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(57) ABSTRACT

The present disclosure provides an operation apparatus
operating based on the Winograd algorithm for multiplying
a first matrix by a second matrix to generate a third matrix,
including a plurality of second accumulated value calcula-
tion units, of which one second accumulated value calcula-
tion unit is configured to accumulate second multiplication
values obtained by multiplying each of paired element
values of the second matrix, a second accumulated value
output unit outputting selecting and outputting one of output
values of adjacent second accumulated value calculation
unit and an accumulated second multiplication value as a
second accumulated value, a third accumulated value output
unit including a plurality of third accumulated value calcu-
lation units and generating third accumulated value, and one
or more row element value calculation units, of which one
row element value calculation unit is configured to accu-
mulate first matrix element multiplication values obtained
by multiplying each of the paired element values of the first
matrix, and to calculate element values of the third matrix by
using the accumulated first matrix element multiplication
value and the second accumulated value. Further, a method
of designing an operation apparatus is provided with mul-
tiple degrees of precision for enabling enhanced perfor-
mance in a low-precision operation or reducing hardware
footprint in supporting high-precision operation.
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MATRIX MULTIPLICATION METHOD AND
DEVICE BASED ON WINOGRAD
ALGORITHM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority under 35 U.S.C. §
119(a) of Patent Application No. 10-2019-0077200, filed on
Jun. 27, 2019 in Korea, the entire content of which is
incorporated herein by reference. Additionally, this non-
provisional application claims priority in countries, other
than the U.S., with the same reason based on the above
Korean patent application, the entire content of which is
hereby incorporated by reference.

TECHNICAL FIELD

[0002] The present disclosure in some embodiments
relates to a matrix multiplication method and a matrix
multiplication device based on the Winograd algorithm.

BACKGROUND

[0003] The statements in this section merely provide back-
ground information related to the present disclosure and do
not necessarily constitute prior art.

[0004] Matrix multiplication is a core operation widely
used in many fields such as artificial intelligence, signal
processing, and graphics. To efficiently process matrix mul-
tiplication in different Application Specific Integrated Cir-
cuit (ASIC) products, a specialized hardware operator is
used for matrix multiplication. For example, NVIDIA Corp.
offers the latest graphics processing unit (GPU) having a
built-in tensor core that processes matrix multiplication.
[0005] Various algorithms exist for reducing the operation
cost required when performing matrix multiplication in an
operator for matrix multiplication. Among them, the Wino-
grad algorithm-based matrix multiplication algorithm
reduces the number of multiplication operations by half as
compared to the ordinary matrix multiplication.

[0006] Over the currently available basic hardware
designs taking advantage of the Winograd algorithm, an
advanced Winograd algorithm-based matrix multiplication
design needs to be provided with improvements in various
aspects, such as reduced footprint in hardware design,
high-speed operation, and double-precision support.

SUMMARY

Technical Problem

[0007] An object of the present disclosure in some
embodiments is to provide a matrix multiplication device
based on the Winograd algorithm for a reduced hardware
footprint, improved operation speed, and double-precision
in operation.

Technical Solution

[0008] According to at least one embodiment of the pres-
ent disclosure, an operation apparatus operating based on the
Winograd algorithm for multiplying a first matrix by a
second matrix to generate a third matrix, comprising: a
second accumulated value output unit having a plurality of
second accumulated value calculation units, of which one
second accumulated value calculation unit is configured to
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accumulate second multiplication values obtained by mul-
tiplying each of paired element values of the second matrix,
to select one of an output value of an adjacent second
accumulated value calculation unit and the accumulated
second multiplication value as a second accumulated value,
and to output the second accumulated value; a third accu-
mulated value output unit having a plurality of third accu-
mulated value calculation units, of which one third accu-
mulated value calculation unit is configured to generate a
first value obtained by adding one element value of paired
element values of the first matrix and one element value of
the paired element values of the second matrix, to generate
a second value obtained by adding the other element value
of the paired element values of the first matrix and the other
element value of the paired element values of the second
matrix, to accumulate a third multiplication value obtained
by multiplying the first value by the second value, to select
one of an output value of an adjacent third accumulated
value calculation unit and the accumulated third multiplica-
tion value, as a third accumulated value, and to output the
third accumulated value; and an element value calculation
unit having one or more row element value calculation units,
of which one row element value calculation unit is config-
ured to accumulate element multiplication values of the first
matrix obtained by multiplying each of the paired element
values of the first matrix, and to calculate element values of
the third matrix by subtracting from the third accumulated
value an accumulated element multiplication value of the
first matrix and the second accumulated value, respectively.

[0009] Another embodiment of the present disclosure pro-
vides an operation apparatus, comprising an input division
unit, a first addition unit, a second addition unit, a multipli-
cation unit, and an accumulator and operating based on the
Winograd algorithm for multiplying a first matrix by a
second matrix to generate a third matrix, wherein the input
division unit is configured to divide each of a bitmap
representing one element value of the first matrix, a bitmap
representing one element value of the second matrix, a
bitmap representing another element value of the first
matrix, and a bitmap representing another element value of
the second matrix, into an upper divided bitmap and a lower
divided bitmap in units of N bits that are of a bit length at
an input terminal of the first addition unit, the first addition
unit is configured to add the one element value of the first
matrix and the one element value of the second matrix to
each other for each of selected divided bitmaps that are of
equal rank between the upper divided bitmap and the lower
divided bitmap, the second addition unit is configured to add
the another element value of the first matrix and the another
element value of the second matrix to each other selectively
for each of selected divided bitmaps that are of equal rank
between the upper divided bitmap and the lower divided
bitmap, the multiplication unit is configured to calculate a
multiplication value by multiplying an addition result of the
first addition unit by an addition result of the second addition
unit, and the accumulator is configured to accumulate the
multiplication value calculated by the multiplication unit.

[0010] Another embodiment of the present disclosure pro-
vides an operation apparatus, comprising four preproces-
sors, a first addition unit, a second addition unit, a multipli-
cation unit, a third addition unit, and an accumulator and
operating based on the Winograd algorithm for multiplying
a first matrix by a second matrix to generate a third matrix,
wherein the four preprocessors are each configured to
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receive paired matrix element values with a length of N bits
(where N is a natural number), to place one element value
of the paired matrix element values in an upper bitmap on a
bitmap with a preset length, to place the other element value
of the paired matrix element values in a lower bitmap on the
bitmap with the preset length, and to extend signs of element
values located in the lower bitmap by copying a sign bit of
the other element value to an (N+1)th bit on the bitmap with
the preset length to generate 2N+1-bit long bitmap data, the
first addition unit is configured to add data to each other that
are on a bitmap with a preset length and generated by two
preprocessors among the four preprocessors to generate a
first result value, the second addition unit is configured to
add data to each other that are on a bitmap with a preset
length and generated by two other preprocessors among the
four preprocessors to generate a second result value, the
multiplication unit is configured to multiply by each other a
value corresponding to an upper bitmap of the first result
value and a value corresponding to an upper bitmap of the
second result value to generate an 11th multiplication value,
and to multiply by each other a value corresponding to a
lower bitmap of the first result value and a value corre-
sponding to a lower bitmap of the second result value to
generate a 12th multiplication value, the third addition unit
is configured to add the 11th multiplication value and the
12th multiplication value to each other to generate a multi-
plication result value, and the accumulator is configured to
accumulate the multiplication result value.

[0011] Another embodiment of the present disclosure pro-
vides a method performed by an operation apparatus having
a plurality of second accumulated value calculation units, a
plurality of third accumulated value calculation units, and
one or more row element value calculation units, for mul-
tiplying a first matrix by a second matrix to generate a third
matrix, the method including i) outputting a second accu-
mulated value by one second accumulated value calculation
unit by accumulating second multiplication values obtained
by multiplying each of paired element values of the second
matrix, to select one of output values of adjacent second
accumulated value calculation units and an accumulated
second multiplication value as the second accumulated
value, and to output the second accumulated value, ii)
causing one third accumulated value calculation unit corre-
sponding in position to the one second accumulated value
calculation unit to generate a first value obtained by adding
one element value of paired element values of the first
matrix and one element value of the paired element values
of the second matrix, and to generate a second value
obtained by adding an other element value of the paired
element values of the first matrix and an other element value
of the paired element values of the second matrix, iii)
causing the one third accumulated value calculation unit to
accumulate a third multiplication value obtained by multi-
plying the first value by the second value, to select one of an
output value of an adjacent third accumulated value calcu-
lation unit that is adjacent to the one third accumulated value
calculation unit and an accumulated third multiplication
value, as a third accumulated value and to output the third
multiplication value, and iv) causing one row element value
calculation unit corresponding in position to the one third
accumulated value calculation unit to accumulate first
matrix element multiplication values obtained by multiply-
ing each of the paired element values of the first matrix, and
to calculate element values of the third matrix by subtracting
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from the third accumulated value an accumulated first
matrix element multiplication value and the second accu-
mulated value, respectively.

[0012] Another embodiment of the present disclosure pro-
vides a method performed by an operation apparatus having
an input division unit, a first addition unit, a second addition
unit, a multiplication unit, and an accumulator and operating
based on the Winograd algorithm for multiplying a first
matrix by a second matrix to generate a third matrix, the
method including i) causing the input division unit to divide
each of a bitmap representing one element value of the first
matrix, a bitmap representing one element value of the
second matrix, a bitmap representing an other element value
of the first matrix, and a bitmap representing an other
element value of the second matrix, into an upper divided
bitmap and a lower divided bitmap in units of N bits that are
of a bit length at an input terminal of the first addition unit,
i1) causing the first addition unit to add the one element value
of the first matrix and the one element value of the second
matrix to each other for each of selected divided bitmaps that
are of equal rank between the upper divided bitmap and the
lower divided bitmap, iii) causing the second addition unit
to add the other element value of the first matrix and the
other element value of the second matrix to each other
selectively for each of selected divided bitmaps that are of
equal rank between the upper divided bitmap and the lower
divided bitmap, iv) causing the multiplication unit to cal-
culate a multiplication value by multiplying an addition
result of the first addition unit by an addition result of the
second addition unit, and v) causing the accumulator to
accumulate multiplication values calculated by the multipli-
cation unit.

[0013] Yet another embodiment of the present disclosure
provides a method performed by an operation apparatus
having four preprocessors, a first addition unit, a second
addition unit, a multiplication unit, a third addition unit, and
an accumulator and operating based on the Winograd algo-
rithm for multiplying a first matrix by a second matrix to
generate a third matrix, the method including i) causing the
four preprocessors to each receive paired matrix element
values with a length of N bits (where N is a natural number),
to place one element value of the paired matrix element
values in an upper bitmap on a bitmap with a preset length,
to place an other element value of the paired matrix element
values in a lower bitmap on the bitmap with the preset
length, and to extend signs of element values located in the
lower bitmap by copying a sign bit of the other element
value to an (N+1)th bit on the bitmap with the preset length
to generate 2N+1-bit long bitmap data, ii) causing the first
addition unit to add data to each other that are on a bitmap
with a preset length and generated by two preprocessors
among the four preprocessors to generate a first result value,
iii) causing the second addition unit to add data to each other
that are on a bitmap with a preset length and generated by
two other preprocessors among the four preprocessors to
generate a second result value, iv) causing the multiplication
unit to multiply by each other a value corresponding to an
upper bitmap of the first result value and a value corre-
sponding to an upper bitmap of the second result value to
generate an 11th multiplication value, and to multiply by
each other a value corresponding to a lower bitmap of the
first result value and a value corresponding to a lower bitmap
of the second result value to generate a 12th multiplication
value, v) causing the third addition unit to add the 11th
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multiplication value and the 12th multiplication value to
each other to generate a multiplication result value, and vi)
causing the accumulator to accumulate the multiplication
result value.

Advantageous Effects

[0014] The present disclosure in some embodiments pro-
vides an operation apparatus in a systolic array having core
units with some functions detached for providing additional
units responsible for the detached functions in a one-dimen-
sional arrangement on the overall systolic array and thereby
improves upon a conventional operation apparatus with a
single type of units in two-dimensional arrangement on the
overall systolic array by a substantial hardware footprint
reduction.

