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FORWARD CACHING APPLICATION PROGRAMMING
INTERFACE SYSTEMS AND METHODS

BACKGROUND

[0001] The present disclosure generally relates to memory devices and, more particularly, to

address management techniques implemented in a memory sub-system.

[0002] Generally, a computing system includes a processing sub-system and a memory sub-
system, which may store data accessible to processing circuitry of the processing sub-system.
For example, to perform an operation, the processing circuitry may execute corresponding
instructions retrieved from a memory device of the memory sub-system. In some instances, data
input to the operation may also be retrieved from the memory device. Additionally or
alternatively, data output (e.g., resulting) from the operation may be stored in the memory
device, for example, to enable subsequent retrieval. However, at least in some instances,
operational efficiency of a computing system may be limited by its architecture, for example,

which governs the sequence of operations performed in the computing system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Various aspects of the present disclosure may be better understood upon reading the

following detailed description and upon reference to the drawings in which:

[0004] FIG. 1 is a block diagram of a computing system that includes a processing sub-

system and a memory sub-system, in accordance with an embodiment of the present disclosure;

[0005] FIG. 2 is a block diagram of an example of the processing sub-system of FIG. 1, in

accordance with an embodiment of the present disclosure;
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[0006] FIG. 3 is a flow diagram of an example process for operating the processing sub-

system of FIG. 2, in accordance with an embodiment of the present disclosure

[0007] FIG. 4 is a block diagram of an example of the memory sub-system of FIG. 1 that

utilizes one or more index tables, in accordance with an embodiment of the present disclosure;

[0008] FIG. 5 is a block diagram of an example volatile memory array that may be
implemented in the memory sub-system of FIG. 4, in accordance with an embodiment of the

present disclosure;

[0009] FIG. 6 is a diagrammatic representation of index tables that may be used by the

memory sub-system of FIG. 4, in accordance with an embodiment of the present disclosure;

[0010] FIG. 7 is a block diagram of an index table memory array storing the index tables of
FIG. 6 and a portion of a memory controller coupled to the index table memory array, in

accordance with an embodiment of the present disclosure;

[0011] FIG. 8 is a flow diagram of an example process for generating an index entry to be

included in an index table, in accordance with an embodiment of the present disclosure;

[0012] FIG. 9 is a flow diagram of an example process for generating and/or updating an

index table, in accordance with an embodiment of the present disclosure;

[0013] FIG. 10 is a flow diagram of an example process for storing data records in the

memory sub-system of FIG. 4, in accordance with an embodiment of the present disclosure;

[0014] FIG. 11 is a flow diagram of an example process for operating the memory sub-

system of FIG. 4, in accordance with an embodiment of the present disclosure; and
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[0015] FIG. 12 is a flow diagram of an example process for predictively identifying data that
is expected to be subsequently targeted, in accordance with an embodiment of the present

disclosure.

DETAILED DESCRIPTION

[0016] The present disclosure provides techniques that facilitate improving operational
efficiency of computing systems, for example, by mitigating architectural features that may
otherwise limit operational efficiency. Generally, a processing sub-system of a computing
system includes processing circuitry, for example, implemented using one or more processors
and/or one or more processor cores. Additionally, a memory sub-system of a computing system
may include one or more memory devices (e.g., chips or integrated circuits), for example,

implemented in one or more memory modules, such as a dual in-line memory module (DIMM)).

[0017] Generally, memory cells implemented in the memory devices may be organized into
one or more main memory arrays, for example, each corresponding with a memory channel. To
implement a memory array, memory cells may be coupled to word lines formed in a first (e.g.,
horizontal) direction and to bit lines formed in a second (e.g., vertical) direction. For example, a
row of the memory array may include the memory cells coupled to one word line. Additionally,
in some embodiments, a column of the memory array may include the memory cells coupled to

multiple bit lines.

[0018] In other words, the memory cells (e.g., storage location) connected at a row address
and column address pairing may store a data block with bit-depth (e.g., size) dependent on the
number of bit lines included in the column identified by the column address. For example, when
each column includes 1024 bit-lines, the memory cells implemented at each row address and

column address pairing may store a 64 byte (e.g., 1024 bit) data block. Additionally, when the
3
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memory array includes sixteen columns, each row of the memory array may store up to sixteen

data blocks.

[0019] In any case, during operation of the computing system, the processing circuitry may
perform various operations by executing corresponding instructions, for example, to determine
output data by performing an operation on input data. At least in some instances, data accessible
to the processing circuitry may be stored in the memory sub-system. For example, the memory
sub-system may store the data input to the operation, the data output (e.g., resulting) from the

operation, data indicating the executable instructions, or any combination thereof.

[0020] Accordingly, the processing sub-system and the memory sub-system may be
communicatively coupled via a system (e.g., data) bus. Generally, the system bus may be
implemented to provide a finite communication bandwidth. In fact, at least in some instances,
the system bus may be shared with other sub-systems of the computing system, such as a radio
frequency (RF) sub-system. In other words, data communication between the processing sub-
system and the memory sub-system via the system bus may limit the amount of communication
bandwidth available for other computing sub-systems and/or other operations, which, at least in

some instances, may limit operational efficiency of the computing system.

[0021] In any case, via the system bus, the processing sub-system may output data for
storage in the memory sub-system. Additionally or alternatively, via the system bus, the
memory sub-system may output (e.g., return) data to the processing sub-system, for example, for
processing and/or execution by the processing circuitry implemented in the processing sub-
system. In other words, the memory sub-system may store data (e.g., in a main memory array)

for subsequent access by the processing sub-system.
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[0022] To access data stored in the memory sub-system, the processing sub-system may
output a memory access request to the memory sub-system via the system bus, which identifies
the data, for example, via a virtual memory address. Generally, each memory access request
may include overhead (e.g., header data and/or metadata). For example, since the system bus
may be shared with other computing sub-systems, a memory access request may include
overhead, which indicates that the memory access request is intended for the memory sub-

system.

[0023] Based at least in part on the memory access request, the memory sub-system may
determine the storage location of the data in the memory sub-system, for example, by mapping
the virtual memory address to a physical memory address (e.g., row address and column address
pairing). Based at least in part on its storage location, the memory sub-system may retrieve the
data, for example, from a main (e.g., volatile) memory array and/or a non-volatile memory
device implemented in the memory sub-system. In this manner, the memory sub-system may
output (e.g., return) target data to the processing sub-system via the system bus, for example, for
processing and/or execution by the processing circuitry implemented in the processing sub-

system.

[0024] At least in some instances, the processing circuitry may perform operations based at
least in part on data from multiple data blocks, for example, to execute an application or
algorithm. Thus, in some instances, the processing sub-system may successively output memory
access requests that each identifies one of the multiple data blocks. For example, the processing
sub-system may output a first memory access request that identifies a first data block followed
by a second memory access requested that identifies a second data block to the memory sub-

system via the system bus.
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[0025] However, as described above, data communication via the system bus generally
utilizes (e.g., consumes) at least a portion of the finite communication bandwidth provided by the
system bus. Moreover, data communication via the system bus generally consumes electrical
power. In fact, resulting power consumption and/or bandwidth usage is generally dependent on
size (e.g., amount) of data being communicated. For example, power consumption used to
communicate data via the system bus may increase as size of the data increases. Additionally or
alternatively, amount of the finite communication bandwidth provided by the system bus that is
used to communicate data may increase as size of the data increases. In other words, since
communicated via the system bus, memory access requests may place a lower limit on
operational (e.g., communication and/or power) efficiency of a computing system — particularly
when successively communicated, for example, due to each memory access request including

overhead (e.g., header data and/or metadata).

[0026] Accordingly, to facilitate improving operational (e.g., communication and/or power)
efficiency, the present disclosure provides techniques for implementing and/or operating a
computing system to provide address management functions (e.g., operations or processes) via
its memory sub-system. To facilitate providing address management functions, the memory sub-
system may include a memory controller. Additionally, to facilitate providing address
management functions, the memory sub-system may store a data block as a data record, which
utilizes a data structure that allocates specific bit positions for indicating one or more specific

data fields.

[0027] Merely as an illustrative example, a first data record data structure may allocate bits
[0, X] for indicating a name (e.g., first) field, bits [X+1, Y] for indicating a street address (e.g.,

second) field, and bits [Y+1, Z] for indicating a zip code (e.g., third) field. In other words, a first
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data record that utilizes the first data structure may indicate the name of a first entity in its name
field, the street address of the first entity in its street address field, and the zip code of the first

entity in its zip code field. Additionally, a second data record that utilizes the first data structure
may indicate the name of a second entity in its name field, the street address of the second entity

in its street address field, and the zip code of the second entity in its zip code field.

[0028] In some embodiments, different data records may utilize different data structures, for
example, which include one or more different data fields. As an illustrative example, a second
data record data structure may allocate bits [0, Z — (Y+1) + 1] for indicating a zip code field.
Thus, a third data record that utilizes the second data structure may indicate the zip code of a

third entity in its zip code field.

[0029] By storing data using a data record data structure, the memory sub-system (e.g.,
memory controller) may group data records that each include a specific data field via a
corresponding index table, for example, stored in a separate storage (e.g., memory) device and/or
in an index table memory array distinct (e.g., separate) from the one or more main memory
arrays. To facilitate grouping data records, the memory sub-system may generate an index entry
corresponding with each of the data record that includes the specific data field. For example, the
memory sub-system may generate a first zip code index entry corresponding with the first data
record and a second zip code index entry corresponding with the second data record.
Additionally or alternatively, the memory sub-system may generate a third zip code index entry

corresponding with the third data record

[0030] In some embodiments, an index entry corresponding with a data record may indicate
the storage location of the data record in the memory sub-system, for example, via a pointer to

the storage location of the data record in a main memory array or a non-volatile memory device.

7
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In other words, continuing with the above example, the memory sub-system may generate the
first zip code index entry to indicate the storage location of the first data record and the second
zip code index entry to indicate the storage location of the second data record in the memory
sub-system. Additionally or alternatively, the memory sub-system may generate the third zip
code index entry corresponding with the third data record to indicate the storage location of the

third data record in the memory sub-system.

[0031] To group data records that each include a specific data field, the memory sub-system
(e.g., memory controller) may store corresponding index entries in index entry positions of a
corresponding index table. For example, in the zip code index table, the memory sub-system
may store the first zip code index entry at a first index entry position and the second zip code
index entry at a second index entry position. Additionally or alternatively, the memory sub-
system may store the third zip code index entry at a third index entry position in the zip code

index table.

[0032] As described above, in some embodiments, an index table may be stored in an index
table memory array, for example, distinct (e.g., separate) from the one or more main memory
arrays implemented in the memory sub-system. In fact, in some embodiments, the index table
memory array may be implemented with a different memory type compared to a main memory
array. For example, the index table memory array may be implemented with a relatively faster
memory type, such as static random-access memory (SRAM), while the main memory array is
implemented with a relatively slower memory type, such as dynamic random-access memory

(DRAM).

[0033] Moreover, in some embodiments, the index table memory array may be implemented

such that index tables are each stored in a corresponding memory cell row. For example, the zip

8
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code index table may be stored in a first memory cell row of the index table memory array while
a street address index table is stored in a second memory cell row of the index table memory
array. Additionally, in some embodiments, the index table memory array may be implemented
such that index table entries are each stored in a corresponding memory cell column. In other
words, the memory cells at each row address and column address pairing in the index table
memory array may be implemented as an index table entry position. For example, a first index
entry position of the zip code index table may be implemented at a first column of the first
memory cell row and a second index entry position of the zip code index table may be

implemented at a second column of the first memory cell row.

[0034] In any case, by traversing the index entries included in an index table, the memory
sub-system (e.g., memory controller) may identify data records that each include a corresponding
data field. For example, the memory sub-system may read the first index entry position in the
zip code index table to determine the first zip code index entry, the second index entry position
in the zip code index table to determine the second zip code index entry, and so on.

Additionally, the memory sub-system may read the first pointer included in the first zip code
index entry, which is indicative of the storage location of the first data record, to identify the first
data record and, thus, that the first data record includes the zip code field. Similarly, the memory
sub-system may read the second pointer included in the second zip code index entry, which is
indicative of the storage location of the second data record, to identify the second data record
and, thus, that the second data record includes the zip code field. Additionally or alternatively,
the memory sub-system may read the third pointer included in the third zip code index entry,
which is indicative of the storage location of the third data record, to identify the third data

record and, thus, that the third data record includes the zip code field



WO 2020/046527 PCT/US2019/044362

[0035] To facilitate accessing (e.g., reading and/or writing) index table entries, in some
embodiments, the memory sub-system may include an entry unit coupled to each memory cell
column of the index table memory array, for example, via corresponding column amplifiers. In
other words, a first entry unit may be coupled to a first memory cell column of the index table
memory array, a second entry unit may be coupled to a second memory cell column of the index
table memory array, and so on. Additionally, in some embodiments, each entry unit may be
implemented with a (e.g., 64 byte) register, thereby enabling an entry unit to read (e.g., retrieve)
an index entry from the index table memory array and/or write (e.g., store) the index entry into

the index table memory array.

[0036] In some embodiments, in addition to the storage location of a corresponding data
record, an index entry may indicate the value of one or more data fields included in the data
record. For example, the first zip code index entry may include a first zip code value indicated
by the zip code field of the first data record and the second zip code index entry may include a
second zip code value indicated by the zip code field of the second data record. Additionally or
alternatively, the third zip code index entry may include a third zip code value indicated by the

zip code field of the third data record.

[0037] In some embodiments, including data field values in index entries may enable the
memory sub-system (e.g., memory controller) to adaptively (e.g., dynamically) adjust
interrelationships between data records merely by adjusting order (e.g., index entry position) of
the index entries in an index table, for example, without adjusting the corresponding data
records. In particular, the memory sub-system may sort the index entries such that the data field
values indicated by the index entries are in ascending order, descending order, or any other

suitable order. For example, when sorting in descending order, the memory sub-system may

10
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indicate the index entry including the largest data field value in the first index entry position of a
corresponding index table and so on with the index entry including the smallest data field value

in the last index entry position.

