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(57) Abstract: A tile of an FPGA fuses memory and arithmetic cir-
cuits. Connections directly between multiple instances of the tile are al-
so available, allowing multiple tiles to be treated as larger memories or
arithmetic circuits. By using these connections, referred to as cascade
inputs and outputs, the input and output bandwidth of the arithmetic
circuit is further increased. The arithmetic unit accesses inputs from a
combination of; the switch fabric, the memory circuit, a second mem-
ory circuit of the tile, and a cascade input. In some example embodi-
ments, the routing of the connections on the tile is based on post-fabri-
cation configuration. In one configuration, all connections are used by
the memory circuit, allowing for higher bandwidth in writing or read-
ing the memory. In another configuration, all connections are used by
the arithmetic circuit.
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FUSED MEMORY AND ARITHMETIC CIRCUIT

PRIORITY APPLICATIONS

(0601 ] This application is a continuation of and claims priority to U.S. Patent
Application Serial No. 16/417,152, filed May 20, 2019, the content of which is

mcorporated herein by reference in its entirety.

BACKGROUND
[6602] A field programunable gate array (FPGA) is composed of an array of

programmable logic blocks that are interconnected with a reconfigurable routing
network. Logic blocks vary in type and typically include reconfigurable logic,
memories, and arithmetic logic. Reconfigurable logic is commounly implemented

with lookup tables.

[6003] The reconfigurable routing network can be programmed to connect the
logic blocks together in one of many possible configurations. This programmability
comes at a cost. The routing network is typically less dense and supports less data
than arithmetic logic blocks for a given area. As a result, the practical size/width of
an arithroetic logic block is limited by the sumber of available inputs and outputs
provided by the routing network. Although larger arithimetic operations can be
achieved by cascading smaller arithmetic logic blocks, this approach introduces

annecessary latency and significantly reduces the overall logic density of an

application.
BRIEF DESCRIPTION OF THE DRAWINGS
{0804] Sorme embodiments of the disclosed technology are iustrated by way

of example and not limitation in the figures of the accompanying drawings.

PCT/US2020/023796
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{88057 FI1G. 1 is a high-level diagramimatic view of a tile of an FPGA that fuses

memory and arithmetic circuits, according to some example embodiments.

{8806] FIG. 2 is a high-level diagramimatic view of ap arithmetic circuit portion
of an FPGA tile that fuses memory and arithmetic circuits, according to some

example emnbodiments.

{66071 FIG. 3 18 a high-level diagrammatic view of a memory circuit portion of
an FPGA tile that fuses memory and arithmetic circuits, according to some example

embodiments.

{0008 FIG. 4 is a diagrammatic view of a portion of an arithmetic circuit for

fusing with memory in an FPGA tile, according to some example embodiments.

{68091 FIG. 5 is a diagrammatic view of a portion of an arithmetic circuit for

fusing with memory in an FPGA tile, according to some example embodiments.

[0010] FIG. 6 is a diagrammatic view of a portion of an arithmetic circuit for

fusing with memory in an FPGA tile, according to some example embodiments.

00111 FIG. 7 is a diagrammatic view of a portion of an arithmetic circuit for

fusing with memory in an FPGA tile, according to some example embodiments.

{88121 FIG. 8 15 a diagramimatic view of a portion of an arithmetic circuit for

fusing with memory in an FPGA tile, according to some example embodiments.

{0813] FIG. 915 a diagrammatic view of a memory circuit for fusing with an

arithmetic circuit in an FPGA tile, according to somwe example embodirnents.

[0814] FIG. 10 1s a flowchart illustrating operations of a method performed by
a fused memory and arithmetic circuit, according to various embodiments of the

mvention.
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{8815] FI1G. 11 is a block diagram illustrating components of a system for
controlling fabrication of circuits described herein, according to some example

ernbodiments.
DETAILED DESCRIPTION

{0816] Example methods, systems and circuits for a fused memory and
arithmetic circuit will now be described. In the following description, numerous
examples having example-specific details are set forth to provide an understanding
of example embodiments. It will be evident, however, to one of ordinary skill in the
art that these examples may be practiced without these example-specific details,
and/or with different combinations of the details than are given here. Thus, specific

embodiments are given for the purpose of simplified explanation, and not limitation.

[0017] A tile of an FPGA fuses memory and arithmetic circuits. Connections
directly between multiple instances of the tile are also available, allowing multiple
tiles to be treated as larger memories or arithmetic circuits. By using these
connections, referred to as cascade inputs and outputs, the input and ouatput

bandwidth of the arithmetic circuit ts further increased.

[0018] The total number of connections between the tile and the switch fabric
are unchanged and are divided between the memory circuit and the arithmetic
circait. The arithmetic unit accesses inputs from a combination of; the switch
fabric, the memory circuit, a second memory circuit of the tile, and a cascade input.
In some example embodiments, the routing of the connections on the tile is based on
post-fabrication configuration. In one configuration, all connections are used by the
memory circuit, allowing for higher bandwidth in writing or reading the merory.

In another configuration, all connections are used by the arithmetic circuit.

[6619] By fasing memory and arithmetic circuits on a single tile of an FPGA,
the bandwidth of the data transfer from the memory to the arithmetic circuit is
imcreased in comparison to prior art iroplernentations in which data is transferred

from a memory circuit to an arithmetic circuit via a switch fabric of the FPGA.
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[6020] FIG. 1 is a high-level diagrammatic view of a tile 100 of an FPGA
along with connected routing 105 and 110. The tile 100 fuses memory and
arithmetic circuits and comprises a machine-learning processor (MLP)Y 113, a block
random access memory (BRAM) 120, and a logic random access memory (LRAM)
125. The MLP 115 comprises a floating point multiply and accumulate (MAC) 130
and an integer MAC 135, The BRAM 120 comprises a memory 140, The tile 100
is connected to other tiles via the routing 105 and the routing 110, Additionally, the
tile 100 is directly connected to a first FPGA tile without using a routing connection
of the FPGA via the operand cascade input 145 and the memory cascade input 155,
The tile 100 1s further divectly connected to a second FPGA tile without using the
routing of the FPGA via the operand cascade output 160 and the memory cascade

output 165. The cascade connections may be unidirectional or bidirectional.