[0015] Additionally, the present disclosure provides an
operation apparatus for allowing its core hardware units to
receive data resulting from operations performed by copla-
narily adjacent core units and thereby improves upon a
conventional operation apparatus by a substantially reduced
number of paths for transferring the operation data generated
by the core hardware units to the other unit, resulting in a
high-speed operation of the operation apparatus.

[0016] Further, the present disclosure enables an operation
on matrix data of multiple precisions and thereby provides
an efficient matrix multiplication device to be designed
when processing multiple matrix data of a plurality of
precisions.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG. 1 shows matrix multiplication in which a
matrix Z is obtained by multiplying matrices X and Y
together.

[0018] FIG. 2 is a diagram of the configuration of a
conventional matrix multiplication device in the form of a
systolic array for matrix multiplication based on the Wino-
grad algorithm.

[0019] FIG. 3 is adiagram of the internal configurations of
a first element-X processing unit, first element-Y processing
unit, and first Z-element processing unit in FIG. 2.

[0020] FIG. 4 is a diagram of a configuration of a systolic
array type operation apparatus for matrix multiplication
based on the Winograd algorithm according to at least one
embodiment of the present disclosure.

[0021] FIG. 5 is adiagram of the internal configurations of
a first row element value calculation unit, leftmost 2nd
accumulated value calculation unit, and upper-left 3rd accu-
mulated value calculation unit.

[0022] FIG. 6 is a diagram illustrating in detail the con-
figurations of 2nd accumulated value calculation units and
uppermost 3rd accumulated value calculation units, wherein
the reference numerals indicate only some requisite compo-
nents for description with the other remaining components
being unnumbered.

[0023] FIG. 7 is a data flow diagram of a sum-product
operation method according to at least one embodiment of
the present disclosure, in particular, the function of the 3rd
accumulated value calculation unit with the function of a 3rd
selection unit excluded.

[0024] FIG. 8 is a diagram of a sum-product operation
apparatus according to at least one embodiment and imple-
menting the data flow diagram of FIG. 7.

Sep. 29, 2022

[0025] FIG. 9 is a diagram of a configuration of a multi-
plication device replacing a first multiplication unit or a 2nd
multiplication unit of FIG. 5 for performing multiplication
on two 16-bit input data items after being divided in 8-bit
units.

[0026] FIG. 10 is a diagram of a sum-product operation
apparatus according to at least one embodiment as an
apparatus needed for calculating matrix multiplication by
merging a plurality of matrix element values into a single
data.

[0027] FIG. 11 is a diagram of an operation apparatus that
can be used for first multiplication units of row element
value calculation units and 2nd multiplication units of
respective 2nd accumulated value calculation units.

DETAILED DESCRIPTION

[0028] Hereinafter, some embodiments of the present dis-
closure will be described in detail with reference to the
accompanying drawings. In the following description, like
reference numerals preferably designate like elements,
although the elements are shown in different drawings. In
the following description of some embodiments, for clarity
and for brevity, no further description related known com-
ponents and functions is provided.

[0029] FIG. 1 shows matrix multiplication in which a
matrix 7Z is obtained by multiplying matrices X and Y
together.

[0030] As shown in FIG. 1, when the size of matrix X is
nXp and the size of matrix Y is pxm, the size of matrix Z
becomes nxm, and the value of each element Z; of matrix Z
may be calculated as in Equation 1.

P
Zij= in,k “Vij
k=1

[0031] The multiplication expression of Equation 1 may
be expressed as a multiplication expression by using the
Winograd algorithm as in Equation 2.

pf2 pf2 P2
Ziy = Z(xi,zk—l + Vo) ik + Yar-1,7) — in,Zk “Xi k-1~ Z)’u,]")’vﬁl,]‘
k=1 k=1 k=1

[0032] In Equation 2, the calculation formula of the sec-
ond ¥ term is commonly applied to each row of elements of
matrix Z, and the calculation formula of the third ¥ term is
commonly applied to each column of elements of matrix Z.
Therefore, the second X term in Equation 2 may be calcu-
lated only once per row with respect to the elements of Z,
and the third ¥ term in Equation 2 may be calculated only
once per column for the elements of Z for obtaining all
constituent element values of matrix Z. In addition, when the
elements of matrix X or Y always have constant values, the
calculation formula of the second or third term X of Equation
2 may use a pre-calculated value.

[0033] This manner of matrix multiplication performed as
in Equation 2 by using the characteristics of the Winograd
algorithm reduces the total number of multiplications com-
pared to the matrix multiplication of Equation 1. The greater
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the matrix Z, the more the matrix multiplication operations
drop by almost V% times the number of matrix multiplica-
tions in Equation 1.

[0034] In the Winograd algorithm, other than the calcula-
tion of the multiplication expression, an additional cost
involved in the first 2 term of Equation 2 is addition
operations for inputting the multiplications and the accom-
panied use of a multiplication unit for processing the inputs
larger by one bit. It is typical in operations on integer inputs
that the cost of the multiplication operator is greater than the
addition operator and the operation cost of the integer
multiplication unit is proportional to the square of the input
bit length. For this reason, the longer the input bit length, the
lower the relative additional costs due to those one bit larger
multiplication inputs.

[0035] Therefore, despite the further addition operations
occurring in the first 2 term of Equation 2 and the occurrence
of those one bit larger multiplication inputs, the total opera-
tion cost required for the matrix multiplication of Equation
2 is significantly reduced compared to the matrix multipli-
cation of Equation 1.

[0036] FIG. 2 is a diagram of the configuration of a
conventional matrix multiplication device 200 in the form of
a systolic array for matrix multiplication based on the
Winograd algorithm.

[0037] The matrix multiplication device 200 of FIG. 2,
which is a matrix multiplier exemplifying multiplying 4x4
matrix X and Y together to calculate and generate the
respective elements of a 4x4 matrix 7, includes a first
operation unit 210, a 2nd operation unit 220, and a 3rd
operation unit 230.

[0038] The first operation unit 210 includes a plurality of
element-X processing units 211, 212, 213, and 214, the
number of which is the same as the maximum allowable
number of matrix X rows that can be processed at once. A
matrix larger than the maximum allowable number of matrix
X rows may be divisively processed by the first operation
unit 210. Since the divisive matrix processing is mathemati-
cally self-evident, no further description is provided. For
convenience, the present disclosure concentrates on matrices
that match the maximum matrix size that the operator can
process simultaneously. The element-X processing units
211, 212, 213, 214 each receive paired matrix X element
values to calculate and generate a multiplication operation
value and store the paired element X values and the multi-
plication operation value.

[0039] The 2nd operation unit 220 includes a plurality of
element-Y processing units 221, 222, 223, and 224, the
number of which is equal to the number of matrix Y columns
that can be processed simultaneously. The element-Y pro-
cessing units 221, 222, 223, 224 each receive paired matrix
Y element values to calculate and generate a multiplication
operation value and store the paired Y element values and
the multiplication operation value, respectively.

[0040] The 3rd operation unit 230 receives paired X
element values and their multiplication operation value
stored in the first operation unit 210 and receives paired Y
element values and their multiplication operation value
stored in the 2nd operation unit 220 to calculate and generate
matrix Z element values.

[0041] The 3rd operation unit 230 includes a plurality of
element-Z processing units 231, 232, . . ., 246, the number
of which is equal to the maximum allowable number of
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simultaneously processible matrix X rows by the maximum
allowable number of simultaneously processible matrix Y
columns.

[0042] FIG. 3 is a diagram of the internal configurations of
the first element-X processing unit 211, first element-Y
processing unit 221, and first Z-element processing unit 231
in FIG. 2.

[0043] The first element-X processing unit 211 includes a
first multiplication unit 314.

[0044] The first multiplication unit 314 multiplies the first
and second matrix X elements by each other to generate a
first multiplication value.

[0045] The first element-Y processing unit 221 includes a
2nd multiplication unit 324.

[0046] The 2nd multiplication unit 324 multiplies the first
and second matrix Y elements by each other to generate a
second multiplication value.

[0047] The first element-Z processing unit 231 includes an
11th storage unit 311, 12th storage unit 312, 13th storage
unit 313, 21st storage unit 321, 22nd storage unit 322, 23rd
storage unit 323, first addition unit 331, 2nd addition unit
332, 3rd multiplication unit 333, and accumulation opera-
tion unit 334.

[0048] The 11th storage unit 311 and the 12th storage unit
312 receive and store the first and second matrix X elements,
respectively.

[0049] The 13th storage unit 313 stores the first multipli-
cation value generated by the first multiplication unit 314.
[0050] The 21st storage unit 321 and the 22nd storage unit
322 receive and store the first and second matrix Y elements,
respectively.

[0051] The 23rd storage unit 323 stores the second mul-
tiplication value generated by the 2nd multiplication unit
324.

[0052] The first addition unit 331 receives the first matrix
X element and the first matrix Y element stored in the 11th
storage unit 311 and the 21st storage unit 321, respectively,
and it performs addition on the received elements to gener-
ate the first added value.

[0053] The 2nd addition unit 332 receives the second
matrix X element and the second matrix Y element stored in
the 12th storage unit 312 and the 22nd storage unit 322,
respectively, and it performs addition on the received ele-
ments to generate the second added value.

[0054] The 3rd multiplication unit 333 receives and mul-
tiplies the first added value and the second added value
together to generate a third multiplication value.

[0055] The accumulation operation unit 334, upon receiv-
ing from the first multiplication unit 314, the 2nd multipli-
cation unit 324, and the 3rd multiplication unit 333, the first
multiplication value, the second multiplication value, and
the third multiplication value, respectively, subtracts from
the third multiplication value the first and second multipli-
cation values respectively to generate an accumulated value.
The accumulated value calculated here becomes one Z
element value of matrix Z.

[0056] In FIG. 2, the respective element-Z processing
units 231, 232, . . . , 246 receive, from their left-end
element-X processing units 211, 212, 213, 214, the first X
element values, the second X element values and the mul-
tiplication values thereof, and receive, from their top ele-
ment-Y processing units 221, 222, 223, 224, the first Y
element values, the second Y element values, and the
multiplication values thereof to calculate Z element values
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corresponding to the relevant element-Z processing units
231, 232, . . ., 246. For example, the element-Z processing
unit 236 receives element values necessary for the operation
thereof from its left-end element-X processing unit 212 on
the same row and from its top element-Y processing unit 222
on the same column.

[0057] Meanwhile, the six storage units 311, 312, 313,
321, 322, and 323 may each be implemented as a flip-flop,
the operation of which is obvious to those skilled in the art
and will not be described herein.

[0058] In FIG. 2, the operation apparatus 200 has more
element-Z processing units 231, 232, . . ., 246 of the 3rd
operation unit 230 than each of the number of the element-X
processing units 211, 212, 213, 214 of the first operation unit
210 and the number of the element-Y processing units 221,
222, 223, 224. For this reason, improving the performance
of the operation apparatus 200 needs the 3rd operation unit
230 to be optimized.

[0059] As shown in FIGS. 2 and 3, the first element-Z
processing unit 231 in the 3rd operation unit 230 receives
data for the subtraction operation from the first operation
unit 210 and the 2nd operation unit 220, respectively.
[0060] Not only the first element-Z processing unit 231
but also the remaining element-Z processing units 232, . . .
, 246 all receive data for the subtraction operation from the
first operation unit 210 and the 2nd operation unit 220,
respectively.

[0061] Accordingly, the element-Z processing units 231,
232, . . ., 246 need two-dimensionally arranged paths for
transmission of data required for the subtraction operation.
[0062] FIG. 4 is a diagram of the configuration of a
systolic array type operation apparatus 400 for matrix mul-
tiplication based on the Winograd algorithm according to at
least one embodiment of the present disclosure.

[0063] The operation apparatus 400 according to at least
one embodiment of the present disclosure is illustrated as a
matrix multiplication device multiplying each of a first
matrix X and a second matrix Y each having a size of 4x4
to generate respective element values of a third matrix Z of
a size of 4x4. The operation apparatus 400 includes an
element value calculation unit 410, a 2nd accumulated value
output unit 420, and a 3rd accumulated value output unit
430.