[0038] On the other hand, when sorting in ascending order, the memory sub-system may
indicate the index entry including the smallest data field value in the first index entry position of
a corresponding index table and so on with the index entry including the largest data field value
in the last index entry position. For example, when sorting in ascending order, the first zip code
index entry may be indicated at the first index entry position and the second zip code index entry
may be indicated at the second (e.g., last) index entry position when the value of the first zip
code field is “83704” and the value of the second zip code field is “83707.” Additionally or
alternatively, when sorting in ascending order, the third zip code index entry may be indicated at

the third index entry position when the value of the third zip code field is “83713.”

[0039] To facilitate generating index entries, in some embodiments, the memory sub-system
may provide an application programming interface (API) that includes an allocation function. In
some embodiments, input parameters (e.g., operators) to the allocation function may include a
pointer to storage location of a block of one or more data records in the memory sub-system, the
number of data records included in the block, the size of each of the data records, the number of
data fields to be indexed, and/or the specific data fields to be indexed. In other words, input
parameters to the allocation function (e.g., size of a data record, the number of data fields to be
indexed, and/or the specific data fields to be indexed) may be determined based at least in part on

parameters of a data structure implemented by the data record.

[0040] In some embodiments, the data structure of a data record may be predefined, for

example, such that an indication of the data structure is previously stored in the memory sub-

11
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system. Additionally or alternatively, the data structure of a data record may be explicitly
indicated, for example, via metadata (e.g., header data) included with the data record and/or a
separate control signal (e.g., command or request) received along with the data record. In any
case, by executing the allocation function, the memory sub-system may allocate storage locations
indicated by the input parameters (e.g., starting storage location of block + (number of data
records in block * size of each data record)) for storage of one or more data records that utilize

the data structure.

[0041] Moreover, to facilitate including an index entry in an index table, the memory sub-
system may process (e.g., analyze, evaluate, and/or adjust) the index entry, for example, by
comparing the index entry with another index entry already included in the index table. Thus, in
some embodiments, the memory sub-system be implemented with processing circuitry, for
example, implemented in the memory controller and/or other processing circuitry distinct (e.g.,
separate) from the processing sub-system. However, to enable performing more complex data
processing operations, processing circuitry is generally more highly doped compared to memory
circuitry. Additionally, higher doping generally increases likelihood of producing leakage
current, which, at least in some instances, may affect operational reliability of the memory sub-

system, for example, by resulting in corruption of data stored in the memory sub-system.

[0042] Thus, in some embodiments, the memory sub-system may be implemented with
limited processing capabilities, for example, compared to the processing sub-system and/or a
processor-in-memory (PIM). In some embodiments, the processing performed by the memory
sub-system may be implemented with comparison logic circuitry. For example, an entry unit
coupled to the index table memory array may include comparison logic circuitry implemented to

compare a data field value stored in its register with an input data field value (e.g., included in a

12
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different index entry). In some embodiments, the comparison logic circuitry may indicate
whether the data field value stored in the register of the entry unit is greater than the input data
field value. Additionally or alternatively, the comparison logic circuitry may indicate whether

the data field value stored in the register of the entry unit is less than the input data field value.

[0043] To facilitate sorting, adjacent entry units may be communicatively coupled, for
example, to enable a first entry unit to shift an index entry stored in its register to a second entry
unit. As described above, index entries included in an index table may be sorted such that the
data field values indicated by the index entries are in ascending order, descending order, or any
other suitable order. For example, when sorting in ascending order and a new (e.g., input) zip
code index entry indicates a new zip code field value of “83706,” the first entry unit may
compare the zip code field values indicated by the new zip code index entry and a first zip code
index entry stored at a first index entry position of the zip code index table. When the first zip
code index entry indicates a first zip code field value of “83704,” the first entry unit may
determine that the new zip code field value indicated by the new zip code index entry is greater

than the first zip code field value indicated by the first zip code index entry.

[0044] Additionally, the second entry unit may compare the zip code field values indicated
by the new zip code index entry and a second zip code index entry stored at a second index entry
position of the zip code index table, for example, after the first entry unit determines that the new
zip code field value is greater than the first zip code field value. When the new zip code index
entry indicates the new zip code field value as “83706” and the second zip code index entry
indicates a second zip code field value of “83707,” the second entry unit may determine that the
new zip code field value is not greater than the second zip code field value. As such, the second

entry unit may shift the second zip code index entry to a third entry unit coupled to a third index

13
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entry position in the zip code index table, thereby shifting the second zip code index entry from

the second index entry position to the third index entry position.

[0045] In a similar manner, downstream entry units may compare and/or shift index entries.
For example, the third index entry unit may compare the zip code field values indicated by the
second (e.g., input) zip code index entry and a third zip code index entry stored at a third index
entry position of the zip code index table. When the second zip code index entry indicates that
the value of the second zip code field is “83707” and the third zip code index entry indicates a
third zip code field value of “83713,” the third entry unit may determine that the second zip code
field value is not greater than the third zip code field value. As such, the third entry unit may
shift the third zip code index entry to a fourth entry unit coupled to a fourth index entry position
in the zip code index table, thereby shifting the third zip code index entry from the third index

entry position to the fourth index entry position.

[0046] However, in some embodiments, storing an index entry in an entry unit may
overwrite an index entry previously stored in the entry unit, for example, due to the size of its
buffer relative to the size of an index entry. Accordingly, in some embodiments, an entry unit
may store an index entry into its register after an index entry previously stored in its register is
output, for example, to another entry unit and/or the index table memory array. In other words,
continuing with the above example, the second entry unit may store the new zip code index entry
into its register after the second zip code index entry is shifted to the third entry unit, the third
entry unit may store the second zip code index entry into its register after the third zip code index

entry is shifted to the fourth entry unit, and so on.

[0047] To reduce the likelihood of the address management functions affecting data retrieval

latency, in some embodiments, the memory sub-system (e.g., memory controller) may index a

14
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data record while the processing sub-system is not expected to target the data record. For
example, the memory sub-system may index a data record in response to the data record being
written to a main memory array (e.g., memory channel) of the memory sub-system. In other
words, the memory sub-system may opportunistically perform indexing operations to reduce
likelihood of the indexing operations delaying return of targeted data to the processing sub-
system, which, at least in some instances, may facilitate improving operational efficiency of the

computing system.

[0048] Moreover, implementing address management functions in this manner may facilitate
reducing the amount of data communicated between the processing sub-system and the memory
sub-system, for example, to request data from multiple data records and/or to return targeted
data. In particular, in some embodiments, implementing address management functions in this
manner may enable the memory sub-system to return only targeted portions (e.g., one or more
data fields) of one or more data records, which, at least in some instances, may facilitate
reducing data communication from the memory sub-system to the processing system via the
system bus. Additionally or alternatively, implementing address management functions in this
manner may enable the processing sub-system to request data from multiple data records using
fewer memory access requests, which, at least in some instances, may facilitate reducing data

communication from the processing sub-system to the memory sub-system via the system bus.

[0049] For example, instead of separately (e.g., successively) requesting data from multiple
data records, the processing sub-system may output a single memory access request that
identifies the target data. In some embodiments, to access multiple data records in accordance
with a sorted order, the processing sub-system may output a memory access request that

identifies a target access index and one or more target index entry positions included in the target
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index table. For example, the processing sub-system may output a memory access request that
identifies the zip code field as a target access index and a vector [N, M] of target index entry

positions.

[0050] Based on the target access index, the memory sub-system (e.g., memory controller)
may identify a corresponding index table. For example, when the target access index is the zip
code field, the memory controller may identify the zip code index table. Additionally or
alternatively, when the target access index is the name field, the memory controller may identify

a name index table.

[0051] To facilitate identifying a target index table, in some embodiments, the memory sub-
system may provide an application programming interface (API) that includes a sorted access
function. In some embodiments, input parameters (e.g., operators) to the sorted access function
may include a pointer to the storage location of a block of one or more data records in the
memory sub-system and a specific data field to be indexed. Additionally, by executing the
sorted access function, the memory sub-system may determine a sorted access pointer, for
example, which indicates storage location of a corresponding index table in the index table
memory array. In other words, to facilitate identifying the target index table, the memory sub-
system may determine a sorted access pointer corresponding with the target access index

indicated by the memory access request.

[0052] Additionally, based at least in part on the memory access request, the memory sub-
system (e.g., memory controller) may identify which index entry positions in the target index
table to read. For example, when the memory access request includes the vector [M, N], the
memory sub-system may determine that index entries are to be read from an M+1th index entry

position to an N+1th index entry position in the target index table. As an illustrative example,
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when the memory access request includes the vector [0, 1], the memory sub-system may
determine that index are to be read from the first index entry position and the second index entry

position of the identified index table.

[0053] Furthermore, based at least in part on the index entries stored at the identified index
entry positions, the memory sub-system (e.g., memory controller) may identify (e.g., retrieve)
corresponding data records. For example, based at least in part on the first zip code index entry,
the memory sub-system may identify the first data record. Similarly, based at least in part on the
second zip code index entry, the memory sub-system may identify the second data record. In
this manner, the processing sub-system may request access to multiple data records in
accordance with a sorted order using fewer memory access requests, which, at least in some
instances, may facilitate reducing data communication from the processing sub-system to the

memory sub-system via the system bus.

[0054] Moreover, in some embodiments, the processing sub-system may target specific
portions or subsets (e.g., one or more data fields) from multiple data records, for example, stored
as a contiguous block in a main memory array. To access specific portions of multiple data
records, in some embodiments, the processing sub-system may output a memory access request
that identifies the storage location of the block of data records and a targeted portion of each of
the data records. For example, the processing sub-system may output a memory access request
that identifies a block of memory addresses in the main memory array and that the zip code field

is targeted.

[0055] To facilitate accessing targeted portions of multiple data records, in some
embodiments, the memory sub-system may provide an application programming interface (API)

that includes a striding access function. In some embodiments, input parameters (e.g., operators)
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to the striding access function may include a pointer to the storage location of a block of one or
more data records in the memory sub-system, the starting bit position of a target data field in a
data record, the size of the target data field, and the stride length between successive data
records. Thus, in some embodiments, input parameters to the striding access function (e.g., the
starting bit position of a target data field in a data record, the size of the target data field, and/or
the stride length between successive data records) may be determined based at least in part on the

data structure of the data records.

[0056] Additionally, by executing the striding access function, the memory sub-system may
determine a striding access pointer, for example, which indicates storage location of the targeted
portions of multiple data records. In other words, using the striding access pointer, the memory
sub-system may identify (e.g., retrieve) targeted portions of multiple data records. In this
manner, the processing sub-system may request access to specific portions of multiple data
records (e.g., in accordance with an address order) using fewer memory access requests, which,
at least in some instances, may facilitate reducing data communication from the processing sub-

system to the memory sub-system via the system bus.

[0057] As described above, after identifying targeted data, the memory sub-system may
output (e.g., return) the targeted data to the processing sub-system via the system bus, for
example, for processing and/or execution by the processing circuitry implemented in the
processing sub-system. In fact, in some embodiments, providing striding access to stored data
may also facilitate reducing data communication from the memory sub-system to the processing
sub-system via the system bus. For example, by providing striding access, the memory sub-
system may output only the targeted portions of the data records instead of the complete data

records, which includes data other than the targeted portions.
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[0058] In any case, data communication between different computing sub-systems is
generally slower than data communication within a computing sub-system, for example, due to
timing of the different computing sub-systems, the system bus being shared with other
computing sub-systems, and/or communication distance between the different sub-systems. In
other words, data communication within (e.g., internal to) the processing sub-system may be
faster than data communication between the processing sub-system and the memory sub-system.
Thus, to facilitate improving operational efficiency, one or more caches may be implemented in
the processing sub-system. For example, the processing sub-system may be implemented with
one or more processor-side caches, such as an L1 cache, an L2 cache, and/or an L3 cache

integrated with the processing circuitry.

[0059] To facilitate leveraging the faster data communication provided by a cache, in some
embodiments, the memory sub-system may store targeted data directly into a processor-side
cache. In fact, in some embodiments, the memory sub-system may automatically store targeted
data directly into a higher level (e.g., shared) processor-side cache, such an L3 cache. In other
words, in such embodiments, the memory sub-system may store data targeted by a memory
access request directly into a processor-side cache in response to the memory access request, for

example, without further instruction from the processing sub-system.

[0060] In fact, in some embodiments, the memory sub-system may non-deterministically
return targeted data, for example, in an out of order manner. Thus, when implemented to
automatically store targeted data directly into a processor-side cache, the memory sub-system
may output a control signal to the processing sub-system, which indicates when storage of
targeted data into the processor-side cache is complete. In some embodiments, the memory sub-

system may output the control signal each time target data from a data record is successfully
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stored in the processor-side cache. Additionally or alternatively, the memory sub-system may
output the control signal after all target data identified by a memory access request is

successfully stored in the processor-side cache.

[0061] To facilitate further leveraging the faster data communication provided by a cache, in
some embodiments, the memory sub-system (e.g., memory controller) may predictively identify
data (e.g., a data record or data field) expected to be subsequently targeted by the processing sub-
system. In other words, the memory sub-system may predict a data access pattern expected to
subsequently occur and preemptively identify data accordingly, which, in some embodiments,
may enable the memory sub-system to directly store target data into a processor-side cache
before the processing sub-system even targets the data. As such, when the processing circuitry
actually targets the data (e.g., for processing and/or execution), the processing sub-system may
determine that the target data is already stored in a processor-side cache and, thus, provide the
target data to the processing circuitry via the processor-side cache, for example, instead of

requesting the target data from the memory sub-system and waiting for return of the target data.

[0062] In some embodiments, the memory sub-system (e.g., memory controller) may predict
what data will be subsequently targeted based at least in part on what data is currently being
targeted by the processing sub-system and/or in what order. As described above, the processing
sub-system may target data from multiple data records, for example, via a single memory access
request. Thus, in some embodiments, the memory sub-system may determine a data access
pattern that results in the data from the multiple data records being targeted and extrapolating the
data access pattern to predict what data will be subsequently targeted by the processing sub-

system.

20



WO 2020/046527 PCT/US2019/044362

[0063] For example, when a memory access request targets a vector [0, 1] of index entry
positions, the memory sub-system may predict that the processing sub-system will subsequently
target index entries at a third index entry position and a fourth index entry position. In other
words, in this manner, the memory sub-system may identify target index entries and
corresponding data records before the processing sub-system actually requests the data. In fact,
in some embodiments, the memory sub-system may preemptively store data records expected to
be subsequently targeted by the processing sub-system directly into a processor-side cache,

which, at least in some instances, may facilitate reducing data retrieval latency.

