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LOOK-UP TABLE-BASED IN-MEMORY
COMPUTING SYSTEM

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the priority of U.S. Provi-
sional Application No. 63/514,386, entitled “LOOK-UP
TABLE-BASED IN-MEMORY COMPUTING SYSTEM,”
filed on Jul. 19, 2023, the disclosure of which is hereby
incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] Various embodiments of the present disclosure
relate to data processing, and more particularly to
in-memory computing.

BACKGROUND

[0003] In traditional Von-Neumann computing, data may
be stored in a separate memory, for example, static random-
access memory (SRAM) array, which is accessed by pro-
grams during execution. Similarly, for emerging computing
techniques such as neuromorphic systems, a SRAM array
may be utilized to store data and weights, while multiply and
accumulate (MAC) computing operations internal to a neu-
romorphic engine may happen elsewhere. Such a configu-
ration may lead to large memory-fetch latency and power
consumption, which is the primary motivation behind com-
pute-in memory (CiM) implementations, where the required
mathematical operation (such as multiplication) may also
occur in the memory array itself.

[0004] Specific technologies of CiM may include memo-
ries such as SRAM, dynamic random-access memory
(DRAM), flash memory, resistive random-access memory
(RRAM), phase-change memories (PCM) and spin-transfer
torque magnetic random-access memory (STT-MRAM).
Although newer technologies such as RRAM, PCM and
STT-MRAM hold immense promise for highly energy-
efficient, low area-overhead, low-latency CiM, these tech-
nologies are relatively immature, and scalability is an issue.
Complementary Metal-Oxide-Semiconductor (CMOS)-
based digital CiM is more mature and may be produced at
scale, but requires higher energy consumption, has larger
area overhead and compute latency, and has limitations in
compute parallelism due to routing congestion. Analog CiM
is also relatively matured and may have lower area and
energy consumption than digital but has lower accuracy in
real applications due to noise and intrinsic transistor mis-
matches.

BRIEF SUMMARY

[0005] Various embodiments described herein relate to
LUT-based methods, apparatuses, and systems for imple-
mentation of compute-in memory (CiM) architectures. The
disclosed embodiments may be used in applications, such as
multiply and accumulate (MAC) cores for machine learning
and signal processing applications, and single instruction
multiple data (SIMD) operations for parallel computing. The
disclosed embodiments may also be utilized for operations
with any number of operand bits.

[0006] In some embodiments, a method for performing
computations comprises generating one or more most sig-
nificant bit sub-operations and a least significant bit sub-
operation that are associated with a computing operation;
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retrieving, based on a first input operand and a second input
operand, one or more select results from a plurality of results
that are associated with the one or more most significant bit
sub-operations and the least significant bit sub-operation
from a memory array, wherein the one or more select results
comprises one or more most significant bit sub-operation
results and a least significant bit sub-operation result; gen-
erating one or more left-shifted most significant bit sub-
operation results that are associated with the one or more
most significant bit sub-operation results based on a deter-
mination that the computing operation comprises a multi-
plication operation; and generating a result of the computing
operation based on an addition operation of the one or more
left-shifted most significant bit sub-operation results and the
least significant bit sub-operation result.

[0007] In some embodiments, generating the one or more
most significant bit sub-operations and the least significant
bit sub-operation comprises distributing the computing
operation into a most significant bit multiplication operation
and a least significant bit multiplication operation. In some
embodiments, generating the one or more left-shifted most
significant bit sub-operation results comprises applying one
or more left shift operations on the one or more most
significant bit sub-operation results. In some embodiments,
the first input operand is associated with one or more
weights and the second input operand is associated with
input data. In some embodiments, the computing operation
is associated with a multi-bit multiplier. In some embodi-
ments, the computing operation comprises a 4-bitx4-bit
multiplication operation. In some embodiments, the plural-
ity of results comprises (i) a plurality of most significant bit
sub-operation results based on a plurality of first input
operand values and a plurality of second input operand
values and (ii) a plurality of least significant bit sub-
operation results based on the plurality of first input operand
values and the plurality of second input operand values. In
some embodiments, one or more of the plurality of least
significant bit sub-operation results comprise one or more
fixed values that are associated with one or more approxi-
mated results of performing the least significant bit sub-
operation. In some embodiments, the first input operand
comprises either a programmable value or a fixed value.

[0008] In some embodiments, a system for performing
computations comprises a most significant bit multiplexer
that is configured to generate a most significant bit sub-
operation result that is associated with a computing opera-
tion based on a first input operand and a second input
operand; a least significant bit multiplexer that is configured
to generate a least significant bit sub-operation result that is
associated with the computing operation; one or more shift
registers that are configured to generate a left-shifted most
significant bit sub-operation result; and a plurality of adders
that are configured to generate a computing operation output
by adding the left-shifted most significant bit sub-operation
result with the least significant bit sub-operation result.

[0009] In some embodiments, the computing operation
comprises a 4-bitx4-bit multiplication operation. In some
embodiments, the most significant bit multiplexer or the
least significant bit multiplexer comprises a plurality of 6-bit
multiplexers that are configured to generate the most sig-
nificant bit sub-operation result or the least significant bit
sub-operation result as a 6-bit value. In some embodiments,
the most significant bit multiplexer or the least significant bit
multiplexer comprises a 2:1 multiplexer. In some embodi-
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ments, the most significant bit sub-operation result com-
prises a 6-bit most significant bit value and the least sig-
nificant bit sub-operation result comprises a 6-bit least
significant bit value. In some embodiments, the plurality of
adders is configured to add the 6-bit most significant bit
value to the 6-bit least significant bit value. In some embodi-
ments, the plurality of adders comprises three half adders
and three full adders. In some embodiments, the computing
operation comprises a single instruction multiple data opera-
tion that is performed with the first input operand compris-
ing a weight of a fixed value. In some embodiments, the least
significant bit multiplexer is configured to generate the least
significant bit sub-operation result based on a fixed value. In
some embodiments, the system further comprises a plurality
of memory arrays that are coupled to the most significant bit
multiplexer and the least significant bit multiplexer in a data
read/write path.

[0010] In some embodiments, a computing system com-
prises memory and one or more processors communicatively
coupled to the memory. In some embodiments, the one or
more processors are configured to generate one or more
most significant bit sub-operations and a least significant bit
sub-operation that are associated with a computing opera-
tion; retrieve, based on a first input operand and a second
input operand, one or more select results from a plurality of
results that are associated with the one or more most
significant bit sub-operations and the least significant bit
sub-operation from a memory array, wherein the one or
more select results comprises one or more most significant
bit sub-operation results and a least significant bit sub-
operation result; generate one or more left-shifted most
significant bit sub-operation results that are associated with
the one or more most significant bit sub-operation results
based on a determination that the computing operation
comprises a multiplication operation; and generate a result
of the computing operation based on an addition operation
of the one or more left-shifted most significant bit sub-
operation results and the least significant bit sub-operation
result.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Embodiments incorporating teachings of the pres-
ent disclosure are shown and described with respect to the
figures presented herein.

[0012] FIG. 1A illustrates an example static random-
access memory (SRAM) array architecture.

[0013] FIG. 1B illustrates an example memory cell imple-
mented using a plurality of transistors.

[0014] FIG. 1C illustrates an example LUT-based pro-
grammable memory for compute-in memory (CiM).

