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(57) Abstract: The present disclosure relates to computer-implemented systems and methods for accelerating database operations using
programmable logic devices (PLDs). In one implementation, a method for using a PLD for a database scan operation may include
receiving, from a user, a query for execution on a database; configuring hardware configuration instructions based on the query and
transmitting the hardware configuration instructions to at least one programmable logic device (PLD) to configure the PLD according
to the hardware configuration instructions; sending the query to the configured PLD for execution against the database; in response to
the query, receiving results from the PLD; and outputting the results to the user.
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SYSTEMS AND METHODS FOR EFFICIENTLY SCANNING A DATABASE USING
HARDWARE ACCELERATION

TECHNICAL FIELD

[1] The present disclosure relates generally to the field of database operations and
programmable logic devices. More specifically, and without limitation, this disclosure relates
to computer-implemented systems and methods for efficiently using programmable logic
devices for database scan operations. The systems and methods disclosed herein may be used
in various applications, such as relational databases (e.g., a structured query language (SQL)
database or the like), graphical databases (e.g., an ArangoDB query language (AQL)

database, another NoSQL database, or the like) or any other database structures.

BACKGROUND

[2] Field-programmable gate arrays (FPGAs) and other programmable logic
device (PLDs) are generally more efficient for operations including comparisons, such as
database operations, than conventional processing hardware, such as central processing units
(CPUs), graphics processing units (GPUs), or the like. However, FPGAs and other PLDs are
usually custom designed for particular functions. Moreover, many PLDs are configured at
execution time, reducing the benefits of using PLDs due to long latencies for transferring

databases to on- and oft-chip memories of the PLDs.

SUMMARY

[3] In some embodiments, a system for using a programmable logic device (PLD)
for a database scan operation may comprise at least one memory configured to store
instructions and at least one processor configured to execute the instructions to cause the

system to perform operations. The operations may comprise receiving, from a user, a query
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for execution on a database; configuring hardware configuration instructions based on the
query; and transmitting the hardware configuration instructions to at least one programmable
logic device (PLD) to configure the PLD according to the hardware configuration
instructions. The operations may further comprise sending the query to the configured PLD
for execution against the database; in response to the query, receiving results from the PLD;
and outputting the results to the user.

[4] In some embodiments, a method for using a programmable logic device (PLD)
for a database scan operation may comprise receiving, from a user, a query for execution on a
database; configuring, using at least one processor, hardware configuration instructions based
on the query; and transmitting the hardware configuration instructions to at least one
programmable logic device (PLD) to configure the PLD according to the hardware
configuration instructions. The method may further comprise sending the query to the
configured PLD for execution against the database; in response to the query, receiving results
from the PLD; and outputting the results to the user.

[5] In some embodiments, a non-transitory computer-readable storage medium
may store a set of instructions that is executable by one or more processors to cause the one
or more processors to perform a method for using a programmable logic device (PLD) for a
database scan operation. The method may comprise receiving, from a user, a query for
execution on a database; configuring hardware configuration instructions based on the query;
and transmitting the hardware configuration instructions to at least one programmable logic
device (PLD) to configure the PLD according to the hardware configuration instructions. The
method may further comprise sending the query to the configured PLD for execution against
the database; in response to the query, receiving results from the PLD; and outputting the

results to the user.
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[6] Additional objects and advantages of the present disclosure will be set forth in
part in the following detailed description, and in part will be obvious from the description, or
may be learned by practice of the present disclosure. The objects and advantages of the
present disclosure will be realized and attained by means of the elements and combinations
particularly pointed out in the appended claims.

[7] It is to be understood that the foregoing general description and the following
detailed description are exemplary and explanatory only, and are not restrictive of the

disclosed embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[8] The accompanying drawings, which comprise a part of this specification,
illustrate several embodiments and, together with the description, serve to explain the
principles and features of the disclosed embodiments. In the drawings:

[9] FIG. 1 is a schematic representation of primitives in a field-programmable
gate array (FPGA), according to embodiments of the present disclosure.

[10] FIG. 2 is an exemplary architecture for transferring databases to
programmable logic devices (PLDs) and for configuring PLDs to execute queries on
transferred databases, according to embodiments of the present disclosure.

[11] FIG. 3 is a schematic representation of concurrent query type execution in a
PLD, according to embodiments of the present disclosure.

[12] FIG. 4 is a schematic representation of a configuration for regular expression
processing in a PLD, according to embodiments of the present disclosure.

[13] FIG. 5 is a schematic representation of a configuration for string comparison

in a PLD, according to embodiments of the present disclosure.
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[14] FIG. 6 is a schematic representation of a configuration for integer comparison
in a PLD, according to embodiments of the present disclosure.

[15] FIG. 7 is a schematic representation of another configuration for string
comparison in a PLD, according to embodiments of the present disclosure.

[16] FIG. 8 is a schematic representation of on-demand query execution by a PLD
configured according to embodiments of the present disclosure.

[17] FIG. 9 is a flowchart of an exemplary method for using a programmable logic
device (PLD) for a database scan operation, according to embodiments of the present
disclosure.

