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(57) Abstract: Example implementations may relate to a version controller allocating a copy page in persistent memory upon receiv -
ing, from an application executing on a processor, a copy command to version an image page for an atomic transaction. The version
controller may receive application data addressed to a cache line of the image page, and may write the application data to a cache
line of the copy page corresponding to the addressed cache line of the image page. If the version controller receives a replace-type
transaction commit command, the version controller may generate a final page by either forward merging the image page into the
copy page or backward merging the copy page into the image page, depending a merge direction policy.
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PERSISTENT MEMORY VERSIONING AND MERGING

BACKGROUND
[0001]  Volatile memory devices, such as dynamic random access memory
devices, may be used to form working memory of computer systems, owing to
their fast access times. Computer systems may store data in non-volatile mass
storage devices with slower access times, such as magnetic media-based

storage devices or optical media-based storage devices.

[0002] Some computer systems may also implement non-volatile memory
devices that provide fast access times and preserve data when the computer
system is powered off. Such non-volatile memory devices may be used to form

working, persistent memory of computer systems.

BRIEF DESCRIPTION OF THE DRAWINGS
[0003] Various examples will be described below with reference to the

following figures.

[0004] FIG. 1is a block diagram showing an example system having a version

controller to version and merge data in persistent memory.

[0005] FIG. 2is a block diagram showing an example system having a version

controller to version and merge data in persistent memory.

[0006] FIG. 3 is a block diagram showing an example system having a version

controller to version and merge data in persistent memory.

[0007] FIG. 4A illustrates a forward merge operation according to an example

implementation.

[0008] FIG. 4B illustrates a backward merge operation according to an

example implementation.

[0009] FIG. 5 is a flow diagram of an example method for versioning and

merging data in persistent memory.
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[0010] FIG. 6 is a flow diagram of an example method for responding to a

transaction commit command.

[0011]  FIG. 7 is a flow diagram of an example method for versioning and

merging data in persistent memory.

[0012] FIG. 8 is a block diagram showing a non-transitory, machine-readable
medium encoded with example instructions to version and merge data in

persistent memory.

[0013] FIG. 9 is a block diagram showing a non-transitory, machine-readable
medium encoded with example instructions to respond to a transaction commit

command.

DETAILED DESCRIPTION
[0014] A computer system may contain working, persistent memory formed
from non-volatile memory devices, such as flash memory devices, phase-change
memory devices, spin-transfer torque memory devices, resistive random-access
memory devices (also referred to as memristor memory devices), and the like.
Such persistent memory may have fast access speeds comparable to volatile
memory and also may have the ability to retain data after the computer system is
powered off. Additionally, persistent memory may be implemented in a system
architecture that divides memory control functionality between a memory
controller on a processor and a media controller on the persistent memory, the
processor and the persistent memory being connected by a memory fabric. For
example, the memory controller of the processor may include cache consistency
functionality and other processor-specific memory functionality, while the media
controller of the persistent memory may include functionality specific to the

persistent memory devices.

[0015] Owing to the ability of persistent memory to retain data, a computer
system may include versioning and transaction capabilities. For example, an
application executing on a processor of a computer system may determine that
multiple versions of data should be maintained for a period of time. One of the
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versions may represent an initial state of the data, and another version may
accumulate changes to the data for an atomic transaction. However, some data
operations performed during versioning, such as data copying and version
merging/replacement, may increase processor and/or memory overhead and
may reduce computer system performance. Moreover, some implementations of
versioning may exhibit overhead by virtue of performing copy-on-writes of entire

pages of data.

[0016] The techniques of the present application may relate to a version
controller that, in some examples, is coupled to a processor and to persistent
memory. The version controller may receive application data addressed to a
cache line of an image page, may write the received application data to a cache
line of a copy page corresponding to the addressed cache line of the image page,
may track cache lines of the copy page to which application data is written, and
may generate a final page by either forward merging the image page into the
copy page or backward merging the copy page into the image page depending
on a merge direction policy. More particularly, some aspects of the techniques
may relate to a merge direction policy that is based on a quantity of cache lines of
the copy page to which application data is written. Accordingly, the techniques of
the present application may be useful for offloading data versioning operations,
such as data copying and version merging/replacement, from a processor to a
version controller. Additionally, the techniques of the present application may be

useful for reducing the amount of data movement involved in data versioning.