[0064] The element value calculation unit 410 includes a
plurality of row element value calculation units 411, 412,
413, and 414. The number of row element value calculation
units 411, 412, 413, 414 is ‘n’ which is a natural number
equal to or greater than 1. Here, ‘n’ may be equal to each of
the maximum number of rows of matrix X and the number
of rows of the third matrix Z that can be simultaneously
processed. This embodiment illustrates an example case
where n=4.

[0065] The 2nd accumulated value output unit 420
includes a plurality of 2nd accumulated value calculation
units 421, 422, 423, and 424. The number of the 2nd
accumulated value calculation units 421, 422, 423, 424 is
‘m’ that is a natural number equal to or greater than 1. Here,
‘m’ may be equal to each of the maximum number of
columns of matrix Y and the number of columns of matrix
Z that can be simultaneously processed. This embodiment
illustrates an example case where m=4.

[0066] The 3rd accumulated value output unit 430
includes a plurality of 3rd accumulated value calculation
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units 431, 432, . . . , 446. Here, the number of the 3rd
accumulated value calculation units 431, 432, . . ., 446 is
nxm, i.e., 16.

[0067] As shown in FIG. 4, a plurality of row element
value calculation units 411, 412, 413, 414, a plurality of 2nd
accumulated value calculation units 421, 422, 423, 424, and
a plurality of 3rd accumulated value calculation units 431,
432, . . ., 446 are formed as a whole in an overall
two-dimensional systolic array.

[0068] When particularly classified by type in the overall
two-dimensional systolic array of FIG. 4, the components
thereof include the plurality of row element value calcula-
tion units 411, 412, 413, 414 that are formed in a one-
dimensional systolic array, the plurality of 2nd accumulated
value calculation units 421, 422, 423, 424 formed in a
one-dimensional systolic array, and the plurality of 3rd
accumulated value calculation units 431, 432, . . ., 446 that
are formed in a two-dimensional systolic array.

[0069] However, when n=1 or m=1, the 3rd accumulated

value calculation units 431, 432, . . ., 446 are formed in a
one-dimensional systolic array.
[0070] The 2nd accumulated value output unit 420 is

formed above the 3rd accumulated value output unit 430,
and the element value calculation unit 410 is formed later-
ally of the 3rd accumulated value output unit 430. FIG. 4
illustrates the element value calculation unit 410 as being
formed on the left side of the 3rd accumulated value output
unit 430, although it may be formed on the right side of the
3rd accumulated value output unit 430 depending on
embodiments.

[0071] The 2nd accumulated value calculation units 421,
422, 423, 424 accumulate second multiplication values
obtained by multiplying each of the paired element values of
the second matrix. Additionally, of the 2nd accumulated
value calculation units 421, 422, 423, 424, those units 421,
422, and 423 except for the rightmost unit 424 select and
output one of the outputs of their adjacent 2nd accumulated
value calculation units 422, 423, and 424 and the second
multiplication accumulated value, as a second accumulated
value.

[0072] Additionally, the rightmost 2nd accumulated value
calculation unit 424 outputs the second multiplication accu-
mulated value to its left side 2nd accumulated value calcu-
lation unit 423.

[0073] Additionally, the 3rd accumulated value calcula-
tion units 431, 432, . . ., 446 each generate a first value
obtained by adding one element value of the paired element
values of the first matrix and one element value of the paired
element values of the second matrix, generate a second value
obtained by adding the other element value of the paired
element values of the first matrix and the other element value
of the paired element values of the second matrix and
accumulate a third multiplication value obtained by multi-
plying the generated first value by the generated second
value.

[0074] The 3rd accumulated value calculation units 431,
432, . . ., 446 save the rightmost 3rd accumulated value
calculation units 434, 438, 442, 446, i. e., the remaining 3rd
accumulated value calculation units 431, 432, . . ., 445 each
select one of the third multiplication accumulated values and
output values of their adjacent 3rd accumulated value cal-
culation units 43,432, . . ., 446 to generate the selected one
as a third accumulated value.
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[0075] The rightmost 3rd accumulated value calculation
units 434, 438, 442, 446 respectively output the third mul-
tiplication accumulated values to their left side 3rd accu-
mulated value calculation units 433, 437, 441, 445.

[0076] The row element value calculation units 411, 412,
413, 414 each accumulate a first matrix element multipli-
cation value obtained by multiplying the paired element
values of the first matrix by each other and subtract, from the
third accumulated value, the first matrix element multipli-
cation accumulated value and the second accumulated value,
respectively to generate the third matrix element values.
[0077] FIG. 5 is a diagram of the internal configurations of
the first row element value calculation unit 411, leftmost 2nd
accumulated value calculation unit 421, and uppermost left
3rd accumulated value calculation unit 431.

[0078] Referring to FIGS. 4 and 5, the following describes
operations of the first row element value calculation unit
411, leftmost 2nd accumulated value calculation unit 421,
and uppermost left 3rd accumulated value calculation unit
431.

[0079] The element value calculation unit 411 includes a
2nd accumulated value storage unit 501, a first multiplica-
tion unit 511, a first accumulator 512, an 11th storage unit
513, and a first summing unit 517.

[0080] The element value calculation unit 411 accumu-
lates the first matrix element multiplication value obtained
by multiplying the paired element values of the first matrix
by each other, and subtracts, from the third accumulated
value generated by the 3rd accumulated value calculation
unit 431 corresponding in position to the first row element
value calculation unit 411, the first matrix element multipli-
cation value and the second accumulated value accumulated
by the first row element value calculation unit 411 and the
second accumulated value, respectively to generate the third
matrix element values.

[0081] The 2nd accumulated value storage unit 501 stores
the second accumulated value received from the 2nd accu-
mulated value output unit 420.

[0082] The first multiplication unit 511 receives paired
matrix X element values of a first element value x,, and a
second element value x,, at its input terminals i;; and i,,,
respectively. The first multiplication unit 511 multiplies the
inputted x;, and x,, by each other to generate a first matrix
element multiplication value al. Additionally, upon receiv-
ing other paired matrix X element values of a third element
value X, ; and a fourth element value x,, at input terminals
i;; and 1i,, respectively, the first multiplication unit 511
multiplies the inputted x, ; and x,, by each other to generate
another first matrix element multiplication value a2. As a
note, in the present disclosure, the subscripts of the matrix
element values may be expressed interchangeably, such as
between x,; and x, ;, and these two are used to convey the
same meaning only with different expressions of the sub-
scripts.

[0083] The first accumulator 512 sequentially accumulates
the first matrix element multiplication values al and a2
generated by the first multiplication unit 511 to generate a
first matrix element multiplication accumulated value.
[0084] If the number of columns of matrix X is 6 as in the
case where the size of matrix X is 4x6, 6x6, and 8x6,
multiplication is performed on yet other paired matrix X
element values of a fifth element value x,5 and a sixth
element value x, ¢ inputted to the input terminals i,; and i,
of the first multiplication unit 511, respectively, to generate
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yet another first matrix element multiplication value a3. In
this case, the first accumulator 512 sequentially accumulates
the first matrix element multiplication values al, a2, and a3
generated by the first multiplication unit 511 to generate the
first matrix element multiplication accumulated value.
[0085] The 11th storage unit 513 stores the first matrix
element multiplication accumulated value generated by the
first accumulator 512. The first matrix element multiplica-
tion accumulated value stored in the 11th storage unit 513 is
used by the first summing unit 517 for calculating an
element value for each row of matrix Z.

[0086] The first summing unit 517 subtracts from the third
accumulated value stored in the 14th storage unit 516, the
first matrix element multiplication accumulated value stored
in the 11th storage unit 513 and the second accumulated
value stored in the 2nd accumulated value storage unit 501,
respectively to generate the third matrix 7 element values.
[0087] As a side note, to allow the second accumulated
value in the 2nd accumulated value storage unit 501 to be
transmitted to the 2nd row element value calculation unit
412, a connecting line extends from a connecting cable
between the 2nd accumulated value storage unit 501 and the
first summing unit 517 to a 2nd accumulated value storage
unit (not shown) of the 2nd row element value calculation
unit 412 located below the first row element value calcula-
tion unit 411.

[0088] The 2nd row element value calculation unit 412 has
the same components as those of the first row element value
calculation unit 411. Upon receiving the matrix X element
values required to calculate the element values of the Z
matrix second row, the 2nd row element value calculation
unit 412 utilizes the second accumulated value stored in the
2nd accumulated value storage unit (not shown) in the 2nd
row element value calculation unit 412 and a third accumu-
lated value received from its adjacent 3rd accumulated value
calculation unit 435 to generate the element values of the Z
matrix second row.

[0089] Although not shown here, there are a consecutive
additional connection cable (not shown) formed for sequen-
tially transmitting the second accumulated value to the 3rd
row element value calculation unit 413 and the 4th row
element value calculation unit 414.

[0090] The configurations and operations of the 2nd row
element value calculation unit 412, 3rd row element value
calculation unit 413, and 4th row element value calculation
unit 414 are similar to those of the first row element value
calculation unit 411, no further description is provided.
[0091] The leftmost 2nd accumulated value calculation
unit 421 includes a 2nd multiplying unit 521, a 2nd accu-
mulator 522, and a 2nd selection unit 523.

[0092] The leftmost 2nd accumulated value calculation
unit 421 accumulates the second multiplication value
obtained by multiplying each of the paired element values of
the second matrix having been inputted, and selects and
outputs one of the output value of the adjacent 2nd accu-
mulated value calculation unit 422 and the accumulated
second multiplication value, as a second accumulated value.
[0093] The 2nd multiplication unit 521 receives paired
matrix Y element values of a first element value and a second
element value y,; at its input terminals i,, and i,,, respec-
tively, and multiplies the inputted y,, and y,, together to
generate a second matrix element multiplication value bl.
Additionally, upon receiving other paired matrix Y element
values of a third element value y;, and a fourth element
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value y,, at its input terminals i,, and i,,, respectively, the
2nd multiplication unit 521 multiplies the inputted y;, and
y,; together to generate yet another second matrix element
multiplication value b2.

[0094] The 2nd accumulator 522 sequentially accumulates
the second matrix element multiplication values b1l and b2
generated by the 2nd multiplication unit 521 to generate a
second matrix element multiplication accumulated value.

[0095] Ifthe number of rows of matrix Y is 6 as in the case
where the size of matrix Y is 6x4, 6x6, and 6x8, multipli-
cation is performed on yet other paired matrix Y element
values of a fifth element value y5, and a sixth element value
Vs, inputted to the input terminals i,, and i,, of the 2nd
multiplication unit 521, respectively, to generate yet another
second matrix element multiplication value b3. In this case,
the 2nd accumulator 522 sequentially accumulates the sec-
ond matrix element multiplication values bl, b2, and b3
generated by the 2nd multiplication unit 521 to generate the
second matrix element multiplication accumulated value.

[0096] The 2nd selection unit 523 receives the second
matrix element multiplication accumulated value generated
by the 2nd accumulator 522 and a multiplication accumu-
lated value from the adjacent 2nd accumulated value calcu-
lation unit 422, respectively, and selects and outputs, accord-
ing to the value of a control input c0 to the 2nd selection unit
523, one of the same second matrix element multiplication
accumulated value from the 2nd accumulator 522 and the
same multiplication accumulated value received from the
adjacent 2nd accumulated value calculation unit 422, as a
second accumulated value that is stored in the 2nd accumu-
lated value storage unit 501.

[0097] As a note, when the value of control input c0 is O,
the selected one is the second matrix element multiplication
accumulated value generated by the 2nd accumulator 522,
and when the value of control input ¢0 is 1, the selected one
is the multiplication accumulated value received from the
adjacent 2nd accumulated value calculation unit 422.

[0098] The uppermost left 3rd accumulated value calcu-
lation unit 431 includes a 12th storage unit 514, 13th storage
unit 515, 14th storage unit 516, 21st storage unit 524, 22nd
storage unit 525, 31st addition unit 531, 32nd addition unit
532, 3rd multiplication unit 533, 3rd accumulator 534, and
3rd selection unit 535.

[0099] The uppermost left 3rd accumulated value calcu-
lation unit 431 is adapted to generate the first value by
adding one element value of the inputted paired element
values of the first matrix and one element value of the
inputted paired element values of the second matrix, to
generate a second value by adding the other element value
of the inputted paired element values of the first matrix and
the other element value of the inputted paired element values
of the second matrix, to accumulate a third multiplication
value that is obtained by multiplying the first value by the
second value, and to select and generate one of an output
value of the adjacent 3rd accumulated value calculation unit
432 and the third multiplication accumulated value, as a
third accumulated value.