[18] FIG. 10 is a depiction of an exemplary computer system for executing

methods consistent with the present disclosure.

DETAILED DESCRIPTION

[19] Reference will now be made in detail to exemplary embodiments, examples of
which are illustrated in the accompanying drawings. The following description refers to the
accompanying drawings in which the same numbers in different drawings represent the same
or similar elements unless otherwise represented. The implementations set forth in the
following description of exemplary embodiments do not represent all implementations
consistent with the invention. Instead, they are merely examples of apparatuses and methods
consistent with aspects related to the invention as recited in the appended claims.

[20]  The disclosed embodiments relate to computer-implemented systems and
methods for using a programmable logic device (PLD) for a database scan operation. For
example, the operation may include regular expression matching, integer comparisons, string
comparisons, or the like. Advantageously, the exemplary embodiments can provide improved

efficiency over conventional database scan operations. Embodiments of the present
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disclosure can also provide improved on-demand query execution and PLD re-usability
across multiple database scan operations.

[21] Embodiments of the present disclosure may be implemented and used in
various programmable logic devices (PLDs). Accordingly, although described in reference to
field-programmable gate arrays (FPGAs), other PLDs such as programmable array logics
(PALs), programmable logic arrays (PLAs), complex programmable logic devices (CPLDs),
and the like may execute database queries in accordance with the present disclosure.

[22] The embodiments of the present disclosure provide computer-implemented
systems and methods for using PLDs to perform database scans. The systems and methods of
the present disclosure may provide a technical solution to the technical problem of
configuring PLDs for database scan operations without latency at run-time or without having
to specially design one or more PLDs for different databases. The systems and methods of the
present disclosure may result in efficiency gains as compared with database scan operations
on general-purpose processors. Moreover, the systems and methods of the present disclosure
may not require customized PLDs or may not result in run-time latencies as existing PLD
implementations do.

[23] FIG. 1 is a schematic representation of exemplary portions 100, 150 of an
architecture of an FPGA (or other PLD). As depicted in FIG. 1, a primitive 105a may
connect to a plurality of data buffers, such as off-chip buffers 103a and 103b or on-chip
buffers 101a and 101b. As used herein, a primitive refers to a node of the FPGA that
performs a basic operation (whether logical, such as AND, OR, XOR, or the like, or
arithmetic, such as multiply, add, subtract, max, min, or the like) on one or more inputs to
produce one or more outputs. For example, in FIG. 1, primitive 105a may accept input from
oft-chip buffer 103a or on-chip buffer 101a and may output to off-chip buffer 103b or

on-chip buffer 101b. As used herein, a buffer refers to any bus used to communicate data,
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such as a wire, an optical cable, or the like, along with any memory coupled to the bus and
used to store (and thus “buffer”) the data or any arbiters or other timing hardware used to
manage transfers on the bus.

[24] Similar to primitive 105a, primitive 105b may accept input from off-chip
buffer 103¢ or on-chip buffer 101b and may output to off-chip buffer 103d or on-chip buffer
101c. Accordingly, in the example of FIG. 1, primitive 105a may provide its output as input
to primitive 105b using on-chip buffer 101b. Thus, primitive 105a and primitive 105b may be
grouped as a subgraph of operations that flow from the operation(s) performed by primitive
105a to the operation(s) performed by primitive 105b. Embodiments of the present disclose
may configure primitives (such as primitive 105a and primitive 105b) of an FPGA (or other
PLDs) to perform scan operations on a database. On-chip and off-chip memories (not shown
in the example of FIG. 1) may store elements of the database that were previously mapped
and transferred thereto.

[25] FIG. 2 is a schematic representation of a system 200 for transferring databases
to PLDs and for configuring PLDs to execute queries on transferred databases, consistent
with embodiments of the present disclosure. As depicted in FIG. 2, a non-transitory storage
medium 201 (such as a random access memory (RAM) or a read-only memory (ROM)) may
store a database. The database may comprise a relational database, a graphical database, or
any other data structure having plurality of elements searchable via at least one index.

[26] A compiler 203 may comprise one or more instructions executed by at least
one processor. For example, compiler 203 may comprise a series of instructions executed by
a general-purpose processor (such as a central processing unit (CPU), graphical processing
unit (GPU), or the like) or a special-purpose processor (such as an FPGA or other
application-specific integrated circuit (ASIC)). As depicted in FIG. 2, compiler 203 may

generate a mapping 205 between database 201 and a programmable logic device (PLD) 211.
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For example, compiler 203 may determine a size and spatial location of on- and oft-chip
memories of PLD 211 and map elements of database 201 to blocks of the on- and off-chip
memories. In embodiments where compiler 203 also configures PLD 211 for executing one
or more queries on database 201, as described below, compiler 203 may generate mapping
205 such that elements used by one or more configured primitives of PLD 211 are stored in
on- or off-chip memories adjacent to such configured primitives.

[27]  As further depicted in FIG. 2, compiler 203 may generate one or more
hardware configuration instructions 207, e.g., as described below in step 903 of method 900
of FIG. 9. For example, instructions 207 may configure one or more primitives of PLD 211
to execute one or more queries on database 201 transferred to PLD 211. In some
embodiments, instructions 207 may comprise one or more data files in a specification
language, such as Verilog, impulse C, or any other hardware description language (HDL).