[0015] FIG. 2A is a diagram of an example LUT-based
multiplier within a digital multiply and accumulate (MAC)-
based neuron for performing computations.

[0016] FIG. 2B is adiagram of an example architecture for
performing multiplication operations in accordance with
some embodiments discussed herein.

[0017] FIG. 3 is a diagram of an example architecture that
is optimized for performing multiplication operations in
MAC-based neurons and single instruction multiple data
(SIMD) applications in accordance with some embodiments
discussed herein.
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[0018] FIG. 4 is a diagram of an example architecture that
approximates the L.SB-side multiplication result to a fixed
value in accordance with some embodiments discussed
herein.

[0019] FIG. 5A is an example chart that represents prob-
abilities of individual numbers being the outcome of a
multiplication of two binary numbers in accordance with
some embodiments.

[0020] FIG. 5B is an example chart of Hamming distances
for a range of possible numbers that is compared with
approximated results of LSB-side multiplications in accor-
dance with some embodiments.

[0021] FIG. 6 is a diagram of an example architecture for
approximating [.SB-side multiplication to zero in accor-
dance with some embodiments discussed herein.

[0022] FIG. 7 is a diagram of an example architecture for
approximating [.SB-side multiplication to a programmable
weight operand value in accordance with some embodi-
ments discussed herein.

[0023] FIG. 8 is a diagram of an example architecture for
performing higher bit resolution multiplication operations in
accordance with some embodiments.

[0024] FIG. 9 illustrates an example of a memory archi-
tecture for LUT-based CiM supporting multi-level, multi-
cycle operations in accordance with some embodiments
discussed herein.

[0025] FIG. 10 illustrates an example implementation of a
2:1 MUX using two switches in accordance with some
embodiments discussed herein.

[0026] FIG. 11 illustrates an example implementation of
optimized memory access by combining conventional data
memory access behavior with LUT memory in accordance
with some embodiments discussed herein.

[0027] FIG. 12 illustrates a flowchart of an example pro-
cess for performing a multiplication operation in accordance
with some embodiments discussed herein.

DETAILED DESCRIPTION

[0028] Various embodiments of the present disclosure
now will be described more fully hereinafter with reference
to the accompanying drawings, in which some, but not all
embodiments of the disclosure are shown. Indeed, the dis-
closure may be embodied in many different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will satisfy applicable legal requirements.
The term “or” is used herein in both the alternative and
conjunctive sense, unless otherwise indicated. The terms
“illustrative,” “example,” and “exemplary” are used to be
examples with no indication of quality level. Like numbers
refer to like elements throughout.

General Overview and Example Technical
Improvements

[0029] The present disclosure provides a low-energy, low-
area-overhead, look-up table (LUT)-based computation
method targeted toward compute-in-memory (CiM) appli-
cations. In some embodiments, the method comprises a
divide and conquer (D&C)-based approach to provide a
solution to scalability challenges (e.g., in terms of area/
storage and energy consumption) in LUT-based computa-
tion, which otherwise benefits from speed and lower energy
per computation. That is, look-up methods are faster and
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more energy efficient than performing mathematical com-
putations. A method to further optimize the area and energy
consumption through approximate LUT-based computation
is also disclosed. As compared to traditional LLUT-based
methods, embodiments of the disclosed techniques offer,
e.g., up to approximately 29.5 times, lower area overheads
and up to approximately 3.3 times lower energy consump-
tion without any loss of accuracy for example computing
problems, such as MNIST image detection, and up to 50.9
times lower area overheads and up to approximately 6.2
times lower energy consumption for approximated imple-
mentations which may incur up to 2% accuracy degradation.
[0030] In accordance with various embodiments of the
present disclosure, to provide maximum possible program-
mability, an architecture used for CiM applications is able to
support multi-level, multi-cycle operations, wherein the
contents of data storage memory may be used as the input to
the LUT for computation, and once the computation is
finished, results of the computation may be stored back to
the memory.

Computer Program Products, Methods, and
Computing Entities

[0031] Embodiments of the present disclosure may be
implemented in various ways, including as computer pro-
gram products that comprise articles of manufacture. Such
computer program products may include one or more soft-
ware components including, for example, software objects,
methods, data structures, or the like. A software component
may be coded in any of a variety of programming languages.
An illustrative programming language may be a lower-level
programming language such as an assembly language asso-
ciated with a particular hardware architecture and/or oper-
ating system platform. A software component comprising
assembly language instructions may require conversion into
executable machine code by an assembler prior to execution
by the hardware architecture and/or platform. Another
example programming language may be a higher-level pro-
gramming language that may be portable across multiple
architectures. A software component comprising higher-
level programming language instructions may require con-
version to an intermediate representation by an interpreter or
a compiler prior to execution.

[0032] Other examples of programming languages
include, but are not limited to, a macro language, a shell or
command language, a job control language, a script lan-
guage, a database query or search language, and/or a report
writing language. In one or more example embodiments, a
software component comprising instructions in one of the
foregoing examples of programming languages may be
executed directly by an operating system or other software
component without having to be first transformed into
another form. A software component may be stored as a file
or other data storage construct. Software components of a
similar type or functionally related may be stored together
such as, for example, in a particular directory, folder, or
library. Software components may be static (e.g., pre-estab-
lished, or fixed) or dynamic (e.g., created or modified at the
time of execution).

[0033] A computer program product may include a non-
transitory computer-readable storage medium storing appli-
cations, programs, program modules, scripts, source code,
program code, object code, byte code, compiled code,
interpreted code, machine code, executable instructions,
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and/or the like (also referred to herein as executable instruc-
tions, instructions for execution, computer program prod-
ucts, program code, and/or similar terms used herein inter-
changeably). Such non-transitory computer-readable storage
media include all computer-readable media (including vola-
tile and non-volatile media).

[0034] A non-volatile computer-readable storage medium
may include a floppy disk, flexible disk, hard disk, solid-
state storage (SSS) (e.g., a solid-state drive (SSD), solid-
state card (SSC), solid-state module (SSM)), enterprise flash
drive, magnetic tape, or any other non-transitory magnetic
medium, and/or the like. A non-volatile computer-readable
storage medium may also include a punch card, paper tape,
optical mark sheet (or any other physical medium with
patterns of holes or other optically recognizable indicia),
compact disc read only memory (CD-ROM), compact disc-
rewritable (CD-RW), digital versatile disc (DVD), Blu-ray
disc (BD), any other non-transitory optical medium, and/or
the like. Such a non-volatile computer-readable storage
medium may also include read-only memory (ROM), pro-
grammable read-only memory (PROM), erasable program-
mable read-only memory (EPROM), electrically erasable
programmable read-only memory (EEPROM), flash
memory (e.g., Serial, NAND, NOR, and/or the like), mul-
timedia memory cards (MMC), secure digital (SD) memory
cards, SmartMedia cards, CompactFlash (CF) cards,
Memory Sticks, and/or the like. Further, a non-volatile
computer-readable storage medium may also include con-
ductive-bridging random access memory (CBRAM), phase-
change random access memory (PRAM), ferroelectric ran-
dom-access memory (FeRAM), non-volatile random-access
memory (NVRAM), magnetoresistive random-access
memory (MRAM), resistive random-access memory
(RRAM), Silicon-Oxide-Nitride-Oxide-Silicon memory
(SONOS), floating junction gate random access memory
(FJG RAM), Millipede memory, racetrack memory, and/or
the like.