(86211 In a first operation mode, the MACs 130 and 133 receive inputs from
one or more of the routing 105, the LRAM 125, the memory 140, and an operand
cascade input 145, Outputs are provided by the MACs 130 and 135 to the routing
103, an operand cascade output 160, the LRAM 125, or any suitable combination
thereof. The memory 140 receives mput froro the routing 10, a memory cascade
mput 155, or both. QOutputs are provided by the memory 140 to the routing 110, a
memory cascade output 165, or both. In the first operation mode, the MACs 130
and 135 do not receive input from the routing 110 and the wemory 140 does not
receive input from the routing 105, Thus, the inputs from the routing fabric of the
FPGA are divided between the MLP 115 and the BRAM 120, and the MLP 115
accesses data from the BRAM 120 within the tile 100, without going through the

switch fabric.

[6622] A typical MAC mudtiplies two products and adds the results to an
accumulator. The MACs 130 and 135, in some example embodiments, provide
additional functionality by allowing partial products to be summed and provided as
an output before being added to the accumulator. Thus, the individual partial

products, sums of partial products for a current multiplication, and an accumulation
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result across multiple multiplication cycles may all be accessed by use of the MACs

130 and 135.

[0823] in a second operation mode, the MACs 130 and 135 receive inputs from
one or more of the routing 105, the routing 110, the LRAM 125, and the operand
cascade input 145. Outputs are provided by the MACs 130 and 135 to the routing
103, the routing 110, the operand cascade output 160, the LRAM 125, or any
suitable combination thereof. In the second operation mode, the memory 140 does
not receive inputs from the routing 105 or the routing 110. Thus, in the second
operation mode, the tile 100 operates as a dedicated MLP, with MLP 115 having
full access to the routing fabric of the FPGA and the memory 140 effectively
disabled. Nonetheless, the LRAM 125 may make use of some routing connections

m the second operation mode.

[6024] In a third operation mode, the mermory 140 receives input from the
routing 103, the routing 110, the wemory cascade input 153, or any suitable
corobination thereof. Outputs are provided by the memory 140 to the routing 105,
the routing 110, the memory cascade output 165, or any suitable combination
thereof. In the third operation mode, the MLP 115 does not receive inputs from the
routing 1035 or the routing {10, Thus, o the third operation mode, the tile 100
operates as a dedicated BRAM, with BRAM 120 having full access to the routing

fabric of the FPGA and the MLP 1135 effectively disabled.

[O825] As shown mn FIG. |, the LRAM 125 i3 connected to the routing 105 and
the routing 110. In some example embodiments, the routing connections for the
LRAM 125 are maintained in all operation modes. To use data stored in the LRAM
125 for calculations by the MLP 115, control signals ideuntify the address to read and
the data at that address in the LRAM 125 is used. The data 1s provided from the
LRAM 125 to the MLP 115 via intra-tile connections, without using the routing 103

or the routing 110.

{88261 The intra-tile connections shown between the LRAM 125 and the

memory 140 to the floating-point MAC 130 and the integer MAC 135 operate at a

3
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higher bandwidth than the routing 105 and 110. In various example embodiments,
the ntra-tile data access speed is a factor of at least 10, 50, 100, or 500 times faster

than the routing conmection access speed.

{00271 The differences between the LRAM 125 and the BRAM 120 are
typically implementation details such that the BRAM 120 is similar to a cache style
memory (typically using SRAM cells) and the LRAM 125 is similar to a register file
(typically using flops). However, these are not concrete rules, and other types of
memory may be used for the LRAM 125 and the BRAM 120. In some example
ernbodiments, the BRAM 120 has a greater storage capacity than the LRAM 125
and 1s optirnized for area and the LRAM 125 1s optimized for latency. In further
example erobodiments, the LRAM 125 stores a working set of sums of partial

products for matrix multiplications.

[0028] FIG. 2 13 a high-level diagramunatic view of an arithmetic circuit portion
200 of an FPGA tile that fuses memory and arithmetic circuits, according to some

example ernbodiments. In some example embodiments, the arithmetic civcuit 200 is
the MLP 115, The arithmetic circuit 200 receives intra-tile inputs from the memory
portion of the FPGA tile, routing fabric inputs from a routing fabric of the FPGA,
control signals fromo the routing fabric of the FPGA, and operand cascade inputs
from another FPGA tile without making use of the routing fabric. In various

example embodiments, more or fewer inputs are present.

[6629] The arithmetic circuit 200 provides intra-tile outputs to the memory
portion of the FPGA tile, routing fabric outputs to the routing fabric of the FPGA
and operand cascade outputs to another FPGA tile without making use of the
routing fabric. In various exarople embodiments, more or fewer outputs are present.
Typically, the operand cascade inputs are received from a first FPGA tile, the
artthmetic circuit 200 is part of a second FPGA tile, and the operand cascade

outputs are provided to a third FPGA tile.

{86301 FIG. 3 is a high-level diagrammatic view of a memory circuit portion

300 of an FPGA tile that fuses memory and arithmetic circuits, according to sorne
6
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example emmbodiments. In some example embodiments, the memory circuit 300 is
the BRAM 120. The memory circuit 300 receives intra-tile inputs from the
arithmetic portion of the FPGA tile, routing fabric inputs from a routing fabric of
the FPGA, control signals from the routing fabric of the FPGA, memory cascade
inputs from a first FPGA tile, and reverse meroory cascade mputs from a second
FPGA tile. The cascade inputs do not make use of the routing fabric. The memory
cascade inputs may comprise control signals as well as data signals. In various

example embodiments, more or fewer inputs are present.

[0031] The memory circuit 300 provides intra-tile outputs to the arithmetic
portion of the FPGA tile, routing fabric outputs to the routing fabric of the FPGA,
memory cascade outputs to the second FPGA tile, and reverse mermory cascade
outputs to the first FPGA tile. In various example embodiments, more or fewer

oulputs are present.