[28]  As further depicted in FIG. 2, compiler 203 may transfer database 201,
according to mapping 205, or instructions 207 to PLD 211 via an interface 209. For example,
interface 209 may comprise a peripheral component interconnect (PCI) bus, a PCI express
bus, or the like. Accordingly, interface 209 may facilitate data transfer to and from PLD 211.

[29] FIG. 3 depicts an exemplary concurrent query type execution 300 in a PLD.
In the example of FIG. 3, PLD 309 includes three groups of primitives, regular expression
primitives 307a, integer comparison primitives 307b, and string comparison primitives 307c.
Accordingly, a portion of PLD 309 may execute a regular expression concurrently while
another portion of PLD 309 executes an integer comparison or while another portion of PLD
309 may execute a string comparison. As explained above, the expressions may be executed
on a database mapped to one or more off-chip memories (not shown) or on-chip memories
(not shown) of PLD 309. Accordingly, processor 301 (which may comprise another special-

purpose processor or a general-purpose processor) may send queries to PLD 309 via interface
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303 for concurrent execution by regular expression primitives 307a, integer comparison
primitives 307b, or string comparison primitives 307c.

[30] Asused herein, concurrently may include both parallelism (e.g., regular
expression primitives 307a executing commands at the same time that integer comparison
primitives 307b or string comparison primitives 307¢ are executing commands) as well as
concurrency (e.g., regular expression primitives 307a executing commands along with integer
comparison primitives 307b or string comparison primitives 307¢ such that the commands are
executed intermittently during the same time period). In embodiments using concurrency, one
or more primitives may be shared between regular expression primitives 307a, integer
comparison primitives 307b, or string comparison primitives 307c.

[31] Although depicted using three concurrent groups, PLD 309 may instead
include two concurrent groups of primitives or more than three concurrent groups. Moreover,
although depicted using regular expression primitives 307a, integer comparison primitives
307b, and string comparison primitives 307c, additional or alternatively primitive groups may
be used. For example, PLD 309 may additionally or alternatively include summation
primitives, Boolean primitives, or the like.

[32] FIG. 4 depicts an exemplary configuration 400 for regular expression
processing in a PLD. As depicted in FIG. 4, an input 401 may comprise the database
received by the PLD for comparison with the stored regular expression. In some
embodiments, one or more converters 403 of the PLD may convert input 401 (e.g., a string)
to a standardized Unicode format for comparison. For example, the PLD may receive a UTF-
8 encoded string and converter 403 may standardize such queries to UTF-16. Input 401 may
be encoded using encoding schemes, such as American standard code for information
interchange (ASCII) or other encoding schemes, or converter 403 may standardize to other

encoding scheme, such as International Organization for Standardization/International
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Electrotechnical Commissioner (ISO/IEC) 8859 or other encoding schemes. Accordingly,
although explained below using Unicode shifters, any other appropriate shifters may be used
in the embodiment depicted in FIG. 4.

[33] As further depicted in FIG. 4, primitives of the PLD may be organized into a
plurality of rows of Unicode shifters. Although depicted with two rows, embodiments of the
present disclosure may use one row, three row, four rows, or the like. As depicted in FIG. 4,
each row may include n+/ Unicode shifters (e.g., Unicode 405-n to 405-0 and Unicode 413-n
to Unicode 413-0).

[34]  As further depicted in FIG. 4, each row may compare the shifted Unicode
using n+/ comparators (e.g., comparator 407-n to comparator 407-0 for a first row and
comparator 415-n to comparator 415-0 for a second row). By comparing the shifted Unicode
to known regular expression patterns, each row may determine whether the corresponding
regular expression pattern is included in input 401. Examples of such patterns are shown in

Table 1 below.
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Wildcard Description

\d or \D character classified as digit (\d) or not
(\D)

\s or \S character classified as space, tab,
newline, or carriage return (\s) or not
(\S)

\w or \W character classified as word character
(\w) or not (\W)

. any character

[ ] negation of a class (e.g., d, s, or w
above)
start anchor

$ end anchor

K zero or more any character(s)

? ZEro or one any character

{n,m} n through m characters

Table 1

[35] Accordingly, embodiments with additional rows may support additional
regular expressions in a query. In some embodiments, fewer comparators may be used in a
row, e.g., by transmitting the comparator output to an on- or off-chip memory for storage
before inputting to the gate of the row (e.g., gate 409 or gate 417) such that the comparator
may be re-used for the comparison with the next shifted Unicode. Although re-use of
comparators may reduce temporal efficiency, it may increase spatial efficiency by requiring
less primitives from the PLD to implement configuration 400. In some embodiments,
regardless of the number of comparators, a gate of each row (e.g., gate 409 or gate 417) may
combine outputs from the comparisons, e.g., using an AND logical operation, to determine
whether the corresponding regular expression of that row is included in input 401.