[0017]  Referring now to the figures, FIG. 1 is a block diagram showing an
example version controller 100 (which also may be referred to as a controller
100). As will be described herein, the version controller 100 may include a
memory cycle scheduler 102, a version control module 104, and a merge module
106, and the version controller 100 may be useful for versioning and merging
data in persistent memory 112. The data may be related to write requests of an

atomic transaction of an application 110 executing on a processor 108. The term

” W@ LTS

“atomic,” “atomically,” “atomicity,” or similar terms may refer to a transaction

where all the operations occur, or none of the operations occur. For example, an
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atomic update transaction may be a transaction where all updates that make up

the transaction are performed, or none of the updates are performed.

[0018] In some implementations, the processor 108 may be a single-core
processor, a multi-core processor, an application-specific integrated circuit, a field
programmable gate array, and/or other hardware device suitable for retrieval
and/or execution of machine-executable instructions from a machine-readable
medium connected to the processor 108. The machine-executable instructions
may include, for example, sets of instructions that, when executed by the
processor 108, form the application 110. In some implementations, persistent
memory 112 may be formed from non-volatile memory devices, such as flash
memory devices, phase-change memory devices, spin-transfer torque memory
devices, resistive random-access memory devices (also referred to as memristor
memory devices), and the like. The persistent memory 112 may be
communicatively coupled to the processor 108. The version controller 100 also
may be communicatively coupled to both the processor 108 and the persistent

memory 112.

[0019] The version controller 100 may include a memory cycle scheduler 102,
a version control module 104, and a merge module 106, each of which may be a
set of instructions encoded on a machine-readable medium of a device and
executable by a processor of the device, and additionally or alternatively, may
include a hardware device comprising electronic circuitry for implementing the
functionality described below. Moreover, it may also be understood that, in some
implementations, some of the functionality of the memory cycle scheduler 102,
the version control module 104, and the merge module 106 described herein may

be attributed directly to the version controller 100.

[0020] The version control module 104 may allocate a copy page in persistent
memory 112 communicatively coupled to the version controller 100 upon receipt
of a copy command to version an image page 114 for an atomic transaction of an
application 110 executing on a processor 108 communicatively coupled to the
version controller 100. The memory cycle scheduler 102 may receive application

data from the application 110 addressed to a cache line of the image page 114.
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The memory cycle scheduler 102 may write the received application data to a
cache line of the copy page 116 corresponding to the addressed cache line of the
image page 114. In some implementations, the version control module 104 may
track, in a version control structure 120, cache lines of the copy page 116 to
which application data is written. The version control module 104 may receive a
transaction commit command from the application 110. The merge module 106
may, in response to the transaction commit command received by the version
control module 104 being a replace command, generate a final page by either a
forward merge of the image page 114 into the copy page 116 or a backward
merge of the copy page 116 into the image page 114, depending on a merge
direction policy. In some implementations, the version controller 100, the
processor 108, and the persistent memory 112 may be included in or form part of
a computing system 150, such as a server, a workstation, a desktop computer, a

laptop computer, a tablet computing device, a mobile device, or the like.

[0021] FIG. 2 is a block diagram showing an example version controller 200
(which also may be referred to as a controller 200). As will be described herein,
the version controller 200 may include a memory cycle scheduler 202, a version
control module 204, and a merge module 206, and the version controller 200 may
be useful for versioning and merging data in persistent memory 212. The data
may be related to write requests of an atomic transaction of an application 210

executing on a processor 208.

