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(57) ABSTRACT

A multiply-accumulate unit comprises a first input config-
ured to receive a first operand encoded using a two-bit
encoding scheme in which a ternary value is represented by
two bits, wherein identical bits indicate a non-computable
value and different bits indicate a computable value. The
unit further comprises a second input for receiving a second
operand, a zero detection circuit with a logic gate that
compares the two bits and generates a skip signal when they
are identical, an arithmetic circuit for performing accumu-
lation based on both operands, an accumulator register for
storing the result, and a gating circuit that selectively enables
writing to the accumulator register based on the skip signal,
preventing writing when the first operand is non-comput-
able.
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1
TERNARY MULTIPLY-ACCUMULATE UNIT
WITH ENCODING-BASED ZERO
DETECTION AND ACCUMULATOR GATING

BACKGROUND

Neural network inference relies heavily on multiply-
accumulate (MAC) operations, which dominate the compu-
tational workload in modern deep learning systems. As
neural networks have grown in size and complexity,
researchers have explored various quantization techniques
to reduce the computational burden associated with these
operations.

Ternary quantization represents one approach to reducing
computational complexity, where neural network weights
are constrained to three values: negative one, zero, and
positive one. Networks employing ternary weights exhibit a
characteristic property: a substantial fraction of the weights-
often between fifty and seventy percent—are zero-valued.
This sparsity pattern arises naturally from the training pro-
cess and represents a potential opportunity for computa-
tional savings.

Despite the restricted value set in ternary neural networks,
conventional hardware implementations route ternary opera-
tions through general-purpose multiplier circuits. This
approach fails to exploit the mathematical simplicity inher-
ent in ternary arithmetic: multiplication by positive one
reduces to identity, multiplication by negative one reduces to
negation, and multiplication by zero produces zero regard-
less of the other operand. General-purpose multipliers con-
sume silicon area and power resources that exceed what
ternary operations require.

When either operand in a multiply-accumulate operation
is zero, the product contributes nothing to the accumulated
result. In architectures that lack mechanisms to detect and
bypass zero-valued operations, the accumulator register
transitions on every clock cycle regardless of whether the
operation produces a meaningful contribution. These unnec-
essary register transitions consume switching power without
advancing the computation.

Existing approaches to zero detection in neural network
accelerators examine all bits of each operand to determine
whether the value equals zero. For operands with eight,
sixteen, or more bits, this detection logic adds complexity
and latency to the datapath. Furthermore, conventional zero-
gating techniques provide power optimization without offer-
ing any mechanism to verify computational correctness.
Binary neural networks, which restrict weights to two values
rather than three, eliminate the zero state entirely. While this
simplifies the arithmetic, it removes the opportunity to skip
operations and reduces model accuracy compared to ternary
approaches. There is a need for a multiply-accumulate
architecture that exploits the structural properties of ternary
encoding to detect zero-valued operands without examining
all operand bits and that eliminates unnecessary accumulator
register transitions to reduce power consumption.

SUMMARY

This summary is provided to introduce a selection of
concepts in a simplified form that are further described
below in the detailed description. This summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used as an aid
in determining the scope of the claimed subject matter.

The present disclosure provides a multiply-accumulate
unit that employs a two-bit encoding scheme for ternary
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values, where the structural relationship between the two
encoding bits directly indicates whether a value is comput-
able. In this encoding, computable values (positive one and
negative one) are represented by bit patterns having differing
bits, while non-computable values (zero and reserved) are
represented by bit patterns having identical bits. A zero
detection circuit comprising a single logic gate, such as an
XNOR gate, compares the two bits of an operand and
generates a skip signal when the bits are identical, thereby
detecting non-computable values without examining the full
operand width. An arithmetic circuit performs accumulation
operations using a sign extraction circuit that determines the
product sign through an XOR operation on the most sig-
nificant bits of the operands, eliminating the need for dedi-
cated multiplier hardware. A gating circuit coupled to an
accumulator register prevents writing to the register when
the skip signal indicates a non-computable operand, thereby
eliminating switching power consumption for zero-valued
operations. This architecture provides a technical improve-
ment over prior art approaches that route ternary operations
through general-purpose multipliers and that detect zero
operands by examining all bits of multi-bit operands, as the
encoding-based detection reduces zero detection to a single
gate per operand while the sign-based multiplication elimi-
nates multiplier circuitry entirely.

The foregoing general description of the illustrative
embodiments and the following detailed description thereof
are merely exemplary aspects of the teachings of this
disclosure and are not restrictive.

BRIEF DESCRIPTION OF FIGURES

Non-limiting and non-exhaustive examples are described
with reference to the following figures.

FIG. 1 illustrates a block diagram of a multiply-accumu-
late unit, according to aspects of the present disclosure.

FIG. 2 illustrates a block diagram of a neural network
accelerator with a multiply-accumulate unit array, according
to aspects of the present disclosure.

FIG. 3 illustrates a flowchart of a method for performing
multiply-accumulate operations, according to aspects of the
present disclosure.

FIG. 4 illustrates a flowchart of a method for performing
multiply-accumulate operations with dual operand zero
detection, according to aspects of the present disclosure.

FIG. 5 illustrates a flowchart of a method for performing
multiply-accumulate operations with sign-based selective
addition or subtraction, according to aspects of the present
disclosure.

