
Figure 11).

The circuitry, shown generally at 1600 in Figure 16, is configured to perform mean
pooling, and includes multiplexer circuitry 1610, vector quantizer circuitry 1620 and CEM

modulator circuitry 1630.

The multiplexer circuitry 1610 is configured to receive a plurality (in this example four) of
CEM encoded input signals di — d4, each output by non-linear function circuitry (e.g. the

circuitry 1400 of Figure 14). A control input of the multiplexer circuitry 1610 is coupled
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to an output of the vector quantizer circuitry 1620 so as to receive a selector signal 6

from the vector quantizer circuitry 1620.

The vector quantizer circuitry 1620 is configured to receive one or more input signals
representing a desired weighing to be applied to each of the CEM encoded input signals.
In this example, because the circuitry 1600 is configured to perform mean pooling and
there are four CEM encoded input signals di — d4, the input signal represents the value
Y. The selector signal © output by the vector quantizer circuitry 1620 thus causes the
multiplexer circuitry 1610 to select each of the CEM encoded input signals di — d4 for
one quarter of each computation period, such that over a given computation period the
output y of the first multiplexer circuitry 1610 is a time division multiplexed signal of the

form

y = Yadq + Vad, + Yads + Vads.

More generally, the selector signal 8 output by the vector quantizer circuitry 1620 causes
the multiplexer circuitry 1610 to select each of the plurality of CEM encoded input signals
for an equal proportion of the computation period. Thus, if there are N input signals to
the multiplexer circuitry 1610, then the input signal to the vector quantizer circuitry will

represent a value 1/N.

An output of the multiplexer circuitry 1610 is coupled to an input of the CEM modulator
circuitry 1630. The CEM modulator circuitry 1630 thus outputs a CEM modulated signal
representing the signal y output by the multiplexer circuitry 1610.

As will be appreciated, the present disclosure describes efficient architectures for
performing MAC operations using unary coded input signals. Such architectures are

particularly suited for use in circuitry implementing a convolutional neural network (CNN).

There are a variety of unary codes that can be used for the input unary coded bitstream
signals to the multiplexer circuitry in the circuitry 500, 900, 1000 of the present disclosure.
Any unary coding scheme may be used to generate the input bitstream signals, and
different unary codes may be used for different ones of the plurality of input unary coded

bitstream signals. Examples of suitable unary codes include:

Stochastic codes, which are generated by comparing a random sequence to a reference

value to generate a sequence with the correct mean value;



10

15

20

25

30

35

WO 2023/007115 PCT/GB2022/051592

26

Pseudo-random codes. Here instead of comparing the input to a real random number
generator, the comparison is performed between the input and pseudo-random number

such as generated from a LFSR (Linear Feedback Shift Register);

Low-Discrepancy codes. These are quasi-random codes that aim to improve on LFSR
by converging faster, at the cost of additional complexity required to generate them.

Commonly used methods include Halton and Sobol sequences;

Pulse Width Modulation (PWM). Here the data is encoded in the duty cycle of the

waveform;

Pulse Density Modulation (PDM). Here the information is encoded in the how often the

pulses are high. Typically generated via a sigma delta modulator.

Rate coding. This is a neuromorphically inspired method where the pulses are ended by

how often they occur. They can be generated via an Integrate and Fire Neuron.

Time encoding modulation. Also known as asynchronous sigma delta modulation. This
method encodes the information in the duty cycle, but the duty cycle scales with the

amplitude to provide more accuracy.

Consecutive Edge Modulation (CEM). Here the information is encoded in duty cycle, but
spread over multiple cycles to minimise the number of edges. Hence it is an optimal

method for unary computing since it has a minimum number of edges.

Binary Code modulation (BCM). Here the data is encoded considering each bit of the
word to be encoded in turn, producing a number of pulses equal to two the power of its
position, with same value as the bit. For example 1 sample of an LSB is sent (which can
be high or low), then 2 samples of the next bit, then 4 samples of the next bit, then 8 of
the next etc., until the whole value has been encoded. For example, the binary number
1001 would be coded as the sequence 1, then 00, then 0000, then 11111111 i.e.
100000011111111, which has a mean value of 9.