[0064] Moreover, in some embodiments, the memory sub-system (e.g., memory controller)
may predict what data will subsequently be targeted based at least in part on the data structure of
data records stored in the memory sub-system. As described in the illustrative example above, a
first data record data structure may allocate bits [0, X] for indicating a name field, bits [X+1, Y]
for indicating a street address field, and bits [Y+1, Z] for indicating a zip code (e.g., third) field.
Thus, when a memory access request targets the street address field, the memory sub-system
may predict that the processing sub-system will subsequently the zip code field, for example,
since the first data record data structure allocates the bit positions directly after the street address
field for indicating the zip code. In this manner, the memory sub-system may identify target
portions of data records before actually being requested by the processing sub-system. In fact, in
some embodiments, the memory sub-system may preemptively store portions of data records
expected to be subsequently targeted by the processing sub-system directly into a processor-side

cache.

[0065] In other words, as will be described in more detail below, the present disclosure

describes techniques for implementing and/or operating a memory sub-system such that data
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records may be stored in a main memory array while index entries (e.g., metadata) associated
with the data records is stored in a specialized portion of the memory sub-system, for example,
an index table memory array that uses advanced lookup techniques to manage the metadata. In
some embodiments, this many enable the memory sub-system to perform significant (e.g.,
advanced) memory addressing operations of behalf of the processing sub-system. For example,
the memory sub-system may implement forward caching techniques by which the memory sub-
system anticipates (e.g., predicts) an upcoming memory access request from the processing sub-
system and prepares data expected to be requested in advance of the memory access request.
Thus, at least in some instances, implementing and operating a memory sub-system in this
manner may facilitate improving operational (e.g., power and/or communication) efficiency, for
example, by relieving a processing sub-system of address computation and/or lowering the

effective data retrieval latency experienced by the processing sub-system.

[0066] Additionally or alternatively, a memory sub-system may implement fast (e.g.,
improved) forward caching techniques by which the memory sub-system asynchronously
transfers requested data to a processing sub-system. Building on the forward caching techniques,
in some embodiments, the memory sub-system may preemptively transfer data expected to be
targeted by an anticipated memory access request to the processing sub-system, thereby
delivering data expected to be requested by the processing sub-system in advance of the memory
access request. Thus, at least in some instances, implementing and operating a memory sub-
system in this manner may further facilitate improving operational (e.g., power and/or
communication) efficiency, for example, by further lowering the effective data retrieval latency

experienced by the processing sub-system (e.g., to zero in ideal circumstances).
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[0067] Moreover, as will be described in more detail below, an application programming
interface (API) may provide tools (e.g., functions) to facilitate supporting advanced memory
addressing techniques, such as forward caching techniques and/or fast forward caching
techniques. In some embodiments, the programming techniques may encompass different
memory access patterns abstracted under the concept of an access axis. For example, an access
axis may provide sufficient information (e.g., metadata) to enable a memory sub-system to
access stored data in a straight (e.g., address) order, a striding order, and/or a sorted order. In
any case, at least in some instances, implementing and operating a computing system in this
manner may facilitate improving operational (e.g., power and/or communication) efficiency, for
example, by reducing data retrieval latency, reducing data communication via a system bus,

and/or increasing communication bandwidth available to other computing sub-systems.

[0068] To help illustrate, an example of a computing system 10 (e.g., apparatus), which
includes a processing sub-system 12 and a memory sub-system 14, is shown in FIG. 1. It should
be appreciated that the depicted embodiment is merely intended to be illustrative and not
limiting. In particular, the computing system 10 may additionally or alternatively include other
computing sub-systems. For example, the computing system 10 may additionally include a
networking sub-system, a radio frequency sub-system, a user input sub-system, and/or a display

sub-system.

[0069] Moreover, in some embodiments, the computing system 10 may be implemented in a
single electronic device, such as a desktop computer, a workstation computer, a laptop computer,
a server, a mobile phone, a virtual-reality headset, and/or the like. In other embodiments, the
computing system 10 may be distributed between multiple electronic devices. For example, the

processing sub-system 12 and the memory sub-system 14 may be implemented in a host device
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while other computing sub-systems, such as the user input sub-system and/or the display sub-
system, are implemented in a client (e.g., remote) device. In fact, in some embodiments, a
computing sub-system may be distributed between multiple electronic devices. For example, a
first portion of the processing sub-system 12 and/or a first portion of the memory sub-system 14
may be implemented in a host device while a second portion of the processing sub-system 12

and/or a second portion of the memory sub-system 14 are implemented in a client device.

[0070] In any case, the processing sub-system 12 generally performs various operations
during operation of the computing system 10, for example, to determine output data by executing
instructions to perform a corresponding operation on input data. Thus, as in the depicted
example, the processing sub-system 12 may include processing circuitry 16. In some
embodiments, the processing circuitry 16 may include one or more central processing units
(CPUs), one or more graphics processing units (GPUs), one or more processor cores, or any

combination thereof.

[0071] Additionally, as described above, the memory sub-system 14 generally stores data
accessible to the processing sub-system 12, for example, including the output data, the input
data, and/or data that indicates the executable instructions. Thus, as in the depicted example, the
memory sub-system 14 may include one or more memory devices 18 (e.g., chips or integrated
circuits). As will be described in more detail below, in some embodiments, the memory devices
18 may include memory cells (e.g., circuitry) organized into one or more memory arrays and,
thus, may include one or more tangible, non-transitory, computer-readable media. For example,
the memory sub-system 14 may include one or more volatile memory devices, such as a dynamic
random-access memory (DRAM) device or a static random-access memory (SRAM) device,

and/or one or more non-volatile memory devices, such as a flash (e.g., NAND) memory device, a
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phase-change memory (e.g., 3D XPoint™) memory device, a ferroelectric random access

memory (FeRAM) device, or any combination thereof.

[0072] Moreover, in some embodiments, multiple memory devices 18 may be implemented
on a memory module, such as a dual in-line memory module (DIMM) or a single in-line memory
module (SIMM). For example, a memory module may include a printed circuit board (PCB) and
multiple memory devices each disposed on a flat or planar (e.g., front or back) surface of the
printed circuit board. Additionally, the memory devices 18 may be coupled to external pins
formed along an (e.g., bottom) edge of the printed circuit board via conductive traces formed on

the printed circuit board.

[0073] It should be appreciated that one or more of the memory devices 18 may be
implemented using other packing techniques. For example, the memory devices 18 may be
coupled to a semiconductor (e.g., silicon) interposer to implement a 2.5D configuration.
Additionally or alternatively, the memory devices 18 may be stacked to implement a 3D
configuration. Furthermore, in some embodiments, the memory device 18 may be implemented
using organic packaging techniques. In other words, the techniques described in the present

disclosure may be implemented as an on-package solution.

[0074] In any case, as described above, the memory sub-system 14 generally stores data
accessible to the processing sub-system 12. To facilitate data communication, the memory sub-
system 14 and the processing sub-system 12 may be communicatively via a system bus 20, for
example, which includes one or more data buses. In some embodiments, the system bus 20 may
include one or more cables, one or more wires, one or more conductive traces, one or more
communication networks, or any combination thereof and, thus, may be implemented to provide

a finite communication bandwidth. In any case, via the system bus 20, the processing sub-
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system 12 may communicate (e.g., output) data for storage in the memory sub-system 14.
Additionally or alternatively, via the system bus 20, the memory sub-system 14 may
communicate (e.g., output) data for processing and/or execution by the processing sub-system
12, for example, in response to a request for data targeted by the processing circuitry 16 of the

processing sub-system 12.

[0075] However, as described above, data communication between different computing sub-
systems is generally slower than data communication within a computing sub-system. In other
words, data communication within (e.g., internal to) the processing sub-system 12 may be faster
and, thus, facilitate reducing data retrieval latency compared to data communication between the
processing sub-system 12 and the memory sub-system 14, for example, due to the system bus 20
being shared with other computing sub-systems, timing difference between the processing sub-
system 12 and the memory sub-system 14, and/or communication distance between the
processing sub-system 12 and the memory sub-system 14. Thus, to facilitate improving
operational efficiency, caches may be implemented between the processing circuitry 16 of the
processing sub-system 12 and the memory devices 18 of the memory sub-system 14, for

example, to store an instance (e.g., copy) of data also stored in the memory devices 18.

[0076] As in the depicted example, the caches may include one or more processor-side
caches 22 implemented in the processing sub-system 12. In some embodiments, one or more of
the processor-side caches 22 may be integrated with the processing circuitry 16. For example,
the processor-side caches 22 may include an L1 cache, an L2 cache, and/or an L3 cache. To
facilitate reducing data retrieval latency, in some embodiments, a processor-side cache 22 may
be implemented using different memory compared to the memory devices 18 implemented in the

memory sub-system 14. For example, the processor-side cache 22 may be implemented with

26



WO 2020/046527 PCT/US2019/044362

static random-access memory (SRAM) while the memory devices 18 are implemented with

dynamic random-access memory (DRAM) and/or non-volatile memory.

[0077] To facilitate controlling data storage in the caches and/or the memory devices 18, the
computing system 10 may include one or more memory controllers 26, for example,
communicatively coupled to the caches and/or the memory devices 18 via an instruction bus
20A. In some embodiments, one or more of the memory controllers 26 may be implemented in
the memory sub-system 14, for example, as a memory-side memory controller 26. Additionally
or alternatively, one or more of the memory controllers 26 may be implemented in the processing

sub-system 12, for example, as a processor-side memory controller 26.

[0078] To help illustrate, an example of a processing sub-system 12A, which includes a
processor-side memory controller 26A, is shown in FIG. 2. As described above, processing
circuitry 16 may be implemented using one or more processor cores 28. For example, as in the
depicted embodiment, the processing circuitry 16A of the processing sub-system 12A may

include a first processor core 28A and an Nth processor core 28N.

[0079] Additionally, as in the depicted embodiment, the caches may be hierarchically
organized into different cache levels 30. For example, the processor-side caches 22A may be
organized into a first (e.g., lower) cache level 30A and a Kth (e.g., higher) cache level 30K,
which may be communicatively coupled to the memory system via the system bus 20. In some
embodiments, the processor-side caches 22A may be implemented using volatile memory, such

as static random-access memory (SRAM) and/or dynamic random-access memory (DRAM).

[0080] Additionally, in some embodiments, the processor-side caches 22A implemented in

the first cache level 30A may be dedicated to a corresponding processor core 28. In other words,
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in such embodiments, the first level cache 30A may be implemented using one or more private
processor-side caches 32. For example, a first processor-side cache 32A implemented in the first
cache level 30A may be dedicated to the first processor core 28A and an Nth private processor-
side cache 32N implemented in the first cache level 30A may be dedicated to the Nth processor
core 28N. In other words, in some embodiments, the private processor-side caches 32

implemented in the first cache level 30A may include one or more L1 caches.

[0081] In some embodiments, higher cache levels may be also be implemented with one or
more private processor-side caches 32. For example, a second cache level 30 may be
implemented with another private processor-side cache 32 dedicated to the first processor core
28 A and another private processor-side cache 32 dedicated to the Nth processor core 28N. In
other words, in some embodiments, the private processor-side caches 32 implemented in the

second cache level 30 may include one or more L2 caches.

[0082] Additionally or alternatively, a processor-side cache 22 implemented in a higher
cache level may be shared between multiple processor cores 28. For example, in the depicted
embodiment, the Kth cache level 30K may be implemented with a shared processor-side cache
34, which is shared by the first processor core 28A and the Nth processor core 28N. In other
words, in some embodiments, the shared processor-side cache 34 implemented in the Kth cache

level 30K may include an L3 cache.

[0083] In any case, as described above, a cache generally provides faster data access (e.g.,
read and/or write) speeds compared to a main memory array implemented in the memory devices
18 of the memory sub-system 14. However, storage capacity of the cache is generally smaller

than storage capacity of the main memory array. In fact, in some embodiments, the total storage
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capacity of the processor-side caches 22A may be smaller than storage capacity of the one or

more main memory arrays.

[0084] Accordingly, to facilitate improving data access speed and, thus, operational
efficiency of the computing system 10, the processor-side memory controller 26 A may control
data storage in the processor-side caches 22A based at least in part on when data is expected to
be targeted (e.g., requested) by the processing circuitry 16A. For example, the processor-side
memory controller 26A may control data storage such that instances (e.g., copies) of data
expected to be targeted by the processing circuitry 16A are stored in one or more of the
processor-side caches 22A before the processing circuitry 16A actually targets the data. On the
other hand, to facilitate conserving (e.g., optimizing) storage capacity of the processor-side
caches 22A, the processor-side memory controller 26 A may control data storage such that
instances of data blocks 29 not expected to be targeted by the processing circuitry 16A during an

upcoming control horizon (e.g., duration) are not stored in the processor-side caches 22A.

[0085] Moreover, in some embodiments, data storage in the processor-side caches 22A may
be controlled based at least in part on hierarchical cache level. For example, the processor-side
memory controller 26A may be implemented to exclusively control data storage in a lower cache
level 30, such as the first cache level 30A. On the other hand, in some embodiments, the
processor-side memory controller 26 A may share control over data storage in a higher cache
level 30, such as the Kth cache level 30K, for example, with a memory-side memory controller
26. As will be described in more detail below, at least in some instances, sharing control over
data storage in a cache level 30 may facilitate improving operational efficiency of the computing
system 10, for example, by enabling the memory sub-system 14 to directly and/or predictively

store data into the processor-side caches 22.
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[0086] An example of a process 46 for operating a memory controller 26, such as a
processor-side memory controller 264, is described in FIG. 3. Generally, the process 46
includes determining data targeted by processing circuitry (process block 48), determining
whether the target data results in a processor-side cache miss (decision block 50), and providing
the target data to the processing circuitry (process block 52). Additionally, when the target data
results in a processor-side cache miss, the process 46 includes requesting the target data from a
memory sub-system (process block 56) and determining whether the target data has been

received from the memory sub-system (decision block 58).