§0832] FIG. 4 18 a diagrammatic view of a portion 400 of an arithmetic circuit
for fusing with memory in an FPGA tile, according to some example embodiments.
The portion 400 comprises multiplexers 410A, 4108, 410C, and 410D; registers
420A, 4208, 420C, and 420D, referred to collectively as stage 0 delay registers 420;
bit remap logic 430A, 4308, 430C, and 430D and stage | delay registers 440
{shown n mwore detail as individual registers 3104, 3108, 510C, 510D, 510E, 510F,
S10G, 5104, 5104, 510), 510K, S10L, 510M, 510N, 5100, and 510P 1n F1G. 5).
The portion 400 accepts inputs for two multiply operands, A and B, remaps the
operands to a format used by the next portion of the arithmetic circuit, and provides

the remapped operands to delay registers used by the next portion.

{0833] The multiplexer 410A selects the low bits for the B operand from four
options: MLP_DIN{[71:0], 72 bits of data received via the routing fabric 105;
REGFILE_DOUTI[71:0], 72 bits of data received from the LRAM 125 within the
tile 100; BRAM_DOUT{71:0], 72 bits of data received from the BRAM 120 within
the tile 100; and FWDI_MULTB_L{71:08], 72 bits of data received from the operand

cascade nput 145, The multiplexer 4108 selects the high bits for the B operand

7
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from eight options: BRAM_DIN|71:0], 72 bits of data received via the routing
fabric 110; REGFILE_DOUT[143:72], 72 bits of data received from the LRAM 125
within the tile 100; BRAM_DOUTI143:72], 72 bits of data received from the
BRAM 120 within the tile 100; MLP_DIN{71:0]: REGFILE DOUT{71:0L
BRAM_DOQUTL71:0]; and FWDI_MULTB_L{71:0]. Thus, the B operand is
generated fromn a combination of inputs from one or more of the routing fabric 103,
the routing fabric 110, the LRAM 125, the BRAM 120, and the operand cascade
input 145.

[0634] The low bits for the A operand are selected by the multiplexer 410C
from four options; MLP_DIN{71:0}; REGFILE_DOUT{[71:0};
BRAM_DOUT{71:0}; and FWDI_MULTA_L[71:0], 72 bits of data received from
the operand cascade input 145. The high bits for the A operand are selected by the
multiplexer 410D froro eight options: BRAM_DIN{71:0}; MLP_DIN[71:0};
REGFILE_DOUTI143:72]: REGFILE_DOUT{71:0): FWDI_MULTA_L{71.0};
BRAM_DOUT[143:72]; BRAM_DOUT[71:0]; and FWDI_MULTA_H[71:0], 72
bits of data received from the operand cascade input 145. Thus, the A operand is
also generated from a cornbination of inputs from one or more of the routing fabric

103, the routing fabric 110, the LRAM 125, the BRAM 120, and the operand

cascade input 145.

{0835] The inputs selected by the multiplexers 410A-410D are optionally
stored in the corresponding one of the registers 420A-420D, which provide data to
the operand cascade output 160 in the form of FWDO_MULTB_L[71:0], the low
bits of the B operand; FWDO_MULTIB_H|[71:0], the high bits of the B operand;
FWDO_MULTA_L[{71:0], the low bits of the A operand; and
FWDO_MULTA_H{71:0], the high bits of the A operand. Additionally, each of the
registers 420A-420D is accessed by the corresponding one of the bit remap logics
430A-430D. Each of the bit remap logics 430A-430D remaps the inputs based ona
multiplication mode and byte selection mode input. Exponent and sign bits are
output from the bit remap logics 430A-430D as signals <EXPA>, <SGNA>,

<BEXPB>, <SGNB>, <EXPC>, <SGNC>, <EXPD>, and <SGND>. The remapped
8
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inputs are provided to the stage 1 delay registers 440, for access by the next portion

of the arithmetic circuit,

[0836] The inputs selected by the multiplexers 410A-410D are controlled by
configuration signals SEL._MULTB_L, SEL._MULTB_H. SEL, MULTA L, and
SEL_MULTA _H. Thus, the arithmetic circuit is configured by one or more
configuration signals to receive inputs from a first connection fabric, a second
connection fabric, a first fused memory, a second fused memory, an operand
cascade input, or any suitable combination thereof. As an example, in response to a
first configuration signal, the arithmetic circuit is configured to perform operations
on data received via a routing fabric (e.g., MLP_DIN{[71:0], a possible selection by
each of the multiplexers 410A-410D) and data received within a tile of an FPGA
frorn a first mernory (e.g., BRAM_DOUT[143:72], a possible selection by the
multiplexers 4108 and 410D or BRAM_DOUT[71:0], a possible selection by the
multiplexers 410A and 410C). As another example, in response to a second
configuration signal, the arithmetic circuit is configured to perform operations on
data received via the routing fabric and data received within a tile of the FPGA from
a second memory (e.g., REGFILE_DOUT[143:72], a possible selection by the
multiplexers 4108 and 410D or REGFILE_DOUTI[71:0}, a possible selection by the
multiplexers 410A and 410C).

{86371 FIG. 5 18 a diagrammatic view of a portion 300 of an arithmetic circuit
for tusing with memory in an FPGA tile, according to some example embodiments.
The portion 500 comprises registers 5104, 510B, 310C, 310D, S10E, 510F, 510G,
510H, 510L 5104, 510K, S10L, 510M, 510N, 5100, and 510P; multipliers 5204,
5208, 520C, 520D, 520E, 520F, 520G, and 520H; adders 530A, 5308, 530C, 530D,
530A, 550B, and 560; multiplexers 5404, 5408, 540C, 540D, and 570; and stage 2

delay registers 580.

[6638] Each of the registers 510A-510P stores eight bits of data for an operand
for one of the multiphiers S20A-520H. Each of the multipliers 520A-520H accepts

eight bits of the A operand and eight bits of the B operand. Thus, the portion 500,

g
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in total, handles 64 bits of the A operand and 64 bits of the B operand. To handle
the complete input received by the portion 400, the portion 500 is duplicated, with

each instance of the portion 500 handling half of the inputs.