[0035] A volatile computer-readable storage medium may
include random access memory (RAM), dynamic random
access memory (DRAM), static random access memory
(SRAM), fast page mode dynamic random access memory
(FPM DRAM), extended data-out dynamic random access
memory (EDO DRAM), synchronous dynamic random
access memory (SDRAM), double data rate synchronous
dynamic random access memory (DDR SDRAM), double
data rate type two synchronous dynamic random access
memory (DDR2 SDRAM), double data rate type three
synchronous dynamic random access memory (DDR3
SDRAM), Rambus dynamic random access memory
(RDRAM), Twin Transistor RAM (TTRAM), Thyristor
RAM (T-RAM), Zero-capacitor (Z-RAM), Rambus in-line
memory module (RIMM), dual in-line memory module
(DIMM), single in-line memory module (SIMM), video
random access memory (VRAM), cache memory (including
various levels), flash memory, register memory, and/or the
like. It will be appreciated that where embodiments are
described to use a computer-readable storage medium, other
types of computer-readable storage media may be substi-
tuted for or used in addition to the computer-readable
storage media described above.

[0036] As should be appreciated, various embodiments of
the present disclosure may also be implemented as methods,
apparatus, systems, computing devices, computing entities,
and/or the like. As such, embodiments of the present dis-
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closure may take the form of an apparatus, system, com-
puting device, computing entity, and/or the like executing
instructions stored on a computer-readable storage medium
to perform certain steps or operations. Thus, embodiments
of the present disclosure may also take the form of an
entirely hardware embodiment, an entirely computer pro-
gram product embodiment, and/or an embodiment that com-
prises a combination of computer program products and
hardware performing certain steps or operations.

[0037] Embodiments of the present disclosure are
described below with reference to block diagrams and
flowchart illustrations. Thus, it should be understood that
each block of the block diagrams and flowchart illustrations
may be implemented in the form of a computer program
product, an entirely hardware embodiment, a combination of
hardware and computer program products, and/or apparatus,
systems, computing devices, computing entities, and/or the
like carrying out instructions, operations, steps, and similar
words used interchangeably (e.g., the executable instruc-
tions, instructions for execution, program code, and/or the
like) on a computer-readable storage medium for execution.
For example, retrieval, loading, and execution of code may
be performed sequentially such that one instruction is
retrieved, loaded, and executed at a time. In some example
embodiments, retrieval, loading, and/or execution may be
performed in parallel such that multiple instructions are
retrieved, loaded, and/or executed together. Thus, such
embodiments may produce specifically configured machines
performing the steps or operations specified in the block
diagrams and flowchart illustrations. Accordingly, the block
diagrams and flowchart illustrations support various com-
binations of embodiments for performing the specified
instructions, operations, or steps.

Example Implementation and System Architecture
of Various Embodiments

[0038] A static random-access memory (SRAM) array
architecture is depicted in FIG. 1A. The cells of the SRAM
array, which may be implemented using a plurality of
transistors as depicted in FIG. 1B, for example, are arranged
in a matrix form, with row and column decoders configured
to access specific row/columns in the matrix for either write
or read operations. To solve latency issues and achieve
higher parallelism in digital CiM, LUT-based computation
methods may be used generate correct results of computa-
tions by selecting from a number of already stored results.
[0039] FIG. 1C depicts an example LUT-based implemen-
tation of digital CiM in a SRAM array 100. A digital
LUT-based CiM operation provide advantages, such as (1)
programmable storage, (2) fast (low-latency) computation
due to look-up-based approach, (3) large noise margin, (4)
negligible memory fetch energy and latency, and (5) no
complex hardware. However, such a LUT-based configura-
tion may not be very scalable. For example, the amount of
storage and select logic required may quickly become pro-
hibitively large as the operand size increases.

[0040] FIG. 2A is a diagram of an example LUT-based
multiplier within a digital multiply and accumulate (MAC)-
based neuron for performing computations. In particular,
FIG. 2A depicts a representation of a plurality of SRAM
cells and 2:1 multiplexers (MUXes) for performing 4-bit to
4-bit multiplication, which may be a required range of bit
resolutions in many neural network-based applications. As
depicted in FIG. 2A, for 4-bit multiplications (4-bit weights,
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Wx4-bit inputs, Y), assuming that the weights are fixed, 2*
different 8-bit results may be obtained based on the 4-bit
inputs, which utilizes 2*x8-bit=128-bit storage elements.
Furthermore, selection of one result (Select=(y,y,y,y,)) out
of the 2* results, a 16:1, 8-bit MUX may be required, which
is equivalent to 15 instances of a 2:1 MUX for 8-bit
operands, or 120 instances of a 1-bit, 2:1 MUX. Similarly,
when scaled to 8-bit multiplications, 4096 SRAM cells and
4080 instances of 1-bit, 2:1 MUXes may be needed, which
may make such a LUT-based multiplication to be imprac-
tical for CiM.

[0041] According to various embodiments of the present
disclosure, divide and conquer (D&C) systems and methods
are provided for low-energy, low-area-overhead LUT-based
computation in CiM applications. The disclosed D&C sys-
tems and methods may efficiently address existing chal-
lenges while capitalizing on the advantages of LUT meth-
ods. For example, via D&C, a complex computation may be
decomposed into smaller, more manageable sub-computa-
tions that are solved independently and combined to derive
a solution for the complex computation. Thus, by breaking
down computations into smaller components, individual
handling of sub-calculations may provide improved effi-
ciency and optimized solutions.

[0042] FIG. 2B is a diagram of an example architecture
200 for performing [LLUT-based multiplication operations
using a divide and conquer (D&C)-based approach. In some
embodiments, the architecture 200 is configured to perform
a multiplication operation 202. As depicted, a 4-bitx4-bit,
WxY multiplication operation 202 comprising a multiplica-
tion of programmable weights, W, 202A and inputs, Y, 202B
may be distributed into two separate 4-bitx2-bit multiplica-
tions, one for the most significant 2-bits of inputs, Y,
202B—the most significant bit (MSB)-side multiplication
204, and one for the least significant 2-bits of inputs, Y,
202B—the least significant bit (LSB)-side multiplication
206. Computation results of the MSB-side multiplication
204 and the LSB-side multiplication 206 may be stored to
specific memory arrays coupled to MUXes in a data read/
write path. The select inputs for each MUX may also be
stored in memory and each select input may comprise 1-bit
of information that is associated with an entire computation,
which may be amortized over the entire memory. For
example, a select input for a MUX that is associated with the
MSB-side multiplication 204 may be associated with the
most significant 2-bits of inputs, Y, 202B, and similarly, a
select input for a MUX that is associated with the LSB-side
multiplication 206 may be associated with the least signifi-
cant 2-bits of inputs, Y, 202B.

[0043] A MSB-side multiplication result Z,,.; 210A may
undergo a left shift (208), for example, via one or more shift
registers, of 2-bits to obtain MSB-side multiplication result
7,5 2-bit left shifted 210B, which may be added to the
LSB-side multiplication result Z, oz 212 to generate a final
multiplication result. Thus, combining the two partial results
(MSB-side multiplication result Z, . 2-bit left shifted 210B
and LSB-side multiplication result Z, . 212) may provide a
computing operation output 214 of the multiplication opera-
tion 202.