[0087] Although described in a particular order, which represents a particular embodiment, it
should be noted that the process 46 may be performed in any suitable order. Additionally,
embodiments of the process 46 may omit process blocks and/or include additional process
blocks. Moreover, in some embodiments, the process 46 may be implemented at least in part by
executing instructions stored in a tangible, non-transitory, computer-readable medium, such as
memory implemented in a memory controller 26, using processing circuitry, such as a processor

implemented in the memory controller 26.

[0088] Accordingly, in some embodiments, a memory controller 26 (e.g., processor-side
memory controller 26A) may determine data (e.g., data record or one or more data fields)
targeted by processing circuitry 16 of a computing system 10 (process block 48). In some
embodiments, processing circuitry 16 may identify a target data using a corresponding (e.g.,
target) virtual memory address, for example, included in a memory access request. Based at
least in part on the target virtual memory address, the memory controller 26 may determine a
corresponding (e.g., target) physical memory address, which indicates the storage location of the

target data in the computing system 10.
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[0089] Additionally, the memory controller 26 may determine whether the target data results
in a processor-side cache miss (decision block 50). In some embodiments, the memory
controller 26 may determine whether data is stored in a cache based at least in part on a virtual
memory address and/or a physical memory address associated with the data. For example, based
at least in part on its virtual memory address and physical memory address, the memory
controller 26 may determine a target value of tag metadata expected to be associated with the

target data.

[0090] By searching the processor-side caches 22 based on the target tag metadata value, the
memory controller 26 may determine whether the target data results in a processor-side cache
miss. For example, when the target tag metadata value does not match the tag metadata 33
included in any of the processor-side caches 22, the memory controller 26 may determine that
the target data results in a processor-side cache miss. On the other hand, when the tag metadata
33 is included in one or more of the processor-side caches 22, the memory controller 26 may
determine that the target data results in a processor-side cache hit and, thus, does not result in a

processor-side cache miss.

[0091] When the target data does not result in a processor-side cache miss, the memory
controller 26 may instruct the processor-side caches 22 to supply the target data to the processing
circuitry 16 to facilitate improving data retrieval speed and, thus, operational efficiency of the
computing system 10 (process block 52). In some embodiments, a processor-side caches 22 may
output a cache line with tag metadata that matches the target tag metadata value expected to be
associated with the target data. When stored in a higher (e.g., Kth) cache level 30, in some
embodiments, the target data may pass through one or more lower (e.g., first) cache levels before

reaching the processing circuitry 16.
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[0092] On the other hand, when it results in a processor-side cache miss, the memory
controller 26 may request the target data from a memory sub-system 14 of the computing system
10 (process block 56). In some embodiments, the memory controller 26 may instruct the
memory sub-system 14 to retrieve the target data by outputting a memory access request that
identifies the target data. To facilitate improving operational efficiency of the computing system
10, in some embodiments, the memory controller 26 may instruct the memory sub-system 14 to
retrieve target data from multiple data records stored in the memory sub-system 14 via a single

memory access request.

[0093] For example, to access multiple data records in a sorted order, the memory controller
26 may output a memory access request that identifies a target access index and a vector [N, M]
of target index entry positions (process block 60). Additionally or alternatively, to access
specific portions (e.g., one or more data fields) of a block of data records (e.g., in address order),
the memory controller 26 may output a memory access request that identifies the storage location
of the block of data records and a targeted portion of each of the data records (process block 62).
In any case, based at least in part on the memory access request, the memory sub-system 14 may
identify the target data, for example, via a memory-side memory controller 26 implemented in

the memory sub-system 14.

[0094] To help illustrate, an example of a memory sub-system 14A, which includes a
memory-side memory controller 26B, is shown in FIG.4. As described above, in some
embodiments, memory devices 18 implemented in a memory sub-system 14 may include volatile
memory and/or non-volatile memory 64. For example, the non-volatile memory 64 may include
one or more flash (e.g., NAND) memory devices 18A, one or more phase-change memory (e.g.,

3D XPoint™) memory devices 18A, one or more ferroelectric random access memory (FeRAM)
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device 18A, or any combination thereof. Additionally or alternatively, the volatile memory may
include one or more dynamic random-access memory (DRAM) devices 18 A and/or one or more

static random-access memory (SRAM) devices 18A.

[0095] Moreover, as described above, the volatile memory implemented in a memory sub-
system 14 may be organized into one or more memory arrays. For example, as will be described
in more detail below, a memory sub-system 14 may utilize an index table memory array.
Additionally, as in the depicted embodiment, the memory sub-system 14A may include one or
more main memory arrays 66, for example, separate (e.g., distinct) from the index table memory

array.

[0096] Furthermore, as in the depicted embodiment, a main memory array 66 may be
implemented in each memory channel 68 in the memory sub-system 14A. For example, a first
main memory array 66 may be implemented in a first memory channel 68A and an Mth main
memory array 66 may be implemented in an Mth memory channel 68M. To facilitate accessing
(e.g., reading from and/or writing to) its main memory array 66, as in the depicted embodiment,
a memory channel 68 may include row select (e.g., decoder) circuitry 70 and column select
circuitry 72, for example, coupled to rows and columns of the main memory array 66

respectively.

[0097] To help illustrate, an example of a memory array 66A, which may be used to
implement a main memory array 66 in a memory channel 68, is shown in FIG. 5. As in the
depicted example, the memory array 66A may include memory cells 74 coupled to word lines 76
formed in a first (e.g., horizontal) direction. In other words, a memory cell row 78 may include
each of the memory cells 74 coupled to a corresponding word line 76. For example a first

memory cell row 78 A may include each of the memory cells 74 coupled to a first word line 76A,

33



WO 2020/046527 PCT/US2019/044362

a second memory cell row 78B may include each of the memory cells 74 coupled to a second
word line 76B, and so on with an Hth memory cell row 78H including each of the memory cells

74 coupled to an Hth word line 76H.

[0098] Additionally, as in the depicted example, the memory cells 74 may be coupled to
column amplifiers 80 via bit lines 82 formed in a second (e.g., vertical) direction. In other
words, a memory cell column 84 may include each memory cell 74 coupled to a corresponding
column amplifier 80. For example, a first memory cell column 84A may include each memory
cell 74 coupled to a first column amplifier 80A via first bit lines 82A, a second memory cell
column 84B may include each memory cell 74 coupled to a second column amplifier 80B via
second bit lines 82B, and so on with a Wth memory cell column 84W including each memory

cell 74 coupled to a Wth column amplifier via Wth bit lines 82W.

[0099] In any case, a memory cell 74 generally includes a switching component, such as a
metal-oxide-semiconductor field-effect transistor (MOSFET), and a storage component, such as
a capacitor. For example, a memory cell 74 may be implemented such that its MOSFET is
coupled between a bit line 82 and its storage capacitor and the gate of its MOSFET is coupled to
a word line 76. Thus, in some embodiments, each memory cell 74 may be used to store one bit
of data. For example, a memory cell 74 may indicate a 1-bit when charge stored in the memory
cell 74 results in a voltage greater than a threshold voltage and a 0-bit when charge stored in the
memory cell 74 results in a voltage less than the threshold voltage. In other embodiments, a
memory cell 74 may be implemented store multiple bits of data. For example, a memory cell 74

in Quad-Level Cell (QLC) NAND memory may be implemented to store two bits of data.

[00100] In any case, as in the depicted embodiment, the memory cells 74 in the memory array

66A may be grouped into storage locations to store data records (e.g., blocks) 86. For example, a
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first data record 86A may be stored at a first storage location including the memory cells 74 in
the first memory cell row 78A and the first memory cell column 84A, a second data record 86B
may be stored at a second storage location including the memory cells 74 in the second memory
cell row 78B and the first memory cell column 84A, and so on. In other words, in some
embodiments, multiple data records 86 may be stored as a (e.g., contiguous) block in the

memory array 66A, for example, at successive memory addresses.

[00101] Additionally or alternatively, one or more data records 86 may be stored at non-
contiguous memory addresses (e.g., in a sparse array). For example, an Rth data record 86R may
be stored at an Rth storage location including the memory cells 74 in the first memory cell row
78A and the second memory cell column 84B and/or a Wth data record 86W may be stored at a
Wth storage location including the memory cells in the Hth memory cell row 78H and the Wth
memory cell column 84W. To facilitate accessing storage locations in the memory array 66A,
the memory cell rows 78 may each be identified via a corresponding row address (e.g., physical
memory address) and the memory cell columns 84 may each be identified via a column address

(e.g., physical memory address).

[00102] Additionally, to facilitate accessing storage locations in the memory array 66A, as
described above, row select circuitry 70 may be connected to rows of the memory array 66A. In
other words, the row select circuitry 70 may be coupled the first memory cell row 78A via the
first word line 76A, the second memory cell row 78B via the second word line 76B, and so on
with the row select circuitry 70 coupled to the Hth memory cell row 78H via the Hth word line
76H. Thus, to enable reading and/or writing a memory cell 74, row select circuitry 70 may

activate the memory cell 74, for example, by outputting an activation (e.g., logic high) signal via
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a corresponding word line 76 that causes the switching component of the memory cell 74 to

electrically couple the storage component of the memory cell 74 to a corresponding bit line 82.

[00103] Moreover, as described above, column select circuitry 72 may be coupled to columns
of the memory array 66A. In other words, the column select circuitry 72 may be coupled to the
first memory cell column 84A via the first bit lines 82A and the first column amplifier 80A, the
second memory cell column 84B via second bit lines 82B and the second column amplifier 80B,
and so on with the column select circuitry 72 coupled to the Wth memory cell column 84W via
the Wth bit lines 82W and the Wth column amplifier. In some embodiments, a column amplifier
80 may include a driver to facilitate storing (e.g., writing) data into the memory cells 74 and/or a

sense amplifier to facilitate outputting (e.g., reading) data from the memory cells 74.

[00104] In some embodiments, the column select circuitry 72 may selectively enable reading
from and/or writing to a memory cell column 84, for example, by outputting a column select to a
corresponding column amplifier 80. In other words, to read data (e.g., first data record 86A
and/or second data record 86B) from the first memory cell column 84A and/or to write data
record 86A to the first memory cell column 84 A, the column select circuitry 72 may output a
column select (e.g., logic high) signal to the first column amplifier 80A. Additionally, to read
data (e.g., Rth data record 86R) from the second memory cell column 84B and/or to write data to
the second memory cell column 84B, the column select circuitry 72 may output a column select
signal to the second column amplifier 80B. Furthermore, to read data (e.g., Wth data record
86W) from the Wth memory cell column 84W and/or to write data to the Wth memory cell
column 84W, the column select circuitry 72 may output a column select signal to the Wth

column amplifier 80W.
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[00105] In any case, as described above, a data record 86 may include one or more data fields
88. For example, as in the depicted embodiments, one or more of the data records 86 may
include a first data field 88 A and an Fth data field 88F. As described above, in some
embodiments, data records 86 may utilize a data structure that allocates specific bit positions for
indicating specific data fields 88. For example, the data structure may allocate bits [0, X] in a
data record 86 for indicating a name field 88, bits [X+1, Y] in the data record 86 for indicating a
street address field 88, and bits [Y+1, Z] in the data record 86 for indicating a zip code field 88.
As described above, in some embodiments, one or more data fields 88 may be indexed, for

example, to facilitate accessing corresponding data records 86 in a sorted order.

[00106] Returning to the memory sub-system 14A of FIG. 6, to facilitate accessing data in a
sorted order, the memory-side memory controller 26B may utilize one or more index table 90. In
some embodiments, each index table 90 may correspond with a different data field 88 included
in one or more data records 86 stored in the memory sub-system 14A. For example, the index
tables 90 may include a name index table when one or more data records 86 include a name field
88, a street address index table when one or more data records 86 include a street address field

88, and/or a zip code index table when one or more data records 86 include a zip code field 88.

[00107] Additionally, in some embodiments, an index table 90 may include one or more index
entries that each correspond with a data record 86 that includes a corresponding data field 88.
For example, the name index table 90 may include a first name index entry corresponding with
the first data record 86 A when the first data records 86A includes the name field, a second name
index entry corresponding with the second data record 86B when the second data records 86B
includes the name field, and so on. Additionally, the street address index table 90 may include a

first street address index entry corresponding with the first data record 86A when the first data
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records 86A includes the street address field 88, a second street address index entry
corresponding with the second data record 86B when the second data records 86B includes the
street address field 88, and so on. Furthermore, the zip code index table 90 may include a first
zip code index entry corresponding with the first data record 86A when the first data records 86A
includes the zip code field 88, a second zip code index entry corresponding with the second data

record 86B when the second data records 86B includes the zip code field 88, and so on.

[00108] To facilitate identifying a corresponding data record 86, in some embodiments, an
index entry may identify the storage location of the corresponding data record 86, for example,
via a pointer to memory addresses in the memory sub-system 14. In other words, a first index
entry corresponding with the first data record 86 A may indicate the storage location of the first
data records 86A in the memory sub-system 14, a second index entry corresponding with the
second data record 86B may indicate storage location of the second data records 86B in the
memory sub-system 14, and so on. Additionally, to facilitate sorting, in some embodiments, an
index entry may indicate the value of a corresponding data field 88. For example, the first zip
code index entry may indicate the value of the zip code field 88 in the first data record 86A, the
second zip code index entry may indicate the value of the zip code field 88 in the second data

record 86B, and so on.

[00109] To help further illustrate, a diagrammatic representation of example index tables 90 is
shown in FIG. 6. As depicted, the index tables 90 may include an indexed data field column 94
and one or more index entry position columns 96, which each corresponds with an index entry
position. Additionally, as in the depicted example, the index tables 90 may include index table

rows 92, which each correspond to a different index table 90.
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[00110] In other words, an index table row 92 may indicate a corresponding indexed data field
(e.g., access index) in the indexed data field column 94. For example, the indexed data field
column 94 in a first index table row 92A may indicate that the first index table row 92A
corresponds with the first data field 88A. Additionally, the indexed data field column 94 in an
Fth index table row 92F may indicate that the Fth index table row 92F corresponds with the Fth

data field 88F.