[0100] The 12th storage unit 514 stores one of the paired
matrix X element values, and the 13th storage unit 515
stores the other of the paired matrix X element values. For
example, when x,, and X, are inputted as the paired matrix
X element values to their input terminals i,, and i, ,, respec-
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tively, the 12th storage unit 514 stores one element value
X,;, and the 13th storage unit 515 stores the other element
value X, ,.

[0101] The 14th storage unit 516 receives and stores the
third accumulated value from the 3rd selection unit 535.
Here, the third accumulated value is selected by any one of
3rd selection units (not shown) of the 3rd accumulated value
calculation units 432, 433, and 434 existing in the same row
as the uppermost left 3rd accumulated value calculation unit
431 and the 3rd selection unit 535 of the uppermost left 3rd
accumulated value calculation unit 431 and that is sequen-
tially transferred to the left until the 3rd selection unit 535
outputs the same to be stored in the 14th storage unit 516.
[0102] The 21st storage unit 524 stores one of the paired
matrix Y element values, and the 22nd storage unit 525
stores the other of the paired matrix Y element values. For
example, when y,, and y,, are inputted as the paired matrix
Y element values, the 21st storage unit 524 stores one
element value and the 22nd storage unit 525 stores the other
element value y,;.

[0103] Meanwhile, the data respectively stored in the 21st
storage unit 524 and the 22nd storage unit 525 are outputted
downward to the lower adjacent 3rd accumulated value
calculation unit 435 at its 21st storage unit (not shown) and
its 22nd storage unit (not shown), respectively.

[0104] The 31st addition unit 531 receives one matrix X
element value from the 12th storage unit 514, receives one
matrix Y element value from the 21st storage unit 524, and
adds the one matrix X element value and one matrix Y
element to each other to generate the first value.

[0105] The 32nd addition unit 532 receives another matrix
X element value from the 13th storage unit 515, receives
another matrix Y element value from the 22nd storage unit
525, and adds the another matrix X element value and
another matrix Y element value to each other to generate a
second value.

[0106] The 3rd multiplication unit 533 multiplies the first
value generated by the 31st addition unit 531 and the second
value generated by the 32nd addition unit 532 by each other
to generate a third multiplication value.

[0107] The 3rd accumulator 534 accumulates the third
multiplication value generated by the 3rd multiplication unit
533.

[0108] The 3rd selection unit 535 receives the third mul-
tiplication accumulated value generated by the 3rd accumu-
lator 534 and a multiplication accumulated value from the
adjacent 3rd accumulated value calculation unit 432, respec-
tively, and selects and outputs, according to the value of
control input c0 to the 3rd selection unit 535, one of the same
third matrix element multiplication accumulated value from
the 3rd accumulator 534 and the same a multiplication
accumulated value received from the adjacent 2nd accumu-
lated value calculation unit 422, as a third accumulated
value. The third accumulated value outputted from the 3rd
selection unit 535 is stored in the 14th storage unit 516.
[0109] Meanwhile, the 3rd selection unit 535 makes its
selection to output the third accumulated value subject to the
same control input c0 as the one inputted to the 2nd selection
unit 523 of the uppermost left 3rd accumulated value
calculation unit 431 existing on the systolic array in the same
column as the leftmost 2nd accumulated value calculation
unit 421.

[0110] FIG. 6 is a diagram illustrating in detail the con-
figurations of the 2nd accumulated value calculation units
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421,422, 423, 424 and the uppermost 3rd accumulated value
calculation units 431, 432, 433, 434, wherein the reference
numerals indicate only some requisite components for
description with the other remaining components being
unnumbered.

[0111] Taking account of the above description of the
operations of the leftmost 2nd accumulated value calculation
unit 421 and the uppermost left 3rd accumulated value
calculation unit 431, no further description of the operations
of the remaining 2nd accumulated value calculation units
422, 423, 424 and the remaining 3rd accumulated value
calculation units 432, 433, and 434 is provided. Instead
described the data selection operations of 2nd selection units
523, 623, 624 and 3rd selection units 535, 635, and 636
critically.

[0112] In FIG. 6, when control input c0 is 0, it causes the
2nd selection unit 523 to select and output the multiplication
accumulated value generated by the 2nd accumulator 522 of
the 2nd accumulated value calculation unit 421 to the 2nd
accumulated value storage unit 501. That control input also
causes the 3rd selection unit 535 to select and output the
multiplication accumulated value generated by the 3rd accu-
mulator 534 of the 3rd accumulated value calculation unit
431 to the 14th storage unit 516.

[0113] When the value of c0 is 1, it causes the 2nd
selection unit 523 to select and output the multiplication
accumulated value outputted from the 2nd selection unit 623
of the 2nd accumulated value calculation unit 422 to the 2nd
accumulated value storage unit 501. The same control input
also causes the 3rd selection unit 535 to select and output the
multiplication accumulated value generated by a 3rd accu-
mulator S21 of the 3rd accumulated value calculation unit
432 to the 14th storage unit 516.

[0114] When the value of ¢l is 0, it causes the 2nd
selection unit 623 to select and input the multiplication
accumulated value generated by a 2nd accumulator S11 of
the 2nd accumulated value calculation unit 422 to the 2nd
accumulated value calculation unit 421 at the 2nd selection
unit 523. The same c1 value causes a 3rd selection unit 635
of the 3rd accumulated value calculation unit 432 to select
and input the multiplication accumulated value generated by
the 3rd accumulator S21 of the 3rd accumulated value
calculation unit 432 to the 3rd accumulated value calculation
unit 431 at the 3rd selection unit 535.

[0115] When the c1 value is 1, it causes the 2nd selection
unit 624 of the 2nd accumulated value calculation unit 422
to select and input the multiplication accumulated value
outputted from the 2nd selection unit 624 of the 2nd accu-
mulated value calculation unit 423 to the 2nd accumulated
value calculation unit 421 at the 2nd selection unit 523, and
it causes the 3rd selection unit 635 to select and input the
multiplication accumulated value generated by a 3rd accu-
mulator S22 of the 3rd accumulated value calculation unit
433 to the 3rd accumulated value calculation unit 431 at the
3rd selection unit 535.

[0116] When the ¢2 value is 0, it causes the 2nd selection
unit 624 to select and input the multiplication accumulated
value generated by a 2nd accumulator S12 of the 2nd
accumulated value calculation unit 423 to the 2nd accumu-
lated value calculation unit 422 at the 2nd selection unit 623,
and it causes the 3rd selection unit 636 to select and input the
multiplication accumulated value generated by the 3rd accu-
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mulator S22 of the 3rd accumulated value calculation unit
433 to the 3rd accumulated value calculation unit 432 at the
3rd selection unit 635.

[0117] When the ¢2 value is 1, it causes the 2nd selection
unit 624 to select and input the multiplication accumulated
value generated by a 2nd accumulator S13 of the 2nd
accumulated value calculation unit 424 to the 2nd accumu-
lated value calculation unit 422 at the 2nd selection unit 623,
and it causes the 3rd selection unit 636 to select and input the
multiplication accumulated value generated by a 3rd accu-
mulator S23 of the 3rd accumulated value calculation unit
434 to the 3rd accumulated value calculation unit 432 at the
3rd selection unit 635.

[0118] Table 1 shows the reference numerals of the com-
ponents that output, subject to the selection operation based
on the control input values c0, cl, c2, the accumulated
values for the first row element value calculation unit 411 to
generate the matrix 7 element values.

TABLE 1
Components by Ref. Numerals
c0 cl c2 Subject To Selection Operation
0 X X 522,534
1 0 X S11, S21
1 0 S12, 822
1 S13, 823
[0119] As Table 1 shows, when c0=0, with no reference to

the c1 and c2 values, the multiplication accumulated value
generated by the 2nd accumulator 522 of the 2nd accumu-
lated value calculation unit 421 is selected and outputted by
the 2nd selection unit 523 to the 2nd accumulated value
storage unit 501, and the multiplication accumulated value
generated by the 3rd accumulator 534 of the 3rd accumu-
lated value calculation unit 431 is selected and outputted by
the 3rd selection unit 535 to the 14th storage unit 516.
[0120] When c0=1 and c1=0, with no reference to the c2
value, the multiplication accumulated value generated by the
2nd accumulator S11 of the 2nd accumulated value calcu-
lation unit 422 is selected and outputted sequentially by the
2nd selection unit 623 and the 2nd selection unit 523 to the
2nd accumulated value storage unit 501, and the multipli-
cation accumulated value generated by the 3rd accumulator
S21 of the 3rd accumulated value calculation unit 432 is
selected and outputted sequentially by the 3rd selection unit
635 and the 3rd selection unit 535 to the 14th storage unit
516.

[0121] When c0=c1=1 and ¢2=0, the multiplication accu-
mulated value generated by the 2nd accumulator S12 of the
2nd accumulated value calculation unit 423 is selected and
outputted sequentially by the 2nd selection unit 624, the 2nd
selection unit 623, and the 2nd selection unit 523, and the
multiplication accumulated value generated by the 3rd accu-
mulator S22 of the 3rd accumulated value calculation unit
433 is selected and outputted sequentially by the 3rd selec-
tion unit 636, the 3rd selection unit 635, and the 3rd
selection unit 535 to the 14th storage unit 516.

[0122] When c0=cl=c2=1, the multiplication accumu-
lated value generated by the 2nd accumulator S13 of the 2nd
accumulated value calculation unit 424 is selected and
outputted sequentially by the 2nd selection unit 624, the 2nd
selection unit 623, and the 2nd selection unit 523 to the 2nd
accumulated value storage unit 501, and the multiplication
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accumulated value generated by the 3rd accumulator S23 of
the 3rd accumulated value calculation unit 434 is selected
and outputted sequentially by the 3rd selection unit 636, the
2nd selection unit 635, and the 2nd selection unit 52 to the
14th storage unit 516.

[0123] Accordingly, the first row element value calcula-
tion unit 411 is responsive to the control input values c0, c1,
c2 for receiving the corresponding third and second accu-
mulated values sequentially to generate the matrix 7 element
values z,,, Z,,, Z;5, and z,, sequentially.

[0124] Since the operation of the first row element value
calculation unit 411 is similar to that of the remaining row
element value calculation units 412, 413, and 414, no further
description about the process performed by the remaining
row element value calculation units 412, 413, and 414 for
generating the matrix Z element values is provided.

[0125] Meanwhile, in FIG. 5, the seven storage units 501,
513,514, 515, 516, 524, 525 may be implemented as, but are
not limited to, flip-flops, respectively, and the 2nd selection
unit 523 and the 3rd selection unit 535 may be implemented
as, but are not limited to, multiplexers. Meanwhile, since the
operations of the flip-flop and the multiplexer are obvious to
those skilled in the art, no further description is provided.

[0126] As described above, the operation apparatus 400
according to at least one embodiment of the present disclo-
sure is implemented so that the 3rd accumulated value
calculation units 431, 432, . . . , 446 thereof having a
2-dimensional systolic array involve no subtraction opera-
tion needed for calculating the matrix Z element values.
Instead, a subtraction operation circuit for calculating the
matrix 7 element values is designed like the first summing
unit 517 to be in each of the row element value calculation
units 411, 412, 413, 414.

[0127] Arranged in a two-dimensional array, the 3rd accu-
mulated value calculation units 431, 432, . . ., 446 are each
provided with a single hardware element for carrying out a
selection operation in place of the typical hardware requisite
for carrying out the (=) operation twice and instead, a (-)
operation circuit is provided to each of the row element
value calculation units 411, 412, 413, 414 having a one-
dimensional structure, resulting in a reduced overall hard-
ware design area of the operation apparatus of the present
disclosure in FIG. 4 compared to the conventional overall
hardware design area in FIG. 2.

[0128] Additionally, the 2nd accumulated value output
unit 420 and the 3rd accumulated value output unit 430 have
no data path therebetween for transmission of the second
accumulated value, which is a minuend generated by the 2nd
accumulated value output unit 420. Instead, an additional
data path is formed in the 2nd accumulated value output unit
420 from the right toward the left thereof and in the element
value calculation unit 410 from the top toward the bottom
thereof.