In the examples described above the unary coded bitstreams are described in terms of

a unipolar coding scheme in which a value is represented by a stream of bits which can



10

15

20

25

30

35

WO 2023/007115 PCT/GB2022/051592

27

take the value 0 or 1. It will be appreciated by those of ordinary skill in the art that a
bipolar coding scheme in which a value is represented by a stream of bits that can take

the value -1 or +1, for example.

The circuitry and/or converter of the present disclosure may be used in a wide variety of
applications. For example, the circuitry and/or converter may be used as part of a glance
detection system, e.g. a system which monitors the gaze of a user to detect where the
user is looking. A glance detection system of this kind may be used, for example, to
cause a device such as a mobile telephone to switch between operational modes (e.qg.
a sleep mode and an active mode) when the user looks at the device or a region or area

of the device.

Embodiments may be implemented as an integrated circuit which in some examples
could be a codec or audio DSP or similar. Embodiments may be incorporated in an
electronic device, which may for example be a portable device and/or a device operable
with battery power. The device could be a communication device such as a mobile
telephone or smartphone or similar. The device could be a computing device such as a
notebook, laptop or tablet computing device. The device could be a wearable device
such as a smartwatch. The device could be a device with voice control or activation
functionality such as a smart speaker. In some instances the device could be an
accessory device such as a headset, headphones, earphones, earbuds or the like to be

used with some other product.

The skilled person will recognise that some aspects of the above-described apparatus
and methods, for example the discovery and configuration methods may be embodied
as processor control code, for example on a non-volatile carrier medium such as a disk,
CD- or DVD-ROM, programmed memory such as read only memory (Firmware), or on a
data carrier such as an optical or electrical signal carrier. For many applications,
embodiments will be implemented on a DSP (Digital Signal Processor), ASIC
(Application Specific Integrated Circuit) or FPGA (Field Programmable Gate Array).
Thus the code may comprise conventional program code or microcode or, for example
code for setting up or controlling an ASIC or FPGA. The code may also comprise code
for dynamically configuring re-configurable apparatus such as re-programmable logic
gate arrays. Similarly the code may comprise code for a hardware description language
such as Verilog™ or VHDL (Very high speed integrated circuit Hardware Description

Language). As the skilled person will appreciate, the code may be distributed between
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a plurality of coupled components in communication with one another. Where
appropriate, the embodiments may also be implemented using code running on a field-
(re)programmable analogue array or similar device in order to configure analogue

hardware.

It should be noted that the above-mentioned embodiments illustrate rather than limit the
invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims. The word
“comprising” does not exclude the presence of elements or steps other than those listed
in a claim, “@” or “an” does not exclude a plurality, and a single feature or other unit may
fulfil the functions of several units recited in the claims. Any reference numerals or labels

in the claims shall not be construed so as to limit their scope.
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CLAIMS

1. Circuitry for performing a multiply-accumulate (MAC) operation, the circuitry
comprising:

a first multiplexer having a plurality of inputs for receiving a plurality of unary-coded
input signals representing operands of the MAC operation and an output for outputting a
multiplexer output signal representing a result of the MAC operation; and

a first vector quantizer configured to receive a plurality of weighting signals, each
representing a proportion of a computation time period for which a respective one of the
unary-coded input signals should be selected by the multiplexer and to output a first
selector signal to the multiplexer to cause the multiplexer to select each of the input

signals in accordance with the plurality of weighting signals.

2. Circuitry according to claim 1, wherein the circuitry further comprises an integrator

for integrating the multiplexer output signal over a period of time.

3. Circuitry according to claim 2, wherein the circuitry further comprises an encoder

for encoding a signal output by the integrator into a unary coded output signal.

4. Circuitry according to any of the preceding claims, further comprising a consecutive
edge modulator (CEM) configured to encode the multiplexer output signal into a

consecutive edge modulated signal.

5. Circuitry according to claim 4, wherein the CEM comprises:

a first counter configured to generate a first pulse width modulated signal
based on the number of high bits in a first frame of the multiplexer output signal;

a second counter configured to generate a second pulse width modulated
signal based on the number of high bits in a second frame of the multiplexer
output signal;

a selector configured to select the first pulse width modulated signal as a
first frame of a CEM output signal and to invert the second pulse width modulated

signal in time to generate a second frame of the CEM output signal.