[36] As further depicted in FIG. 4, additional rows may use the shifted Unicode
from the previous row as input, accept input 401, or use a multiplexer (e.g., MUX 411) to
select one of the two. A collector 419 may collate results from the gates of the rows (e.g.,
gate 409 and gate 417) and determine which regular expressions are included in input 401

based on corresponding regular expressions associated with the rows and based on

10
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dependencies therebetween (e.g., established via a multiplexer such as MUX 411). For
example, a result from the row may indicate that a negation wildcard is present in input 401,
and a result from a row immediately subsequent may indicate that a class wildcard is present
in input 401, and collector 419 may use the spatial organization of the rows to determine that
a negated class wildcard is present in input 401.

[37] FIG. 5 depicts an exemplary configuration 500 for string comparison in a
PLD. As explained above with respect to FIG. 3, in some embodiments, configuration 500
may be used in combination with one or more of configuration 400 of FIG. 4, configuration
600 of FIG. 6, or configuration 700 of FIG. 7 on the same PLD. In some embodiments,
configuration 500 may be implemented in combination with one or more of configuration
400 of FIG. 4, configuration 600 of FIG. 6, or configuration 700 of FIG. 7 using different
primitives on the PLD. Alternatively, one or more primitives may be shared between
configuration 500 and one or more of configuration 400 of FIG. 4, configuration 600 of FIG.
6, or configuration 700 of FIG. 7. For example, one or more of comparators 505-1, 505-

2, ..., 505-n may also comprise one or more of comparators 407-n . . . 407-0 or 415-n . ..

415-0. Additionally or alternatively, converter 503 may comprise converter 403.

[38] Asdepicted in FIG. 5, input 501 may comprise the string received by the PLD
for comparison to the stored database. In some embodiments, one or more converters 503 of
the PLD may convert input 501 (e.g., a query) to a standardized format for execution. For
example, the PLD may receive a UTF-8 encoded query and converter 503 may standardize
such queries to UTF-16. Input 501 may be encoded using encoding schemes, such as
American standard code for information interchange (ASCII) or other encoding schemes, or
converter 503 may standardize to other encoding schemes, such as International Organization

for Standardization/International Electrotechnical Commissioner (ISO/IEC) 8859 or other

encoding schemes.

11
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[39] As further depicted in FIG. §, primitives of the PLD may compare the
converted input to a plurality of elements in the stored database. For example, configuration
500 may comprise a plurality of comparators (e.g., comparator 505-1, comparator 505-2, . . .,
comparator 505-n) each comparing the converted input to stored elements from the database
(e.g., Unicode pattern 507-1, Unicode pattern 507-2, . . ., Unicode pattern 507-n,
respectively). Although depicted as Unicode patterns, the plurality of comparators may store
elements of the database encoded according to any scheme, e.g., the scheme to which input
501 is converted by converter 503.

[40] In some embodiments, fewer comparators may be used than a single
comparator for each element in the database, e.g., by transmitting the comparator output to an
on- or off-chip memory for storage before input to collector 509 such that the comparator
may be re-used for the comparison with another element of the database. Although re-use of
comparators may reduce temporal efficiency, it may increase spatial efficiency by requiring
less primitives from the PLD to implement configuration 500. In some embodiments,
regardless of the number of comparators, collector 509 may combine outputs from the
comparisons, e.g., using an OR logical operation, to determine whether the input string 501 is
present within the database. Moreover, collector 509 may determine which elements of the
database include input 501 based on which comparators sent the corresponding outputs
indicating matches (e.g., an output of ‘1’ or another indicator of a true Boolean). For
example, a result from comparator 505-1 may indicate that input string 501 is present in
element 507-1, a result from comparator 505-2 may indicate that input string 501 is not
present in element 507-2, and comparator 505-n may indicate that input string 501 is present
in element 507-n; accordingly, collector 509 may determine indices of elements 507-1 and

507-n and output such indices as matches in response to input 501.

12
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[41] FIG. 6 depicts an exemplary configuration 600 for integer comparison in a
PLD. As explained above with respect to FIG. 3, in some embodiments, configuration 600
may be used in combination with one or more of configuration 400 of FIG. 4, configuration
500 of FIG. 5, or configuration 700 of FIG. 7 on the same PLD. In some embodiments,
configuration 600 may be implemented in combination with one or more of configuration
400 of FIG. 4, configuration 500 of FIG. §, or configuration 700 of FIG. 7 using different
primitives on the PLD. Alternatively, one or more primitives may be shared between
configuration 600 and one or more of configuration 400 of FIG. 4, configuration 500 of FIG.
S, or configuration 700 of FIG. 7. For example, one or more of comparators 603-1, 603-
2,...,603-n may also comprise one or more of comparators 505-1, 505-2, . . ., 505-n.
Additionally or alternatively, gate 605 may comprise collector 509.

[42] Asdepicted in FIG. 6, input 601 may comprise the integer received by the
PLD for comparison to the stored database. In some embodiments, one or more primitives
(not shown) of the PLD may convert input 601 (e.g., a query) to a standardized format for
execution. For example, the PLD may receive a 8-bit integer, and the PLD may standardize
such integer to a 64-bit integer or the like.