[0129] Inthis way, the present disclosure routes the second
accumulated value, a minuend generated by the 2nd accu-
mulated value output unit 420 to run by way of the 2nd
accumulated value output unit 420 and the element value
calculation unit 410 having a one-dimensional systolic array,
which significantly reduces the number of transmission
paths of the second accumulated value, the minuend com-
pared to the operation apparatus 200 of FIG. 2. Accordingly,
in carrying out the matrix multiplication by using the
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Winograd algorithm, the operation apparatus 400 of FIG. 4
can perform at a higher speed than the conventional opera-
tion apparatus 200 of FIG. 2.

[0130] Accordingly, the present disclosure has a signifi-
cant effect in economic terms thanks to a reduced hardware
footprint as well as in terms of quickness thanks to an
increased operating speed.

[0131] In designing the operation apparatus 400 according
to at least one embodiment of the present disclosure, it can
be implemented to support multiple precision, that is, mul-
tiple bit lengths.

[0132] The operation apparatus 400 is designed to support
multiple precision by allowing the 31st addition unit 531,
32nd addition unit 532, 3rd multiplication unit 533, and 3rd
accumulator 534 in the 3rd accumulated value calculation
unit 431 to each function common to inputs of different bit
lengths.

[0133] When performing matrix multiplications in a plu-
rality of precisions, hardware cost can be greatly reduced by
the operation apparatus for matrix multiplication when it is
implemented to support operations on input data of different
precisions in addition to one precision of input data.
[0134] Although this embodiment describes a case of
supporting both 8-bit precision and 16-bit precision input
data, it applies to various cases such as simultaneous support
of 16-bit precision and 32-bit precision input data.

[0135] There are two possible approaches to the hardware
design of matrix multiplication devices that support multiple
precision. One way is based on a hardware operator sup-
porting low precision to process high-precision data over
multiple cycles, and the other way is conversely based on a
hardware operator supporting high precision to process
multiple low-precision data in a cycle.

[0136] The one way is first described, which is based on
a hardware operator supporting low precision to process
high-precision data over multiple cycles.

[0137] With the Winograd algorithm, 8-bit integer matrix
data when inputted needs a 9-bit integer multiplication, and
16-bit integer matrix data when inputted needs a 17-bit
integer multiplication. The 17-bit integer multiplication may
be performed by using a 9-bit integer multiplication unit 4
times.

[0138] FIG. 7 is a data flow diagram of a sum-product
operation method according to at least one embodiment, in
particular, the functions of the 31st addition unit 531, 32nd
addition unit 532, 3rd multiplication unit 533, and 3rd
accumulator 534 of the 3rd accumulated value calculation
unit 431.

[0139] As a note, the carry of FIG. 7 indicates a bit
indicating whether or not a rounding occurs in the most
significant digit when performing an addition operation. For
example, the present disclosure may be implemented to
value the carry as 1 when rounding occurs in the most
significant digit, whereas value the carry as 0 when no
rounding occurs in the most significant digit.

[0140] FIG. 8 is a diagram of a sum-product operation
apparatus 800 according to at least one embodiment and
implementing the data flow diagram of FIG. 7.

[0141] InFIG. 8, the sum-product operation apparatus 800
according to at least one embodiment includes an input
division unit 810, a first addition unit 820, a 2nd addition
unit 830, a multiplication unit 840, and an accumulator 850.
The 3rd accumulated value calculation units 431, 432, 433,
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and 434 may be implemented by including the sum-product
operation apparatus 800 according to at least one embodi-
ment.
[0142] As illustrated, the sum-product operation apparatus
800 according to at least one embodiment of the present
disclosure has the first addition unit 820 and 2nd addition
unit 830, which are otherwise limited to providing a sum-
mation operation on matrix element inputs in units of up to
N bits but not 2N bits, expanded to handle a summation
operation on the matrix element inputs in units of 2N bits.
The following illustrates the case where N=8.
[0143] The input division unit 810 includes an 11th pro-
cessor 811, a 12th processor 812, a 21st processor 813, and
a 22nd processor 814.
[0144] The first addition unit 820 includes an 11th selec-
tion unit 821, a 12th selection unit 822, an 11th addition unit
823, afirst carry storage unit 824, and a first carry input unit
825.
[0145] The 2nd addition unit 830 includes a 21st selection
unit 831, a 22nd selection unit 832, a 21st addition unit 833,
a 2nd carry storage unit 834, and a 2nd carry input unit 835.
[0146] The multiplication unit 840 includes a sum multi-
plication unit 841, a multiplier selection unit 842, and a
multiplier multiplication unit 843.
1%, 1/2 *|[text missing or illegible when filed]
{yzk /2 |[text missing or illegible when filed]

X; 2t 1/2 |[text missing or illegible when filed]

X, o 1/2 ®|[text missing or illegible when filed]

Yor,/2 8 |[text mlssmg or illegible when filed]

bltmap Vor =]m0d2 of y, ; respectively, according to the
value of S0. For example, the 12th selection unit 822 is
responsive to when S0=0 for outputting the lower divided
bitmap y., mod2® and is responsive to when S0=1 for
outputting the upper divided bitmap |y, /2 8|, and it inputs
the output to the 11th addition unit 823.
[%;.24/2 J[text missing or illegible when filed]
(Y27 ,,/2°|[text missing or illegible when filed]
[0147] The 21st selection unit 831 receives and selectively
outputs the upper divided bitmap |x,,,/2°] and the lower
divided bitmap x, ,,mod2® for X, ., respectlvely, according
to the value of S1. For example, the 21st selection unit 831
is responsive to when S1=0 for outputting the lower divided
bitmap X, ,xmod2® and is responsive to when S1=1 for
outputting the upper divided bitmap [x, ,,/2 8], and it inputs
the output to the 21st addition unit 833.
[0148] The 22nd selection unit 832 receives and selec-
tively outputs the upper divided bltmap [ Vare 112 8] and the
lower divided bitmap y,; ; Jm0d2 of Yor 1, respectlvely,
according to the value of S1. For example, the 22nd selec-
tion unit 832 is responsive to when S1=0 for outputting the
lower divided bitmap y,,_; ’]modZ and is responsive to
when S1=1 for outputting the upper divided bitmap |y.;_;,
#/2%], and it inputs the output to the 22nd addition unit 833.
[0149] The 21st addition unit 833 receives and adds the
output of the 21st selection unit 831 and the output of the
22nd selection unit 832 to generate their added value. Here,
the 21st addition unit 833 receives, from the 21st selection
unit 831 and the 22nd selection unit 832, the selection values
for each of divided bitmaps that are of equal rank between
the upper divided bitmap and the lower divided bitmap,
respectively.
[0150] The sum multiplication unit 841 multiplies the
addition result from the 11th addition unit 823 by the
addition result from the 21st addition unit 833 to generate a
multiplication result.
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[0151] The multiplier selection unit 842 selects a multi-
plier corresponding to the addition result of the 11th addition
unit 823 and the addition result of the 21st addition unit 833.
[0152] The multiplier multiplication unit 843 multiplies
the generated multiplication from multiplying the addition
result of the 11th addition unit 823 and the addition result of
the 21st addition unit 833 together, by the selected multiplier
from the multiplier selection unit 842 to generate a second
multiplication value.

[0153] The accumulator 850 accumulates the second mul-
tiplication value generated by the multiplier multiplication
unit 843.

[0154] A MO/M1 value is determined according to
whether the respective addition units, e.g., 11th addition unit
823 and 21st addition unit 833 operate as (N+1)-bit integer
addition units or N-bit positive addition units. For example,
when the respective addition units, e.g., 11th addition unit
823 and 21st addition unit 833 need to operate as (N+1)-bit
integer addition units, that is, operate in an (N+1)-bit integer
addition unit mode, the M0/M1 value is set to 0, and when
the respective addition units, e.g., 11th addition unit 823 and
21st addition unit 833 need to operate as the N-bit positive
addition units, the M0/M1 value is set to 1.

[0155] In the case that the M0/M1 value is O, which means
respective addition units, e.g., 11th addition unit 823 and
21st addition unit 833 operate in the (N+1)-bit integer
addition unit mode, they generate an N-bit output value and
a carry resulting from the sum of the N-bit input values and
input the generated N-bit output value and the sign value F
to the sum multiplication unit 841. Here, the sign value
inputted to the sum multiplication unit 841 refers to the
result value from performing an XOR operation by an XOR
operator on three input values, which is generated in the
form of sign value F of the (N+1) bit output as shown in
Table 2 below. Here, the three input values refer to signs A
and B of two input values to any relevant one of the addition
units, e.g., 11th addition unit 823 and 21st addition unit 833
and a carry C generated as a result of the 8-bit addition
operation of the relevant one of the addition units, e.g., 11th
addition unit 823 and 21st addition unit 833.

TABLE 2

>
w
@]
&)

[ R = = N
— P, OO0~ = OO
—FOROR,RORO
— OO, Ok~ O

[0156] In the case that the M0/M1 value is 1, which means
the respective addition units, e.g., 11th addition unit 823 and
21st addition unit 833 operate in the N-bit positive addition
unit mode, they generate an N-bit output value and a carry
resulting from the sum of the N-bit input values.

[0157] In the case that the respective addition units, e.g.,
11th addition unit 823 and 21st addition unit 833 perform the
addition of the lower N bits, which means the U0/U1 value
is 1, they store thus generated carries in such storage as
flip-flops, respectively and subsequently utilize the carries as
the carry inputs to the addition units themselves when they
are subject to S0/S1=1.
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[0158] FIG. 8 shows flag values such as S0/S1, M0/M1,
and U0/U1 which are determined according to the precision
of the respective addition units, e.g., 11th addition unit 823
and 21st addition unit 833 and the multiplication processing
cycle. The flag values S0/S1, M0/M1, and U0/U1 may be set
as shown in Table 3.

[0159] The settings of S0/S1, M0/M1, and U0/U1 values
are not limited to those shown in Table 3 and may be set
differently according to embodiments.

TABLE 3

When Inputting
N-bit Precision

N-bit Operation Processing Cycle
‘When Inputting 2N-bit Precision Data

Data 1 2 3 4
S0 0 0 0 1 1
S1 0 0 1 0 1
Mo 0 1 1 0 0
M1 0 1 0 1 0
uo 0 1 0 0 0
uo 0 1 0 0 0
[0160] FIG. 9 is a diagram of the configuration of a

multiplication device replacing the first multiplication unit
511 or 2nd multiplication unit 521 of FIG. 5 for performing
multiplication on two 2N-bit input data items after being
divided in N-bit units.

[0161] As shown in FIG. 9, the multiplication device 900
according to a first embodiment includes a first input divi-
sion unit 911, 2nd input division unit 912, first selection unit
913, 2nd selection unit 914, first sign extension unit 915, 2nd
sign extension unit 916, first multiplication unit 917, mul-
tiplier selection unit 918, and multiplier multiplication unit
919.

[0162] The following describes a case where the multipli-
cation device 900 according to the first embodiment is
employed as the first multiplication unit 511.

[0163] As illustrated, the multiplication device 900
according to this embodiment has the first multiplication
unit 917, which is otherwise limited to providing a multi-
plication operation on matrix element inputs in units of up
to N bits but not 2N bits, expanded to handle multiplication
on the matrix element inputs in units of 2N bits. The
following illustrates the case where N=8.

[0164] Hereinafter, the operation of the multiplication
device 900 according to the first embodiment will be
described referring to FIG. 5 and FIG. 9 together.

X, 5,_,/2°|[text missing or illegible when filed]
[x,./2%|[text missing or illegible when filed]

[0165] The first selection unit 913 receives and selectively
outputs the upper divided bitmap and the lower divided
bitmap of X,,,_; from the first input division unit 911,
respectively, according to the value of S0. For example, in
the case of S0=0, the first selection unit 913 outputs the
lower divided bitmap and in the case of S0=1, it outputs the
upper divided bitmap, and it inputs the output to the first sign
extension unit 915.