[0039] In a first operation mode, the portion 300 is configured to determine a
sum of eight 8-bit multiply operations. By sign-extending or padding with leading
zeros, as appropriate, the sum of fewer multiply operations or the sum of eight
smaller (e.g., 6-bit or 4-bit) operations may be determined in the first operation
mode. In a second operation mode, the portion 500 is configured to determine a
sum of two 16-bit multiply operations. By sign-extending or padding with leading
zeros, as appropriate, a single multiply operation or the sum of two smaller (e.g., 12-
hit or 10-bit) operations may be determined i the second operation mode. In a third
operation mode, the portion 300 in combination with the second instance of the
portion 500 is configured, using an additional shifter and a wider adder, to
determuine a single 32-bit multiply operation. By sign-extending or padding with
leading zeros, as appropriate, a smaller multiply operation {(e.g., 18-bit or 24-hat)
may be determined in the third operation mode. In additional operation modes, one
or more individual multiply results may be provided at the output, in addition to or

mstead of the sum of the multiply operations.

[(0446] With respect to the first operation mode, each of the eight multipliers
S20A-520H performs an eight-bit multiplication using a different portion of the
operands A and B as inputs. The results of the eight roultiplications are pairwise
sumimed by the adders 330A-530D. The four addition results are pairwise sumned
by the adders 550A-550B, using the multiplexers 540A-540D (controlled by a
MODELSEL signal) to determine whether to take the addition result directly or
shifted as shown. The shifted resalts are used to support 16-bit multiplication. The
two results of the adders 350A-550B are summed by the adder 560. The result of
the adder 560 is the sum of the eight eight-bit multiplications, and is provided, via

the mux 570, to the stage 2 delay registers 58(.
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[0841] With respect to the second operation mode, the multipliers 520A-520D
together, in combination with the adders 530A, 5308, and 550A, determine a first
16-bit multiplication result. The multipliers 520E-520H, in combination with the
adders 530C, 530D, and 5508, determine a second 16-bit multiplication result.
Four multipliers of a first operand size can be used to generate multiphication results
of a second operand size that is twice the first operand size. The larger operands are
divided into two portions, high and low, and organized as follows, wherein AH
represents the high portion of the A operand, AL represents the low portion of the A
operand, BH represents the high portion of the B operand, and BL represents the
low pottion of the B operand. AH AL x BH BL = AL x BL + AH x BL. << SIZE +
BH x AL << SIZE + AH x BH «< 2 x SIZE.

{08421 Thus, in the second operation mode, the multiplier 320D mltiplies BL
with AH and the multiplier 320C multiplies BH with AL. The results are added by
the adder 5308 and the result from the adder 5308 1s shifted left eight bits. The
multiplier 5208 multiplies BH with AH and the result is shifted left sixteen bits.
The multiplier 520A multiples BL with AL. Following the results through the
adders 330A and 550A, the output of the adder 550A 1s the result of the 16-bit
multiply operation. The multiphiers S20E-520H and adders 330C, 530D, and 53508
are similarly configured to process a second 16-bit multiply operation. The results
of the two operations are surnmed by the adder 560 and provided to the stage 2
delay registers 580 via the multiplexer 570. The size of the output of the adder 560
is one bit larger than size of the cutpuis of the adders 550A and 550B. Thus, in an
eight-bit mode of operation, the adder 560 provides a 19-bit output and in a sixteen-

bit mode of operation, the adder 560 provides a 34-bit output.

[(043] In some example embodiments, the portion 300 performs only a single
16-bit multiply in the second operation mode. In these embodiments, the results
generated by the multipliers 520E-520H and the adders 530C, 530D, 550B, and 560
are ignored. Instead, the multiplexer 570 is configured to provide the output from
the adder 550A, containing the single 16-bit multiply result, to the stage 2 delay
registers 580.

ii
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[0844] In the third operation mode, the four 16-bit multiply operations
provided by two instances of the portion 300 are combined in a manner analogous (o
that described with respect to the secound operation mode, using an additional shifter
and a wider adder, resulting in a circuit that determines a single 32-bit

multiplication, making use of the adder 630 discussed below with respect to FIG. 6.

[0845] Though the portion 500 is described as performing multiplication
operations on the selected inputs and then summing the result of the multiplication
operations, other configurations of the arithmetic circuit are contemplated. For
example, the inputs from the registers 310A-510P ruay be provided to the
multipliers 5320A-520H as shown and also be provided to a set of adders. Using a
multiplexer for each multiplier/adder pair, the nput to the adders 530A-530D 18
selected either as the muitiplication result or the addition result. Thus, basedon a
configuration signal controlling the multiplexers, the arithroetic circuit either
determines a sum of the input operands or the sum of products of the input operands

{as shown in FIG. 5).

§08046] FIG. 6 18 a diagrammatic view of a portion 600 of an arithmetic circuit
for fusing with memory in an FPGA tile, according to some example embodiments.
The portion 600 comprises the multiplexer 570 of FIG. § and the corresponding
multiplexer 610 from a duplicate of the portion 500 that handles the high half of the
mputs A and B. The ocutputs of the multiplexers 370 and 610 are provided to the
stage 2 delay registers 620A and 620B, each 34 bits wide. Inputs to the portion 600
are also received from the stage 1 delay registers 6304, 630B, 630C, 630D, 630E,
630F, 630G, and 630H, storing the <SGNA>, <SGNB>, <SGNC»>, <SGND>,
<BEXPA>, <EXPB>, <EXPC>, and <EXPDi> values generated by the bit remap
logics 430A-430D of FIG. 4. The portion 600 further includes an adder 650;
multiplexers 640A, 640B, 640C, 640D, 640E, 640F, 640G, 640H, 660, 680A, and
680B; multipliers 670A and 670B; and stage 3 delay registers 690.