[0022] In some implementations, the processor 208 may be a single-core
processor, a multi-core processor, an application-specific integrated circuit, a field
programmable gate array, and/or other hardware device suitable for retrieval
and/or execution of machine-executable instructions from a machine-readable
medium connected to the processor 208. The machine-executable instructions
may include, for example, sets of instructions that, when executed by the
processor 208, form at least one application 210. In some implementations, a
plurality of applications 210 may be formed on the processor 208, including an
operating system. The processor 208 also may include an integrated memory

controller 209 to manage the flow of data to and from memory, such as the
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persistent memory 212 (although in some implementations, the memory
controller 209 may be separate from but communicatively coupled to the

processor 208).

[0023] In some implementations, persistent memory 212 may be formed from
non-volatile memory devices, such as flash memory devices, phase-change
memory devices, spin-transfer torque memory devices, resistive random-access
memory devices (also referred to as memristor memory devices), and the like.
The persistent memory 212 may be communicatively coupled to the processor
208, and more particularly, to the memory controller 209 of the processor 208.
The version controller 200 also may be communicatively coupled to both the
processor 208 and the persistent memory 212. For example, in some
implementations, the version controller 200, the processor 208, and the
persistent memory 212 may be communicatively coupled by an inter-socket

memory fabric.

[0024] In some implementations, the version controller 200, the processor
208, and the persistent memory 212 may be included in or form part of a
computing system 250, such as a server, a workstation, a desktop computer, a
laptop computer, a tablet computing device, a mobile device, or the like. In
addition to the version controller 200, the processor 208, and the persistent
memory 212, in some implementations, the computing system 150 may also
include volatile memory (e.g., dynamic random-access memory, static random-
access memory, and the like), a storage device (e.g., magnetic-based storage
device, optical-based storage device, or other physical storage device), and any

wired or wireless network interface.

[0025] In some implementations, as depicted in FIG. 3, the persistent memory
212 of the example system 250 may be formed from a plurality of persistent
memory devices 213-1 through 213-N (e.g., multiple dual-inline memory
modules), and each memory device 213-1 through 213-N may include a
respective media controller 240-1 through 240-N. In some implementations, as
illustrated in FIG. 3, the processor 208 of the example system 250 may be among

a plurality of processors 208-1 through 208-N. Each of the processors 208-1
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through 208-N may include a respective memory controller 209-1 through 209-N.
Each of the persistent memory devices 213-1 through 213-N, the plurality of
processors 208-1 through 208-N, and the version controller 200 may be
communicatively coupled by an inter-socket memory fabric, such that any of the
processors and the version controller 200 may access or communicate with any
of the persistent memory devices. By virtue of the foregoing arrangement, the
virtual controller 200 may perform versioning on data between the processor 208

and persistent memory 212 as an independent intermediary device.

[0026] Referring again to FIG. 2, the version controller 200 may include a
memory cycle scheduler 202, a version control module 204, and a merge module
206, each of which may be a hardware device comprising electronic circuitry for
implementing the functionality described below, and additionally or alternatively,
may a set of instructions encoded on a machine-readable medium of a device
(e.g., system 250) and executable by a processor of the device. Moreover, it
may also be understood that, in some implementations, some of the functionality
of the memory cycle scheduler 202, the version control module 204, and the
merge module 206 described herein may be attributed directly to the version

controller 200.

[0027] The version controller 200, and more particularly the version control
module 204, may receive, from the application 210, a copy command to version
an image page 214 for an atomic transaction of the application 210. For
example, the image page 214 may be a page of data made up of a plurality of
cache lines (also referred to herein as original cache lines) and stored in the
persistent memory 212, and the application 208 will request modification of at
least some of the original data of the image page 214 (i.e., the original cache
lines) as part of an atomic transaction. The application 210 may issue the copy
command because it determined that multiple versions of data (e.g., the original
data and the modified data) should be maintained for the transaction for a period
of time. An image page 214 being versioned by the application 210 per a copy