DETAILED DESCRIPTION

The following description sets forth exemplary aspects of
the present disclosure. It should be recognized, however,
that such description is not intended as a limitation on the
scope of the present disclosure. Rather, the description also
encompasses combinations and modifications to those
exemplary aspects described herein.

The present disclosure relates to multiply-accumulate unit
architectures that employ a two-bit encoding scheme for
representing ternary values. In such architectures, ternary
values may include positive one, negative one, and zero. The
two-bit encoding scheme may encode these ternary values
such that a structural relationship between the two encoding
bits indicates whether a value is computable or non-com-
putable. In some cases, computable values (positive one and
negative one) are represented by bit patterns in which the
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two bits differ from each other, while non-computable
values (zero and a reserved state) are represented by bit
patterns in which the two bits are identical.

This structural property of the encoding scheme may
enable zero detection using a single logic gate per operand.
In some cases, an XNOR gate may compare the two bits of
an encoded operand and generate a skip signal when the bits
are identical, indicating a non-computable value. The single-
gate detection approach may detect both zero values and
reserved encoding states without additional circuitry, as both
non-computable states share the same bit-level signature of
identical bits.

The skip signal generated by the zero detection circuitry
may be used to gate an accumulator register. In some cases,
a gating circuit may selectively enable or disable writing to
the accumulator register based on the skip signal. When the
skip signal indicates that an operand is a non-computable
value, the gating circuit may prevent writing to the accu-
mulator register, causing the accumulator register to main-
tain its prior value. This conditional accumulation approach
may reduce switching power consumption by eliminating
register transitions for operations involving zero-valued
operands.

The multiply-accumulate unit architecture may perform
ternary multiplication without dedicated multiplier hard-
ware. In some cases, a sign extraction circuit may determine
the sign of a product by performing an XOR operation on the
most significant bits of two operands encoded using the
two-bit encoding scheme. The most significant bit may
distinguish positive one from negative one in the encoding,
and the XOR operation may produce a result indicating
whether the product is positive or negative. An adder-
subtractor circuit may then selectively add or subtract a
value to or from the accumulator register based on the
determined sign, thereby implementing ternary multiplica-
tion using addition and subtraction operations rather than
dedicated multiplication circuitry.

Referring to FIG. 1, a multiply-accumulate unit 100
includes a first input 102, a second input 104, a zero
detection circuit 106, an arithmetic circuit 110, an accumu-
lator register 112, and a gating circuit 114. The first input
102 may be configured to receive a first operand encoded
using a two-bit encoding scheme in which a ternary value is
represented by two bits. In the two-bit encoding scheme, the
two bits being different indicates a computable value and the
two bits being identical indicates a non-computable value.
The second input 104 may be configured to receive a second
operand.

The two-bit encoding scheme may encode ternary values
such that computable values of positive one and negative
one are represented by bit patterns having differing bits,
while non-computable values including zero and a reserved
state are represented by bit patterns having identical bits. In
some cases, the two-bit encoding scheme may encode a zero
value as a bit pattern 00, positive one as a bit pattern 01,
negative one as a bit pattern 10, and a reserved value as a bit
pattern 11. The two-bit encoding scheme may use any
assignment of {-1, 0, +1, reserved} to the four bit patterns
that satisfies the structural property where computable val-
ues have differing bits and non-computable values have
identical bits.

With continued reference to FIG. 1, the zero detection
circuit 106 includes a logic gate 108. The logic gate 108 may
be configured to compare the two bits of the first operand
and generate a skip signal when the two bits are identical. In
some cases, the logic gate 108 comprises an XNOR gate that
outputs a logic high value when the two bits of the first
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operand are identical. The XNOR gate may detect both zero
values and reserved encoding states as non-computable
values, as both states share the identical-bits signature.

In some cases, the second operand received at the second
input 104 may be encoded using the two-bit encoding
scheme. The zero detection circuit 106 may further comprise
a second logic gate configured to compare two bits of the
second operand and generate a second skip signal when the
two bits of the second operand are identical. The multiply-
accumulate unit 100 may further comprise a combining
circuit configured to combine the skip signal and the second
skip signal to produce a combined skip signal. In some
cases, the combining circuit comprises an OR gate.

The arithmetic circuit 110 may be configured to perform
an accumulation operation based on the first operand and the
second operand. In some cases, the arithmetic circuit 110
comprises a sign extraction circuit configured to determine
a sign of a product of the first operand and the second
operand based on a most significant bit of the first operand
and a most significant bit of the second operand. The sign
extraction circuit may comprise an XOR gate configured to
receive the most significant bit of the first operand and the
most significant bit of the second operand. The arithmetic
circuit 110 may further comprise an adder-subtractor circuit
configured to selectively add or subtract a value to or from
a current value of the accumulator register 112 based on the
sign determined by the sign extraction circuit.

The arithmetic circuit 110 may process wider activations
such as INTS8 or INT16 through bitplane decomposition. In
bitplane decomposition, each binary activation bit may be
treated as a ternary operand with bit=0 mapping to ternary
zero encoding (00) and bit=1 mapping to ternary+1 encod-
ing (01). The arithmetic circuit 110 may recombine bit-plane
results using a fixed positional shift of one left-shift per
plane rather than a barrel shifter, eliminating multiplier logic
in the recombination stage.