[0166] The 2nd selection unit 914 receives and selectively
outputs the upper divided bitmap and the lower divided
bitmap of x, ., respectively, upon receiving the control
input of the S1 value. For example, in the case of S1=0, the
2nd selection unit 914 outputs the lower divided bitmap and
in the case of S1=1, it outputs the upper divided bitmap, and
it inputs the output to the 2nd code extension unit 916.
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[0167] In the case of M0=0, the first sign extension unit
915 adds the sign value of the N-bit upper divided bitmap
inputted to the first sign extension unit 915 to the front of the
N-bit upper divided bitmap and thereby generates and inputs
(N+1) bit data in the form of [upper divided bitmap sign
value, N-bit upper divided bitmap] to the first multiplication
unit 917. In the case of M0=1, the first sign extension unit
915 generates and inputs (N+1)-bit data in the form of [0,
N-bit upper divided bitmap] to the first multiplication unit
917.

[0168] In the case of M1=0, the 2nd sign extension unit
916 adds the sign value of the N-bit upper divided bitmap
inputted to the 2nd sign extension unit 916 to the front of the
N-bit upper divided bitmap and thereby generates and inputs
(N+1) bit data in the form of [upper divided bitmap sign
value, N-bit upper divided bitmap] to the first multiplication
unit 917. In the case of M1=1, the 2nd sign extension unit
916 generates and inputs (N+1)-bit data in the form of [0,
N-bit upper divided bitmap] to the first multiplication unit
917.

[0169] The first multiplication unit 917 multiplies the
(N+1) bit data received from the first sign extension unit 915
by the (N+1) bit data received from the 2nd sign extension
unit 916 to generate a multiplication result.

[0170] The multiplier selection unit 918 selects a multi-
plier corresponding to the (N+1) bit data received from the
first sign extension unit 915 and the (N+1) bit data received
from the 2nd sign extension unit 916. For example, the
multiplier selection unit 918 selects, as the multiplier, 1 in
the case of {S0, S1}={0, 0}, 2® in the case of {S0, S1}={0,
1}, 2% in the case of {80, S1}={1, 0}, and 2'° in the case of
{80, S1}={1, 1}, respectively.

[0171] The multiplier multiplication unit 919 multiplies
the multiplication result, which is obtained by multiplying
the (N+1) bit data received from the first sign extension unit
915 by the (N+1) bit data received from the 2nd sign
extension unit 916, by the multiplier selected by the multi-
plier selection unit 918 to generate and transmit a first
multiplication value to the 2nd accumulator 522.

[0172] Meanwhile, the multiplication device 900 accord-
ing to the first embodiment is employed as the 2nd multi-
plication unit 521, wherein the input matrix Y element
values inputted to the first input division unit 911 and the
2nd input division unit 912 may follow suit the operational
procedure of the input matrix X element values after being
inputted to the first input division unit 911 and the 2nd input
division unit 912, and thus no further description is pro-
vided.

[0173] FIG. 10 is a diagram illustrating a sum-product
operation apparatus 1000 according to at least one embodi-
ment as an apparatus needed for calculating matrix multi-
plication by merging a plurality of matrix element values
into a single data. FIG. 10 is another embodiment imple-
menting the functions of the 31st addition unit 531, 32nd
addition unit 532, 3rd multiplication unit 533, and 3rd
accumulator 534 of the 3rd accumulated value calculation
unit 431.

[0174] The following describes, referring to FIGS. 10 and
11, the other way of designing matrix multiplication devices
that support multiple precision, based on a hardware opera-
tor supporting high precision to process multiple low-pre-
cision data items in one cycle. This embodiment describes a
design method for processing 4 pairs of N-bit matrix ele-
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ments at a time by extending a hardware unit that processes
2 pairs of 2N-bit matrix elements at a time by using the
Winograd algorithm.

[0175] In FIG. 10, the sum-product operation apparatus
1000 according to at least one embodiment includes a
plurality of preprocessing units 1011, 1012, 1013, 1014,
1015, 1016, 1017, 1018, a plurality of selection units 1021,
1022, 1023, 1024, 1025, a first addition unit 1031, a 2nd
addition unit 1032, a 3rd addition unit 1033, a multiplication
unit 1040, and an accumulator 1050. The 3rd accumulated
value calculation units 431, 432, 433, 434 may each be
implemented by including this embodiment of sum-product
operation apparatus 1000.

[0176] As a note, the sum-product operation apparatus
1000 according to this embodiment of the present disclosure
exemplifies a configuration for providing the sum and prod-
uct operation performed on an input in units of N bits. The
following illustrates the case where N=16.

[0177] The first preprocessor 1011 receives and stores an
N-bit long input matrix Y element value y,;; in the first
bitmap, and copies the sign bit of the N-bit matrix element
value y,, ; to the (N+1)th bit of the first bitmap to generate
a sign-extended first bitmap {SignExt(y,, )} of N+1-bit
length. Here, when N is 16, the length of the sign-extended
N+1-bit long first bitmap becomes 17 bits.

[0178] The 2nd preprocessor 1012 receives and stores two
N/2-bit long input matrix Y element values y,;; and y4;_»;
in the second bitmap, and copies and inserts the sign bit of
the N/2-bit matrix element value y,;_, , in the (N/2+1)th bit
of the second bitmap to generate a SignExt(y,, ,; of
N/2+1-bit length and thereby generates a second bitmap
{Var» SignExt(y,,_, )} of N+1-bit length. Here, {y.,
SignExt(y,; » J)} is a bitmap arranged in the order of input-
ted v, ; and {SignExt(y,,_, )} that is sign-extended y.;_ ;.
[0179] The 3rd preprocessor 1013 receives and stores an
N-bit long input matrix X element value X, ,,_, in the third
bitmap, and copies the sign bit of the N-bit matrix element
valuex, ,,_, to the (N+1)th bit of the third bitmap to generate
a sign-extended third bitmap {SignExt(x; ,,_;)} of N+1-bit
length.

[0180] The 4th preprocessor 1014 receives and stores two
N/2-bit long input matrix X element values X, ,;_, and X, 4;_;
in the fourth bitmap, and copies and inserts the sign bit of the
N/2-bit matrix element value X, ,;_5 in the (N/2+1)th bit of
the fourth bitmap to generate a SignEXt(x, 4;_5) of N/2+1-bit
length and thereby generates a fourth bitmap {, ,;_,, SignExt
(X;,40_5)} of N+1-bit length. Here, {X; 4;_;, SignExt(X, 4 )}
is a bitmap arranged in the order of the inputted x, 4,_, and
{SignExt(x, 4, )} that is sign-extended X, 4;_s.

[0181] The 5th preprocessor 1015 receives and stores an
N-bit long input matrix X element value y,,_, ; in the fifth
bitmap, and copies the sign bit of the N-bit matrix element
valuey,, , ;to the (N+1)th bit of the fifth bitmap to generate
a sign-extended fifth bitmap {SignExt(y,;_, )} of N+1-bit
length.

[0182] The 6th preprocessor 1016 receives and stores two
N/2-bit long input matrix Y element values y,;_, ;and y,, s ;
in the sixth bitmap, and copies and inserts the sign bit of the
N/2-bit matrix element value y,;_5; in the (N/2+1)th bit of
the sixth bitmap to generate a SignExt(y,;_; ;) of N/2+1-bit
length and thereby generates a 6th bitmap {y,,_, , SignExt
(Yar_s,)} of N+1-bit length. Here, {y.;_, ;» SignExt(y,,_; )}
is a bitmap arranged in the order of y,;,_, ; and {SignExt
(Yar_s,)} that is sign-extended y,;_5 .
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[0183] The 7th preprocessor 1017 receives and stores the
input element values X,,, of the N-bit matrix X in the
seventh bitmap, and copies the sign bit of an N-bit matrix
element value x, ,, to the (N+1)th bit of the seventh bitmap
to generate a sign-extended seventh bitmap {SignExt(x; ,,)}
of N+1-bit length.

[0184] The 8th preprocessor 1018 receives and stores two
N/2-bit long input matrix X element values X, 4, and X, 4;_»
in the eighth bitmap, and copies and inserts the sign bit of
the N/2-bit matrix element value X, ,;,_» in an (N/2+1)th bit
of the 8th bitmap to generate SignExt(x, ,;_,) of N/2+1-bit
length and thereby generates an 8th bitmap {x, ., SignExt
(X;4ic_2)} of N/2+1-bit length. Here, {X, 4;, SignExt(X, 4, ,)}
is a bitmap arranged in the order of x,,, and {SignExt(x,,
4k-2)} that is sign-extended X, ,; .

[0185] Here, when N is 16, the lengths of the first to eighth
bitmaps are each N+1 which equals 17 bits.

[0186] As a note, in relation to the input of matrix element
values in the N/2 bit mode, for example, the 4th preprocessor
1014 receives the matrix element values inputted in the
order of {x,;, X5}, {X,5. X7}, {X,0, %}, and the 8th
preprocessor 1018 receives the matrix element values input-
ted in the order of {x,,, X, .}, {X, 6 X5} {%,100 Xs12}-
[0187] The first to fifth selection units 1021, 1022, 1023,
1024, and 1025 operate differently by each inputted S value.
[0188] Responsive to the S value inputted as 0, the first
selection unit 1021 selects and inputs the first bitmap
{SignExt(y,, )} between the inputs of the first bitmap
{SignExt(y,; )} and the second bitmap {y, ;, SignExt(y._
2,)} to the first addition unit 1031.

[0189] Responsive to the S value inputted as O, the 2nd
selection unit 1022 selects and inputs the third bitmap
{SignExt(x, 5, ;)} between the inputs of the third bitmap
{SignExt(x, ,,_,)} and the fourth bitmap {x,., ;, SignExt
(X;4_5)} to the first addition unit 1031.

[0190] Responsive to the S value inputted as 0, the 3rd
selection unit 1023 selects and inputs the input fifth bitmap
{SignExt(y,,_, )} between the inputs of the fifth bitmap
{SignExt(ys,_, )} and the sixth bitmap {y,,, , SignExt
(Yar_s,)} to the 2nd addition unit 1032.

[0191] Responsive to the S value inputted as 0, the 4th
selection unit 1022 selects and inputs the seventh bitmap
{SignExt(x, ,,)} between the inputs of the seventh bitmap
{SignExt(x, ,,)} and the eighth bitmap {x, ,;, SignExt(x, 4,
2)} to the 2nd addition unit 1032.

[0192] On the other hand, in the case that the S value is 1,
the first selection unit 1021 and the 2nd selection unit 1022
select and input the second bitmap {y., ,, SignExt(y,._, )}
and the fourth bitmap {x, ,;_,, SignExt(X, 4, )} to the first
addition unit 1031, respectively.

[0193] Additionally, in the case that the S value is 1, the
3rd selection unit 1023 and the 4th selection unit 1024 select
and input the sixth bitmap {y,,_, ;, SignExt(y,;_s )} and the
eighth bitmap {X, ., SignExt(x, ., )} to the 2nd addition
unit 1032, respectively.

[0194] The first addition unit 1031 and the 2nd addition
unit 1032 to be described below may each be implemented
as a duplex addition unit, and the detailed configuration
thereof is obvious to those skilled in the art, thus no further
description related to the configuration is provided.

[0195] In the case that the S value is 0, the first addition
unit 1031 adds and inputs the first bitmap {SignExt(y,, )}
and the third bitmap {SignExt(x, . ,)} together to the
multiplication unit 1040.
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[0196] In the case that the S value is 0, the 2nd addition
unit 1032 adds and inputs the fifth bitmap {SignExt(y,,_, )}
and the seventh bitmap {SignExt(x,,,)} together to the
multiplication unit 1040.

[0197] In the case that the S value is 0, the first addition
unit 1031 and the 2nd addition unit 1032 perform N+2 bit
addition.

[0198] In the case that the S value is 1, the first addition
unit 1031 adds and inputs the second bitmap {y., ,, SignExt
(Yar,)} and the fourth bitmap {X, 4;_;. SignBxt(X; 4._5)}
together to the multiplication unit 1040.

[0199] In the case that the S value is 1, the 2nd addition
unit 1032 adds and inputs the sixth bitmap {y,,_, ,, SignExt
(Yars,)} and the eighth bitmap {x,.; SignExt(x,4 )}
together to the multiplication unit 1040.