[0044] Performing smaller 4-bitx2-bit multiplications
may comprise storing 2°x6-bit=24-bits (for 4 possible 6-bit
results) in addition to using a 4:1, 6-bit MUX (which is
equivalent to 3 instances of a 2:1, 6-bit MUX, or 18
instances of a 2:1, 1-bit MUX). Furthermore, combining the
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6-bit MSB-side multiplication result Z,,.z 210A with the
MSB-side multiplication result 7,5 2-bit left shifted 210B
and the L.SB-side multiplication result Z, . 212 may neces-
sitate three instances of 1-bit half adders (HA) and three
instances of 1-bit full adders (FA) which are associated with
the left shift operation on MSB-side multiplication result
Zriss 210A before added to the LSB-side multiplication
result Z; oz 212. As 1-bit FAs are used when handling three
inputs, 3 FAs and 3 HAs may be sufficient. Accordingly, the
architecture depicted in FIG. 2B may require a total of 24
storage elements (SRAM cells).

[0045] According to various embodiments of the present
disclosure, a necessary number of memory (e.g., SRAM
cells) for storage of multiplication results provided by the
architecture 200 depicted in FIG. 2B may be optimized. In
particular, for smaller 4-bitx2-bit multiplications, the 4-bit
weights, W, 202A may only be multiplied with any of the
combinations “00,” “01,” “10,” or “11” for the 2-bit operand
for inputs, Y 202B. For the multiplication of W 202Ax0
(“00™), only one bit (0) may need to be stored, which may
be connected to all 6-bits of a first (from left) input of the 4:1
MUX. This optimized approach significantly reduces stor-
age requirements for this specific multiplication. Similarly,
for the multiplication of W 202Ax1 (“01”), only the 4-bits
of W may need to be stored. The four bits may be connected
to the 4 LSBs of a second 6-bit input of the 4:1 MUX while
the two MSBs may be connected to 0, thereby optimizing
the storage configuration for this multiplication scenario.
For the multiplication of W 202Ax2 (“10”), there may be no
need to store any bits. Instead, the stored 4-bit result of W
202Ax01 may be left shifted by one bit and connected to
four middle bits of a third 6-bit input of the 4:1 MUX. The
MSB and LSB may be connected to “0.” As for the multi-
plication of W 202Ax3 (“117), the five MSBs of the result
may be stored. The five MSBs may be connected to respec-
tive five MSBs of a fourth (final) 6-bit input of the 4:1 MUX.
Additionally, the LSB of the 6-bit input may be connected
to the L.SB of W, which is previously stored for the operation
W 202Ax01.

[0046] Based on the aforementioned potential storage
optimization, the smaller (4-bitx2-bit) multiplications may
only require storing 10-bits. That is, the architecture 200
depicted in FIG. 2B may comprise 20 SRAM cells, when
SRAM cells are used in both L.SB-side multiplication (206)
and MSB-side multiplication (204). However, by sharing the
SRAM cells in the LSB and MSB sides, as depicted in FIG.
3 by a diagram of an example architecture 300 in accordance
with some embodiments of the present disclosure, only 10
SRAMs may be required. The architecture 300 may also
require 36 instances of a 2:1, 1-bit MUX for selecting
multiplication results for the MSB-side multiplication result
Zrs5 310A and LSB-side multiplication result 7, oz 312.
The 6-bit MSB-side multiplication result Z,,.; 310A and
LSB-side multiplication result 7,z 312 may need to be
added as well, which requires three instances of 1-bit half
adders (HA) and three instances of 1-bit full adders (FA)
because of the 2-bit left shift in MSB-side multiplication
result Z,,.z 310A before addition. Since 1-bit FAs are
required only if there are three inputs, it may suffice to have
3FAs and 3HAs.

[0047] Inaccordance with some embodiments of the pres-
ent disclosure, the architecture 300 is optimized for per-
forming multiplication operations in MAC-based neurons as
well as single instruction multiple data (SIMD) applications
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using D&C. In some embodiments, the architecture 300 is
configured to perform a multiplication operation 302 that
comprises a SIMD operation on data inputs, Y, 302B, with
one operand, weights, W, 302A being fixed. Since weights,
W, 302A is fixed, multiplying it with “00,” “01,” “10,” or
“11” generates the same results (as opposed to the scenario
with programmable W in multiplication operation 202). As
such, a “0” and a “1” may be stored for the smaller
(4-bitx2-bit) multiplications, and fixed connections of the
stored “0” and “1” to the MUX inputs may be made
according to the fixed/known values of the (4-bitx2-bit)
multiplications. As such, a hardware requirement for the
architecture 300 may comprise 4 SRAMs (which may also
be reduced to 2 if connecting the same two bits to both the
(4-bitx2-bit) multipliers), 36 instances of a 2:1, 1-bit MUX,
3 instances of 1-bit HA, and 3 instances of 1-bit FA.
However, the number of actual SRAMs may also depend on
fanout considerations. For example, 2 cells are shown for
either the MSB-side multiplication 304 and L.SB-side mul-
tiplication 306. This approach may only be applicable to
special scenarios with fixed weights (such as SIMD appli-
cations), and not for programmable weights.

[0048] A select input for a MUX that is associated with the
MSB-side multiplication 304 may be associated with the
most significant 2-bits of inputs, Y, 302B, and similarly, a
select input for a MUX that is associated with the LSB-side
multiplication 306 may be associated with the least signifi-
cant 2-bits of inputs, Y, 302B. The MSB-side multiplication
result Z, ;. 310 A may still be left shifted (308), for example,
via one or more shift registers, by 2-bits to obtain 6-bit
MSB-side multiplication result Z, . 2-bit left shifted 310B,
which is added to the LSB-side multiplication result Z,
312 to produce a computing operation output 314 of the
multiplication operation 302.

[0049] FIG. 4 is a diagram of an example architecture 400
that is simplified by approximating the LSB-side multipli-
cation result to a fixed value in accordance with some
embodiments. In some embodiments, the architecture 400 is
configured to perform a multiplication operation 402 of
weights, W, 402A and inputs, Y, 402B. The multiplication
operation 402 may be distributed into MSB-side multipli-
cation 404 and L.SB-side multiplication 406. L.SB-side mul-
tiplication 406 may comprise an approximation to a fixed
value. Approximating the LSB-side multiplication’s 406
result to a fixed value may comprise determining a fixed
value for LSB-side multiplication result 7, i 412 in a way
that minimizes a Hamming distance between the selected
value for LSB-side multiplication result Z, ;. 412 and the
actual possible values of LSB-side multiplication result 7, o
412. The result of the MSB-side multiplication result Z, .,
410A may be left shifted (408), for example, via one or more
shift registers, by 2-bits to obtain 6-bit MSB-side multipli-
cation result Z,,., 2-bit left shifted 410B, which may be
added to the LSB-side multiplication result Z,¢; 412 to
produce a computing operation output 414 of the multipli-
cation operation 402.