command may also be referred to as a versioned image page.
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[0028] Upon receipt of the copy command, the version control module 204
may allocate a copy page 216 in persistent memory 212, which is
communicatively coupled to the version controller 200. In some implementations,
the application 210 may allocate the copy page 216 and provide the physical
memory address of the copy page 216 to the version controller 200 (e.g., the
version control module 204) with the copy command, instead of the version
control module 204 allocating the copy page 216. In some implementations, the
copy page 216 as allocated does not contain any valid data that is meaningful to
application 210. For example, to allocate the copy page 216, the version control
module 204 may reserve an amount of the persistent memory 212 that is
equivalent to the size of the image page 214 to be versioned according to the
copy command, and in some implementations, does not write any data to the
copy page 216. The copy page 216 may be allocated, by the version control
module 204 or the application 210, from a queue of free pages 218 in persistent
memory 212. In some implementations, if the queue does not have sufficient free
pages from which to allocate the copy page 216, the application 210 may loan
additional free pages to the queue of free pages. Additional free pages also may
be added to the free page queue 218 by the version control module 204 when the
version control module 204 deallocates image pages or copy pages (for example,
when the pages are no longer needed for operation), as will be described below.
If a deallocated page was loaned by the application 210, the application 210 may
track usage of the loaned page and recover or reclaim the loaned page upon its

deallocation to the free page queue 218 for other purposes of the application 210.

[0029] In some implementations, the version control module 204 also creates
a version control structure 220 upon receipt of the copy command. The version
control structure 220 may be stored in persistent memory of system 250 that is
accessible by the version controller 200, such as persistent memory 212. The
version control structure 220 may describe a corresponding copy page 216, and
further may include at least some of the fields shown in Table 1, which will be

described further herein.

TABLE 1
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Field Description

Transaction ID

May identify copy pages that are part of the same
atomic transaction from the viewpoint of the
application. All version control structures with the
same transaction ID may be processed together
atomically in response to a transaction commit

command

Copy Page Physical
Memory Address

Points to a physical memory address of the copy
page corresponding to the version control

structure

Image Page Physical
Memory Address

Points to a physical memory address of the
image page corresponding to the version control

structure

Next page, Prior Page

A doubly linked list of copy pages that are part of

the same transaction

Master Copy Page

Points to a master (head) copy page related to
the transaction ID. The Master Copy Page field
for the master copy page points to the master

copy page itself.

Master Combine Page

Points to a master (head) page of a linked list of
copy pages to be combined in response to a

combine-type transaction commit command.

Next Combine Page

Points to the next page of a linked list of copy
pages to be combined in response to a combine-

type transaction commit command

Page State

Indicates the current state of the copy page:
Initial, Active, Active with Forward Merge,

Committed, Deprecated, Splitting

Cache Line Valid

Tracks whether individual cache lines of the copy

page are valid
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[0030] Asshown in Table 1, some implementations of the version control
structure 206 may include a Cache Line Valid field, which may track whether
individual cache lines of the copy page 216 are valid. For example, the Cache
Line Valid field may include a single bit for each cache line of the copy page 216
to track whether the corresponding cache line is valid or invalid. When the copy
page 216 is initially allocated by the version control module 204, the Cache Line
Valid field may be set or initialized to indicate that all cache lines of the copy page
216 are invalid. The Cache Line Valid field is updated to indicate that a particular
cache line of the copy page 216 is valid when data from the application 210 is

written to that cache line, as will be described below.

[0031]  Accordingly, for a particular copy command and transaction of the
application 210, the version controller 200 may perform versioning using a
corresponding set of an image page 214, a copy page 216, and a version control
structure 220. After allocating the copy page 216 and the version control
structure 220, the version control module 206 may set the Page State field of the
version control structure 200 to an Initial state. In some implementations, the
transaction may relate to multiple image pages, for example, where the data
being manipulated by the transaction spans multiple image pages (as but one
example, each image page may be four kilobytes in size). In such a case, the
version control module 204 may allocate multiple copy pages (e.g., a copy page
corresponding to each of the multiple image pages) and may atomically create a
version control structure 220 for each of the multiple copy pages. The version
control structures for each copy page may refer to the same Transaction ID and
may link multiple copy pages related to the same transaction in a doubly linked
copy page list (e.g., using the Next page, Prior Page and Master Copy Page
fields described in Table 1). Accordingly, it should be understood that the
techniques presented herein may be performed on multiple corresponding image

pages, copy pages, and version control structures.