{3847] The results from the portion 500 and its duplicate are added by the

adder 650. The multiplexer 660 selects either the results from the portion 500 or the

iz
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summed results from both portions, based on a value of an ADDO_15_BYPASS
signal, and provides the selected result to the multiplier 670A and the multiplexer
6R0A. Based on the <EXPA>, <EXFPB>, <SGNA>, and <SGNB> values received
via the multiplexers 640A-640D and the value received from the nmultiplexer 660,
the multiplier 670A generates a 24-bit floating point multiplication result.
Similarly, based on the <EXPC>, <EXPD>, <SGNC>, and <SGND> values
received via the multiplexers 640E-640H and the result received from the register
6208, the roultiplier 6708 generates a second 24-hit floating point multiplication
result. Based on an FPMULT_AB signal, the roultiplexers 680A-680B output either
the 24-bit floating point results generated by the multipliers 670A-670B or pass
through the results provided by the register 6208 and the multiplexer 660. The
outputs of the multiplexers 680A-680B are provided to the stage 3 delay registers
690.

{3048] Thus, in one operation mode, the outputs of the multiplexers 680 A-
6808 of the portion 600 are the ountputs of the portion 500 and its duplicate portion,
bypassing the adder 630 and the multiphiers 670A-670B. In a second operation
mode, the output of the multiplexer 680A 1s the sum of all multiplies performed by
the portion 300 and its duplicate, and the output of the multiplexer 6808 is the sum
of the multiplies performed by the duplicate of the portion 500. In a third operation
mode, the output of the multiplexers 680A-680B are 24-bit floating point versions
of the outputs of the portion 500 and s duplicate portion. In a fourth operation
mode, the cutput of the multiplexer 680A is a 24-bit tloating point representation of
the sum of all multiplies performed by the portion 500 and its duplicate, and the
output of the multiplexer 680B is a 24-bit floating point representation of the sum of

the multiplies performed by the duplicate of the portion 500.

{0049 FIG. 7 is a diagrammatic view of a portion 700 of an arithmetic circuit
for fusing with memory in an FPGA tile, according to some example embodiments.
The portion 700 includes the multiplexer 680A of FIG. 6; stage 1 delay registers
TIOA, 7108, 710C, and 710D; multiplexers 720A, 7208, 720C, 720D, 740A, 7408,

730A, 7508, 770, and 780; stage 3 delay registers 730A and 7308; adders 760A and
13
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7608; stage 4 delay register 790. Connections between the portion 700 and upper
block 795 are also shown in FIG. 7. The upper block 795 refers to the portion of the

arithmetic circuit shown n FIG. 8.

[0850] The output of the multiplexer 680A is stored in the stage 3 delay
register 730A. The stage 3 delay register 730B stores either the output of the
multiplexer 6608 of FI(. 6 or an addition result generated by adding the output of
the multiplexer 6608 to FWDI_DOUT{47:0], as described below with respect to
FIG. 8.

{88511 The multiplexer 750A selects a value from FWDI_DOUT{47:01,
REGFILE_DOUT{47:0}], 48 bits from the LRAM 125; REGFILE_DQUT|[95:48], a
different 48 bits from the LRAM 123; delay register 730B; and {24 HO,
FWDI_DOUT{47:241}, 24 O bits prepended to 24 bits of the operand cascade input.
The muldtiplexer 7508 selects a value from the stage 3 delay registers 730A and
730B. The outputs of the multiplexers 750A and 750B are provided to the adder
760A and the adder 760B. Based onthe SUB_AB DEL and LOAD _AB DEL
signals received from the owltiplexers 740A and 740B and the selected values
received from the multiplexers 750A and 750B, the adder 760A generates an
addition result. Based on the SUB_AB_DFEL and LOAD_AB_DEL signals
received from the multiplexers 740A and 740B and the selected values received
fror the multiplexers 750A and 750B, the adder 7608 generates an addition result
or a subtraction result. The SUB signals control whether the adders 760A and 7608
generate addition or sabtraction results. The LOAD signals control whether the
adders 760A and 760B add the input value to the accumulated value or ignore the
accurnulated value and werely load the input value, providing the input value as the
output and setting the accumulator value to the input value. The DEL signals have a

delay of 0-4 cycles.

[0852] The bypass multiplexer 770 selects either the result generated by the
adder 7608 or the result of the multiplexer 750B. Thus, bypass multiplexer 770

provides either an addition result from the portion 700 or either result from FIG. 6.
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The multiplexer 780 selects either the output of the multiplexer 770 or the output of

the adder 760A and provides the result to the stage 4 delay register 790.

{88531 FI1G. ¥ is a diagramimatic view of a portion 800 of an arithmetic circuit
for fusing with memory in an FPGA tile, according to some example embodiments.
The portion 800 corresponds to the upper block 795 shown in FIG. 7. The portion
800 includes the multiplexer 660B of FIG. 6; the multiplexers 720C and 720D of
FIG. 7; adders 840A and 840B; the stage 4 delay register 790; multiplexers 8304,
8308, 860A, 860B, 860C, 860D, and 880; logic blocks 850A and 850B; and ocutput
register 870. The portion 700 of FIG. 7 is represented in FIG. § as lower block 890.

{66541 The multiplexer 830A selects a value from FWDI_DOUT{47:0};
REGFILE_DOUT{71:0}; REGFILE_DOUT{47:24], 24 bits from the LRAM 125;
and value from the ocutput register 870, received via a feedback path. The
multiplexer 8308 selects either the value from the multiplexer 660B or the value

fror the stage 4 delay register 790.

[0O55] The adder 840A sums the outputs from the omudtiplexers 830A and
8308, as modified by the SUB_REG and LOAD_REG signals. The SUB signals
control whether the adder 840A generates addition or subtraction results. The
LOAD signals control whether the adder 840A adds the input value to the
accumulated value or ignores the accumulated value and merely loads the nput
value, providing the input value as the output and setting the accumulator value to
the input value. As SUB_REG and LOAD_REG are not DEL signals, there is no
delay in handling the inputs. The adder 8408 adds the outputs from the
multiplexers 830A-8308 or takes the difference, depending on the SUB_REG
signal. The multiplexers §60B and 860C select either the cutputs of the adders
840A-8408 or, based on an FPADD_CBD_BYPASS sigual, provide the output from
the multiplexer 830B. The multiplexer 860D selects an output from the multiplexer
8608, the multiplexer 860C, a MULTEBYP input, and a MULTI6BYP input. Ifa

bypass signal is used, the MULTEBYP signal is selected when the circuit is

is



WO 2020/236252 PCT/US2020/023796
5 configured to perform 8-bit operations, and the MULTI6BYP signal is selected

10

5

20

25

30

when the circuit is configured to perform 16-bit operations.