[0050] The MSB-side multiplication 404 may comprise
same hardware as in FIG. 2B and FIG. 3, while the LSB-side
multiplication 406 may only require a specific combination
of 0s and 1s, thereby optimizing overall hardware require-
ments. That is, simplification of the LSB-side multiplication
406 may be implemented by utilizing only two bits of
storage, eliminating the need for a MUX entirely. Accord-
ingly, a total hardware requirement for the architecture 400
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may comprise 12 SRAMs, 18 instances ofa 2:1, 1-bit MUX,
three instances of 1-bit HA, and three instances of 1-bit FA.
[0051] Simplifying the D&C approach may be useful in
certain approximation computing problems (such as neuro-
morphic computing where high error tolerance is accept-
able), where multiple LSBs may be ignored or approximated
to fixed values without a significant degradation in the
accuracy of either the result of the operation, or without any
significant degradation in the accuracy of a final result of an
overall application. As such, improved efficiency and faster
processing may be achieved while maintaining an accept-
able level of accuracy within the specific problem domain.
[0052] In some embodiments, approximating a LSB com-
prises determining a fixed Z, ., by selecting a value that
minimizes the Hamming distance between the selected 7, o
and potential values of the Z; .. Selecting a value fora Z; .
aims to optimize accuracy of LSB approximation while
minimizing any loss in precision. In some embodiments,
selecting the fixed Z; o, value comprises an analysis that
certain values within the range of 0-63 cannot be the result
of the (4-bitx2-bit) LSB-side multiplication 406, for
example, 17, 19, 23, 25, 29, 31, 32, 34, 35, 37, 38, 40, 41,
43, 44, and 46-63, which is depicted in FIG. 5A.

[0053] FIG. 5A is an example chart of probabilities for
individual numbers being the outcome of a multiplication of
two binary numbers in accordance with some embodiments.
As depicted in FIG. 5A, the chart illustrates the probabilities
of individual numbers within a range of 0-63 resulting from
a 4-bitx2-bit LSB-side multiplication where a first operand
may be randomly chosen from 0-15 and a second operand
may be randomly chosen from 0-3, both with equal prob-
ability. FIG. 5A further depicts that certain values cannot be
the result of the multiplication (e.g., 17, 19, 23, 25, 29, 31,
32,34,35,37, 38, 40, 41, 43, 44 and 46-63) being the result
of a (4-bitx2-bit) LSB-side multiplication.

[0054] FIG. 5B is an example chart of Hamming distances
for a range of possible numbers that is compared with
approximated results of L.SB-side multiplications in accor-
dance with some embodiments. According to various
embodiments of the present disclosure, a Hamming distance
may be used as a metric to evaluate precision of estimated
results derived from (4-bitx2-bit) LSB-side multiplications.
In some embodiments, the Hamming distance may comprise
a measurement of dissimilarity or discrepancy between two
binary strings by counting the differing bits. As depicted in
FIG. 5B, the x-axis denotes possible 6-bit approximated
results between “0” through “63” (or 000000 through
111111), while the y-axis depicts the average hamming
distance from a probabilistic actual value of a multiplication.
FIG. 5B further depicts that an approximated value of
Z;s5=0 has the lowest hamming distance. Notably, the
lowest Hamming distance of 0.275 is obtained when the
approximated value of a LSB multiplication is “0” based on
the probability of a result of a LSB-side multiplication being
“0” is highest out of possible 63 values.

[0055] FIG. 6 is a diagram of an example architecture 600
for approximating [.SB-side multiplication to zero in accor-
dance with some embodiments. In some embodiments, the
architecture 600 is configured to perform a multiplication
operation 602 of weights, W, 602A and inputs, Y, 602B. The
multiplication operation 602 may be distributed into MSB-
side multiplication 604 and [.SB-side multiplication 606.
value. The MSB-side multiplication 604 may comprise same
hardware as in FIG. 2B and FIG. 3. Given the LSB-side
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multiplication 606 may comprise an approximation to “0”
(Z; s5=0), no additional storage and/or MUXing are needed
for LSB-side multiplication result Z; o 612. Furthermore, as
LSB-side multiplication result Z, . 612 is approximated to
“0,” no values from LSB-side multiplication result Z oz 612
are added to MSB-side multiplication result Z,,., 610A to
generate MSB-side multiplication result Z,,.; 2-bit left
shifted 610B (e.g., 2-bit left shift 608 via one or more shift
registers), which comprises a computing operation output
614 of the multiplication operation 602. Hence, an overall
hardware requirement for the architecture 600 may comprise
10 SRAMs, and 18 instances of a 2:1, 1-bit MUX and no HA
or FA would be required.

[0056] FIG. 7 is a diagram of an example architecture 700
for approximating [.SB multiplication as a function of a
programmable weight operand in accordance with some
embodiments. In some embodiments, the architecture 700 is
configured to perform a multiplication 702 of weights, W,
702A with inputs, Y, 702B. The multiplication 702 (distrib-
uted into MSB-side multiplication 704, LSB-side multipli-
cation 706, and 2-bit left shift 708) may be determined based
on an approximation that comprises a 4-bit value of W 702A
for LSB-side multiplication result Z, ., 712.

[0057] The four LSBs of Z; o5 may be directly linked to
the W 702A, while the two most significant bits may be
connected to a “0.” The MSB-side multiplication result
Z 55 TI0A may be left shifted (e.g., 2-bit left shift 708), for
example, via one or more shift registers, by 2-bits to obtain
MSB-side multiplication result Z, . 2-bit left shifted 710B,
which is added to the result of the LSB-side multiplication
result Z; o 712 to produce a computing operation output 714
of the multiplication 702. The hardware requirements of the
architecture 700 may comprise 12 SRAMs, and 18 instances
of a 2:1, 1-bit MUX, 4 instances of 1-bit HA and 1 instance
of 1-bit FA.

[0058] The disclosed D&C systems and methods may
readily accommodate different multipliers with varying bit
resolutions. Various applications, such as in artificial neural
networks (ANNs), may require varied multiplier bit resolu-
tions for performing computational operations. For example,
depending on specific parameters of an ANN, a multiplier
may be provided with inputs of differing resolutions. As
such, embodiments of the present disclosure are adept at
handling such varied conditions without compromise.
[0059] FIG. 8 is a diagram of an example architecture 800
for performing higher bit resolution multiplication opera-
tions in accordance with some embodiments. In some
embodiments, the architecture 800 is configured to perform
a multiplication 802 of 12-bit weights, W, 802A with 4-bit
inputs, Y, 802B. The multiplication 802 may be distributed
into MSB-side multiplication 804, L.SB-side multiplication
806, and 4-bit left shift 808. The aforementioned multipli-
cation of a 4-bit weight by a 4-bit input may serve as a
foundational principle applicable to various multipliers with
different bit resolutions. For example, operand values sur-
passing a 4-bit resolution may be divided into smaller
segments, facilitating the creation of sections that comprise
4 bits in length. Accordingly, the 12-bit weight, W, 802A can
be conceptualized as a concatenation of three segments W,
Wy, and W, where W _=W[11:8], W,=W[7:4], and W =W
[3:0].

[0060] As depicted in FIG. 8, the multiplication 802
comprises a 12-bitx4-bit, WxY multiplication that is refor-
mulated into two distinct computations: a MSB-side multi-
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plication 804 (8-bit {W W} by 4-bit Y (802B) multiplica-
tion) and a L.SB-side multiplication 806 (4-bit W . by 4-bit
Y (802B) multiplication). A left shift by four bits may be
performed in the multiplication involving the 8-bit {W W}
by the 4-bit inputs, Y, 802B. Subsequently, the multiplica-
tion of 8-bit {W W} by 4-bit Y can be further broken down
into two smaller segments: a 4-bit W, by 4-bit Y multipli-
cation 804A and a 4-bit W by 4-bit Y multiplication 804B.
The 4-bit W, by 4-bit Y multiplication 804A may require
another left shift by four bits.