[0032] In some implementations, the version controller 200 may process

different transactions concurrently (e.g., in response to multiple copy commands,
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whether from the same application 210 or from different applications), and
accordingly, the version controller 200 may manage multiple sets of

corresponding image pages, copy pages, and version control structures.

[0033] In some implementations, in addition to the version control structure
220, the version control module 204 may also create and maintain various
auxiliary structures 222. The auxiliary structures 222 may be stored in volatile
memory or persistent memory of the system 250. For example, the version
control module 204 may maintain, in the auxiliary structures 222, a free page list
that tracks the location in persistent memory 212 of the free pages in the free
page queue 218. The version control module 204 also may maintain, in the
auxiliary structures 222, a transaction index that tracks the physical memory
address of a copy page associated with a particular transaction (or tracks a
master copy page, where multiple copy pages are involved in a transaction). The
version control module 204 also may maintain, in the auxiliary structures 222, a
page index that includes corresponding image page addresses and copy page
addresses, and relates both the image page and the copy page to the
corresponding version control structure 220. Owing at least in part to some of the
foregoing auxiliary structures 222, the version controller 200 may virtualize, to the

processor 208, the pages involved in a versioning operation.

[0034] In some implementations, the application 210 may modify a page table
of the processor 208 such that the application 210 (and processes thereof)
participating in the transaction may reference the copy page 216 in addition to or
instead of the image page 214. Until at least after the version controller 200
receives a transaction commit command from the application 210 in a manner
described below. By virtue of providing only the application 210 access to the
copy page 216, the version controller 200 may provide an isolation property such
that the transaction of application 210 does not affect concurrent transactions

executing on the processor 208 and/or utilizing persistent memory 212.

[0035] The version controller 200 may receive, from application 210, a write
request (e.g., a store instruction of the processor 208) and application data

addressed to a cache line of a page in persistent memory 212. More particularly,
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in some implementations, the memory cycle scheduler 202 receives the
application data and the version control module 204 receives the write request.

In some implementations, the version control module 204 sets the Page State
field of the version control structure 220 to Active, if not previously set to Active,
when application data is received. The version controller 200 (more particularly,
the memory cycle scheduler 202) may determine whether the received write
request and application data are addressed to an image page involved in a
transaction versioned by the version controller 200 (a versioned image page), for
example, by checking if the cache line address is referenced in the auxiliary
structures 222, such as the page index described above. If the write request and
application data are not addressed to a versioned image page (e.g., addressed
instead to a non-versioned image page 215), then the memory cycle scheduler
202 can pass the write request and application data to the persistent memory 212
without further processing by the version controller 200. On the other hand, if the
write request and application data are addressed to an image page involved in a
transaction versioned by the controller (e.g., versioned image page 214), the
memory cycle scheduler 202 identifies the corresponding version control

structure 220 and copy page 216 (e.g., from the page index).

[0036] Having identified the version control structure 220 and the copy page
216 corresponding to a write request and application data addressed to a
versioned image page 214, the memory cycle scheduler 202 may write the
received application data to a cache line of the copy page 216 corresponding to
the addressed cache line of the image page 214 (e.g., by executing a store
instruction or other instruction with a memory reference operand). That is,
instead of updating or modifying the original image page 214, the version
controller 200 updates or modifies the copy page 216, which serves as a new
version of the image page 214. In some implementations, the memory cycle
scheduler 202 schedules the write for an unused memory cycle. In some
implementations, the memory cycle scheduler 202 may immediately write the

application data (e.g., at a next possible cycle, without an intentional or
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programmed delay) after identifying the version control structure 208 and the

copy page 216 corresponding to the addressed versioned image page 214.