[0200] In the case that the S value is 1, the first addition
unit 1031 and the 2nd addition unit 1032 split each of two
input bitmaps into bitmaps in half and perform N/2+1 bit
addition twice. For example, the first addition unit 1031 adds
Yar, and X, 4, together, which are the respective upper bit
data items of the second bitmap and the fourth bitmap to
provide an upper bit addition result, adds SignExt(y., , ;)
and SignExt(X, 4;_3) together, which are the respective lower
bit data items of the second bitmap and the fourth bitmap to
provide a lower bit addition result, and inputs the upper and
lower bit addition results to the multiplication unit 1040.
Additionally, the 2nd addition unit 1032 generates an upper
bit addition result obtained by adding v, ,, and x, 4
together, which are the respective upper bit data items of the
sixth bitmap and the eighth bitmap to provide an upper bit
addition result, adds SignBxt(y,,_;,) and SignBxt(X, 4; )
together, which are the respective lower bit data items of the
sixth bitmap and the eighth bitmap to provide a lower bit
addition result, are added to each other, and inputs the upper
and lower bit addition results to the multiplication unit 1040.

[0201] Hereinafter, the multiplication unit 1040 to be
described may be implemented as a duplex multiplication
unit, and the detailed configuration thereof is obvious to
those skilled in the art, thus no further description about the
configuration is provided.

[0202] In case that the S value is 0, the multiplication unit
1040 performs 18-bit multiplication to output a 36-bit mul-
tiplication result and input the result to the 5th selection unit
1025. In particular, the multiplication unit 1040 multiplies
by each other the addition result of the first addition unit
1031 when the S value is 0 and the addition result of the 2nd
addition unit 1032 when the S value is 0 to input the
multiplication result to the 5th selection unit 1025.

[0203] In case that the S value is 1, the multiplication unit
1040 performs 9-bit multiplication twice, outputs two 18-bit
multiplication results, and inputs them to the 3rd addition
unit 1033. For example, when the S value is 1, the multi-
plication unit 1040 multiplies the upper bit addition result
from the first addition unit 1031 and the upper bit addition
result from the 2nd addition unit 1032 together to output an
18-bit output as a first multiplication result, multiplies the
lower bit addition result from the first addition unit 1031 and
the lower bit addition result from the 2nd addition unit 1032
together to output another 18-bit output as a second multi-
plication result, and inputs the first and second multiplica-
tion results to the 3rd addition unit 1033.
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[0204] The 3rd addition unit 1033 inputs the result of
adding the first multiplication result and the second multi-
plication result from the multiplication unit 1040 together to
the 5th selection unit 1025.

[0205] In case that the S value is 0, the 5th selection unit
1025 outputs a 36-bit multiplication result inputted from the
multiplication unit 1040 to the accumulator 1050.

[0206] In case that the S value is 1, the 5th selection unit
1025 outputs the result inputted from the 3rd addition unit
1033 to the accumulator 1050.

[0207] As a note, although the 3rd accumulated value
calculation unit 431 may be implemented to include the
sum-product operation apparatus 1000 according to this
embodiment, its components of the first preprocessor 1011,
2nd preprocessor 1012, 5th preprocessor 1015, 6th prepro-
cessor 1016, first selection unit 1021, and 3rd selection unit
1023 may be implemented to be located in the first accu-
mulated value calculation unit 421.

[0208] Additionally, the 3rd preprocessor 1013, 4th pre-
processor 1014, 7th preprocessor 1017, 8th preprocessor
1018, 2nd selection unit 1022, and 4th selection unit 1024
may be implemented to be located in the first row element
value calculation unit 411.

[0209] FIG. 11 is a diagram of an operation apparatus or
multiplication device 1100 according to a second embodi-
ment, which can be used as first multiplication units 511, .
.. of row element value calculation units 411, 412, 413, 414
and as 2nd multiplication units 521, . . . of the respective 2nd
accumulated value calculation units 421, 422, 423, 424.
[0210] The following describes an example case where the
multiplication device 1100 according to the second embodi-
ment is employed as the first multiplication units 511, . . . of
the row element value calculation units 411, 412, 413, 414.
[0211] The multiplication device 1100 according to the
second embodiment includes a plurality of preprocessors
1111, 1112, 1113, 1114, a plurality of selection units 1121,
1122, 1123, a multiplication unit 1130, and an addition unit
1140.

[0212] The first preprocessor 1111 receives and stores the
N-bit long input matrix X element value X, ,;_, in the first
bitmap, and copies the sign bit of the element value x, ,,_,
to the (N+1)th bit of the first bitmap and thereby generates
a sign-extended first bitmap {SignExt(x,,,_,)} of N+1 bit
length.

[0213] The 2nd preprocessor 1112 receives and stores the
two N/2-bit long input matrix X element values X, ,;_, and
X, 473 in the second bitmap, and copies and inserts the sign
bit of one N/2-bit matrix element value X, ,;_; in the (N/2+
1)th bit of the second bitmap to generate SignExt(X, 4;_5) of
N/2+1-bit length and thereby generates a second bitmap
{SignExt(x, 4; )} of N+1-bit length.

[0214] The 3rd preprocessor 1113 receives and stores an
N-bit long input matrix X element value X, ,, in the third
bitmap, and copies the sign bit of the N-bit matrix element
value x, 5, to the (N+1)th bit of the third bitmap to generate
a sign-extended third bitmap {SignExt(x,,,)} of N+1 bit
length.

[0215] The 4th preprocessor 1114 receives and stores two
N/2-bit long input matrix X element values X, 4, and X, 4;_»
in the fourth bitmap, and copies and inserts the sign bit of
one N/2-bit matrix element value X, ,;_, in the (N/2+1)th bit
of the fourth bitmap to generate SignEXt(X, 4;_») of N/2+1-
bit length and thereby generate a fourth bitmap {x, 4.
SignExt(x, 4;_»)} of N+1 bit length.
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[0216] The first to third selection units 1121, 1122, and
1123 operate differently according to each input S value.

[0217] In case that the S value is 0, the first selection unit
1121 selects and inputs the first bitmap {SignExt(x, »,_,)}
between the inputs of first bitmap {SignExt(x,,, ,)} and
second bitmap {X, 4;_;, SignExt(x, 4,_s)} to the multiplica-
tion unit 1130.

[0218] In case that the S value is 0, the 2nd selection unit
1122 selects and inputs the third bitmap {SignExt(x, ,,)} and
between the inputs of third bitmap {SignExt(x,,,)} and
fourth bitmap {x, ., SignExt(x, ., )} to the multiplication
unit 1130.

[0219] On the other hand, in case that the S value is O, 1,
the first selection unit 1121 and the 2nd selection unit 1122
each select and input the second bitmap {x,._;, SignExt
(X;,4%-5)} and the fourth bitmap {X, ,;, SignExt(x; 4 )} to
the multiplication unit 1130, respectively.

[0220] The multiplication unit 1130 described below may
be implemented as a duplex multiplication unit.

[0221] The multiplication unit 1130 may be implemented
as a duplex multiplication unit, and a detailed configuration
thereof will be apparent to those skilled in the art, thus no
further description is provided.

[0222] In case that the S value is 0, the multiplication unit
1130 multiplies the selection result from the first selection
unit 1121 by the selection result from the 2nd selection unit
1122 and inputs the multiplication result to the selection unit
1123.

[0223] In case that the S value is 1, the multiplication unit
1130 performs 9-bit multiplication twice, outputs two 18-bit
multiplication results, and inputs them to the addition unit
1140. In particular, when the S value is 1, the multiplication
unit 1130 multiplies to each other the upper bit data x, ,; of
the second bitmap {x, 4;_,, SignExt(x, 4, 5)} selected by the
first selection unit 1121 and the upper bit data x, 4, of the
fourth bitmap {X, 4. SignExt(x, ,._,)} selected by the 2nd
selection unit 1122 to provide a first multiplication result.
Additionally, the multiplication unit 1130 multiplies to each
other the lower bit data SignExt(x,,; ;) of the second
bitmap {x, ;_,, SignExt(x, 4, 5)} selected by the first selec-
tion unit 1121 and the lower bit data SignExt(x, ,_) of the
fourth bitmap {x; .. SignExt(X, 4 ,)} selected by the 2nd
selection unit 1122 to provide a second multiplication result.
The multiplication unit 1130 inputs the generated first mul-
tiplication result and the second multiplication result to the
addition unit 1140.

[0224] The addition unit 1140 inputs the result of adding
the first multiplication result and the second multiplication
result from the multiplication unit 1130 together to the 3rd
selection unit 1123.

[0225] In case that the S value is 0, the 3rd selection unit
1123 outputs the multiplication result inputted from the
multiplication unit 1130 to the accumulator 512.

[0226] In case that the S value is 1, the 3rd selection unit
1123 outputs the result inputted from the addition unit 1140
to the accumulator 512.

[0227] In the case that the multiplication device 1100
according to the second embodiment is used as the 2nd
multiplication units 521, . . . of the respective 2nd accumu-
lated value calculation units 421, 422, 423 and 424, the first
to fourth preprocessors 1111, 1112, 1113, and 1114 receive
inputs of the other matrix Y element values as follows.
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[0228] For example, the first preprocessor 1111 receives
an N-bit long input matrix Y element value y,, ; and gener-
ates a sign-extended first bitmap {SignExt(y,, )} of N+1 bit
length.

[0229] The 2nd preprocessor 1112 receives two N/2-bit
long input matrix Y element values y,, , and y,. ,,; and
generates a second bitmap {y,, , SignExt(y,,_, )} of N+1
bit length.

[0230] The 3rd preprocessor 1113 receives an N-bit long
input matrix Y element value y,, , ; and generates a sign-
extended third bitmap {SignExt(y,,_, )} of N+1 bit length.
[0231] The 4th preprocessor 1114 receives the two N/2-bit
long input matrix Y element values y,, ,; and y,; 5, and
generates a fourth bitmap {y,,_, ,, SignExt(y,;_5 )} of N+1
bit length.

[0232] Meanwhile, the multiplication device 1100 accord-
ing to the second embodiment is employed as the 2nd
multiplication units 521, . . . of the respective 2nd accumu-
lated value calculation units 421, 422, 423, 424, wherein the
input matrix Y element values inputted to the first to fourth
preprocessors 1111, 1112, 1113 and 1114 may follow suit the
operational procedure of the input matrix X element values
after being inputted to the first to fourth preprocessors 1111,
1112, 1113 and 1114, and thus no further description is
provided.

[0233] Although exemplary embodiments of the present
disclosure have been described for illustrative purposes,
those skilled in the art will appreciate that various modifi-
cations, additions, and substitutions are possible, without
departing from the idea and scope of the claimed invention.
Therefore, exemplary embodiments of the present disclosure
have been described for the sake of brevity and clarity. The
scope of the technical idea of the present embodiments is not
limited by the illustrations. Accordingly, one of ordinary
skill would understand the scope of the claimed invention is
not to be limited by the above explicitly described embodi-
ments but by the claims and equivalents thereof.