[0856] The cutput of the multiplexer 860D is stored in the output register 870.
If the circuit is configured to perform a floating point format conversion {(e.g., from
an internal 24-bit floating point format to a 16-bit output floating-point format), the
value in the output register 870 is processed by the logic block 850B before being
provided as an input to the multiplexer 860A. Likewise, if the circuit is configured
to perform the floating-point format conversion, the value in the stage 4 delay
register 790 is processed by the logic block 850A. The multiplexer 860A selects an
input from the processed and voprocessed values of the registers 790 and 870. The
output of the multiplexer 860A is provided as FWDO_DOUT[47:0], a 48-bit

operand cascade output.

IRy The multiplexer 880 selects, based on an QUTPUT_SEL signal, the
output value for the circuit from the output of the multiplexer 860A;
LRAM_DOUT[71:0], a 72-bit value read from the LRAM 125; and
BRAM_DOUTL143:72. The selected output value is provided as DOUT[71:0], a

72-bit output provided to the routing fabric 105,

{0858] FIG. 9 1s a diagrammatic view of a memory circuit 900 for fusing with
an arithmetic circuit in an FPGA tile, according to some example embodiments.
The memory circuit 900 coroprises 2 BRAM input block 910, a BRAM write
multiplexer (WMUX) 920, a BRAM memory 930, and a BRAM read mulkiplexer
(RMUX) 940. FIG. 9 provides additional details to the high-level diagrammatic
view of FIG. 3.

{0859] The BRAM input block 210 receives itra-tile inputs from an arithmetic
circuit, routing fabric inputs and control signals from a routing fabric, memory
cascade jnputs from a first FPGA tile, and reverse memory cascade inputs from a
second FPGA tile. Based on the inputs and the control signals, the BRAM input
block 910 provides inputs to the BRAM WMUX 920, the BRAM memory 930, and

the BRAM RMUX 940. Also based on the inputs and the control signals, the
i6
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BRAM input block 910 provides memory cascade outputs to a first FPGA tile
without using the routing fabric and reverse memory cascade outputs {o a second

FPGA tile without using the routing fabric.

[0860] The signals provided by the BRAM input block 910 to the BRAM
WMUX 920 comprise a write address, a write enable signal, data, a read address,
and a read enable signal. Based on a WRMEM _INPUT_SEL signal, a set of
multiplexers in the BRAM mput block 910 selects the signals to be provided to the
BRAM WMUX 920 from the inputs to the BRAM input block 910. As an example,
the write address is selected either from the control signals provided to the BRAM
input block 910 from the routing fabric or from the cascade mermory inputs. As
another example, the data is selected from data provided by the intra-tile puts or
from data provided by the cascade memory inputs. As vet another example, the
write enable signal is selected from the control signals provided to the BRAM mput

block 910 from the routing fabric or from the cascade memory inputs.

(0061 ] The signals provided by the BRAM input block 910 to the BRAM
memory 930 coroprise the write address and the read enable signal, as provided to
the BRAM WMUX 920. The BRAM input block 910 provides the read address to
the BRAM RMUX 940.

[0062] The BRAM WMUX 920 provides data to the BRAM memory 930.
Based on the read enable signal received from the BRAM input block 910, the
BRAM mermory 930 determines whether to store the data or not. If the data is
stored, the BRAM memory 930 uses the write address provided by the BRAM input

block 910 to determune the location to store the data.

{86631 The BRAM memory 930 provides data to the BRAM RMUX 940. The
provided data is either the data provided by the BRAM WMUX 920 or data read
from the write address, depending on the value of the read enable signal. The
BRAM RMUX 940 selects from the intra-tile input data and the data provided by
the BRAM memory 930 to generate outputs to the routing fabric and intra-tile

ouiputs.
37
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[0064] In some example embodiments, a configuration signal is provided to the
memory circuit 900 that controls access by the memory circuit 900 to the routing
fabric of the FPGA. o the mode described above, the memory circuit 900 has
access to a portion of the routing connections of a fused memory and arithmetic tile
(e.g., the routing 110 of FIG. 1), but not all of the routing convections. In a second
mode, the memory circuit 900 has access to all of the routing connections of the
fused memory and arithroetic tile (e.g., the routing 105 and the routing 110 of FIG.
D). In the second mode, the fused memory and arithmetic tile roay be used as a
standard memory-only tile. Additionally, the fused mermory and arithmetic tile may
be first used as a memory-only tile to rapidly load the memory and then switched to
the first mode to operate with the arithmetic circuit having access to half of the

routing connections and the mernory circuit having half of the routing connections.

[0865] Using the mntra-tile communications, the arithmetic circuit portion of the
FPGA tile can read and write data to/from the BRAM memory 930 while operating
at intra-tile commumication speeds instead of slower routing fabric speeds. Asa
result, more data is processed by the arithmetic civcuit portion than is possible
without the ase of intra-tile comumunications. This decoupling of the processing
fror the provision of parameters is particularly useful when many calculations are
to be performed on the same numbers and the intermediate results are not important.
For example, in matrix mukiplication, each number in a row of the first operand is
multiphied by each nuraber in a colimm of the second operand and the sum of the
resuits is stored as an element in the result matrix. This process is repeated for each
row of the first operand and each column of the second operand, but the individual
multiplication results are discarded. Accordingly, by loading the matrices into the
BRAM memory 930 using the routing fabric of the FPGA and then performing the
calculations using the arithmetic portion while loading the individual multiplication
operands from the BRAM memory 930 using the intra-tile communications, the
throughput of the fused arithmetic and memory tile is substantially increased over

prior art solutions that used separate arithmetic and memory tiles.
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[§066] FIG. 10 is a flowchart illustrating operations of a method 1000
performed by a fused memory and arithmetic circuit, according to various
ernbodiments of the invention. By way of example and not imitation, the method

1000 is described as being performed by the circuits of FIGS. 1-9.