[0037]  After the memory cycle scheduler 202 writes the application data to the
copy page 216, the version control module 204 may track, in the version control
structure 220, the cache line of the copy page 216 to which application data is
written. For example, the version control module 204 may track the written copy
page cache lines by setting a bit in the Cache Line Valid field of the version
control structure 220 that corresponds to the written cache line to indicate that
that cache line in the copy page 216 is now valid. As but one illustration, in FIG.
4A, application data addressed to cache line 224-2 of the image page 214 has
been written to corresponding cache line 226-2 of the copy page 216, and
accordingly, the corresponding bit of the Cache Line Valid field 221-A (of the
version control structure 220) has been set to indicate validity of that cache line
226-2 (e.g., a value of “1” in this example). On the other hand, in FIG. 4A,
application data has not been written to corresponding cache lines 226-1 and
226-3, respectively, and the bits of the Cache Line Valid field 221-A
corresponding to those cache lines 226-1 and 226-3 remain set to invalid (e.g., a

value of “0” in this example), per the original allocation of the copy page 216.

[0038] In some implementations, the memory cycle scheduler 202 may write
multiple cache lines to the copy page 216 in response to multiple write requests
from the application 210 related to a particular atomic transaction, and the
version control module 204 may track each of the cache lines of the copy page
216 to which application data is written. In some implementations, the memory
cycle scheduler 202 may overwrite a cache line of the copy page 216 to which
application data has been previously written per a more recent write request.

The memory cycle scheduler 202 may continue to write (or overwrite), to the copy
page 216, application data addressed to the versioned image page 214 in the
manner described above until the version control module 204 receives a
transaction commit command from the application 210. Before describing how
the version controller 200 handles the transaction commit command, various pre-

commit functionality of the version controller 200 will first be described.
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[0039] In some implementations, the copy command received by the version
controller 200 (i.e., the version control module 204) may include a forward merge
hint. The forward merge hint indicates that the merge module 206 will perform a
forward merge of the image page 214 into the copy page 216 after the version
control module 204 receives the transaction commit command (in a manner
described below). In some implementations, the version control module 204 sets
the Page State field of the version control structure 220 to Active with Forward
Merge in response to a forward merge hint. If the copy command includes a
forward merge hint, the memory cycle scheduler 202 may copy corresponding
cache lines of the image page 214 to cache lines of the copy page 216 to which
no application data is written, prior to receipt of the transaction commit command
and during unused memory cycles. In other words, the memory cycle scheduler
202 may determine which cache lines of the copy page 216 are invalid based on
the Cache Line Valid field of the version control structure 220 and forward copies
the corresponding cache lines of the image page 214 (i.e., original cache lines) to
those invalid cache lines of the copy page 216. The version control module 204
may set bits of the Cache Line Valid field to valid, as the corresponding cache
lines of the copy page 216 are forward copied due to the forward merge hint. In
some implementations, the memory cycle scheduler 202 may watch for and
schedule unused memory cycles to perform the forward copy so as to avoid
copying cache lines at the same time that cache lines are written (such as those
cache lines received from the application 210 and addressed to a versioned
image page 214). By virtue of copying forward copying cache lines from the
image page 214 to the copy page 216 prior to a transaction commit command
and in accordance with the forward merge hint, the version controller 200 may
accelerate versioning of the image page 214 by having a complete or near
complete version of a final page to be committed by the time the transaction

commit command is received.

[0040] In some implementations, the version controller 200 may receive
requests from the processor 208 to access data of the image page 214, other

than write requests as described above. The memory cycle scheduler 202 may



WO 2016/160035 PCT/US2015/024346

-15-

determine whether access to the image page 214 by the processor 208, and
more particularly by the application 210 and by other applications not associated
with the transaction, should be directed to the image page 214 or to the copy
page 216. For example, the processor 208 or an application executing on the
processor 208 may send a read request (e.g., a load instruction) addressed to
the image page 214. The memory cycle scheduler 202 may determine whether
the read address refers to a cache line of the image page 214 that corresponds
to a cache line of the copy page 216 that is valid according to the version control
structure 220 (e.g., by checking the version control structure 220, directly or via
the version control module 204). If the cache line of the read address
corresponds to a valid cache line of the copy page 216, then the memory cycle
scheduler 202 readdresses the read request to the corresponding cache line of
the copy page 216. Otherwise, the memory cycle scheduler 202 may pass the

original read request to the image page 214.