[00111] Moreover, an index table row 92 may indicate index entries each corresponding with
a data record 85 that includes the indexed data field in the index entry position columns 96. For
example, the index entry position columns 96 in the first index table row 92A may include an
index entry corresponding with a first data record 86A when the first data record 86A includes
the first data field 88A, an index entry corresponding with the Wth data record 86W when the
Wth data record 86 W includes the first data field 88 A, and so on. Additionally, the index entry
position columns 96 in the Fth index table row 92F may include an index entry corresponding
with the Rth data record 86R when the Rth data record 86R includes the Fth data field 88F, an
index entry corresponding with the first data record 86 A when the first data record 86A includes

the first data field 88A, and so on.

[00112] Moreover, as described above, an index entry in an index table 90 may indicate
storage location of a corresponding data record 86 in the memory sub-system 14 and the value of
a corresponding indexed data field 88 in the data record 86. For example, the index entry
corresponding with the first data record 86A in the first index table row 92A may identify the
storage location of the first data record 86A and the value of the first data field 88 A indicated in
the first data record 86, the index entry corresponding with the Wth data record 86W in the first

index table row 92A may identify the storage location of the Wth data record 86W and the value
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of the first data field 88A indicated in the Wth data record 86W, and so on. Additionally, the
index entry corresponding with the Rth data record 86R in the Fth index table row 92F may
identify the storage location of the Rth data record 86F and the value of the Fth data field 88F
indicated in the Rth data record 86R, the index entry corresponding with the first data record
86A in the Fth index table row 92F may identify the storage location of the first data record 86A

and the value of the Fth data field 88F indicated in the first data record 86A.

[00113] As described above, in some embodiments, indicating the value of an indexed data
field 88 in corresponding index entries may facilitate improving sorted access to corresponding
data records 86A. In particular, in some embodiments, indicating the value of an indexed data
field 88 in corresponding index entries may enable the memory-side memory controller 26B to
sort the corresponding data records 86 in ascending order, descending order, or any other suitable
order, for example, merely by adjusting index entry position of the index entries without
adjusting the actual data records 86. For example, in the depicted example, index entries may be
sorted in ascending order by indicating an index entry that includes the lowest (e.g., smallest)
value of the indexed data field in a first index entry position in the first index entry position
column 106A and the index entry that includes the highest (e.g., largest) value of the indexed
data field in a Vth (e.g., last) index entry position in the Vth (e.g., last) index entry position

column 106V.

[00114] In other words, by reading (e.g., traversing) the index entry position columns 96
included in an index table row 92, a memory controller 26 (e.g., memory-side memory controller
26B) may determine the storage location of data records 86 in the memory sub-system 14 that
include a corresponding indexed data field. For example, by reading the index entry position

columns 96 in the first index table row 92A, the memory controller 26 may determine the storage
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location of the first data record 86A and the storage location of the Wth data record 86W and,
thus, that they both include the first data field 88A. Additionally, by reading the index entry
position columns 96 in the Fth index table row 92F, the memory controller 26 may determine the
storage location of the Rth data record 86R and the storage location of the first data record 86A
and, thus, that they both include the Fth data field 88F. In any case, as described above, in some
embodiments, the index tables 90 more be stored in dedicated memory, for example,
implemented in a separate storage (e.g., memory) device and/or in an index table memory array

distinct (e.g., separate) from the one or more main memory arrays 66.

[00115] To help illustrate, an example of a portion 108 a memory sub-system 14 including an
index table memory array 100 is shown in FIG. 7. As in the depicted embodiment, index tables
90 may be each be stored in a memory cell row 78 of the index table memory array 100. For
example, a first index table 90A may be stored in a first memory cell row 78A of the index table
memory array 100 and an Fth index table 90F may be stored in an Fth memory cell row 78F of
the index table memory array 100. In other words, the first index table 90A may corresponding
with the first index table row 92A and the Fth index table 90F may corresponding with the Fth

index table row 92F.

[00116] Additionally, as in the depicted embodiment, index entries 102 may each be stored in
in a memory cell column 84 of the index table memory array 100. For example, a first index
entry 102A may be stored in a first memory cell column 84A of the index table memory array
100, a second index entry 102B may be stored in a second memory cell column 84B of the index
table memory array 100, and so on with a Vth index entry 102V stored in a Vth memory cell
column 84V of the index table memory array 100. In other words, in some embodiments, the

memory cell columns 84 in the index table memory array 100 may each correspond with an
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index entry position column 96 and, thus, a corresponding index entry position. For example,
since stored in the first memory cell column 84A of the first memory cell row 78A, a memory
controller 26 (e.g., memory-side memory controller 26B) may determine that the first index entry
102A is included in the first index table 90A at a first (e.g., smallest or lowest) index entry
position. Additionally, since stored in the Vth memory cell column 84V of the first memory cell
row 78A, the memory controller 26 may determine that the Vth index entry 102V is included in

the first index table 90A at a Vth (e.g., largest or highest) index entry position.

[00117] To facilitate accessing the index entry positions, as in depicted embodiment, an entry
unit 104 may be coupled to each memory cell column 84 in the index table memory array 100,
for example, via a corresponding column amplifier 80. In other words, a first entry unit 104A
may be coupled to the first memory cell column 84A in the index table memory array 100, a
second entry unit 104B may be coupled to the second memory cell column 84B in the index
table memory array 100, and so on with a Vth entry unit 104V coupled to the Vth memory cell
column 84V in the index table memory array 100. Additionally, as in the depicted embodiment,
different entry units 104 may be communicatively coupled, for example, to enable shifting data

therebetween.

[00118] In some embodiments, an entry unit 104 corresponding with a memory cell column
84 may be communicatively coupled to an entry unit 104 corresponding with an adjacent
memory cell column 84. For example, the first entry unit 104A may only be communicatively
coupled to the second entry unit 104B and/or the Vth entry unit 104V may only be
communicatively coupled to a V-1th entry unit 104, which corresponds to a V-1th memory cell
column 84 in the index table memory array 100. On the other hand, the second entry unit 104B

may be communicatively coupled to both the first entry unit 104A and a third entry unit 104,

42



WO 2020/046527 PCT/US2019/044362

which corresponds to a third memory cell column 84 in the index table memory array 100.
Additionally, in some embodiments, the entry units 104 may be included in a memory controller

26, such as a memory-side memory controller 26B implemented in a memory sub-system 14.

[00119] In any case, as will be described in more detail below, an entry unit 104 (e.g.,
memory controller 26) may perform data processing operations (e.g., functions), for example, to
facilitate updating an index table 90 by adding a new index entry 102N to the index table 90.
However, as described above, processing circuitry implemented to perform more complex data
processing operations is generally more highly doped compared to memory circuitry.
Additionally, higher doping generally increases likelihood of producing leakage current, which,
at least in some instances, may affect operational reliability of a memory sub-system 14, for

example, by resulting in corruption of data stored in the memory sub-system 14.

[00120] Thus, as in the depicted embodiment, an entry unit 104 may include a register 106
and comparison logic circuitry 108, which, at least in some instances, may be implemented with
less doped processing circuitry, for example, compared to the processing sub-system 12 and/or a
full blown processor-in-memory (PIM). Using its register 106, an entry unit 104 may store an
index entry 102, for example, read from the index table memory array 100. In some

embodiments, one or more of the registers 106 may be sixty-four byte registers.

[00121] Additionally, using its comparison logic circuitry 108, an entry unit 104 may compare
an index entry 102 currently stored in its register 106 with a received (e.g., input) index entry
102, for example, shifted from another entry unit 104 and/or a new index entry 102N to be added
to a corresponding index table 90. In some embodiments, the comparison logic circuitry 108
implemented in an entry unit 104 may compare the value of a data field 88 indicated by the index

entry 102 stored in its register 106 with the value of the data field 88 indicated by the received
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index entry 102. For example, the comparison logic circuitry 108 may indicate whether the
value of the data field 88 indicated by the received index entry 102 is greater than the value of
the data field 88 stored in the register 106 of the entry unit 104. Based at least in part on the
comparison, a corresponding index table 90 may be updated, for example, to include the new

index entry 102N,

[00122] An example of a process 110 for generating an index entry is described in FIG. 8.
Generally, the process 110 includes determining storage location of a data record (process block
112), identifying a data field in the data record (process block 114), and generating an index
entry corresponding with the data record (process block 116). Although described in a particular
order, which represents a particular embodiment, it should be noted that the process 110 may be
performed in any suitable order. Additionally, embodiments of the process 110 may omit
process blocks and/or include additional process blocks. Moreover, in some embodiments, the
process 110 may be implemented at least in part by executing instructions stored in a tangible,
non-transitory, computer-readable medium, such as memory implemented in a memory
controller 26, using processing circuitry, such as a processor implemented in the memory

controller 26.

[00123] Accordingly, in some embodiments, a memory controller 26 (e.g., memory-side
memory controller 26B) may determine the storage location of a data record 86 in a memory
sub-system 14 (process block 112). As described above, in some embodiments, the storage
location of data may be indicated via a (e.g., virtual and/or physical) memory address at which
the data stored, for example, in a main memory array 66 and/or non-volatile memory 64
implemented in the memory sub-system 14. As an illustrative example, with regard to FIG. 5,

the memory controller 26 may determine that the first data record 86A is stored at a first row
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address and column address pairing, which identifies the first memory cell row 78 A and the first

memory cell column 84A in the memory array 66A.

[00124] Returning to the process 110 of FIG. 6, the memory controller 26 may additionally
identify a data field 88 included in the data record 86 and determine the value of the data field 88
(process block 114). As described above, in some embodiments, a data record 86 may include
one or more data fields 88. Additionally, as described above, in some embodiments, data records
86 may utilize a data structure that allocates specific bit positions for indicating specific data

fields 88.

[00125] Thus, to facilitate determining the value of the data field 88, the memory controller 26
may determine a data structure used by the data record 86. In some embodiments, the data
structure of a data record 86 may be predefined, for example, such that an indication of the data
structure is previously stored in the memory sub-system 14. Additionally or alternatively, the
data structure of a data record 86 may be explicitly indicated, for example, via metadata (e.g.,
header data) included with the data record 86 and/or a separate control signal (e.g., command or

request) received along with the data record 86.

[00126] Based at least in part on the data structure, the memory controller 26 may read bit
positions in the data record 86 to determine the value indicated by the data field 88 in the data
record 86. For example, when the data structure allocates bits [0, X] for indicating a name field
88 (e.g., first data field 88A), the memory controller 26 may determine the value of the name
field 88 by reading bits [0, X] in the data record 86. Additionally, when the data structure
allocates bits [ X+1, Y] for indicating a street address field 88, the memory controller 26 may
determine the value of the address field 88 by reading bits [X+1, Y] in the data record 86.

Furthermore, when the data structure allocates bits [Y+1, Z] for indicating a zip code field (e.g.,
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Fth data field 88F), the memory controller 26 may determine the value of the zip code field 88

by reading bits [Y+1, Z] in the data record 86.

[00127] Based at least in part on its storage location and the value indicated by its data field
88, the memory controller 26 may generate a (e.g., new) index entry 102 corresponding with the
data record 86 (process block 116). As described above, in some embodiments, an index entry
102 may indicate the storage location of a corresponding data record 86 and the value of a
corresponding data field 88 included in the data record 86. For example, the memory controller
26 may generate a name index entry 102 to indicate the storage location of the data record 86 and
the value of its name field 88. Additionally, the memory controller 26 may generate a street
address index entry to indicate the storage location of the data record 86 and the value of its
street address field 88. Furthermore, the memory controller 26 may generate a zip code index
entry to indicate the storage location of the data record 86 and the value of its zip code field 88.
In any case, as described above, to facilitate providing sorted access, an index table 90 may be

updated, for example, to add one or more new index entries 102N.

[00128] To help illustrate, an example of a process 120 for generating and/or updating an
index table 90, which is sorted in ascending order, is described in FIG. 9. Generally, the process
120 includes receiving a current index entry (process block 122), receiving another index entry
(process block 124), determining whether another data field value is greater than a current data
field value (decision block 126), and maintaining the current index entry at a current index entry
position when the other data field value is greater than the current data field value (process block
128). Additionally, when the other data field value is not greater than the current data field

value, the process 120 includes shifting the current index entry to a next index entry position
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(process block 130) and storing the other index entry at the current index entry position (process

block 132).

[00129] Although described in a particular order, which represents a particular embodiment, it
should be noted that the process 120 may be performed in any suitable order. Additionally,
embodiments of the process 120 may omit process blocks and/or include additional process
blocks. Moreover, in some embodiments, the process 120 may be implemented at least in part
by executing instructions stored in a tangible, non-transitory, computer-readable medium, such
as memory implemented in a memory controller 26, using processing circuitry, such as a

processor implemented in the memory controller 26.

[00130] Accordingly, in some embodiments, a memory controller 26 (e.g., memory-side
memory controller 26B) may receive an index entry 102 currently stored at each index entry
position in an index table 90, for example, from the index table memory array 100 via
corresponding entry units 104 (process block 122). To help illustrate, with regard to FIG. 7, the
first entry unit 104A may receive the first index entry 102A, which is currently stored at the first
index entry position in the first index table 90A, from the first memory cell column 84A and
store the first index entry 102A in its register 106. Additionally, the second entry unit 104B may
receive the second index entry 102B, which is currently stored at the second index entry position
in the first index table 90A, from the second memory cell column 84B and store the second index

entry 102B in its register 106.

[00131] Returning to the process 120 of FIG. 9, in addition to the current index entry 102, the
memory controller 26 may receive another index entry 102 (process block 135). In some
embodiments, the other index entry 102 may be a new index entry 102N, which is to be added to

a corresponding index table 90. Additionally or alternatively, the other index entry 102 may be
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an index entry 102 received (e.g., shifted) from another entry unit 104. To help illustrate, with
regard to FIG. 7, the second entry unit 104B may receive the first index entry 102A from the first
entry unit 104A, for example, when the first entry unit 104A determines that the value of the data
field 88 indicated in the new index entry 102N is not greater than the value of the data field 88

indicated in the first index entry 102A.