As further shown in FIG. 1, the accumulator register 112
may be configured to store a result of the accumulation
operation. The accumulator register 112 bit width may be
configured as [log,(N+1)] bits for a pure ternary dot product
of N elements. The accumulator register 112 bit width may
be configured with additional bits to accommodate posi-
tional shift values when processing wider activations via
bitplane decomposition.

The gating circuit 114 may be configured to selectively
enable writing to the accumulator register 112 based on the
skip signal. The gating circuit 114 may prevent writing to the
accumulator register 112 when the skip signal indicates that
the first operand is a non-computable value. When the
combined skip signal is used, the gating circuit 114 may
prevent writing to the accumulator register 112 when the
combined skip signal indicates that at least one of the first
operand or the second operand is a non-computable value.
When writing is prevented, the accumulator register 112
may maintain its prior value without performing a write
operation.

The multiply-accumulate unit 100 may be implemented
using standard digital logic primitives including registers,
adders, and XOR/XNOR gates without any vendor-specific
hard IP. This implementation approach may enable the
multiply-accumulate unit 100 to be implemented in any
FPGA, ASIC, or structured-ASIC process. The multiply-
accumulate unit 100 may operate without using any dedi-
cated multiplier or DSP resources.

The encoding-based zero detection and sign extraction
operate at the individual multiply unit and produce the same
skip signal and product sign regardless of how products are
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subsequently accumulated. Because every non-zero ternary
product has unit magnitude and every zero product is the
additive identity of integer addition, a zero-valued product
contributes no net change to any accumulation result regard-
less of the structure through which it propagates. This
property holds for per-unit accumulator registers gated by
write-enable as described above, combinational adder trees
where zero inputs propagate as additive identity, registers
with unified clock-enable where zero-valued deltas cause no
bit transitions, systolic pipelines where zero products pass
through stages without altering partial sums, hierarchical or
tiled reduction where zero is identity at every level, sequen-
tial or time-multiplexed shared accumulators where zero
products cause zero-add cycles, prefix-sum or other parallel
reduction network topologies, and any combination thereof.
The power savings manifest identically across all topolo-
gies: whether by preventing register transitions through
write-enable gating, by eliminating switching at adder tree
inputs through zero-injection, or by adding zero-valued
deltas that cause no bit transitions.

Referring to FIG. 2, a neural network accelerator 200
includes a MAC unit array 202 containing a plurality of
multiply-accumulate units arranged in parallel. The MAC
unit array 202 comprises a MAC unit 1 204, a MAC unit 2
216, and a MAC unit N 218. The neural network accelerator
200 may be configured for neural network inference appli-
cations such as TernaryCLIP ViT-B/16 patch embedding
with ternary weight by INT16 activation operations. The
neural network accelerator 200 may also be configured for
combinatorial optimization applications using Ising model
formulation for MAXCUT problems with ternary by ternary
operations.

With continued reference to FIG. 2, the MAC unit 1 204
includes an input circuit 206, a zero detection circuit 208, a
sign extraction circuit 210, an adder-subtractor circuit 212,
and an accumulator register 214. The input circuit 206 may
be configured to receive a first operand encoded using a
two-bit ternary encoding in which computable ternary val-
ues of positive one and negative one are represented by bit
patterns having differing bits and non-computable values are
represented by bit patterns having identical bits. The two-bit
ternary encoding may encode a zero value as a bit pattern of
two identical bits and may encode a reserved value as a
different bit pattern of two identical bits.

The zero detection circuit 208 comprises an XNOR gate
configured to detect when the first operand has identical bits
and generate a skip signal. The XNOR gate may detect both
the zero value and the reserved value as non-computable
values, as both states share the identical-bits signature. In
some cases, the MAC unit 1 204 may further comprise a
second zero detection circuit comprising a second XNOR
gate configured to detect when a second operand has iden-
tical bits and generate a second skip signal. The MAC unit
1 204 may further comprise an OR gate configured to
combine the skip signal and the second skip signal to
produce a combined skip signal.

As further shown in FIG. 2, the sign extraction circuit 210
may be configured to determine a sign of a product based on
a most significant bit of the first operand. The sign extraction
circuit 210 may comprise an XOR gate configured to receive
the most significant bit of the first operand and a most
significant bit of the second operand. The adder-subtractor
circuit 212 may be configured to selectively add or subtract
a second operand based on the sign determined by the sign
extraction circuit 210.

The accumulator register 214 has a write-enable input
coupled to the skip signal. The write-enable input may be
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6

deasserted when the skip signal indicates the first operand is
a non-computable value. When the combined skip signal is
used, the write-enable input may be deasserted when either
the skip signal or the second skip signal indicates a non-
computable value. The combined skip signal may be
coupled to the write-enable input of the accumulator register
214.

With continued reference to FIG. 2, the MAC unit 2 216
and the MAC unit N 218 may be configured similarly to the
MAC unit 1 204. Each multiply-accumulate unit in the MAC
unit array 202 may include an input circuit, a zero detection
circuit, a sign extraction circuit, an adder-subtractor circuit,
and an accumulator register configured as described for the
MAC unit 1 204.