[43] As further depicted in FIG. 6, primitives of the PLD may compare the
converted input to a plurality of elements in the stored database. For example, configuration
600 may comprise a plurality of comparators (e.g., comparator 603-1, comparator 603-2, . . .,
comparator 603-n), each comparing the converted input to stored elements from the database.
The plurality of comparators may store elements of the database encoded according to any
scheme, e.g., the scheme to which input 601 is standardized by the PLD.

[44] In some embodiments, fewer comparators may be used than a single
comparator for each element in the database, e.g., by transmitting the comparator output to an

on- or off-chip memory for storage before input to gate 605 such that the comparator may be

13
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re-used for the comparison with another element of the database. Although re-use of
comparators may reduce temporal efficiency, it may increase spatial efficiency by requiring
less primitives from the PLD to implement configuration 600. In some embodiments,
regardless of the number of comparators, gate 605 may combine outputs from the
comparisons, e.g., using an OR logical operation, to determine whether the input integer 601
is present within the database. Although depicted as a gate, in some embodiments, element
605 may further determine which elements of the database include input 601 based on which
comparators sent the corresponding outputs indicating matches (e.g., an output of ‘1’ or
another indicator of a true Boolean). For example, a result from comparator 603-1 may
indicate that input integer 601 is present in a first element, a result from comparator 603-2
may indicate that input integer 601 is also present in a second element, and comparator 603-n
may indicate that input integer 601 is not present in a third element; accordingly, element 605
may determine indices of the first and second elements and output such indices as matches in
response to input 601.

[45] FIG. 7 depicts another exemplary configuration 700 for string or integer
comparison in a PLD. As explained above with respect to FIG. 3, in some embodiments,
configuration 700 may be used in combination with one or more of configuration 400 of FIG.
4, configuration 500 of FIG. 5, or configuration 600 of FIG. 6 on the same PLD. In some
embodiments, configuration 700 may be implemented in combination with one or more of
configuration 400 of FIG. 4, configuration 500 of FIG. 5, or configuration 600 of FIG. 6
using different primitives on the PLD. Alternatively, one or more primitives may be shared
between configuration 700 and one or more of configuration 400 of FIG. 4, configuration
500 of FIG. 5, or configuration 600 of FIG. 6. For example, multiplexer 705 may comprise

gate 605, collector 509, or collector 419.

14
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[46] Configuration 700 is similar to configuration 500 and configuration 600 but
uses hashes to match input 701 to elements of the database rather than direct comparison. For
example, one or more primitives of the PLD (e.g., hashers 703-1, 703-2, . . ., 703-n) may be
configured according to different hashing functions applied to both elements of the database
and input 701.

[47] Asdepicted in FIG. 7, input 701 may comprise the string or integer received
by the PLD for comparison to the stored database. In some embodiments, one or more
primitives (not shown) of the PLD may convert input 701 (e.g., a query) to a standardized
format for hashing. For example, the PLD may receive a UTF-8 encoded string, and the PLD
may standardize such queries to UTF-16. Input 701 may be encoded using encoding schemes,
such as American standard code for information interchange (ASCII) or other encoding
schemes, or may be standardized to other encoding scheme, such as International
Organization for Standardization/International Electrotechnical Commissioner (ISO/IEC)
8859 or other encoding schemes.

[48] Insome embodiments, one or more of hashers 703-1, 703-2, . . ., 703-n may
be selected based on which hashing algorithms do not cause collision. For example, if at least
two elements of the database have the same hash code, the corresponding hasher may be
deactivated from use. Multiplexer 705 may perform the selection.

[49] As further depicted in FIG. 7, the PLD may search one of more hash tables
(e.g., tables 707 and 709) for hashed elements matching one or more results of input 701 as
output by one or more of hashers 703-1, 703-2, . . ., 703-n. The use of hashing tables may be
faster than direct comparisons, e.g., because the hashes are all the same length. Additionally,
the use of hashing tables may allow for searching secured databases because the elements are
encoded using one or more of hashers 703-1, 703-2, . . ., 703-n rather than being directly

accessible by the PLD.
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[50] FIG. 8 depicts a data flow 800 of an on-demand query execution by a PLD.
As depicted in FIG. 8, a special- or general-purpose processor receives a query 801 from a
user. For example, query 801 may comprise a natural language query or a database language
query. In embodiments where query 801 includes a natural language query, flow 800 may
further include natural language processing performed by the special- or general-purpose
processor.

[51] As further depicted in FIG. 8, the special- or general-purpose processor may
execute a compiler 803 to transform query 801 into hardware configuration instructions. For
example, the hardware configuration instructions may configure a PLD (e.g., according to
configuration 400, 500, 600, 700, or the like) to execute a type of query corresponding to a
type of query 801. Alternatively, the hardware configuration instructions may comprise a
command to execute query 801 according to the PLD as already configured (e.g., according
to configuration 400, 500, 600, 700, or the like) by a previous set of hardware configuration
instructions such that configured PLD 801 may accept queries (such as query 801) for
execution.