[0867] In operation 1010, a memory circuit receives a first set of inputs from a
first connection fabric of an FPGA. As an example, the BRAM 120 receives the
first set of inputs from the routing fabric 110 of an FPGA. In this example, the first

set of inputs comprises a read enable signal and an address.

[0068] The memory circuit, in operation 1020, provides a first set of outputs
within a tile of the FPGA. In this example, the BRAM RMUX 940 of the BRAM
120 provides data read from the BRAM memory 930 from the address received in

operation 1010 to the intra-tile outputs of FIG. 9.

[0069] An arithmetic circuit receives the first set of outputs within the tile of
the FPGA in operation 1030. In this example, the MLP 115 receives the data as the
BRAM_DQUT signals shown in FIG. 4.

[0870] In operation 1040, the arithmetic circoit receives a second set of inputs
from a second connection fabric of the FPGA. In this example, the MLP 115
receives the second set of inputs from the routing fabric 105 of the FPGA. This is

also shown as the MLP_DIN input signals of FIG. 4.

{00711 The arithmetic circuit, in operation 1050, generates a result based on a
first subset of the first set of cutputs and a second subset of the second set of inputs.
As used herein, a subset may comprise the entirety of a set. Thus, if 64 bits of data
are provided by the memory and 64 bits of data are provided by the routing fabric,
the arithmetic result may be based on any portion of the inputs, so long as it depends
on both inputs. As an example, each of the 64 hits of input may be treated as eight
8-bit operands and the generated result may be the sum of eight multiplication

operations performed on pairs of 8-bit operands, one operand in each pair received

iy
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via the intra-tile communication from the memory and one operand in each pair

received via the routing fabric of the FPGA.

[0072] FIG. 11 is a block diagram illustrating components of a computer 1100
that programs an FPGA, according to some example embodiments. All components
need not be used in various embodiments. For example, clhients, servers,
autonomous systems, and cloud-based network resources may each use a different

set of corponents, or, in the case of servers, for example, larger storage devices.

[0873] One example computing device in the form of a computer 1100 (also
referred to as computing device 1100 and computer system 1100} may include a
processor 1105, memory storage 1110, removable storage 1115, and non-removable
storage 1120, all connected by a bus 1140. Although the example coroputing device
is illustrated and described as the computer 1100, the computing device may be in
different forms in different embodiments. For example, the computing device may
instead be a smartphone, a tablet, a smartwatch, or another computing device
including elements the same as or sirnilar to those illustrated and described with
regard to FIG. 11. Devices such as smartphones, tablets, and smartwatches are
collectively referred to as “mobile devices.” Further, although the various data
storage elements are Hdlustrated as part of the computer 1100, the storage may also
or alternatively include cloud-based storage accessible via a network, such as the

Internet, or server-based storage.

[0674] The memory storage 1110 may include volatile memory 1145 and non-
volatile memory 1150 and may store a program 1155, The computer 1100 may
iclude, or have access to, a computing environment that includes a variety of
computer-readable media, such as the volatile mermory 1145 the non-volatile
memory 1 150; the removable storage 1115; and the non-removable storage 1120.
Corputer storage includes randome-access memory {R AM), read-only memory
{ROM), erasable programmable read-only memory (EPROM) and electrically
erasable programmable read-ouly memory (EEPROM), flash memory or other

memory technologies, compact disc read-only memory (CD ROM), digital versatile

20
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disks (DVD) or other optical disk storage, magnetic casseties, magnetic tape,
magnetic disk storage or other magnetic storage devices, or any other medium

capable of storing computer-readable instructions.

[0875] The computer 1100 may include or have access to a computing
environment that includes an input interface 1125, an output interface 1130, and a
comumunication interface 1135, The output interface 1130 may interface to or
mclade a display device, such as a touchscreen, that also may serve as an input
device. The input interface 1125 may interface to or include one or more of a
touchscreen, a touchpad, a roouse, a keyboard, a camera, one or more device-
specific buttons, one or more sensors integrated within or coupled via wired or
wireless data connections to the computer 1100, and other ioput devices. The
computer 1100 moay operate in a setworked environment using the convnunication
mterface 1135 to connect to one or more remote computers, such as database
servers. The remote computer may include a personal computer (PC), server,
router, network PC, peer device or other common network node, or the ke, The
communication interface 1135 may connect to a local-area network (LAN), a wide-
area network (WAN), a cellular network, a Wik network, a Biuetooth network, or

other networks.

[(876] Computer instructions stored on a computer-readable medium {(e.g., the
program 11535 stored in the memory storage 1110) are executable by the processor
1105 of the computer 1100, A hard dnive, CD-ROM, and RAM are some examples
of articles including a non-transitory computer-readable medium such as a storage
device. The terms “computer-readable medium’™ and “storage device” do not
mclude carrier waves to the extent that carrier waves are deerned too transitory.
“Computer-readable non-transitory media” inclodes all types of computer-readable
media, including magnetic storage media, optical storage media, tlash media, and
solid-state storage media. It should be understood that software can be installed in
and sold with a computer. Alternatively, the software can be obtained and loaded
into the computer, including obtaining the software through a physical medmim or

distribution system, including, for example, from a server owned by the software
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can be stored on a server for distribution over the Internet, for exarmple.

[6077] The program 1155 is shown as including a design module 1160 and a
place and route module 1165, Any one or more of the modules described herein
may be implemented using hardware (e.g., a processor of a machine, an ASIC, an
FPGA, or any suitable combination thereof). Moreover, any two or more of these
modules may be combined into a single module, and the functions described herein
for a single module may be subdivided among multiple modules. Furthermore,
according to various example embodiments, modules described herein as being
implemented within a single machine, database, or device may be distributed across

multiple machines, databases, or devices.

{0078] The design module 1160 defines a design of a circuit {e.g., a processor,
signal processor, compute engine, state machine, or controller circuit). For
example, the design modale 1160 may provide a user interface to allow a user to

design a circuit.