The neural network accelerator 200 may be implemented
with 768 parallel MAC units at 50 MHz clock frequency on
an Intel Agilex 5 FPGA using a FinFET process. In such an
implementation, the neural network accelerator 200 may use
approximately 32,500 ALMs with zero DSP blocks. The
neural network accelerator 200 may alternatively be imple-
mented with 768 parallel MAC units at 100 MHz clock
frequency on a Xilinx Kintex-7 FPGA using a planar CMOS
process. In such an implementation, the neural network
accelerator 200 may use approximately 62,124 LUTs with
zero DSP blocks and may employ per-MAC accumulator
registers with write-enable gating. The neural network
accelerator 200 may alternatively be implemented with 2048
parallel MAC units at 125 MHz clock frequency on a Xilinx
Kintex-7 FPGA using a planar CMOS process. In such an
implementation, the neural network accelerator 200 may use
approximately 101,213 LUTs with zero DSP blocks.

The neural network accelerator 200 may achieve skip
rates of 70-85% for neural network inference workloads
depending on weight sparsity and activation bit sparsity
from bitplane decomposition. The neural network accelera-
tor 200 may achieve skip rates of 97-99% or higher for Ising
machine workloads depending on coupling matrix sparsity
of the graph structure.

The neural network accelerator 200 may include a hard-
ware verification subsystem referred to as TABS that main-
tains a four-component tuple (T, A, B, S). In the TABS tuple,
T represents total operations submitted, A represents a
signed aggregate of non-zero outputs, wherein each positive
output contributes plus one and each negative output con-
tributes minus one, B represents a weighted aggregate sum,
and S represents a count of skipped operations. The T and S
counters may reset on power-on via a dedicated POR
domain separate from soft reset, with no software write path,
providing anti-tamper protection. The T and S counters may
be monotonic and increment-only. In alternative implemen-
tations, the TABS counters may be partitioned across reset
domains—for example, T and S in a power-on reset domain
while A and B are in a software-resettable domain—or all
counters may be in a software-resettable domain. The alge-
braic verification properties hold identically regardless of
the reset domain architecture.

The TABS verification subsystem may compute the A
component by scanning the current accumulator state where
A=ZXacc[i]. The TABS verification subsystem may compute
the B component as a weighted aggregate sum B=Zs[i|xacc
[1] using a sign vector where each accumulator value is
conditionally negated based on a single-bit-per-accumulator
control vector. The sign vector s[i] € {-1, +1} may be
derived from the control vector via conditional negate where
bit=1 adds and bit=0 subtracts.

The TABS verification subsystem may verify computa-
tion integrity using five algebraic constraints. Let E=T-S
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represent executed operations. The five constraints include:
S<T (non-negativity), |Al<E (boundedness of A), IBI<E
(boundedness of B), (E+A) mod2=0 (parity of A), and (E+B)
mod2=0 (parity of B).

The TABS verification subsystem may provide unique
decomposition of operation counts where n*=(E+A)/2 gives
an exact count of +1 products and n"=(E-A)/2 gives an
exact count of —1 products. No other pair of non-negative
integers summing to E may be consistent with the observed
(E, A) values.

TABS tuples may be additively composed across bit-
planes, time windows, and distributed nodes. The compo-
sition operation C; & C,=(T,+T,, A,;+A,, B;+B,, S$,+S,)
may produce a valid tuple whenever both input tuples are
valid.

In pipelined implementations where a pipeline register
introduces latency between the product computation and the
accumulation, the verification counters may be selectively
gated to exclude pipeline flush cycles, preventing double-
counting of operations during pipeline drain.

The B component mechanism may be used for multiple
application domains including Ising energy computation,
expert consensus, matched filtering, pattern correlation,
signed feature aggregation, and conflict detection without
hardware reconfiguration by changing the sign vector. The
sign vector may be an external input whose meaning the
hardware does not interpret.

Referring to FIG. 3, a method 300 for performing multi-
ply-accumulate operations includes a step 302, a step 304, a
step 306, a step 308, a step 310, a step 312, and a step 314.
The method 300 may be performed by a multiply-accumu-
late unit such as the multiply-accumulate unit 100 described
above with reference to FIG. 1.

At step 302, the method 300 includes receiving a first
operand encoded using a two-bit encoding scheme in which
ternary values are represented by two bits. In the two-bit
encoding scheme, differing bits indicate a computable value
and identical bits indicate a non-computable value. As
described previously, the two-bit encoding scheme may
encode a zero value as two identical bits and may encode
positive one and negative one as two different bits. In some
cases, the two-bit encoding scheme may encode zero as bit
pattern 00, positive one as bit pattern 01, negative one as bit
pattern 10, and a reserved value as bit pattern 11.

At step 304, the method 300 includes receiving a second
operand. The second operand may be encoded using the
same two-bit encoding scheme as the first operand, or the
second operand may be encoded using a different encoding
scheme such as an integer encoding for activation values.

With continued reference to FIG. 3, at step 306, the
method 300 includes detecting whether the first operand is
a non-computable value by comparing the two bits of the
first operand using a single logic gate to generate a skip
signal. In some cases, detecting whether the first operand is
a non-computable value comprises performing an XNOR
operation on the two bits of the first operand. The XNOR
operation may output a logic high value when the two bits
are identical and may output a logic low value when the two
bits differ.