REFERENCE NUMERALS

200:matrix multiplication device

210:first operation unit

211, 212, 213, 214:element-X processing unit
220:2nd operation unit

221, 222, 223, 224:element-Y processing unit
230:3rd operation unit

231, 232, ..., 246:element-Z processing unit
311:11th storage unit

312:12th storage unit

313:13th storage unit

314:first multiplication unit

321:21st storage unit

322:22nd storage unit

323:23rd storage unit

324:2nd multiplication unit

331:first addition unit

332:2nd addition unit

333:3rd multiplication unit

334:accumulation operation unit

400:0peration apparatus

410:element value calculation unit

411, 412, 413, 414:row element value calculation unit
420:2nd accumulated value output unit

421, 422, 423, 424:2nd accumulated value calculation unit
430:3rd accumulated value output unit

431, 432, . .., 446:3rd accumulated value calculation unit
501:2nd accumulated value storage unit

511:first multiplication unit
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-continued

REFERENCE NUMERALS

512:first accumulator

513:11th storage unit

514:12th storage unit

515:13th storage unit

516:14th storage unit

517:first summing unit

521:2nd multiplication unit

522:2nd accumulator

523, 623, 624:2nd selection unit
524:21st storage unit

525:22nd storage unit

531:31st addition unit

532:32nd addition unit

533:3rd multiplication unit

534:3rd accumulator

535, 635, 636:31d selection unit
800, 1000:sum-product operation apparatus
810:input division unit

820:first addition unit

830:2nd addition unit
840:multiplication unit
850:accumulator

900:multiplication device

911 first input division unit

912:2nd input division unit

913:first selection unit

914:2nd selection unit

915:first sign extension unit
916:2nd sign extension unit
917:first multiplication unit
918:multiplier selection unit
919:multiplier multiplication unit
1011, 1012, 1013, 1014, 1015, 1016, 1017, 1018:preprocessor
1021, 1022, 1023, 1024, 1025:selection unit
1031:first addition unit

1032:2nd addition unit

1033:3rd addition unit
1040:multiplication unit
1050:accumulator
1100:multiplication device

1111, 1112, 1113, 1014:preprocessor
1121, 1122, 1123:selection unit
1130:multiplication unit
1140:addition unit

S11, S12, S13, S21, S22, 823, S23:accumulator

What is claimed is:

1. An operation apparatus operating based on the Wino-
grad algorithm for multiplying a first matrix by a second
matrix to generate a third matrix, comprising:

a second accumulated value output unit having a plurality
of second accumulated value calculation units, of
which one second accumulated value calculation unit is
configured to accumulate second multiplication values
obtained by multiplying each of paired element values
of the second matrix, to select one of an output value
of an adjacent second accumulated value calculation
unit and the accumulated second multiplication value
as a second accumulated value, and to output the
second accumulated value;

a third accumulated value output unit having a plurality of
third accumulated value calculation units, of which one
third accumulated value calculation unit is configured
to generate a first value obtained by adding one element
value of paired element values of the first matrix and
one element value of the paired element values of the
second matrix, to generate a second value obtained by
adding the other element value of the paired element
values of the first matrix and the other element value of

15

Sep. 29, 2022

the paired element values of the second matrix, to
accumulate a third multiplication value obtained by
multiplying the first value by the second value, to select
one of an output value of an adjacent third accumulated
value calculation unit and the accumulated third mul-
tiplication value, as a third accumulated value, and to
output the third accumulated value; and

an element value calculation unit having one or more row

element value calculation units, of which one row
element value calculation unit is configured to accu-
mulate element multiplication values of the first matrix
obtained by multiplying each of the paired element
values of the first matrix, and to calculate element
values of the third matrix by subtracting from the third
accumulated value an accumulated element multiplica-
tion value of the first matrix and the second accumu-
lated value, respectively.

2. The operation apparatus of claim 1, wherein the one
third accumulated value calculation unit corresponds in
position to the one second accumulated value calculation
unit and to the one row element value calculation unit.

3. The operation apparatus of claim 2, wherein the plu-
rality of third accumulated value calculation units is formed
in a two-dimensional systolic array, and the plurality of
second accumulated value calculation units and the one or
more row element value calculation units are each formed in
a one-dimensional systolic array.

4. The operation apparatus of claim 3, wherein the plu-
rality of second accumulated value calculation units are
formed above the plurality of third accumulated value
calculation units, and the one or more row element value
calculation units are formed on side of the plurality of third
accumulated value calculation units.

5. The operation apparatus of claim 1, further comprising:

a second accumulated value storage unit configured to

store the second accumulated value outputted from the
second accumulated value output unit.

6. The operation apparatus of claim 5, wherein the second
accumulated value storage unit is located between the sec-
ond accumulated value output unit and the one or more row
element value calculation units.

7. The operation apparatus of claim 5, wherein the one
row element value calculation unit is configured to calculate
the element values of the third matrix by using the second
accumulated value stored in the second accumulated value
storage unit.

8. The operation apparatus of claim 1, wherein the one
row element value calculation unit is configured to sequen-
tially generate element values of rows which are among
rows of the third matrix and corresponding to positions of
the one or more row element value calculation units.

9. The operation apparatus of claim 8, wherein the one
row element value calculation unit is configured to receive
the third accumulated value delivered for calculating the
element values of the third matrix from an adjacent third
accumulated value calculation unit.

10. The operation apparatus of claim 2, wherein the third
accumulated value calculation unit comprises:

an input division unit, a first addition unit, a second

addition unit, a multiplication unit, and an accumulator,
and

wherein the input division unit is configured to divide

each of a bitmap representing one element value of the
first matrix, a bitmap representing one element value of
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the second matrix, a bitmap representing another ele-
ment value of the first matrix, and a bitmap represent-
ing another element value of the second matrix, into an
upper divided bitmap and a lower divided bitmap in
units of N bits that are of a bit length at an input
terminal of the first addition unit,

the first addition unit is configured to add the one element
value of the first matrix and the one element value of
the second matrix to each other for each of selected
divided bitmaps that are of equal rank between the
upper divided bitmap and the lower divided bitmap,

the second addition unit is configured to add another
element value of the first matrix and another element
value of the second matrix to each other selectively for
each of selected divided bitmaps that are of equal rank
between the upper divided bitmap and the lower
divided bitmap,

the multiplication unit is configured to calculate the third
multiplication value by multiplying an addition result
of the first addition unit by an addition result of the
second addition unit, and

the accumulator is configured to generate the third accu-
mulated value by accumulating the third multiplication
value calculated by the multiplication unit.

11. The operation apparatus of claim 2, wherein the third

accumulated value calculation unit comprises:

four preprocessors, a first addition unit, a second addition
unit, a multiplication unit, a third addition unit, and an
accumulator, and

wherein the preprocessors are each configured to receive
paired matrix element values with a length of N bits
(where N is a natural number), to place one element
value of the paired matrix element values in an upper
bitmap on a bitmap with a preset length, to place the
other element value of the paired matrix element values
in a lower bitmap on the bitmap with the preset length,
and to extend signs of element values located in the
lower bitmap by copying a sign bit of the other element
value to an (N+1)th bit on the bitmap with the preset
length to generate 2N+1-bit long bitmap data,

the first addition unit is configured to add data to each
other that are on a bitmap with a preset length and
generated by two preprocessors among the four pre-
processors to generate a first result value,

the second addition unit is configured to add data to each
other that are on a bitmap with a preset length and
generated by two other preprocessors among the four
preprocessors to generate a second result value,

the multiplication unit is configured to multiply by each
other a value corresponding to an upper bitmap of the
first result value and a value corresponding to an upper
bitmap of the second result value to generate an 11th
multiplication value, and to multiply by each other a
value corresponding to a lower bitmap of the first result
value and a value corresponding to a lower bitmap of
the second result value to generate a 12th multiplication
value,

the third addition unit is configured to add the 11th
multiplication value and the 12th multiplication value
to each other to generate the third multiplication value,
and

the accumulator is configured to accumulate the third
multiplication value.
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12. The operation apparatus of claim 1, wherein the one
or more row element value calculation units each comprise:

a multiplication unit configured to divide the paired
element values of the first matrix into an upper bit
group and a lower bit group, respectively, to sequen-
tially select, in combination, and multiply by each other
one bit group of the paired element values of the first
matrix and the other bit group of the paired element
values of the first matrix to generate a combination
multiplication value, and sequentially multiplying the
combination multiplication value by a multiplier cor-
responding to the selected combination to generate the
element multiplication values of the first matrix.

13. The operation apparatus of claim 1, wherein the one
or more row element value calculation units each comprise:

a first preprocessor configured to form a first bitmap by
copying a first element of the first matrix to an upper bit
group of the first bitmap and copying a sign of a second
element of the first matrix and the second element to a
lower bit group of the first bitmap, respectively;

a second preprocessor configured to form a first bitmap by
copying a third element of the first matrix to an upper
bit group of a second bitmap and copying a sign of a
fourth element of the first matrix and the fourth element
to a lower bit group of the second bitmap, respectively;

a multiplication unit configured to multiply each other the
upper bit group of the first bitmap and the upper bit
group of the second bitmap to generate a first multi-
plication result, and to multiply each other the lower bit
group of the first bitmap and the lower bit group of the
second bitmap to generate a second multiplication
result; and

an addition unit configured to add the first multiplication
result and the second multiplication result to each other
to generate the first matrix element multiplication val-
ues.

14. An operation apparatus, comprising an input division
unit, a first addition unit, a second addition unit, a multipli-
cation unit, and an accumulator and operating based on the
Winograd algorithm for multiplying a first matrix by a
second matrix to generate a third matrix,

wherein the input division unit is configured to divide
each of a bitmap representing one element value of the
first matrix, a bitmap representing one element value of
the second matrix, a bitmap representing another ele-
ment value of the first matrix, and a bitmap represent-
ing another element value of the second matrix, into an
upper divided bitmap and a lower divided bitmap in
units of N bits that are of a bit length at an input
terminal of the first addition unit,

the first addition unit is configured to add the one element
value of the first matrix and the one element value of
the second matrix to each other for each of selected
divided bitmaps that are of equal rank between the
upper divided bitmap and the lower divided bitmap,

the second addition unit is configured to add the another
element value of the first matrix and the another
element value of the second matrix to each other
selectively for each of selected divided bitmaps that are
of equal rank between the upper divided bitmap and the
lower divided bitmap,
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the multiplication unit is configured to calculate a multi-
plication value by multiplying an addition result of the
first addition unit by an addition result of the second
addition unit, and

the accumulator is configured to accumulate the multipli-

cation value calculated by the multiplication unit.

15. The operation apparatus of claim 14, wherein the
multiplication unit is configured to multiply the addition
result of the first addition unit by the addition result of the
second addition unit to calculate and generate a multiplica-
tion result, and to multiply the multiplication result by
multipliers corresponding to the addition result of the first
addition unit and the addition result of the first addition unit
to calculate and generate the multiplication values.

16. The operation apparatus of claim 14, wherein at least
one of the first addition unit and the second addition unit
selectively operates as any one of an N-bit positive addition
unit and an (N+1)-bit integer addition unit.

17. The operation apparatus of claim 16, wherein the at
least one of the first addition unit and the second addition
unit selectively operates as a single N-bit positive addition
unit when adding for each of lower divided bitmaps or as a
single (N+1)-bit integer when adding for each of upper
divided bitmaps.

18. An operation apparatus, comprising four preproces-
sors, a first addition unit, a second addition unit, a multipli-
cation unit, a third addition unit, and an accumulator and
operating based on the Winograd algorithm for multiplying
a first matrix by a second matrix to generate a third matrix,

wherein the four preprocessors are each configured to

receive paired matrix element values with a length of N
bits (where N is a natural number), to place one element
value of the paired matrix element values in an upper
bitmap on a bitmap with a preset length, to place the
other element value of the paired matrix element values
in a lower bitmap on the bitmap with the preset length,
and to extend signs of element values located in the
lower bitmap by copying a sign bit of the other element
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value to an (N+1)th bit on the bitmap with the preset
length to generate 2N+1-bit long bitmap data,

the first addition unit is configured to add data to each

other that are on a bitmap with a preset length and
generated by two preprocessors among the four pre-
processors to generate a first result value,

the second addition unit is configured to add data to each

other that are on a bitmap with a preset length and
generated by two other preprocessors among the four
preprocessors to generate a second result value,

the multiplication unit is configured to multiply by each

other a value corresponding to an upper bitmap of the
first result value and a value corresponding to an upper
bitmap of the second result value to generate an 11th
multiplication value, and to multiply by each other a
value corresponding to a lower bitmap of the first result
value and a value corresponding to a lower bitmap of
the second result value to generate a 12th multiplication
value,

the third addition unit is configured to add the 11th

multiplication value and the 12th multiplication value
to each other to generate a multiplication result value,
and

the accumulator is configured to accumulate the multipli-

cation result value.

19. The operation apparatus of claim 18, wherein the
preprocessors are each configured to receive and store a
plurality of 2N-bit long matrix element values, to copy sign
bits of the plurality of 2N-bit long matrix element values to
(2N+1)th bits to extend signs of the 2N-bit long matrix
element values, and to generate a plurality of added data
having the 2N-bit long matrix element values with extended
signs.

20. The operation apparatus of claim 19, further compris-
ing:

an input selection unit configured to select and input one

of the 2N+1-bit long bitmap data and the added data to
the first addition unit or the second addition unit.
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