[00132] Returning to the process 120 of FIG. 9, the memory controller 26 may then determine
whether the value of a data field 88 indicated in the other index entry 102 is greater than the
value of the data field 88 indicated in the current index entry 102 (decision block 126). For
example, with regard to FIG. 7, the first entry unit 104A may compare the value of the data field
88 indicated in the first index entry 102A with the value of the data field 88 indicated in the new
index entry 102N via its comparison logic circuitry 108. Additionally, when the first index entry
102A is shifted to the second entry unit 104B, the second entry unit 104B may compare the value
of the data field 88 indicated in the first index entry 102A with the value of the data field 88
indicated in the second index entry 102B via its comparison logic circuitry 108. On the other
hand, when the first index entry 102A is not shifted to the second entry unit 104B, the second
entry unit 104B may compare the value of the data field 88 indicated in the new index entry
102N with the value of the data field 88 indicated in the second index entry 102B via its

comparison logic circuitry 108.

[00133] In any case, returning to the process 120 of FIG. 9, the memory controller 26 may

maintain the current index entry 102 at its current index entry position when the other data field
value indicated in the other index entry 102 is greater than the current data field value indicated
in the current index entry 102 (process block 128). On the other hand, when the other data field

value is not greater than the current data field value, the memory controller 26 may shift the
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current index entry 102 to a next index entry position (process block 130) and store the other
index entry at the current index entry position (process block 132). For example, with regard to
FIG. 7, the first entry unit 104A may output the first index entry 102A to the second entry unit
104B when the data field value indicated in the new index entry 102N is not greater than the data
field value indicated in the first index entry 102A, thereby shifting the first index entry 102A
from the first index entry position to the second (e.g., next) index entry position in the first index
table 90A. Additionally, when the data field value indicated in the new index entry 102N is not
greater than the data field value indicated in the first index entry 102A, the first entry unit 104A
may overwrite its register 106 with the new index entry 102N, thereby storing the new index
entry 102N in the first index entry position of the first index table 90A. In this manner, a
memory sub-system 14 may generate and/or update an index table 90, for example, to facilitate

providing sorted access to data stored in the memory sub-system 14.

[00134] However, as described above, to facilitate generating and/or updating an index table
90, the memory sub-system 14 may perform data processing operations. Although
computational complexity of the data processing operations may be limited (e.g., to reduce
likelihood of producing leakage current), at least in some instances, performance of the data
processing operations is non-instantaneous. To reduce likelihood that such data processing
operations will affect data retrieval latency, in some embodiments, the memory sub-system 14
(e.g., memory-side memory controller 26B) may generate and/or update the index table 90 while
the processing sub-system is not expected to target corresponding data records 86. For example,
the memory sub-system 14 may generate and/or update the index table 90 in response to one or

more data records 86 being written to a main memory array 66.
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[00135] To help illustrate, an example of a process 134 for operating a memory sub-system 14
to store and provide access to data records 86 is described in FIG. 10. Generally, the process 134
includes receiving data records (process block 135), storing the data records as a block in a
memory sub-system (process block 136), determining whether striding access is desired
(decision block 138), and determining a sorted access pointer (process block 142). Additionally,
when striding access is desired, the process 134 includes determining a striding access pointer

(process block 140).

[00136] Although described in a particular order, which represents a particular embodiment, it
should be noted that the process 134 may be performed in any suitable order. Additionally,
embodiments of the process 134 may omit process blocks and/or include additional process
blocks. Moreover, in some embodiments, the process 134 may be implemented at least in part
by executing instructions stored in a tangible, non-transitory, computer-readable medium, such
as memory implemented in a memory controller 26, using processing circuitry, such as a

processor implemented in the memory controller 26.

[00137] In any case, a memory sub-system 14 may receive data records 86 for storage in its
memory devices 18, for example, from a processing sub-system 12 (process block 135). To
facilitate storing the data records 86 in its memory devices 18, in some embodiments, the
memory sub-system 14 may provide an application programming interface (API) that includes an
allocation function. An example of the allocation function is as follows:

Alloc (Ptr, RedCount, RedSize, IndexCount, [IndexField]*) (D)
where Alloc () is the allocation function, Ptr is a pointer to a starting storage location in the

memory sub-system 14, RcdCount is the number of data records 86 to be included in a block,
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RcdSize is the size of each of the data records 86, IndexCount is the number of data fields 88 to

be indexed, and [IndexField]* indicates one or more specific data fields 88 to be indexed.

[00138] In other words, in some embodiments, the memory sub-system 14 (e.g., memory-side
memory controller 26B) may execute the allocation function based at least in part on the data
structure used by the received data records 86 (process block 142). As described above, in some
embodiments, the data structure of a data record 86 may be predefined, for example, such that an
indication of the data structure is previously stored in the memory sub-system 14. Additionally
or alternatively, the data structure of a data record 86 may be explicitly indicated, for example,
via metadata (e.g., header data) included with the data record 86 and/or a separate control signal
(e.g., command or request) received along with the data record 86. In any case, by executing the
allocation function, the memory sub-system 14 may allocate a contiguous block of memory
addresses (e.g., &Ptr + (RcdCount * RedSize) for storage of the data records 86, for example, in
a main memory 66. Thus, in some embodiments, the memory sub-system 14 may automatically

execute the allocation function in response to receipt of the data records 86.

[00139] The memory sub-system 14 may then store the data records 86 in the allocated
memory addresses, for example, automatically in response to execution of the allocation function
(process block 136). In some embodiments, the memory sub-system 14 may store the data
records 86 as a contiguous block. In other words, in such embodiments, the memory sub-system
14 may store the data records at successive storage locations (e.g., memory addresses).
Additionally, in some embodiments, the memory sub-system 14 may automatically generate one
or more index entries 102, for example, in response to a corresponding data record 86 being

stored in the memory sub-system 14 (e.g., a main memory array 66).
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[00140] In some embodiments, the number of index entries 102 generated for a data record 86
may be equal to the value of the IndexCount parameter input to the allocation function.
Additionally, in some embodiments, the index entries 102 generated for a data record 86 may
each correspond to a different one of the specific data fields 88 indicated by the [IndexField]*
parameter input to the allocation function. Furthermore, in some embodiments, the memory sub-
system 14 may automatically generate and/or update one or more index tables 90, for example,

in response to a corresponding index entry 102 being generated.

[00141] To facilitate providing striding access to stored data, in some embodiments, the
memory sub-system 14 may determine a striding access pointer (process block 140). As
described above, a memory sub-system 14 may provide striding access by identifying specific
portions (e.g., one or more data fields 88) of one or more data records 86. In some embodiments,
a striding access pointer may identify the storage location of corresponding portions of the data
records 86 in the memory sub-system 14. For example, a name striding access pointer may
identify the storage locations of the name field 88 in the first data record 86A, the second data
record 86B, and so on. Additionally or alternatively, a zip code striding access pointer may
identify the storage locations of the zip code field 88 in the first data records 86A, the second

data record 86B, and so on.

[00142] To facilitate determining a striding access pointer, in some embodiments, the memory
sub-system 14 may provide an application programming interface (API) that includes a striding
access function. An example of the striding access function is as follows:

StPtr = Striding (Ptr, FieldOffset, FieldLength, StrideLength) (2)
where StPtr is the striding access pointer, Striding () is the striding access function, Ptr is a

pointer to a starting storage location in the memory sub-system 14, FieldOffset is the starting bit
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position of a target data field 88 in a data record 86, FieldLength is the size of the target data
field 88, and StrideLength is the stride length between successive data records 86. In other
words, in some embodiments, the memory sub-system 14 (e.g., memory-side memory controller
26B) may execute the striding access function based at least that in part on the data structure
used by the received data records 86 to determine one or more striding access pointers, for
example, each corresponding with a data field 88 included in each of the data records 86 (process
block 144). To facilitate reducing likelihood that determination of striding access pointers will
affect data retrieval latency, in some embodiments, the memory sub-system 14 may
automatically execute the striding access function, for example, in response to one or more data

records 86 being stored in the memory sub-system 14 (e.g., a main memory array 66).

[00143] Additionally or alternatively, to facilitate providing sorted access to stored data, the
memory sub-system 14 may determine a sorted access pointer (process block 142). As described
above, a memory sub-system 14 may provide sorted access by identifying data records 86 in a
sorted order, for example, different from an address order. In some embodiments, a sorted
access pointer may identify the storage location of the data records 86 in the memory sub-system
14 in the sorted order. For example, a name sorted access pointer may identify the storage
locations of data records 86 in an order based on sorting of the values of the name field 88
included in each of the data records 86. Additionally or alternatively, a zip code sorted access
pointer may identify the storage locations of data records 86 in an order based on sorting of the
values of the zip code field 88 included in each of the data records 86. In other words, in some
embodiments, a sorted access pointer may identify the storage location of a corresponding index

table 90, for example, in an index table memory array 100.
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[00144] To facilitate determining a sorted access pointer, in some embodiments, the memory
sub-system 14 may provide an application programming interface (API) that includes a sorted
access function. An example of the sorted access function is as follows:

SoPtr = Sorted (Ptr, IndexField) (3)
where SoPtr is the sorted access pointer, Sorted () is the sorted access function, Ptr is a pointer
to a starting storage location in the memory sub-system 14, and IndexField indicates a specific
data field 88 to be indexed. Thus, in some embodiments, the memory sub-system 14 (e.g.,
memory-side memory controller 26B) may execute the sorted access function to determine one
or more sorted access pointers, for example, each corresponding with an index table 90 and/or a
data field 88 included in one or more of the data records 86 (process block 146). To facilitate
reducing likelihood that determination of sorted access pointers will affect data retrieval latency,
in some embodiments, the memory sub-system 14 may automatically execute the sorted access

function, for example, in response one or more index tables 90 being generated and/or updated.

[00145] In this manner, a memory sub-system 14 may perform data processing operations
with reduced likelihood that the data processing operations will affect (e.g., increase) data
retrieval latency, for example, by automatically performing the data processing operations in
response to data being stored in the memory sub-system 14 (e.g., a main memory array 66). In
fact, in some embodiments, implementing the data processing operations in this manner may
facilitate improving (e.g., reducing) subsequent data retrieval latency, for example, by enabling
the memory sub-system 14 to identify target data using a striding access pointer and/or a sorted
access pointer. Moreover, as described above, providing address management functions in the

memory sub-system 14 may facilitate improving operational efficiency of a computing system
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10, for example, by enabling a reduction in data communication between the memory sub-

system 14 and a processing sub-system 12 in the computing system 10.

[00146] To help illustrate, an example of a process 148 for operating a memory controller 26,
such as a memory-side memory controller 26B, is described in FIG. 11. Generally, the process
148 includes receiving a memory access request (process block 150), determining target data
(process block 152), determining whether the target data results in a main memory array miss
(decision block 154), and outputting the target data to the processing sub-system (process block
158). Additionally, when the target data results in a main memory array miss, the process 148

includes retrieving the target data from non-volatile memory (process block 156).

[00147]  Although described in a particular order, which represents a particular embodiment, it
should be noted that the process 148 may be performed in any suitable order. Additionally,
embodiments of the process 148 may omit process blocks and/or include additional process
blocks. Moreover, in some embodiments, the process 148 may be implemented at least in part
by executing instructions stored in a tangible, non-transitory, computer-readable medium, such
as memory implemented in a memory controller 26, using processing circuitry, such as a

processor implemented in the memory controller 26.

[00148] Accordingly, in some embodiments, a memory controller 26 (e.g., memory-side
memory controller 26B) may receive a memory access request identifying data currently being
targeted by processing circuitry 16 of a computing system 10, for example, from the processing
circuitry 16 or a processor-side memory controller 26A (process block 150). In some
embodiments, a memory access request may identify target data via its virtual memory address.
Additionally or alternatively, the memory access request may identify the target data via its

physical memory address, which indicates storage location of the target data in the memory sub-
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system 14. For example, the physical memory address may include a row address and column
address pairing, which identifies a memory cell row 78 and a memory cell column 84 in a main

memory array 66 at which the target data is stored.

[00149] As such, based at least in part on the memory access request, the memory controller
26 may determine the data currently being targeted by the processing circuitry 16 (process block
160). In some embodiments, the memory controller 26 may additionally or alternatively predict
what data will subsequently be targeted by the processing circuitry (process block 162). As
described above, at least in some instances, predictively identifying data expected to be
subsequently targeted may facilitate improving operational efficiency of the computing system
10, for example, by obviating a subsequent memory access request and/or reducing retrieval time

when the data is actually targeted.

[00150] To help illustrate, an example of a process 166 for predictively identifying data
expected to be subsequently targeted is described in FIG. 12. Generally, the process 166
includes determining a data access pattern based on currently targeted data (process block 168),
extrapolating the data access pattern over a control horizon (process block 170), and predicting

subsequently targeted data based on the extrapolated data access pattern (process block 172).

[00151] Although described in a particular order, which represents a particular embodiment, it
should be noted that the process 166 may be performed in any suitable order. Additionally,
embodiments of the process 166 may omit process blocks and/or include additional process
blocks. Moreover, in some embodiments, the process 166 may be implemented at least in part
by executing instructions stored in a tangible, non-transitory, computer-readable medium, such
as memory implemented in a memory controller 26, using processing circuitry, such as a

processor implemented in the memory controller 26.
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[00152] Accordingly, in some embodiments, a memory controller 26 (e.g., memory-side
memory controller 26B) may determine a data access pattern based at least in part on what data
is currently being targeted (process block 168). As described above, a memory access request
may identify data currently being targeted, for example, by processing circuitry 16 implemented
in a processing sub-system 12. In other words, in some embodiments, the memory controller 26
may determine the data access pattern based at least in part on one or more corresponding

memory access requests.

[00153] Additionally, as described above, in some embodiments, the processing sub-system
12 may identify data from multiple data records 86 using a single memory access request. For
example, a first memory access request may indicate a target access index and a vector [N, M] of
target index entry positions. Accordingly, the memory controller 26 may determine that the first
memory access request results in a first data access pattern, which targets data records 86
corresponding with index entries 102 at an N+1th index entry position through an M+1th index
entry position in an index table 90 corresponding with the target access index. Additionally or
alternatively, a second memory access request may indicate the storage location of a block of
data records 86 and a targeted data field 88 in each of the data records 86. Accordingly, the
memory controller 26 may determine that the second memory access request results in a second
data access pattern, which targets a specific data field 88 in each the data record 86 stored in the

block.