For example, when the first operand has bit pattern 00
(encoding zero), the XNOR operation compares bit 0 with
bit 0 and produces a logic high output indicating identical
bits. When the first operand has bit pattern 11 (encoding the
reserved value), the XNOR operation compares bit 1 with bit
1 and produces a logic high output indicating identical bits.
In both cases, the skip signal indicates a non-computable
value. When the first operand has bit pattern 01 (encoding
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positive one), the XNOR operation compares bit 0 with bit
1 and produces a logic low output indicating differing bits.
When the first operand has bit pattern 10 (encoding negative
one), the XNOR operation compares bit 1 with bit 0 and
produces a logic low output indicating differing bits. In both
cases, the skip signal indicates a computable value.

As further shown in FIG. 3, at decision step 308, the
method 300 evaluates whether the skip signal indicates the
first operand is computable. The decision step 308 may
branch to different subsequent steps based on the value of
the skip signal.

When the skip signal indicates the first operand is a
computable value (Yes branch from step 308), the method
300 proceeds to step 310. At step 310, the method 300
includes performing an accumulation operation and writing
a result to an accumulator register. The accumulation opera-
tion may include determining a sign of a product based on
the most significant bits of the operands and selectively
adding or subtracting a value to or from a current value of
the accumulator register based on the determined sign.

When the skip signal indicates the first operand is a
non-computable value (No branch from step 308), the
method 300 proceeds to step 312. At step 312, the method
300 includes maintaining a prior value in the accumulator
register without performing a write operation. By preventing
the write operation, the accumulator register may retain its
prior value and switching power associated with register
transitions may be eliminated for operations involving non-
computable operands.

The method 300 concludes at step 314. As shown in FIG.
3, step 314 may be reached from either step 310 (shown as
step 314A) or step 312 (shown as step 314B). After step 314,
the method 300 may return to step 302 to process additional
operand pairs in a sequence of multiply-accumulate opera-
tions.

Referring to FIG. 4, a method 400 for performing multi-
ply-accumulate operations with dual operand zero detection
includes a step 402, a step 404, a step 406, a step 408, a step
410, a step 412, a step 414, a step 416, and a step 418. The
method 400 may be performed by a multiply-accumulate
unit such as the multiply-accumulate unit 100 described
above with reference to FIG. 1.

At step 402, the method 400 includes receiving a first
operand encoded using a two-bit encoding scheme. As
described previously, the two-bit encoding scheme repre-
sents ternary values using two bits, where differing bits
indicate a computable value and identical bits indicate a
non-computable value. The two-bit encoding scheme may
encode a zero value as two identical bits and may encode
positive one and negative one as two different bits.

At step 404, the method 400 includes receiving a second
operand encoded using the two-bit encoding scheme. The
second operand may be encoded using the same two-bit
encoding scheme as the first operand, such that both oper-
ands share the structural property where computable values
have differing bits and non-computable values have identical
bits.

With continued reference to FIG. 4, at step 406, the
method 400 includes detecting whether the first operand is
a non-computable value using a first logic gate. The first
logic gate may compare the two bits of the first operand and
generate a skip signal when the two bits are identical. In
some cases, the first logic gate comprises an XNOR gate that
outputs a logic high value when the two bits of the first
operand are identical.

At step 408, the method 400 includes detecting whether
the second operand is a non-computable value by comparing
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two bits of the second operand using a second logic gate to
generate a second skip signal. The second logic gate may
compare the two bits of the second operand and generate the
second skip signal when the two bits of the second operand
are identical. In some cases, the second logic gate comprises
an XNOR gate that outputs a logic high value when the two
bits of the second operand are identical.

As further shown in FIG. 4, at step 410, the method 400
includes combining the skip signal and the second skip
signal to produce a combined skip signal. In some cases, an
OR gate may combine the skip signal and the second skip
signal. The OR gate may output a logic high value for the
combined skip signal when either the skip signal or the
second skip signal indicates a non-computable value. The
OR gate may output a logic low value for the combined skip
signal when both the skip signal and the second skip signal
indicate computable values.

At decision step 412, the method 400 evaluates whether
the combined skip signal indicates that at least one operand
is non-computable. The decision step 412 may branch to
different subsequent steps based on the value of the com-
bined skip signal.

When the combined skip signal indicates that at least one
of the first operand or the second operand is a non-comput-
able value (Yes branch from step 412), the method 400
proceeds to step 414. At step 414, the method 400 includes
maintaining the prior value in the accumulator register. By
preventing the write operation when at least one operand is
non-computable, the accumulator register may retain its
prior value and switching power associated with register
transitions may be eliminated for operations involving non-
computable operands. The method 400 then concludes at
step 418A.

When the combined skip signal indicates that both oper-
ands are computable values (No branch from step 412), the
method 400 proceeds to step 416. At step 416, the method
400 includes performing the accumulation operation and
writing a result to the accumulator register. The accumula-
tion operation may include determining a sign of a product
based on the most significant bits of the operands and
selectively adding or subtracting a value to or from a current
value of the accumulator register based on the determined
sign. The method 400 then concludes at step 418B. After
step 418, the method 400 may return to step 402 to process
additional operand pairs in a sequence of multiply-accumu-
late operations.