[52] The special- or general-purpose processor may transmit the hardware
configuration instructions from compiler 803 to the PLD (e.g., configured PLD 805).
Accordingly, PLD 801 may execute query 801 by executing the hardware configuration
instructions.

[53] In any of the embodiments described above, PLD 805 may store a transferred
database upon which query 801 is to be executed. For example, the database may have been
mapped to on- or oft-chip memories of PLD 801.

[54] FIG. 9 is a flowchart of an exemplary method 900 for using a programmable

logic device (PLD) for a database scan operation. Method 900 may be performed by at least
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one processor (e.g., processor 1001 of system 1000 of FIG. 10). Method 900 may apply to
any programmable logic device (PLD), such as an FPGA, a PAL, a PLA, a CPLD, or the like.

[55] Atstep 901, the at least one processor may receive, from a user, a query for
execution on a database. For example, the query may comprise a command in a database
query language (such as structured query language (SQL), ArangoDB query language (AQL),
or the like). Additionally or alternatively, the query may comprise a natural language
command. In such embodiments, the at least one processor may further perform natural
language processing on the query to transform the query from natural language to a database
query language.

[56] At step 903, the at least one processor may configure hardware configuration
instructions based on the query. For example, the hardware configuration instructions may
comprise Verilog, impulse C, or any other HDL. The hardware configuration instructions
may configure one or more primitives of at least one programmable logic device (PLD) such
that the at least one PLD may execute the received query. For example, the hardware
configuration instructions may configure primitives in accordance with configuration 400,
500, 600, 700, or the like.

[57] For example, the query may comprise at least one of integer comparison,
string comparison, or regular expression matching. The at least one processor may therefore
generate the hardware configuration instructions such that the at least one PLD may execute
the corresponding query type. In some embodiments, the regular expression match may
include at least one of negative matching, anchored matching, or Unicode-character
matching, as explained above with respect to Table 1.

[58] Furthermore, at step 903, the at least one processor may transmit the hardware
configuration instructions to at least one programmable logic device (PLD) to configure the

PLD according to the hardware configuration instructions. For example, the at least one
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processor may use one or more interfaces (such as interface 209 of FIG. 2) to transmit the
hardware configuration instructions.

[59] At step 905, the at least one processor may transfer the database to the
configured PLD. For example, the at least one processor may use one or more interfaces
(such as interface 209 of FIG. 2) to transmit the hardware configuration instructions. In some
embodiments, step 905 may be omitted such that the configured PLD executes queries on a
database stored remotely from the PLD.

[60] At step 907, the at least one processor may send the query to the configured
PLD for execution against the database (whether transferred or not). For example, the at least
one processor may use one or more interfaces (such as interface 209 of FIG. 2) to transmit
the query. In some embodiments, the at least one processor may parse the query from a
natural language command or a database query language (such as structured query language
(SQL), ArangoDB query language (AQL), or the like) command to Verilog, impulse C, or
any other HDL before transmitting to the configured PLD.

[61] Atstep 909, in response to the query, the at least one processor may receive
results from the PLD. For example, the at least one processor may receive the results over
one or more interfaces (such as interface 209 of FIG. 2). As explained above with respect to
FIG. 4, FIG. §, FIG. 6, and FIG. 7, the results may include a simple Boolean (e.g.,
indicating whether the query is satisfied by the database) or a list of indices of elements
satisfying the query.

[62] Furthermore, at step 909, the at least one processor may output the results to
the user. For example, the at least one processor may store a file including the results,
transmit the results using one or more packets over one or more computer networks, or
display the results to the user (e.g., using text or one or more graphical user interfaces

(GUISs)).
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[63] Method 900 may allow for execution of comparison queries (such as string
comparisons, integer comparisons, or the like). Accordingly, in some embodiments, method
900 may further include consolidating a plurality of results from a plurality of comparison
primitives implemented on the PLD for outputting to the user. In such embodiments, the
consolidating may comprise configuring additional hardware configuration instructions and
transmitting the additional hardware configuration instructions to the at least one PLD to
configure the PLD to perform the consolidating. For example, the additional hardware
configuration instructions may configure one or more primitives of the at least one PLD to
function as collector 419 of FIG. 4, collector 509 of FIG. §, gate 605 of FIG. 6, or the like.

[64] Additionally or alternatively, consolidating the plurality of results may
comprise receiving the plurality of results from the PLD and performing the consolidation
using the at least one processor. For example, the at least one processor may receive a
plurality of results from comparators of the PLD (as explained with respect to FIG. § and
FIG. 6) or from gates of the PLD (as explained with respect to FIG. 4) and determine indices
of matching elements of the database based on the comparators or gates from which the
results were received.

[65] Method 900 may also allow for concurrent execution of a plurality of queries,
as explained above with respect to FIG. 3. For example, the hardware configuration
instructions may be generated to configure the PLD to execute a plurality of query types. In
such embodiments, the at least one processor may receive a second query of a different type
than the query and sending the second query to the configured PLD for execution
concurrently with the first query. Additionally or alternatively, the hardware configuration
instructions may be generated to configure multiple groups of primitives of the PLD to

execute the same type of query. In such embodiments, the at least one processor may send
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two queries of the same type to different spatial locations of the PLD for concurrent
execution.