[0061] The result 812A of the 4-bitx4-bit, W_xY multi-
plication 804A is applied with an 8-bit left shift 810, for
example, via one or more shift registers. Subsequently, the
result 812B of the 4-bitx4-bit, WxY multiplication 804B
undergoes a 4-bit left shift 808, for example, via one or more
shift registers. The result 812C of a 4-bitx4-bit, W .xY
LSB-side multiplication 806 directly progresses to a next
stage without alteration. Considering the 8-bit left shift 810
in the W_xY multiplication 804 A and the direct progression
of the W -xY LSB-side multiplication 806 to the next stage,
a combined result may be generated by concatenating the
result 812A (applied with 8-bit left shift 810) with the result
812C. Adding the result 812B to the combined results by
using FAs and HAs may provide a computing operation
output 814. Accordingly, a 12-bitx4-bit, WxY multiplication
may be split into three 4-bitx4-bit, WxY multiplications.
[0062] The architecture 800 significantly reduces the
necessity for FAs and HAs or other components necessary
for achieving a multiplier with increased bit resolution,
especially as the input parameters (e.g., inputs, Y, 802B)
surpasses four bits.

[0063] Referring to FIG. 9, an example of a memory
architecture for LUT-based CiM to support multi-level,
multi-cycle operations with maximum programmability and
scalability is depicted. The depicted memory architecture
may be configured to store a result of a computation into a
memory array for access during other computations (e.g., to
implement multi-level programmable logic operations) to
allow for implementation of cascaded logic inside memory
with each level of logic implemented as a LUT. For
example, every row comprising a cell of a SRAM array may
be used to selectively store either a result of a computation
from a previous row, or to store new data similar to tradi-
tional memory. The depicted memory architecture may
comprise one or more MUXes in a data read/write path. The
select for the one or more MUXes may also be stored in the
memory array. The select may comprise only 1-bit of
information required for an entire computation (whether to
implement cascaded logic or not) and may be amortized
over the entire memory. Including a budget for data reshap-
ing/buffering inverters, a total number of transistors required
for one of the depicted SRAM cells may be 14 (6 for the
traditional SRAM+4 for the MUXes+4 for the inverters).
[0064] FIG. 10 depicts an implementation of a 2:1 MUX
using two switches. In a traditional MUX, an inverted select
input is created from a select input by using a digital inverter.
For SRAM-based CiM, an inverted select input of a MUX
1000 does not need to be created separately. Instead, both
select input and inverted select input are available as Input
A 1002 and Input B 1004 in the SRAM itself and may be
switched accordingly. Depending on application, select
switch 1006 and select switch 1008 may be either a pass
gate, or a CMOS complementary switch that generates an
output 1010.
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[0065] FIG. 11 depicts an example implementation of
optimized memory access by combining conventional data
memory access behavior with LUT memory. Data read and
written using conventional SRAM architecture, such as the
6-T SRAM cell 1102, may be via a word line 1106 and bit
lines 1108A and 1108B. In conventional data memory, the
ratio of read to write may be about 5:1. On the other hand,
LUT memory may require fewer number of write accesses,
as LUT data may be written just once for one particular
computation, but possibly more read accesses. However,
LUT memory read accesses need not be through the bit lines
1108 A and 1108B but may instead be performed locally by
accessing input of CiM MUXes 1110. As such, it may be
beneficial to minimize access to large access/pass transistors
in memory (e.g., 6-T SRAM cell 1102) cells for storing data
that may instead be stored in LUT memory. As further
depicted in FIG. 11, LUT data may be stored in a floating
4-transistor (4-T) latch circuit 1104 connected in parallel to
a SRAM latch of 6-T SRAM cell 1102 with two switches,
while traditional data storage may be performed in the 6-T
SRAM cell 1102. Accordingly, the capacitive loading on the
word and bit lines may be reduced due to utilization of LUT
cells (as the LUT cells are not being connected to them) and
would remove the need for large access/pass transistors in
the 4-T latch circuit 1104.

Example System Operations

[0066] Various embodiments of the present disclosure
describe steps, operations, processes, methods, functions,
and/or the like for performing LUT-based computations.

[0067] FIG. 12 presents a flowchart of a process for
performing a multiplication operation according to some
embodiments of the present disclosure. The process 1200
includes example operations that may be performed by an
apparatus, and the apparatus comprises means, such as a
processing element, non-volatile memory, volatile memory,
and/or the like, for performing the example operations.

[0068] At step 1202, one or more most significant bit
sub-operations and a least significant bit sub-operation are
generated that are associated with a computing operation.
Generating the one or more most significant bit sub-opera-
tions and the least significant bit sub-operation may com-
prise distributing the computing operation into one or more
most significant bit multiplication operations and a least
significant bit multiplication operation. The computing
operation may comprise a 4-bit multiplier, for example, a
4-bitx4-bit multiplication of a first 4-bit operand and a
second 4-bit operand. In some example embodiments, the
computing operation is distributed into two separate com-
puting sub-operations comprising a most significant bit
4-bitx2-bit computing sub-operation for the most significant
2-bits of the second operand 4-bit operand and a least
significant bit 4-bitx2-bit computing sub-operation for the
least significant 2-bits of the second operand.

[0069] In some embodiments, the first 4-bit operand may
be programmable and each of the two separate computing
sub-operations may comprise multiplying the variable first
4-bit operand with any of “00,” “01,” “10,” or “11” asso-
ciated with a 2-bit operand. In some embodiments, the first
4-bit operand may be fixed and each of the two separate
computing sub-operations may comprise multiplying the
fixed first 4-bit operand with any of “00,” “01,” “10,” or
“11” associated with a 2-bit operand.
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[0070] In some embodiments, the least significant bit
4-bitx2-bit computing sub-operation may comprise an
approximation to a fixed value. For example, approximating
the result of the least significant bit 4-bitx2-bit computing
sub-operation to a fixed value may comprise selecting a
fixed value comprising a least Hamming distance between
the selected fixed value and actual possible values of the
result of the least significant bit 4-bitx2-bit computing
sub-operation. In some embodiments, the least significant bit
4-bitx2-bit computing sub-operation may be approximated
to “0.” In some embodiments, the least significant bit
4-bitx2-bit computing sub-operation may be approximated
to the first 4-bit operand.

[0071] In some other example embodiments, the comput-
ing operation is distributed into three or more separate
computing sub-operations comprising two or more most
significant bit 4-bitx4-bit computing sub-operations and a
least significant bit 4-bitx4-bit computing sub-operation
(e.g., a 12-bitx4-bit, WxY multiplication may be split into
three 4-bitx4-bit, WxY multiplications).

[0072] At step 1204, a plurality of results of the one or
more most significant bit sub-operations and the least sig-
nificant bit sub-operation are stored to a memory array.
Storing the one or more most significant bit sub-operations
and the least significant bit sub-operation to the memory
array may comprise pre-computing (e.g., using the optimi-
zation techniques as disclosed herewith) the one or more
most significant bit sub-operations and the least significant
bit sub-operation to reduce an amount of storage required for
the computing operation. Each of the plurality of results may
be stored in respective one or more memory cells of the
memory array. In some embodiments, the plurality of results
of'the one or more most significant bit sub-operations and of
the least significant bit sub-operation comprises (i) a plu-
rality of most significant bit sub-operation results based on
a plurality of first input operand values and a plurality of
second input operand values and (ii) a plurality of least
significant bit sub-operation results based on the plurality of
first input operand values and the plurality of second input
operand values. In some embodiments, one or more of the
plurality of least significant bit sub-operation results com-
prise one or more fixed values that are associated with one
or more approximated results of performing a least signifi-
cant bit sub-operation. Storing the plurality of results may
further comprise storing a select signal for one or more
multiplexers in the data read/write path.