[0041] In some implementations, the application 210 may flush modified cache
lines addressed to the image page 214 (e.g., remaining data in a cache of the
processor 208) to the version controller 200 in preparation for sending a
transaction commit command. The version controller 200 may process the
flushed cache lines in a similar manner as described above, that is, by writing the
remaining application data addressed to cache lines of the image page 214 to the
corresponding cache lines of the copy page 216 and updating the version control

structure 220 (e.g., the Cache Line Valid field) accordingly.

[0042] The version control module 204 may receive a transaction commit
command from the application 210, such as a replace command, a split
command, a combine command, or a delete command. The aforementioned
commands may also be referred to herein as a replace-type command, a split-
type command, a combine-type command, or a delete-type command. The
response of the version controller 200 to each of the aforementioned transaction

commit commands will now be described in turn.

[0043] In response to the transaction commit command being a replace

command, the merge module 206 may generate a final page by either a forward
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merge (e.g., 230) of the image page 214 into the copy page 216 or a backward
merge (e.g., 232) of the copy page 216 into the image page 214, depending on a
merge direction policy. In some implementations, the memory cycle scheduler
202 may schedule unused memory cycles for the merge module 206 to perform
the forward merge 230 or the backward merge 232 to generate the final page.
The merge direction policy may be included in the merge module 206, and
various implementations of the merge direction policy will be described below.
Before describing implementations of the merge direction policy, the forward

merge 230 and the backward merge 232 will first be described.

[0044] If the merge direction policy dictates that a forward merge 230 should
be performed, the version control module 204 may set the Page State field of the
version control structure 220 to Committed (which may indicate that the copy
page 216 will be maintained as the final page, and the image page 214 is
deemed a deprecated page that will be deallocated). The merge module 206
may determine which cache lines of the copy page 216 are invalid based on the
Cache Line Valid field of the version control structure 220 and may control or
instruct the memory cycle scheduler 202 to schedule unused memory cycles to
forward copy the corresponding original cache lines of the image page 214 to
those invalid cache lines of the copy page 216. The version control module 204
may update the version control structure 220 as cache lines of image page 214
are copied to corresponding cache lines of the copy page 216 by setting each
corresponding bit of the Cache Line Valid field to valid, and the forward copy 230
may be deemed complete after all bits of the Cache Line Valid field are set to
valid. The version control module 204 may provide the physical memory address
of the final page, i.e., the copy page 216, to the application 210 (or more
generally, to the processor 208). The physical memory address may be provided
from the Copy Page Physical Memory Address field of the version control
structure 220, for example. The processor 208 may then update its page table
such that any virtual addresses originally mapped to the physical memory

address of the image page 214 will instead be mapped to the physical memory
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address of the copy page 216 (as the final page) for future read and write

requests.

[0045] If the merge direction policy dictates that a backward merge 232 should
be performed, the version control module 204 may set the Page State field of the
version control structure 220 to Deprecated (which indicates that the image page
214 will be maintained as the final page, and the copy page 216 will be
deallocated). The merge module 206 may determine which cache lines of the
copy page 216 are valid based on the Cache Line Valid field of the version
control structure 220 and may control or instruct the memory cycle scheduler 202
to schedule unused memory cycles to backward copy those valid cache lines of
the copy page 216 to the corresponding cache lines of the image page 214. The
version control module 204 may update the version control structure 220 as
cache lines of copy page 216 are copied to corresponding cache lines of the
image page 214 by setting each corresponding bit of the Cache Line Valid field to
invalid as that cache line is copied. The version control module 204 may provide
the physical memory address of the final page, i.e., the image page 214, to the
application 210 (or the processor 208), and, in some implementations, the page
table of the processor 208 may not need to be updated. The physical memory
address may be provided from the Image Page Physical Memory Address field of

the version control structure 220, for example.