[00154] In any case, the memory controller 26 may then extrapolate the data access pattern
over an upcoming control horizon (process block 170). In some embodiments, the control
horizon may be a time period (e.g., one or more clock cycles) from a current time to a future time

at which another memory access request is expected to be received. In other words, by
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extrapolating the data access pattern, the memory controller 26 may predict what data will
subsequently be targeted (process block 172). For example, by extrapolating the first data access
pattern resulting from the first memory access request, the memory controller 26 may predict
that the processing circuitry 16 will subsequently target data records 86 corresponding with a
vector [M+1, Z2M-N+1] of index entry positions in an index table 90 corresponding with the

target access index.

[00155] In addition to the extrapolated data access pattern, in some embodiments, the memory
controller 26 may predict what data will subsequently be targeted based at least in part on the
data structure used by the data records 86 stored in the memory sub-system 14. For example, by
extrapolating the second data access pattern resulting from the second memory access request,
the memory controller 26 may predict that the processing circuitry 16 will subsequently target
another data field 88 in each of the data records 86 stored in the block. Additionally, based at
least in part on the data structure used by the data records 86, the memory controller 26 may
predict that the other data field 88 is a data field 88 adjacent the data field 88 targeted by the
second memory access request. In this manner, a memory sub-system 14 may predictively
identify data expected to be subsequently targeted, for example, by processing circuitry 16

implemented in a processing sub-system 12.

[00156] Returning to the process 148 of FIG. 11, the memory controller 26 may determine
whether the (e.g., current and/or predicted) target data results in a main memory array miss
(decision block 154). As described above, in some embodiments, the memory controller 26 may
determine the storage location of data in the memory sub-system 14 based at least in part on a
(e.g., virtual and/or physical) memory address associated with the data. For example, when a

corresponding memory address is implemented in a main memory array 66, the memory
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controller 26 may determine that the target data does not result in a main memory array miss and,
thus, instruct the memory sub-system 14 to retrieve (e.g., read) the target data from the main
memory array 66. On the other hand, when the corresponding memory address is not
implemented in any of the main memory arrays 66, the memory controller 26 may determine that
the target data results in a main memory array miss and, thus, instruct the memory sub-system 14

to retrieve (e.g., read) the targeted data from non-volatile memory 64 (process block 156).

[00157] In any case, after retrieval from the memory devices 18, the memory controller 26
may instruct the memory sub-system 14 to output the target data to the processing sub-system 12
via the system bus 20 (process block 158). To facilitate further improving operational efficiency,
in some embodiments, the memory sub-system 14 may store the target data directly into a
processor-side cache 22, for example, automatically in response to the memory access request
and/or without separate (e.g., further) instructions from the processing sub-system 12 (process
block 164). In other words, in some embodiments, the memory sub-system 14 may preemptively
store data expected to be subsequently targeted directly into a processor-side cache 22, which, at
least in some instances, may facilitate further improving operational efficiency by enabling the

data to be provided from the processor-side cache 22 when the data is actually targeted.

[00158] However, as described above, the processing sub-system 12 may also control data
storage in its processor-side caches 22, for example, via a processor-side memory controller 26A.
As such, in some embodiments, after the target data is stored in the processor-side cache 22, the
memory controller 26 may output a control signal to the processing sub-system 12, which
indicates that the targeted data has been successfully stored in the processor-side cache 22 and,
thus, is ready for processing and/or execution. Moreover, at least in some instances, directly

storing target data into the processor-side cache 22 may conflict with the data storage control
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implemented in the processing sub-system 12. For example, predictively storing data expected
to be subsequently targeted directly into the processor-side cache 22 may inadvertently overwrite
other data that is still being used by the processing sub-system 12 and, thus, may result in a
processor-side cache miss when the other data is targeted. To facilitate reducing likelihood that
such conflicts will affect data retrieval latency, in some embodiments, the memory sub-system
14 may directly store targeted data into a processor-side cache 22 implemented in a higher cache
level 30, such as an L3 processor-side cache 22 and/or a shared processor-side cache 34
implemented in the Kth cache level 30K. In this manner, a memory sub-system 14 may operate

to provide target data to a processing sub-system 12.

[00159] Returning to the process 46 of FIG. 3, after the processing sub-system 12 requests the
target data, the memory controller 26 (e.g., processor-side memory controller 26A) may
determine whether the target data has been received from the memory sub-system 14 (decision
block 58). To facilitate improving operational efficiency, in some embodiments, the processing
circuitry 16 may continue performing other operations while the processing sub-system 12 waits
for the return of the target data. Additionally, in some embodiments, the memory controller 26
may determine that the target data has been received when a control signal, which indicates that
the target data has been successfully stored in the processor-side caches 22, is received from the

memory sub-system 14.

[00160] In any case, after the target data is received, the memory controller 26 may instruct
the processing sub-system 12 to supply the target data to the processing circuitry 16, for
example, from the processor-side caches 22 (process block 52). In some embodiments, a
processor-side cache 22 may output a cache line with tag metadata that matches the target tag

metadata value expected to be associated with the target data. When stored in a higher level
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cache (e.g., shared processor-side cache 34), in some embodiments, the target data may pass
through one or more lower level caches (e.g., private processor-side caches 32) before reaching

the processing circuitry 16.

[00161] One or more specific embodiments of the present disclosure are described herein and
depicted in the corresponding figures. These described embodiments are only examples of the
presently disclosed techniques. Additionally, in an effort to provide a concise description of
these embodiments, all features of an actual implementation may not be described in the
specification. It should be appreciated that in the development of any such actual
implementation, as in any engineering or design project, numerous implementation-specific
decisions must be made to achieve the developers’ specific goals, such as compliance with
system-related and business-related constraints, which may vary from one implementation to
another. Moreover, it should be appreciated that such a development effort might be complex
and time consuming, but may nevertheless be a routine undertaking of design, fabrication, and

manufacture for those of ordinary skill having the benefit of this disclosure.

[00162] When introducing elements of various embodiments of the present disclosure, the

2%

articles “a,” “an,” and “the” are intended to mean that there are one or more of the elements. The

terms “comprising,” “including,” and “having” are intended to be inclusive and mean that there
may be additional elements other than the listed elements. Additionally, it should be understood
that references to “one embodiment” or “an embodiment” of the present disclosure are not

intended to be interpreted as excluding the existence of additional embodiments that also

incorporate the recited features.

[00163] The specific embodiments described above have been shown by way of example, and

it should be understood that these embodiments may be susceptible to various modifications and
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alternative forms. It should be further understood that the claims are not intended to be limited
to the particular forms disclosed, but rather to cover all modifications, equivalents, and

alternatives falling within the spirit and scope of this disclosure.
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CLAIMS
What is claimed is:
1. An apparatus comprising a memory system configured to be communicatively
coupled to a processor via one or more data buses, wherein the memory system comprises:
a main memory array configured to store first data at a first storage location and second
data at a second storage location; and
a first memory controller configured to:
receive a memory access request that requests return of the first data and the
second data when the first data and the second data are targeted by the processor;
determine a data access pattern resulting from the memory access request;
determine an access pointer that identifies the first storage location of the first
data in the main memory array and the second storage location of the second data in the
main memory, wherein the access pointer comprises a striding access pointer when the
data access pattern is a striding access pattern and a sorted access pointer when the data
access pattern is a sorted access pattern; and
instruct the memory system to use the access pointer to identify and output the
first data and the second data via the one or more data buses to enable processing
circuitry implemented in the processor to perform an operation based at least in part on

the first data and the second data.

2. The apparatus of claim 1, wherein:
the main memory array is configured to store a plurality of data records that each

comprises a data field, wherein the first data is indicated in the data field of a first data record of
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the plurality of data records and the second data is indicated in the data field of a second data
record of the plurality of data records; and

the first memory controller is configured to determine that the data access pattern
resulting from the memory access request is the striding access pattern when the memory access
request identifies the data field corresponding with the first data and the second data as a targeted

portion of the plurality of data records.

3. The apparatus of claim 2, wherein the first memory controller is configured to:

determine a data structure used by each of the plurality of data records stored in the main
memory array, wherein the data structure specifies bit depth of each data record in the plurality
of data records and bit positions in each data record of the plurality of data records allocated to
indicate the data field; and

determine the striding access pointer by executing a striding access function based at
least in part on the data structure used by each of the plurality of data records when the data

access pattern resulting from the memory access request is the striding access pattern.

4. The apparatus of claim 1, wherein:

the main memory array is configured to store a plurality of data records that each
comprises a data field, wherein a first data record of the plurality of data records comprises the
first data and a second data record of the plurality of data records comprises the second data; and

the first memory controller is configured to determine that the data access pattern

resulting from the memory access request is the sorted access pattern when the memory access
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request identifies the data field as a target access index and a vector of target index entry

positions in an index table corresponding with the data field.

5. The apparatus of claim 4, wherein:
the memory system comprises an index table memory array separate from the main
memory array; and

the first memory controller is configured to:

store the index table corresponding with the data field at a third storage location in
the index table memory array; and

determine the sorted access pointer by executing a sorted access function, wherein
the sorted access pointer indicates the third storage location of the index table in the

index table memory array.

6. The apparatus of claim 5, wherein, when the data access pattern is the sorted
access pattern, the first memory controller is configured to:

determine the index table by reading the index table from the third storage location in the
index table memory array indicated by the sorted access pointer; and

determine the first storage location of the first data and the second storage location of the
second data by reading index entries indicated at the vector of target index entry positions in the

index table.
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7. The apparatus of claim 1, wherein:
the memory system is configured to receive a plurality of data records to be stored in the
main memory array; and

the first memory controller is configured to:

determine a data structure used by each of the plurality of data records, wherein
the data structure specifies a size of each data record of the plurality of data records, a
data field included in each data record of the plurality of data records, and a plurality of
bit positions in each data record of the plurality of data records used to indicate the data
field;

instruct the memory system to allocate a contiguous block of memory addresses
in the main memory array by executing an allocation function based at least in part on the
data structure used by each of the plurality of data records in response to receipt of the
plurality of data records; and

instruct the memory system to store the plurality of data records in the contiguous
block of memory addresses in the main memory array in response allocation of the

contiguous block of memory addresses.

8. The apparatus of claim 7, wherein the first memory controller is configured to
determine the striding access pointer by executing a striding access function based at least in part
on the data structure used by each of the plurality of data records in response to storage of the

plurality of data records in the main memory array.
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0. The apparatus of claim 7, wherein the first memory controller is configured to:

generate a plurality of index entries each associated with a corresponding data record in
the plurality of data records in response to storage of the plurality of data records in the main
memory array;

determine an index table to be stored at a third storage location in an index table memory
array distinct from the main memory array, wherein the index table corresponds with the data
field and comprises the plurality of index entries; and

determine the sorted access pointer by executing a sorted access function in response to
determination of the index table, wherein the sorted access pointer indicates the third storage

location of the index table in the index table memory array.

10.  The apparatus of claim 1, wherein the processor comprises one or more caches
integrated with the processing circuitry and a second memory controller configured to:

determine whether the first data is currently stored in the one or more caches
implemented in the processor;

determine that the first data is not currently cached in the processor when the first data is
not currently stored in the one or more caches implemented in the processor; and

output the memory access request via the one or more data buses when the first data is

not currently cached in the processor.

11. A method comprising:
determining, using a memory controller, a data structure used by each data record of a

plurality of data records to be stored in a memory sub-system;
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allocating, using the memory controller, a block of memory addresses in the memory
sub-system in response to the memory sub-system receiving the plurality of data records from a
processing sub-system by executing an allocation function based at least in part on the data
structure used by each data record of the plurality of data records;

determining, using the memory controller, a first access pointer that identifies a portion
of the plurality of data records in the memory sub-system in response to storage of the plurality
of data records in the block of memory addresses; and

instructing, using the memory controller, the memory sub-system to output the portion of
the plurality of data records to the processing sub-system using the first access pointer when a
subsequently received memory access request targets the portion of the plurality of data records
to enable the processing sub-system to perform a first operation based at least in part on the

portion of the plurality of data records.

12. The method of claim 11, wherein:

determining the first access pointer comprises determining a striding access pointer that
identifies storage locations of a target data field included in each of the plurality of data records
by executing a striding access function based at least in part on the data structure used by each
data record of the plurality of data records; and

instructing the memory sub-system to output the portion of the plurality of data records
comprises instructing the memory sub-system to output the portion of the plurality of data

records from the storage locations of the target data field identified by the striding access pointer.
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13. The method of claim 11, wherein:

determining the first access pointer comprises determining a sorted access pointer that
identifies storage locations of a subset of data records from the plurality of data records by
executing a sorted access function; and

instructing the memory sub-system to output the portion of the plurality of data records
comprises instructing the memory sub-system to output the portion of the plurality of data
records from the storage locations of the subset of data records identified by the sorted access

pointer.

14. The method of claim 13, wherein determining the sorted access pointer
comprises:

generating a plurality of index entries each associated with a corresponding data record in
the plurality of data records, wherein each index entry of the plurality of index entries indicates a
first storage location of the corresponding data record,

storing the plurality of index entries at a second storage location in the memory sub-
system as an index table; and

determining the sorted access pointer to identify the second storage location of the index

table in the memory sub-system by executing the sorted access function.

15. The method of claim 14, comprising:

selecting the index table as a target index table when the subsequently received memory

access request identifies a data field corresponding with the index table as a target access index;
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determining the index table by reading the second storage location in the memory sub-
system using the sorted access pointer;

identifying the first storage location of each data record in the subset of data records by
reading a subset of the plurality of index entries indicated at target index entry positions in the
index table identified by the subsequently received memory access request; and

instructing the memory sub-system to output the portion of the plurality of data records

by outputting the subset of data records from the first storage location in the memory sub-system.

16. A computing system comprising a memory sub-system, wherein the memory sub-
system comprises:
one or more memory devices configured to implemented a first memory array and a
second memory array distinct from the first memory array, wherein:
the first memory array is configured to store a first data record comprising a first
data field at a first storage location in the first memory array; and
the second memory array is configured to store a first index table corresponding
with the first data field at a second storage location in the second memory
array, wherein the first index table comprises a first index entry that
indicates the first storage location of the first data record in the first
memory array and a first value of the first data field indicated in the first
data record; and
a memory-side memory controller communicatively coupled to the one or more memory

devices, wherein the memory-side memory controller is configured to:
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instruct the one or more memory devices to store a second data record comprising
the first data field at a third storage location in the first memory array;

generate a second index entry that indicates the third storage location of the
second data record in the first memory array and a second value of the first
data field indicated in the second data record;

update the first index table to include the second index entry based at least in part
on a first sorted order of the first value of the first data field indicated in
the first index entry and the second value of the first data field indicated in
the second index entry; and

determine a first sorted access pointer that identifies the second storage location
of first index table in the second memory array to enable the memory sub-
system to identify a plurality of data records comprising the second data
record in accordance with the first sorted order using the first sorted access
pointer when requested by a processing sub-system implemented in the

computing system to perform an operation.