[0073] At step 1206, one or more select results from the
plurality of results are retrieved from the memory array
based on a first input operand and a second input operand.
Retrieving the select ones of the plurality of results may
comprise retrieving, by one or more processors that are
communicative coupled to the memory array and based on
data inputs and select inputs that are associated with the first
input operand and the second input operand, one or more
most significant bit sub-operation results and a least signifi-
cant bit sub-operation result from respective memory cells
of the memory array. For example, the select ones of the
plurality of results may be retrieved by providing one or
more MUXes with data inputs and select inputs that are
associated with the first input operand and the second input
operand. In some embodiments, the one or more most
significant bit sub-operation results and the least significant
bit sub-operation result comprise distributed sub-operation
results associated with a computing operation with the first
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input operand and the second input operand. In some
embodiments, the first input operand is associated with one
or more weights (e.g., of an ANN) and the second input
operand is associated with input data. According to various
embodiments of the present disclosure, the select ones of the
plurality of results may be retrieved from specific memory
cells (associated with the one or more most significant bit
sub-operation results and the least significant bit sub-opera-
tion associated with a computing operation with the first
input operand and the second input operand) selected from
the memory array via MUXes and/or fixed connections to
“0” and “1” bits (e.g., according to fixed/known values of
most significant bit sub-operations and/or least significant
bit sub-operations).

[0074] At step 1208, a determination is made of whether
the computing operation is a multiplication operation. If the
computing operation is a multiplication operation, at step
1210, one or more left-shifted most significant bit sub-
operation results are generated. Generating the one or more
left-shifted most significant bit sub-operation results may
comprise applying one or more left shift operations on the
one or more most significant bit sub-operation results.
According to various embodiments of the present disclosure,
a left shift operation by 2-bits is performed on the one or
more most significant bit sub-operation results such that it
may be added with the least significant bit sub-operation
result to perform a multiplication operation (4-bitx4-bit
multiplication). In some other example embodiments, a
12-bitx4-bit, WxY multiplication may comprise applying an
8-bit leftward shift on a first most significant bit sub-
operation result and applying a 4-bit leftward shift on a
second most significant but sub-operation result.

[0075] At step 1212, a result of the computing operation is
generated based on an addition operation of the one or more
left-shifted most significant bit sub-operation results and the
least significant bit sub-operation result.

[0076] If the computing operation is not a multiplication
operation, at step 1214, a result of the computing operation
is generated based on an addition operation of the one or
more most significant bit sub-operation results and the least
significant bit sub-operation result.

[0077] Embodiments of the present disclosure are not
limited to the disclosed examples and may be extended to a
plurality of computations other than multiplication and with
operands of a variety of bit sizes, for example, 4-bit and
higher implementations for low-overhead, energy efficient,
and fast LUT-based programmable and scalable SRAM CiM
solutions. Additionally, memory arrays for LUT-based CiM
implementation may be extended to memory cells other than
SRAMs.

[0078] Furthermore, embodiments of the present disclo-
sure may be made part of SRAM arrays for CiM, processor
cache memory, or as storage for field-programmable gate
arrays (FPGA) in neuromorphic and digital signal process-
ing applications.

[0079] As such, various embodiments of the present dis-
closure provide a LUT-based fast and efficient method for
implementing scalable and programmable CiM using
memory arrays. In some embodiments, the memory arrays
comprise a SRAM memory array architecture that supports
LUT-based implementation of a variety of mathematical
operations such as multiplications and additions for CiM
applications. In some embodiments, the SRAM memory
array memory architecture supports scalable and program-
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mable data use and storage in memory. In some embodi-
ments, the method combines programmable storage in
SRAMs with fast and energy-efficient logic computation in
LUTs to implement low-power, low-latency, programmable
CiM that utilizes fully digital implementations for better
accuracy. In some embodiments, scalability of LUT-based
computation is improved by using a D&C technique that
distributes a complex operation (such as multi-bit multipli-
cation) into smaller, less complex operations, which result in
lower hardware resource requirement, as well as lower area
and lower energy.

[0080] In some embodiments, LUT-based computation
used in conjunction with the D&C approach uses optimiza-
tions in a required data storage based on expected results of
individual smaller multiplications, without sacrificing the
programmability and accuracy of the operation. In some
embodiments, the LUT-based computation used in conjunc-
tion with the D&C approach helps to reduce the storage
requirement of 4-bitx4-bit multiplication from 128 SRAM
cells to 20 SRAM Cells. In some embodiments, the LUT-
based computation used in conjunction with the D&C
approach, helps to reduce the multiplexing hardware
requirement of 4-bitx4-bit multiplication from 120 instances
of 2:1, 1-bit multiplexers to 36 instances of 2:1, 1-bit
multiplexers. In some embodiments, the LUT-based com-
putation method used in conjunction with the D&C
approach, comprises an addition of two 6-bit numbers for
4-bitx4-bit multiplication, which may be implemented using
3 half adder (1-bit) and 3 full adder (1-bit) primitives.

[0081] In some embodiments, the scalability of the LUT-
based computation is further improved for certain classes of
operations such as SIMD using D&C for fixed weights,
which helps to reduce storage requirement to storage of a
“0” and a “1” due to fixed/known output of the multiplica-
tions. In some embodiments, performing SIMD using D&C
helps to reduce the storage requirement of 4-bitx4-bit mul-
tiplication from 128 SRAM cells to 2 SRAM Cells. In some
embodiments, performing SIMD using D&C helps to reduce
the multiplexing hardware requirement of 4-bitx4-bit mul-
tiplication from 120 instances of 2:1, 1-bit multiplexers to 36
instances of 2:1, 1-bit multiplexers. In some embodiments,
performing SIMD using D&C comprises addition of two
6-bit numbers for 4-bitx4-bit multiplication, which may be
implemented using 3 half adders (1-bit) and 3 full adder
(1-bit) primitives.

[0082] In some embodiments, the scalability of the LUT-
based computation is further improved by approximating the
LSB side operation’s result to a fixed value to simplify the
D&C approach, which may help to reduce storage require-
ment to storage of a “0” and a “1” for LSB-side multipli-
cation. In some embodiments, approximating the LSB side
operation’s result to a fixed value may reduce storage
requirement of 4-bitx4-bit multiplication from 128 SRAM
cells to 12 SRAM cells for a fixed non-zero result, and 10
SRAM cells for a fixed, zero-valued result.

[0083] Insomeembodiments, approximating the LSB side
operation’s result to a fixed value may reduce multiplexing
hardware requirement of 4-bitx4-bit multiplication from 120
instances of a 2:1 ratio, 1-bit multiplexers to 18 instances of
a 2:1 ratio, and 1-bit multiplexers for a fixed result. In some
embodiments, approximating the LSB side operation’s
result to a fixed value may require addition of two 6-bit
numbers (or a 6-bit and a 4-bit number) for 4-bitx4-bit
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multiplication, which may be implemented using 3 half
adders and 3 full adder primitives (or 4 half adders and 1 full
adder primitives).