Referring to FIG. 5, a method 500 for performing multi-
ply-accumulate operations with sign-based selective addi-
tion or subtraction includes a step 502, a step 504, a step 506,
a step 508, a step 510, and a step 512. The method 500 may
be performed by a multiply-accumulate unit such as the
multiply-accumulate unit 100 described above with refer-
ence to FIG. 1.

At step 502, the method 500 includes receiving first and
second operands. The first operand and the second operand
may each be encoded using the two-bit encoding scheme
described previously, where differing bits indicate a com-
putable value and identical bits indicate a non-computable
value. The two-bit encoding scheme may encode positive
one and negative one as bit patterns having differing bits,
with the most significant bit (MSB) distinguishing positive
one from negative one.

At step 504, the method 500 includes determining a sign
of a product of the first operand and the second operand by
performing an XOR operation on a most significant bit of the
first operand and a most significant bit of the second
operand. The XOR operation may produce a result indicat-
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ing whether the product of the two operands is positive or
negative. When the MSBs of both operands are the same
(both 0 or both 1), the XOR operation produces a logic low
output indicating a positive product. When the MSBs of both
operands differ (one is 0 and one is 1), the XOR operation
produces a logic high output indicating a negative product.

With continued reference to FIG. 5, at decision step 506,
the method 500 evaluates whether the sign indicates a
positive product. The decision step 506 may branch to
different subsequent steps based on the result of the XOR
operation performed at step 504.

When the sign indicates a positive product (Yes branch
from step 506), the method 500 proceeds to step 508. At step
508, the method 500 includes adding a value to a current
value of the accumulator register. The value added may
correspond to the magnitude of the activation operand or a
unit value depending on the operand types being processed.

When the sign does not indicate a positive product (No
branch from step 506), the method 500 proceeds to step 510.
At step 510, the method 500 includes subtracting a value
from the current value of the accumulator register. The value
subtracted may correspond to the magnitude of the activa-
tion operand or a unit value depending on the operand types
being processed.

As further shown in FIG. 5, the method 500 concludes at
step 512. Step 512 may be reached from either step 508
(shown as step 512A) or step 510 (shown as step 512B).
After step 512, the method 500 may return to step 502 to
process additional operand pairs in a sequence of multiply-
accumulate operations.

The XOR-based sign extraction performed at step 504
may eliminate the need for dedicated multiplier hardware. In
ternary arithmetic where operand values are restricted to
positive one, negative one, and zero, the product of two
non-zero operands has unit magnitude and the sign of the
product is determined by the signs of the operands. The
MSB of each operand in the two-bit encoding scheme
encodes the sign information, and the XOR operation on the
two MSBs computes the sign of the product using a single
logic gate. The adder-subtractor circuit may then selectively
add or subtract based on the determined sign, thereby
implementing ternary multiplication through addition and
subtraction operations rather than dedicated multiplication
circuitry.

As described previously with reference to the method
400, performing the accumulation operation may comprise
determining a sign of a product of the first operand and the
second operand by performing an XOR operation on a most
significant bit of the first operand and a most significant bit
of the second operand, and selectively adding or subtracting
a value to or from a current value of the accumulator register
based on the determined sign. The method 500 may be
combined with the dual operand zero detection described in
the method 400, such that the sign-based selective addition
or subtraction of the method 500 is performed when the
combined skip signal indicates that both operands are com-
putable values.

The multiply-accumulate unit operates through coordi-
nated interaction of the zero detection circuit, the arithmetic
circuit, the gating circuit, and the accumulator register to
perform ternary multiply-accumulate operations with con-
ditional accumulation based on operand computability.

Signal flow through the multiply-accumulate unit begins
at the inputs where encoded operands are received. The first
operand and the second operand may each be encoded using
the two-bit encoding scheme where the structural relation-
ship between the two encoding bits indicates computability.
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The encoded operands are routed to both the zero detection
circuit and the arithmetic circuit in parallel, enabling simul-
taneous detection of non-computable values and preparation
of arithmetic results.

The zero detection circuit receives the two bits of each
encoded operand and performs a comparison using a single
logic gate per operand. The logic gate may comprise an
XNOR gate that compares the two bits and produces a skip
signal based on whether the bits are identical or different.
When the two bits are identical, the XNOR gate outputs a
logic high value indicating a non-computable value. When
the two bits differ, the XNOR gate outputs a logic low value
indicating a computable value. The single-gate detection
approach exploits the structural property of the encoding
scheme where both zero values and reserved encoding states
share the identical-bits signature, enabling detection of both
non-computable states without additional -circuitry or
explicit value comparison.

When both operands are encoded using the two-bit encod-
ing scheme, the zero detection circuit may include two
XNOR gates operating in parallel, one for each operand. The
skip signals from both XNOR gates may be combined using
an OR gate to produce a combined skip signal. The OR gate
outputs a logic high value for the combined skip signal when
either operand is non-computable, and outputs a logic low
value when both operands are computable. The combined
skip signal propagates to the gating circuit to control accu-
mulator register write operations.

The arithmetic circuit receives the encoded operands and
prepares the arithmetic result for potential accumulation.
The sign extraction circuit within the arithmetic circuit
receives the most significant bit of each operand and per-
forms an XOR operation to determine the sign of the
product. In the two-bit encoding scheme, the most signifi-
cant bit distinguishes positive one from negative one among
the computable values. The XOR operation on the two most
significant bits produces a result indicating whether the
product is positive or negative. When both most significant
bits are the same, the XOR operation produces a logic low
output indicating a positive product. When the most signifi-
cant bits differ, the XOR operation produces a logic high
output indicating a negative product.