17.  The computing system of claim 16, wherein, in response to receipt of a memory
access request that targets the plurality of data records, the memory-side memory controller is
configured to:

when the memory access request identifies the first data field as a target access index:

identify the first index table as a target index table when the memory access

request identifies the first data field as the target access index; and
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determine the first index table by reading the first index table from the second
memory array using the first sorted access pointer;

determine storage locations of each data record in the plurality of data in the first memory
array by reading a plurality of target index entry positions in the target index table identified by
the memory access request; and

instruct the one or more memory devices to output the plurality of data records from the
storage locations in the first memory array via a system bus coupled between the processing sub-
system and the memory sub-system to enable the processing sub-system to perform the operation

based at least in part on the plurality of data records.

18.  The computing system of claim 16, wherein the memory-side memory controller
is configured to:

determine a data structure used by the second data record, wherein the data structure
specifies bit depth of the second data record and one or more bits positions in the second data
record used to indicate the first data field;

instruct the one or more memory devices to allocate the third storage location in the first
memory array based at least in part on the data structure used by the second data record in
response to receipt of the second data record from a system bus coupled between the processing
sub-system and the memory sub-system; and

instruct the one or more memory devices to store the second data record at the third

storage location in the first memory array in response to allocation of the third storage location.
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19.  The computing system of claim 18, wherein the memory-side memory controller
is configured to:

instruct the one or more memory devices to allocate the third storage location in the first
memory array by executing an allocation function based at least in part on the bit depth of
second data record specified by the data structure;

determine the second value of the first data field to be indicated in the second index entry
by reading the one or more bit positions specified by the data structure; and

determine the first sorted access pointer that identifies the second storage location of the
first index table in the second memory array by executing a sorted access function in response to
generation of the first index table, updating of the first index table to include the second index

entry, or both.

20. The computing system of claim 16, wherein:

the first data record comprises a second data field different from the first data field and
the second data record comprises the second data field;

the second memory array is configured to store a second index table corresponding with
the second data field at a fourth storage location in the second memory array, wherein the second
index table comprises a third index entry that indicates the first storage location of the first data
record in the first memory array and a third value of the second data field indicated in the first
data record; and

the memory-side memory controller is configured to:
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generate a fourth index entry that indicates the third storage location of the second
data record in the first memory array and a fourth value of the second data field indicated
in the second data record;

update the second index table to include the fourth index entry based at least in
part on a second sorted order of the third value of the second data field indicated in the
first index entry and the fourth value of the second data field indicated in the second
index entry; and

determine a second sorted access pointer that identifies the fourth storage location
of second index table in the second memory array to enable the memory sub-system to
identify the plurality of data records comprising the second data record in accordance
with the second sorted order using the second sorted access pointer when requested by
the processing sub-system implemented in the computing system to perform the

operation.

74



PCT/US2019/044362

Memory Controlier

~26A

WO 2020/046527
1/7
10 {"’52 14"\
\ Processing Memory
Sub-System Sub-System
Processing 20
Circultry [ M
. > gmory
22~ 16 | SystemBus || poie
Processor
Cachels) i
t [~ 20A }
Memory Conirolier{s}
26
‘E@A"\ f’ZZA
Processing B0A~, Processor Caches 30K
Circuitry First Cache Level KTH Cache
Processor Private Processor Level
Core 1 Cache 1
g
es\...z&A ® \MﬁzA m Shared
28N~ o B2N~ ¢ Processor
. Cache
Processor Private Processor
Core N Cache N 34
Processor-Side




WO 2020/046527

PCT/US2019/044362

2/7

46 ~
48— Determine Dala Targeted
by Processing Circuitry Request Target Data Block
from Memory Sub-System
f“' @Q
B0~ " ™ - "
A Processor™ v § Indicale Target Access Index and
~, Yes , i
<\ Cache Miss .~ | 1 Terget Index Entry Posifions
§ Indicate Target portion
0 | of Data Records
o o e e o R e
62~

Provide Target Data to

5271 Processing Circuitry P
7 Target S
“ Data Received »
~?
14A
Memory Devices
BBA i
70~ Memory Channel 1
Volatile Memory
Array
System | g?wt Ny = B4~
Bus slec 72~
Column Select 1| NonVolatile
Memory
o~ OEM
Memory Channel M e
286B~, i
Memory-Side

Memory Coniroller ~90

Index Table(s)




PCT/US2019/044362

[

3/7

P s Gy

B

[

Apiny AIOUIBI SIIBION

\swﬁQQ ﬁﬁ@i/ \n{ﬁwﬁ
M Jeidury Z 1ogidwy | Jsiduy
{
! Y IR Iz YL ¥LY &
08
N %mﬁmm < 0l—{0k0 - {0} 0}
: ;,wm, azg ,ww,; Nm,@z«mm ¥i
®
ez ate lave S ate |t a9e ]
§ vee resey soe yeseey ¥
7 o, 1) Rl u%aom Z 109y Ble( -
Vi ¥4
;/%M €99 Yoo
MZO ¥ / 9 ¥ 4
g V¥Lg AGE ~ ~Yee v ¥
- Tl 3PP Jeoo[ LPRH | D L
% ¥e % H plooay Bieg] VL ¥.
¥ v ov v
AR ULNIOD 2 Wuneg | ULnen
Myo- .gbg e

WO 2020/046527

vog-—




PCT/US2019/044362

WO 2020/046527

4/7

A98
4

Y98
5

¥8
A

N Pietd Tmm&

| pioi- W«mm

[LTvA 'L godl 4 TWA 4 aoul
[M 1A S o] [L 1A 1 ol
aneA 1ssubi tea SNIBA 1S6M07 Dol pexspul
SejgBl Xepuj

i/:@m




WO 2020/046527 PCT/US2019/044362
5/7
98~ FIG
Index Table Memory Array
&4A 845 B4Y
index Table Field 1
102A 1028 102C TBA
Entry 1 L/ Entry 2 ./ \. Entry V
3 £ &
v &
S0A . ~SO0AF
index Table Field F }?&F
3 | 3
100
Eniry Unit 1
Register 1045 104V ~
106 Entry Entry
108~ T unitz [ eec | Unit2
Comparison ] :
Logic
e , “-104A
{ New Index J
T
}/ﬁﬂ
Determine Storage Location | _ .5
of Data Record
identify Data Field Included | 14
in Data Record
Generate an Index Enlry 16
Corresponding with Data Record




WO 2020/046527
6/7

120 \\

Receive Current Index Entry

:

Receive Another Index Entry

124 —

" Other ™
” Daia Field Value > ™

PCT/US2019/044362

Shift Current index Entry to

“_ Current Data Field .~ Next Index Entry Position | >0
., Value
Store Other Index Entryat |
Current Index Entry Position 152
128 ] Maintain Current index Enfry
at Current Index Entry Position
134 ~a
Receive Data Records
~ 14"2
135~ - e ———
i Execute Allocation Function |
L !
6— Store Data Records as Block
15 in Memory Sub-System
138~ ™ Determine Striding Access Pointer
o~ Stiding ™~_ VY
<. Access Desired » T sy 140
~ Execute Striding Access Funclion |

e nne ok

Determine Soried Access Pointer
ir"’" 346

42—
Execute Sorted Access Function




WO 2020/046527 PCT/US2019/044362
717

Receive Memory
Access Reguest

!

Determine Target Data
{“Eﬁi}

Determine Currently
Targeted Data

152

Predict Subsequently
Targeted Data

162~

e o o e om0

™~ Yes | Hetrieve Target Data from

g emary Array
Non-Volatile Memory

| > 156
~_ Mss

Qutput Target Data Records

to Processing Sub-System

<fﬂ§é%4

Store Target Data Dirsetly
into Processor Cache

158

ey

o
I——

166
e

Determine Daia Access Pattern
Based on Currently Targeted Data

!

Exirapolate Data Access Pattern —170

:

Predict Subsequently Targeted
Data Based on Extrapolated |—172
Data Access Paltern

168




International application No.
PCT/US2019/044362

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
GO6F 13/16(2006.01)i, GO6F 1/32(2006.01)i, GO6F 12/02(2006.01)i, GO6F 12/10(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GOO6F 13/16; GO6F 12/00; GO6F 12/02; GO6F 13/00; GO6F 13/30; GO6F 5/10; GO6F 9/32; GO6F 9/48; GO6F 1/32; GO6F 12/10

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models

Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & keywords: memotry controller, data structure, subsequently received memory access , access pointer

C. DOCUMENTS CONSIDERED TO BE RELEVANT

See column 4, line 7 — column 5, line 9.

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 6311260 B1 (HAROLD S. STONE et al.) 30 October 2001 1-20
See column 1, lines 10-15; column 2, lines 1-2; and claim 1.
A US 7421545 Bl (GREGORY B. WIEDENMAN et al.) 02 September 2008 1-20
See claim 1.
A JP 2011-175621 A (FUJITSU SEMICONDUCTOR LTD.) 08 September 2011 1-20
See column 2, line 44 - column 3, line 56.
A JP 2016-503934 A (XOCKETS IP, LLC) 08 February 2016 1-20
See paragraphs [0001]-[0012].
A US 6173369 Bl (LE TRONG NGUYEN et al.) 09 January 2001 1-20

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

than the priority date claimed

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"D" document cited by the applicant in the international application "X" document of particular relevance; the claimed invention cannot be

"E" eatlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive
filing date step when the document is taken alone

"L"  document which may throw doubts on priority claim(s) or which is "Y" document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents,such combination

"O" document referring to an oral disclosure, use, exhibition or other means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later "&" document member of the same patent family

Date of the actual completion of the international search
15 November 2019 (15.11.2019)

Date of mailing of the international search report

15 November 2019 (15.11.2019)

Name and mailing address of the [SA/KR Authorized officer S
International Application Division &\\\\\‘6 \\‘i\\\\ \
Korean Intellectual Property Office KWON, Sung Ho \\\(\\\\?ﬁ?‘\\\\\\\‘\
; 189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea *\\\\\§ N \\\\S
<« N §\\\\
g < AR
Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-3547 \\\:\w

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2019/044362

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 6311260 Bl 30/10/2001 CA 2285760 Al 25/08/2000
CA 2285760 C 25/03/2003
EP 1031919 A2 30/08/2000
EP 1031919 B1 08/10/2008
JP 2000-250808 A 14/09/2000

US 7421545 B1 02/09/2008 None

JP 2011-175621 A 08/09/2011 JP 5707911 B2 30/04/2015
US 2011-0185094 Al 28/07/2011
US 2013-0013821 Al 10/01/2013

JP 2016-503934 A 08/02/2016 CN 105765910 A 13/07/2016
CN 105874441 A 17/08/2016
EP 2946296 Al 25/11/2015
EP 2946298 Al 25/11/2015
JP 2016-503933 A 08/02/2016
KR 10-2016-0037827 A 06/04/2016
KR 10-2016-0037828 A 06/04/2016
KR 10-2016-0040439 A 14/04/2016
US 2013-0318084 Al 28/11/2013
US 2013-0318119 Al 28/11/2013
US 2013-0318268 Al 28/11/2013
US 2013-0318269 Al 28/11/2013
US 2013-0318275 Al 28/11/2013
US 2013-0318276 Al 28/11/2013
US 2013-0318277 Al 28/11/2013
US 2013-0318280 Al 28/11/2013
US 2013-0346469 Al 26/12/2013
US 2013-0347110 Al 26/12/2013
US 2014-0157396 Al 05/06/2014
US 2014-0157397 Al 05/06/2014
US 2014-0165196 Al 12/06/2014
US 2014-0198652 Al 17/07/2014
US 2014-0198653 Al 17/07/2014
US 2014-0198799 Al 17/07/2014
US 2014-0198803 Al 17/07/2014
US 2014-0201303 Al 17/07/2014
US 2014-0201304 Al 17/07/2014
US 2014-0201305 Al 17/07/2014
US 2014-0201309 Al 17/07/2014
US 2014-0201310 Al 17/07/2014
US 2014-0201390 Al 17/07/2014
US 2014-0201402 Al 17/07/2014
US 2014-0201404 Al 17/07/2014
US 2014-0201408 Al 17/07/2014
US 2014-0201409 Al 17/07/2014
US 2014-0201416 Al 17/07/2014
US 2014-0201417 Al 17/07/2014

Form PCT/ISA/210 (patent family annex) (July 2019)



INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2019/044362
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2014-0201453 Al 17/07/2014
US 2014-0201461 Al 17/07/2014
US 2014-0201761 Al 17/07/2014
US 2017-0109299 Al 20/04/2017
US 2017-0235699 Al 17/08/2017
US 2017-0237624 Al 17/08/2017
US 2017-0237672 Al 17/08/2017
US 2017-0237703 Al 17/08/2017
US 2017-0237714 Al 17/08/2017
WO 2013-177310 A2 28/11/2013
WO 2013-177313 A2 28/11/2013
WO 2013-177316 A2 28/11/2013
WO 2014-113055 Al 24/07/2014
WO 2014-113056 Al 24/07/2014
WO 2014-113059 Al 24/07/2014
WO 2014-113061 A2 24/07/2014
WO 2014-113062 A2 24/07/2014
WO 2014-113063 Al 24/07/2014
WO 2015-153693 Al 08/10/2015
WO 2015-153699 Al 08/10/2015
US 6173369 Bl 09/01/2001 US 5778434 A 07/07/1998
WO 96-41250 A2 19/12/1996

Form PCT/ISA/210 (patent family annex) (July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - claims
	Page 66 - claims
	Page 67 - claims
	Page 68 - claims
	Page 69 - claims
	Page 70 - claims
	Page 71 - claims
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - claims
	Page 76 - claims
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - wo-search-report
	Page 85 - wo-search-report
	Page 86 - wo-search-report