[0084] In some embodiments, maximum scalability and
programmability may be achieved by storing a result of an
operation back into memory for access to data during other
operations (e.g., to implement multi-level programmable
logic operations), allowing for cascaded logic (multi-level,
multi-cycle) inside the memory with each level of logic
implemented as a LUT. LUT-based computation and storage
may be realized by utilizing certain rows/parts of rows of the
SRAM array to selectively store either the result of the
computation from other rows, or to store new data similar to
traditional memory. In some embodiments, LUT-based com-
putation and storage may be implemented by a MUX in the
data read/write path, where the select for the MUX may be
stored in memory and may require 1-bit of information
required for an entire computation and may be amortized
over the entire storage.

[0085] Insomeembodiments, a 2:1 MUX may obtain both
select and inverted select inputs from a SRAM cell rather
than creating an inverted select input. Depending on appli-
cation, the switch for the 2:1 MUX may be either a pass gate
or a CMOS complementary switch.

[0086] In some embodiments, the D&C approach may
achieve up to approximately 29.5 times area benefit and up
to approximately 3.3 times energy benefit as compared to
traditional LUT-based operations. In some additional
embodiments, approximating the LSB side operation’s
result to a fixed value may achieve up to approximately a
50.9 times area benefit and up to approximately 6.2 times
energy benefit due to the lower transistor count, as compared
to the traditional L.UT-based CiM technique.

[0087] In some embodiments, the D&C approach may
help to achieve scalable computation with a higher bit-
precision of the inputs. As an example, for 8-bit resolution
of the multiplier inputs, the D&C approach may require 36
SRAMSs and 120 number of 2:1 MUXes. For 16-bit resolu-
tion of the multiplier inputs, the D&C approach may require
136 SRAMs and 432 number of 2:1 MUXes.

Conclusion

[0088] It should be understood that the examples and
embodiments described herein are for illustrative purposes
only and that various modifications or changes in light
thereof will be suggested to persons skilled in the art and are
to be included within the spirit and purview of this appli-
cation.

[0089] Many modifications and other embodiments of the
present disclosure set forth herein will come to mind to one
skilled in the art to which the present disclosures pertain
having the benefit of the teachings presented in the forego-
ing descriptions and the associated drawings. Therefore, it is
to be understood that the present disclosure is not to be
limited to the specific embodiments disclosed and that
modifications and other embodiments are intended to be
included within the scope of the appended claim concepts.
Although specific terms are employed herein, they are used
in a generic and descriptive sense only and not for purposes
of limitation.

1. A method for performing computations, the method
comprising:
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generating one or more most significant bit sub-operations
and a least significant bit sub-operation that are asso-
ciated with a computing operation;

retrieving, based on a first input operand and a second
input operand, one or more select results from a plu-
rality of results that are associated with the one or more
most significant bit sub-operations and the least sig-
nificant bit sub-operation from a memory array,
wherein the one or more select results comprises one or
more most significant bit sub-operation results and a
least significant bit sub-operation result;

generating one or more left-shifted most significant bit
sub-operation results that are associated with the one or
more most significant bit sub-operation results based
on a determination that the computing operation com-
prises a multiplication operation; and

generating a result of the computing operation based on
an addition operation of the one or more left-shifted
most significant bit sub-operation results and the least
significant bit sub-operation result.

2. The method of claim 1, wherein generating the one or
more most significant bit sub-operations and the least sig-
nificant bit sub-operation comprises distributing the com-
puting operation into a most significant bit multiplication
operation and a least significant bit multiplication operation.

3. The method of claim 1, wherein generating the one or
more left-shifted most significant bit sub-operation results
comprises applying one or more left shift operations on the
one or more most significant bit sub-operation results.

4. The method of claim 1, wherein the first input operand
is associated with one or more weights and the second input
operand is associated with input data.

5. The method of claim 1, wherein the computing opera-
tion is associated with a multi-bit multiplier.

6. The method of claim 1, wherein the computing opera-
tion comprises a 4-bitx4-bit multiplication operation.

7. The method of claim 1, wherein the plurality of results
comprises (1) a plurality of most significant bit sub-operation
results based on a plurality of first input operand values and
a plurality of second input operand values and (ii) a plurality
of least significant bit sub-operation results based on the
plurality of first input operand values and the plurality of
second input operand values.

8. The method of claim 7, wherein one or more of the
plurality of least significant bit sub-operation results com-
prise one or more fixed values that are associated with one
or more approximated results of performing the least sig-
nificant bit sub-operation.

9. The method of claim 1, wherein the first input operand
comprises either a programmable value or a fixed value.

10. A system for performing computations, the system
comprising:

a most significant bit multiplexer that is configured to

generate a most significant bit sub-operation result that
is associated with a computing operation based on a
first input operand and a second input operand;

a least significant bit multiplexer that is configured to
generate a least significant bit sub-operation result that
is associated with the computing operation;

one or more shift registers that are configured to generate
a left-shifted most significant bit sub-operation result;
and
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a plurality of adders that are configured to generate a
computing operation output by adding the left-shifted
most significant bit sub-operation result with the least
significant bit sub-operation result.

11. The system of claim 10, wherein the computing

operation comprises a 4-bitx4-bit multiplication operation.

12. The system of claim 10, wherein the most significant
bit multiplexer or the least significant bit multiplexer com-
prises a plurality of 6-bit multiplexers that are configured to
generate the most significant bit sub-operation result or the
least significant bit sub-operation result as a 6-bit value.

13. The system of claim 10, wherein the most significant
bit multiplexer or the least significant bit multiplexer com-
prises a 2:1 multiplexer.

14. The system of claim 10, wherein the most significant
bit sub-operation result comprises a 6-bit most significant bit
value and the least significant bit sub-operation result com-
prises a 6-bit least significant bit value.

15. The system of claim 14, wherein the plurality of
adders is configured to perform an addition operation with
the 6-bit most significant bit value and the 6-bit least
significant bit value.

16. The system of claim 15, wherein the plurality of
adders comprises three half adders and three full adders.

17. The system of claim 10, wherein the computing
operation comprises a single instruction multiple data opera-
tion that is performed with the first input operand compris-
ing a weight of a fixed value.

18. The system of claim 10, wherein the least significant
bit multiplexer is configured to generate the least significant
bit sub-operation result based on a fixed value.

19. The system of claim 10 further comprising a plurality
of memory arrays that are coupled to the most significant bit
multiplexer and the least significant bit multiplexer in a data
read/write path.

20. A computing system comprising memory and one or
more processors communicatively coupled to the memory,
the one or more processors configured to:

generate one or more most significant bit sub-operations
and a least significant bit sub-operation that are asso-
ciated with a computing operation;

retrieve, based on a first input operand and a second input
operand, one or more select results from a plurality of
results that are associated with the one or more most
significant bit sub-operations and the least significant
bit sub-operation from a memory array, wherein the one
or more select results comprises one or more most
significant bit sub-operation results and a least signifi-
cant bit sub-operation result;

generate one or more left-shifted most significant bit
sub-operation results that are associated with the one or
more most significant bit sub-operation results based
on a determination that the computing operation com-
prises a multiplication operation; and

generate a result of the computing operation based on an
addition operation of the one or more left-shifted most
significant bit sub-operation results and the least sig-
nificant bit sub-operation result.
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