The sign extraction circuit enables multiplier-free ternary
multiplication by exploiting the unit-magnitude property of
ternary arithmetic. In ternary arithmetic where operand
values are restricted to positive one, negative one, and zero,
the product of two non-zero operands has magnitude one
and the sign of the product is determined by the signs of the
operands. The XOR operation computes the sign of the
product using a single logic gate, eliminating the need for
dedicated multiplier hardware or DSP resources.

The adder-subtractor circuit receives the sign determina-
tion from the sign extraction circuit and selectively adds or
subtracts a value to or from the current value of the accu-
mulator register. When the sign indicates a positive product,
the adder-subtractor circuit performs an addition operation.
When the sign indicates a negative product, the adder-
subtractor circuit performs a subtraction operation. The
value added or subtracted may correspond to the magnitude
of an activation operand when processing ternary weight by
integer activation operations, or may correspond to a unit
value when processing ternary by ternary operations.

The gating circuit receives the skip signal or combined
skip signal from the zero detection circuit and controls the
write-enable input of the accumulator register. When the
skip signal indicates that at least one operand is a non-
computable value, the gating circuit deasserts the write-
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enable input, preventing the accumulator register from
updating. When the skip signal indicates that both operands
are computable values, the gating circuit asserts the write-
enable input, enabling the accumulator register to store the
result from the adder-subtractor circuit.

The conditional accumulation approach implemented by
the gating circuit eliminates switching power for operations
involving non-computable operands. When the write-enable
input is deasserted, the accumulator register maintains its
prior value without performing a write operation. The reg-
ister contents do not toggle, and the switching power asso-
ciated with register transitions is eliminated. The power
savings from conditional accumulation may be proportional
to the skip rate, which depends on the sparsity of the
operands in the workload being processed.

In alternative implementations, the accumulator register
may be written unconditionally on every clock cycle, with
the skip signal causing a zero-valued delta to be presented to
the adder input. Because adding zero does not change the
register contents, the register value is maintained without
transitioning, and switching power associated with the reg-
ister is not consumed. This unconditional-write approach
achieves functionally equivalent power reduction to write-
enable gating while permitting a unified clock-enable signal
shared across all accumulator registers in a parallel arrange-
ment.

The timing of signal propagation through the multiply-
accumulate unit may be arranged such that the skip signal is
available at the gating circuit before the arithmetic result is
ready for writing. The zero detection circuit may have lower
propagation delay than the arithmetic circuit because the
zero detection circuit uses a single logic gate per operand
while the arithmetic circuit includes the sign extraction
circuit and the adder-subtractor circuit. The gating circuit
may use the skip signal to control the write-enable input of
the accumulator register, and the write-enable input may be
stable before the arithmetic result arrives at the data input of
the accumulator register.

Multiple multiply-accumulate units may be arranged in
parallel within a neural network accelerator to provide
throughput scaling for neural network inference and other
applications. Each multiply-accumulate unit in the parallel
arrangement may operate independently, receiving its own
operand pair and maintaining its own accumulator register.
The parallel multiply-accumulate units may share common
control signals such as clock and reset while operating on
different data elements.

The parallel arrangement of multiply-accumulate units
may enable processing of multiple elements of a dot product
or matrix multiplication operation simultaneously. In neural
network inference applications, the parallel multiply-accu-
mulate units may process multiple weight-activation pairs in
parallel, with each multiply-accumulate unit computing a
partial sum for a different output element or a different
portion of the same output element. The accumulator reg-
isters of the parallel multiply-accumulate units may store
intermediate results that are later combined to produce final
output values.

The parallel multiply-accumulate units may share the
same two-bit encoding scheme for operands, enabling con-
sistent zero detection and sign extraction across the array.
The skip rate achieved by the parallel arrangement may
depend on the sparsity characteristics of the workload, with
higher operand sparsity resulting in higher skip rates and
greater power savings from conditional accumulation.

The parallel multiply-accumulate units may be imple-
mented using standard digital logic primitives without dedi-
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cated multiplier or DSP resources. The logic utilization of
the parallel arrangement may scale linearly with the number
of multiply-accumulate units, dominated by the accumulator
registers and adder-subtractor circuits. The absence of dedi-
cated multiplier resources may enable implementation on
FPGA devices with limited DSP block availability or on
ASIC processes where multiplier area is constrained.

A number of implementations have been described. Nev-
ertheless, it will be understood that various modifications
may be made without departing from the spirit and scope of
the disclosure. Accordingly, other implementations are
within the scope of the following claims.

The invention claimed is:

1. A multiply-accumulate unit, comprising:

a first input configured to receive a first operand encoded
using a two-bit encoding scheme in which a ternary
value is represented by two bits, wherein the two bits
being different indicates a computable value and the
two bits being identical indicates a non-computable
value;

a second input configured to receive a second operand;

a zero detection circuit comprising a logic gate configured
to compare the two bits of the first operand and
generate a skip signal when the two bits are identical;

an arithmetic circuit configured to perform an accumula-
tion operation based on the first operand and the second
operand;

an accumulator register configured to store a result of the
accumulation operation; and

a gating mechanism configured to selectively perform or
bypass the accumulation operation based on the skip
signal, wherein when the skip signal indicates that the
first operand is a non-computable value, the accumu-
lation operation has no effect on a value stored in the
accumulator register.