[66] Consistent with the present disclosure, the example method 900 may include
additional steps. For example, in some embodiments, method 900 may include constructing a
mapping between a memory storing the database and one or more on-chip memories and one
or more off-chip memories of the PLD and transferring the database according to the
mapping. The database may be stored locally or remotely. Accordingly, the memory storing
the database may comprise at least one memory storing instructions for method 900.
Additionally or alternatively, one or more external memories accessible by the at least one
processor over one or more computer networks may comprise the memory storing the
database.

[67] FIG. 10 is a depiction of an example system 1000 for executing database
queries on a programmable logic device (PLD), consistent with embodiments of the present
disclosure. Although depicted as a server in FIG. 10, system 1000 may comprise any
computer, such as a desktop computer, a laptop computer, a tablet, or the like, configured to
execute, for example, method 900 of FIG. 9.

[68] Asdepicted in FIG. 10, server 1000 may have a processor 1001. Processor
1001 may comprise a single processor or a plurality of processors. For example, processor
1001 may comprise a CPU, a GPU, a reconfigurable array (e.g., an FPGA or other ASIC), or
the like.

[69] Processor 1001 may be in operable connection with a memory 1003, an
input/output module 1005, and a network interface controller (NIC) 1007. Memory 1003 may
comprise a single memory or a plurality of memories. In addition, memory 1003 may
comprise volatile memory, non-volatile memory, or a combination thereof. As depicted in

FIG. 10, memory 1003 may store one or more operating systems 1009, a database mapper
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1011a, and a compiler 1011b. For example, mapper 1011a may include instructions to map
database elements to one or more PLDs (e.g., as explained above with respect to FIG. 2), and
compiler 1011b may include instructions to generate hardware configuration instructions for
execution of a query on the one or more PLDs (e.g., as explained in step 903 of method 900
of FIG. 9). Therefore, mapper 1011a and compiler 1011b may cooperate with the one or
more PLDs to perform method 900 of FIG. 9.

[70] Input/output module 1005 may store and retrieve data from one or more
databases 1015. For example, database(s) 1015 may include elements for mapping to the one
or more PLDs for execution of a query on database(s) 1015, as described above.

[71] NIC 1007 may connect server 1000 to one or more computer networks. In the
example of FIG. 10, NIC 1007 connects server 1000 to the Internet. Server 1000 may receive
data and instructions over a network using NIC 1007 and may transmit data and instructions
over a network using NIC 1007. Moreover, server 1000 may transmit data and commands to
and from the one or more PLDs using NIC 1007 or another interface, as described above.

[72] The foregoing description has been presented for purposes of illustration. It is
not exhaustive and is not limited to precise forms or embodiments disclosed. Modifications
and adaptations of the embodiments will be apparent from consideration of the specification
and practice of the disclosed embodiments. For example, the described implementations
include hardware, but systems and methods consistent with the present disclosure can be
implemented with hardware and software. In addition, while certain components have been
described as being coupled to one another, such components may be integrated with one
another or distributed in any suitable fashion.

[73] Moreover, while illustrative embodiments have been described herein, the
scope includes any and all embodiments having equivalent elements, modifications,

omissions, combinations (e.g., of aspects across various embodiments), adaptations or
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alterations based on the present disclosure. The elements in the claims are to be interpreted
broadly based on the language employed in the claims and not limited to examples described
in the present specification or during the prosecution of the application, which examples are
to be construed as nonexclusive. Further, the steps of the disclosed methods can be modified
in any manner, including reordering steps or inserting or deleting steps.

[74] The features and advantages of the disclosure are apparent from the detailed
specification, and thus, it is intended that the appended claims cover all systems and methods
falling within the true spirit and scope of the disclosure. As used herein, the indefinite articles
“a” and “an” mean “one or more.” Similarly, the use of a plural term does not necessarily
denote a plurality unless it is unambiguous in the given context. Further, since numerous
modifications and variations will readily occur from studying the present disclosure, it is not
desired to limit the disclosure to the exact construction and operation illustrated and
described, and accordingly, all suitable modifications and equivalents may be resorted to,
falling within the scope of the disclosure.

[75] Asused herein, unless specifically stated otherwise, the term “or”
encompasses all possible combinations, except where infeasible. For example, if it is stated
that a database may include A or B, then, unless specifically stated otherwise or infeasible,
the database may include A, or B, or A and B. As a second example, if it is stated that a
database may include A, B, or C, then, unless specifically stated otherwise or infeasible, the
database may include A, or B, or C, or A and B, or A and C, or B and C, or A and B and C.

[76] Other embodiments will be apparent from consideration of the specification
and practice of the embodiments disclosed herein. It is intended that the specification and
examples be considered as example only, with a true scope and spirit of the disclosed

embodiments being indicated by the following claims.
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WHAT IS CLAIMED IS:

1. A system for using a programmable logic device (PLD) for a database scan operation,

comprising:

at least one memory configured to store instructions; and

at least one processor configured to execute the instructions to cause the system to

perform operations comprising:

receiving, from a user, a query for execution on a database;

configuring hardware configuration instructions based on the query and
transmitting the hardware configuration instructions to at least one programmable
logic device (PLD) to configure the PLD according to the hardware configuration

instructions;

sending the query to the configured PLD for execution against the database;

in response to the query, receiving results from the PLD; and

outputting the results to the user.