6. Circuitry according to claim 5, wherein the second frame of the multiplexer output

signal immediately follows the first frame of the multiplexer output signal, and wherein
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the second frame of the CEM output signal immediately follows the first frame of the

CEM output signal.

7. Circuitry according to claim 5 or claim 6, wherein the first frame of the multiplexer
output signal is an odd-numbered frame of the multiplexer output signal and the second
frame of the multiplexer output signal is an even-numbered frame of the multiplexer

output signal.

8. Circuitry according to any of the preceding claims, wherein the first vector quantizer
comprises:
a plurality of integrators, each configured to receive a respective
weighting signal; and
a processing unit configured to, in each cycle of a computation period of
the circuitry:
determine a maximum among the outputs of the plurality of
integrators;
output a control signal to the first multiplexer to cause the first
multiplexer to select an input corresponding to the weighting signal
received by the integrator whose output is maximum; and

reset the integrator whose output is maximum.

9. Circuitry according to claim 8, wherein resetting the integrator comprises resetting

the output of the integrator to O or to a random value.

10. Circuitry according to any of the preceding claims, wherein the first vector quantizer

comprises a tree-based modulator.

11. Circuitry according to any of the preceding claims, further comprising a second

multiplexer configured to receive a second selector signal from the first vector quantizer.

12. Circuitry according to any of the preceding claims, further comprising a second
multiplexer and a second vector quantizer, the second multiplexer being configured to

receive a second selector signal from the second vector quantizer.

13. Circuitry according to any of the preceding claims, wherein each of the plurality of

unary-coded input signals is encoded according to a common encoding scheme.
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14. Circuitry according to any of the preceding claims, wherein at least one of the
plurality of unary-encoded input signals is encoded according to a different encoding

scheme than at least one other of the plurality of unary-encoded input signals.

15. Convolutional Neural Network (CNN) circuitry comprising MAC circuitry according

to any of the preceding claims.

16. A stochastic to consecutive edge modulation (CEM) converter comprising:

a first counter configured to generate a first pulse width modulated signal
based on the number of high bits in a first frame of a received stochastic signal;

a second counter configured to generate a second pulse width modulated
signal based on the number of high bits in a second frame of the received
stochastic signal; and

a selector configured to select the first pulse width modulated signal as a
first frame of a CEM output signal and to invert the second pulse width modulated

signal in time to generate a second frame of the CEM output signal.

17. An integrated circuit comprising the circuitry of any of claims 1 — 15.

18. A device comprising the circuitry of any of claims 1 — 15.

19. A device according to claim 18, wherein the device comprises a portable device, a
battery powered device, a mobile telephone, a tablet or laptop computer, a smart
speaker, an accessory device, a headset device, smart glasses, headphones,

earphones or earbuds.

20. Circuitry for performing a multiply-accumulate (MAC) operation, the circuitry
comprising multiplexer circuitry configured to output a time division multiplexed output
signal comprising portions of a plurality of unary coded multiplexer input signals selected
according to a control signal received by the multiplexer circuitry from vector quantizer

circuitry.

21. Circuitry for performing a convolution operation between a kernel and a set of data,

the circuitry comprising:
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vector quantizer circuitry configured to receive one or more input signals
representing the kernel;
first multiplexer circuitry configured to receive a first plurality of unary coded input
signals representing a first subset of the data; and
second multiplexer circuitry configured to receive a second plurality of unary coded
input signals representing a second subset of the data,
wherein the vector quantizer circuitry is configured to:
output a first selector signal to the first multiplexer circuitry to cause the first
multiplexer circuitry to select each of the first plurality of unary coded input signals
for a respective proportion of a computation period, wherein the proportion of the
computation period for which each of the first plurality of unary coded input signals
is selected is based on the kernel; and
output a second selector signal to the first multiplexer circuitry to cause the
first multiplexer circuitry to select each of the second plurality of unary coded input
signals for a respective proportion of the computation period, wherein the
proportion of the computation period for which each of the second plurality of unary

coded input signals is selected is based on the kernel.

22. Circuitry for performing a mean pooling function for a plurality of unary coded data
signals, the circuitry comprising:

multiplexer circuitry configured to receive the plurality of unary coded data
signals; and

vector quantizer circuitry configured to output a selection signal to cause the
multiplexer circuitry to select each of the plurality of input signals for an equal

proportion of a computation period.
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