2. The multiply-accumulate unit of claim 1, wherein the
gating mechanism comprises a gating circuit configured to
prevent writing to the accumulator register when the skip
signal indicates that the first operand is a non-computable
value.

3. The multiply-accumulate unit of claim 1, wherein the
gating mechanism is configured to present a zero-valued
delta to the arithmetic circuit when the skip signal indicates
that the first operand is a non-computable value, such that
the accumulator register is written with an unchanged value.

4. The multiply-accumulate unit of claim 1, wherein the
logic gate comprises an XNOR gate that outputs a logic high
value when the two bits of the first operand are identical.

5. The multiply-accumulate unit of claim 1, wherein the
two-bit encoding scheme encodes a zero value as two
identical bits and encodes positive one and negative one as
two different bits.

6. The multiply-accumulate unit of claim 5, wherein the
two-bit encoding scheme encodes a reserved value as two
identical bits that differ from the two identical bits encoding
the zero value.

7. The multiply-accumulate unit of claim 1, wherein the
second operand is encoded using the two-bit encoding
scheme, and wherein the zero detection circuit further com-
prises a second logic gate configured to compare two bits of
the second operand and generate a second skip signal when
the two bits of the second operand are identical.

8. The multiply-accumulate unit of claim 7, further com-
prising a combining circuit configured to combine the skip
signal and the second skip signal to produce a combined skip
signal, wherein the gating mechanism causes the accumu-
lation operation to have no effect on the value stored in the
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accumulator register when the combined skip signal indi-
cates that at least one of the first operand or the second
operand is a non-computable value.

9. The multiply-accumulate unit of claim 8, wherein the
combining circuit comprises an OR gate.

10. A method for performing multiply-accumulate opera-
tions, comprising:

receiving a first operand encoded using a two-bit encod-
ing scheme in which ternary values are represented by
two bits, wherein differing bits indicate a computable
value and identical bits indicate a non-computable
value;

receiving a second operand;

detecting whether the first operand is a non-computable
value by comparing the two bits of the first operand
using a single logic gate to generate a skip signal;

when the skip signal indicates the first operand is a
computable value, performing an accumulation opera-
tion and writing a result to an accumulator register; and

when the skip signal indicates the first operand is a
non-computable value, causing the accumulation
operation to have no effect on an accumulated result
stored in the accumulator register.

11. The method of claim 10, wherein causing the accu-
mulation operation to have no effect comprises maintaining
a prior value in the accumulator register without performing
a write operation.

12. The method of claim 10, wherein causing the accu-
mulation operation to have no effect comprises presenting a
zero-valued delta to an adder circuit such that the accumu-
lator register is written with an unchanged value.

13. The method of claim 10, wherein detecting whether
the first operand is a non-computable value comprises
performing an XNOR operation on the two bits of the first
operand.

14. The method of claim 10, wherein the two-bit encoding
scheme encodes a zero value as two identical bits and
encodes positive one and negative one as two different bits.

15. The method of claim 10, wherein performing the
accumulation operation comprises:

determining a sign of a product of the first operand and the
second operand by performing an XOR operation on a
most significant bit of the first operand and a most
significant bit of the second operand; and

selectively adding or subtracting a value to or from a
current value of the accumulator register based on the
determined sign.

16. A computing accelerator, comprising:

a plurality of multiply units, each multiply unit compris-
ing:

an input circuit configured to receive a first operand
encoded using a two-bit ternary encoding in which
computable ternary values of positive one and negative
one are represented by bit patterns having differing bits
and non-computable values are represented by bit pat-
terns having identical bits;

a zero detection circuit comprising an XNOR gate con-
figured to detect when the first operand has identical
bits and generate a skip signal; and

a sign extraction circuit configured to determine a sign of
a product based on a most significant bit of the weight
operand; and

an accumulation circuit configured to accumulate prod-
ucts from the plurality of multiply units, wherein a
product corresponding to a non-computable operand
contributes nothing to an accumulated result.
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17. The computing accelerator of claim 16, wherein the
accumulation circuit comprises a plurality of accumulator
registers, each accumulator register associated with a
respective multiply unit and having a write-enable input
coupled to the skip signal of the respective multiply unit,
wherein the write-enable input is deasserted when the skip
signal indicates the weight operand is a non-computable
value.

18. The computing accelerator of claim 16, wherein the
accumulation circuit comprises an adder tree configured to
receive products from the plurality of multiply units and
reduce the products to a single accumulated value, wherein
a zero-valued product from a multiply unit having a non-
computable operand propagates through the adder tree as an
additive identity.

19. The computing accelerator of claim 16, wherein the
two-bit ternary encoding encodes a zero value as a bit
pattern of two identical bits and encodes a reserved value as
a different bit pattern of two identical bits, and wherein the
XNOR gate detects both the zero value and the reserved
value as non-computable values.

20. The computing accelerator of claim 16, wherein the
sign extraction circuit comprises an XOR gate configured to
receive the most significant bit of the weight operand and a
most significant bit of an activation operand.
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