2. The system of claim 1, wherein the query comprises at least one of integer

comparison, string comparison, or regular expression matching.

3. The system of claim 1, wherein the query comprises a comparison, and the operations
further comprise consolidating a plurality of results from a plurality of comparison primitives

implemented on the PLD for outputting to the user.
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4. The system of claim 3, wherein consolidating the plurality of results comprises
configuring additional hardware configuration instructions and transmitting the additional
hardware configuration instructions to the at least one PLD to configure the PLD to perform

the consolidating.

5. The system of claim 3, wherein consolidating the plurality of results comprises
receiving the plurality of results from the PLD and performing the consolidation using the at

least one processor.

6. The system of claim 1, wherein the query comprises a regular expression match, and
the regular expression match includes at least one of negative matching, anchored matching,

or Unicode-character matching.

7. The system of any one of claims 1-6, further comprising an interface configured to

communicate data and instructions to and from the PLD.

8. The system of claim 7, wherein the interface comprises a peripheral component

interconnect (PCI) bus.

9. The system of any one of claims 1-8, wherein the operations further comprise

transferring the database to the configured PLD.
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10. The system of claim 9, wherein transferring the database comprises constructing a
mapping between a memory storing the database and one or more on-chip memories and one

or more off-chip memories of the PLD and transferring the database according to the

mapping.

11. The system of claim 10, wherein the at least one memory comprises the memory

storing the database.

12.  The system of claim 10, wherein one or more external memories accessible over one

or more computer networks comprise the memory storing the database.

13.  The system of any one of claims 1-12, wherein the hardware configuration

instructions are further generated to configure the PLD to execute a plurality of query types.

14. The system of claim 13, wherein the operations further comprise receiving a second
query of a different type from the query and sending the second query to the configured PLD

for execution concurrently with the query.

15. The system of any one of claims 1-14, wherein the PLD comprises a

field-programmable gate array (FPGA).

25



WO 2020/133391 PCT/CN2018/125541

16. A method for using a programmable logic device (PLD) for a database scan operation,

comprising:
receiving, from a user, a query for execution on a database;

configuring, using at least one processor, hardware configuration instructions based
on the query and transmitting the hardware configuration instructions to at least one
programmable logic device (PLD) to configure the PLD according to the hardware

configuration instructions;

sending the query to the configured PLD for execution against the transferred

database;
in response to the query, receiving results from the PLD; and

outputting the results to the user.

17. The method of claim 16, wherein the query comprises at least one of integer

comparison, string comparison, or regular expression matching.

18. The method of claim 16, wherein the query comprises a comparison, and the method
further comprises consolidating a plurality of results from a plurality of comparison

primitives implemented on the PLD for outputting to the user.

19. The method of claim 18, wherein consolidating the plurality of results comprises

configuring additional hardware configuration instructions and transmitting the additional
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hardware configuration instructions to the at least one PLD to configure the PLD to perform

the consolidating.

20. The method of claim 18, wherein consolidating the plurality of results comprises
receiving the plurality of results from the PLD and performing the consolidation using the at

least one processor.

21. The method of claim 16, wherein the query comprises a regular expression match, and
the regular expression match includes at least one of negative matching, anchored matching,

or Unicode-character matching.

22. The method of any one of claims 16-21, further comprising using an interface to send

the query to the PLD, and receive the results from the PLD.

23. The method of claim 22, wherein the interface comprises a peripheral component

interconnect (PCI) bus.

24, The method of any one of claims 16-23, further comprising transferring the database

to the configured PLD.
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25. The method of claim 24, wherein transferring the database comprises constructing a
mapping between a memory storing the database and one or more on-chip memories and one

or more off-chip memories of the PLD and transferring the database according to the

mapping.

26. The method of claim 25, wherein the at least one memory comprises the memory

storing the database.

27. The method of claim 25, wherein one or more external memories accessible over one

or more computer networks comprise the memory storing the database.

28.  The method of any one of claims 16-27, wherein the hardware configuration

instructions are further generated to configure the PLD to execute a plurality of query types.

29. The method of claim 28, further comprising receiving a second query of a different
type than the query and sending the second query to the configured PLD for execution

concurrently with the first query.

30. The method of any one of claims 16-29, wherein the PLD comprises a

field-programmable gate array (FPGA).
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31 A non-transitory computer-readable storage medium storing a set of instructions that
is executable by one or more processors to cause the one or more processors to perform a
method for using a programmable logic device (PLD) for a database scan operation, the

method comprising:
receiving, from a user, a query for execution on a database;

configuring hardware configuration instructions based on the query and transmitting
the hardware configuration instructions to at least one programmable logic device (PLD) to

configure the PLD according to the hardware configuration instructions;
sending the query to the configured PLD for execution against the database;
in response to the query, receiving results from the PLD; and

outputting the results to the user.
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