[0879] The place and route module 1165 determines the physical layout of the
resulting integrated circuit based on the circuit design defined by the design module
1160. For exarople, a design comprising one or more tiles with fused memory and
arithmetic circuits may be laid out by the place and route module 1165 in orderto be

programmed into the FPGA configuration.

[0080] The Abstract of the Disclosure is provided to comply with 37 C.F.R.
§1.72(b), requiring an abstract that allows the reader to quickly ascertain the nature
of the technical disclosure. 1t is submitted with the understanding that it will not be
used to interpret or Hmit the clairos. To addition, in the foregoing Detailed
Description, it may be seen that various features are grouped together in a single
embodiment for the parpose of strearnlining the disclosure. This method of
disclosure is not {o be interpreted as limiting the claims. Thus, the following clatms
are hereby incorporated into the Detailed Description, with each clairo standing on

its own as a separate embodiment.
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CLAIMS

What 18 claimed 1s:

i. A circuit comprising:
a memory circuit that;
receives a first set of inputs from a first connection fabric of a field
programmable gate array (FPGA); and
provides a first set of outputs within a tile of the FPGA; and
an arithmetic circuit that:
receives the first set of outputs within the tile of the FPGA;
receives a second set of inputs from a second connection fabric of the
FPGA; and
generates a result based oun a first subset of the first set of outputs and

a second subset of the second set of inputs.

2. The circuit of claim 1, wherein:
in response to a counfiguration signal, the memory circait 18 configured to
receive the second set of inputs from the second connection fabric of

the FPGA.

3. The circuit of claim 1, wherein the circuit further comprises:
a second memory circuit that stores data received from the second set of
inputs and provides a second set of outputs within the tile of the
FPGA; and
wherein the arithmetic circuit further receives the second set of outputs

within the tile of the FPGA.
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4. The circuit of claim 3, wherein:
in response to a first configuration signal, the arithmetic circuit is configured
to perform operations on the first set of outputs and the second set of
inputs; and
in response (o a second configuration signal, the arithmetic circuit is
configured to perform operations on the second set of outputs and the

second set of inputs.

5. The circuit of claim 3, whereln;
in response (o a first configuration signal, the arithmetic circuit is configured
to perform multiplication operations on the second set of outputs; and
in response (o a second configuration signal, the arithmetic circuit is
configured to perform addition operations on the second set of

outputs.

6. The circuit of claim 1, wherein the arithmetic circut further receives a third
set of inputs directly from a cascade output of a second tile of the FPGA.
7. The circuit of claim 6, wherein the arithmetic circuit further provides a third

set of outputs to a third tile of the FPGA via a second cascade output.

8. The circuit of claim 1, wherein:
in response to a configuration signal, the memory circuit is configured to
receive the second set of inputs from the second connection fabric of

the FPGA.

9, The circuit of claim 1, wherein:
the memory circuit i a block random access memory (BRAM); and
the memory circuit provides a second set of outputs to the second connection

fabric of the FPGA.
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10. A method comprising:
by a memory circuit:
receiving a first set of inputs from a first connection fabric of a field
programmable gate array (FPGA): and
providing a first set of outputs within a tile of the FPGA; and
by an arithmetic circuit:
receiving the first set of outputs within the tile of the FPGA;
receiving a second set of inputs from a second connection fabric of
the FPGA; and
generating a result based on a first subset of the first set of outputs

and a second subset of the second set of inputs.

i1, The method of claim 10, further comprising:
in response (o a configuration signal, configuring the memory circuit to
receive the second set of inputs from the second connection fabric of

the FPGA.

i2. The method of claim 10, further comprising:
by a second memory circuit:
storing data received from the second set of inputs; and
providing a second set of outputs within the tile of the FPGA; and
by the arithmetic circuit:

receiving the second set of outputs within the tile of the FPGA.

i3. The method of claim 12, further comprising:
in response to a first configuration signal, configuring the arithmetic circuit
to perform operations on the first set of cutputs and the second set of
nputs; and
in response to a second configuration signal, configuring the arithmetic to
perform operations on the second set of outputs and the second set of

nputs.
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i4.

i6.

17.

i8.

9.

The method of claim 12, further comprising:

in response (o a first configuration signal, configuring the arithroetic circuit
to perform multiplication operations on the second set of outputs; and

in response (o a second configuration signal, configuring the arithioetic

circuit to perform addition operations on the second set of outputs.

The moethod of clairn 10, farther comprising:
recetving, by the arithmetic circuit, a third set of inputs directly from a

cascade output of a second tile of the FPGAL

The moethod of clairn 15, farther comprising:
providing, by the arithmetic circuit, a third set of outputs to a third tile of the

FPGA via a second cascade output.

The method of claim 10, further comprising:
in response to a counfiguration signal, configuring the memory circuit (o
receive the second set of inputs from the second connection fabric of

the FPGA.

The method of claim 10, wherein:
the memory circuit 18 a block random access memory {BRAM); and
the memory circuit provides a second set of outputs to the second connection

fabric of the FPGA.

A machine-readable storage medium containing instructions that, when

executed by One Or MOre proCessors, cause the one or more ProCessors to control

configuration of a field programmable gate array (FPGA) comprising:

a memory circuit that;
receives a first set of inputs from a first connection fabric of a ficld
programunable gate array (FPGA); and

26



WO 2020/236252 PCT/US2020/023796

provides a first set of outputs within a tile of the FPGA: and
an arithmetic circuit that:
receives the first set of outputs within the tle of the FPGA;
receives a second set of inputs from a second connection fabric of the
FPGA; and
generates a result based on a first subset of the first set of outputs and

a second subset of the second set of inputs.

20. The machine-readable storage medium of claim 19, wherein:
the FPGA further comprises a second memory circuit that stores data
received from the second set of inputs and provides a second set of
outputs within the tile of the FPGA; and
the arithmetic circuit further receives the second set of outputs within the tile

of the FPGA.
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;
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SECOND SUBSET OF THE SECOND SET OF INPUTS
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