[0046] In some implementations, the version control module 204 may provide
the physical memory address of the final page to the processor 208, including
any applications or processes executing thereon, after setting the Page State
field to Committed for a forward merge 230 or to Deprecated for a backward
merge 232, but before the forward merge 230 or backward merge 232 is
completed and before all bits of the Cache Line Valid field are set to valid or
invalid, respectively. In such an implementation, the processor 208 may
effectively access the final page (even though the final page has not been
completely generated and valid cache lines are scattered between the image
page 214 and the copy page 216) by virtue of the version controller 200 tracking,
in the version control structure 220, where each valid cache line is during the
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ongoing forward or backward merge. In other implementations, the version
controller module 204 may provide the physical memory address of the final page
after the forward merge 230 or the backward merge 232 is completed.

[0047] Toillustrate, FIG. 4A depicts a forward merge by copying
corresponding original cache lines 224-1, 224-3, and 224-N of the image page
214 to invalid cache lines 226-1, 226-3, and 226-N of the copy page 216 (e.g., in
accordance with Cache Line Valid field 221-A). After the depicted forward merge
is completed, all bits of the Cache Line Valid field should be set to valid (e.g., all
bits of Cache Line Valid field 221-B are set to “1” in FIG. 4A). FIG. 4B depicts a
backward merge by copying the valid cache line 226-2 of the copy page 216 to
the cache line 224-2 of the image page 214 (e.g., in accordance with Cache Line
Valid field 221-A). After the depicted backward merge is completed, all bits of the
Cache Line Valid field 221 should be set to invalid (e.g., all bits of Cache Line
Valid field 221-B are set to “0” in FIG. 4B).

[0048] Example implementations of the merge direction policy that may
govern whether a forward merge 230 or a backward merge 232 is performed will
now be described. In some implementations, the merge direction policy may be
based on a quantity of cache lines of the copy page 216 to which application data
is written. For example, the merge module 206 may determine a percentage of
bits of the Cache Line Valid field (of the version control structure 220) that are
valid, and the merge direction may depend on whether the percentage meets or
exceeds a threshold. More particularly, in some examples, the merge direction
may be a forward merge 230 if the percentage of valid cache lines in the copy
page 216 is 50% or greater and may be a backward merge 232 if the percentage
of valid cache lines in the copy page 216 is less than 50%. It should be
understood that the percentage threshold may be modified, for example, to
optimize the efficiency of the version commit process. Other quantity-based
measures also may be used in a similar manner in other implementations, such
as a count of the valid cache lines. By virtue of the merge direction policy being
based on the quantity of valid cache lines in the copy page 216, the version

controller 200 may copy cache lines towards the page that is most similar to the
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final page, thus potentially minimizing the number of cache line copy operations

to create a final page.

[0049] In some implementations, the merge direction policy may be based on
a quantity of virtual addresses of the processor 208 that refer to the image page
214. For example, after a forward merge 230 is performed (i.e., when the Page
State is set to Committed), each instance in the page table of the processor 208
where a virtual memory address is mapped to the physical memory address of
the image page 214 is re-mapped to the physical memory address of the copy
page 216, as described above. As the number of such virtual memory address
increases, the number of re-mappings performed by the processor 208 may also
increase. Accordingly, it may be deemed more efficient to perform a backward
merge than to re-map a high quantity or number of virtual memory addresses to
the physical memory address of the copy page 216. It should be understood that
the quantity of virtual addresses of the processor 208 may be selected, for

example, to optimize the efficiency of the version commit process.

[0050] In some implementations, the version control module 204 may remove
references in the system 250 to a deprecated page. The deprecated page may
be whichever of the image page 214 or the copy page 216 that is not merged into
to form the final page, or in other words, the deprecated page may be the image
page 214 in a forward merge 230 and may be the copy page 216 in a backward
merge 232. The version control module 204 may remove references to the
deprecated page in, for example, the page table of the processor 208. In some
implementations, the version control module 204 may remove references to the
deprecated page after the Page State field is set in the version control structure

220 to Committed or Deprecated.

[0051]  In some implementations, the version control module 204 also may
deallocate the deprecated page, for example, by releasing (e.g., making
available) the deprecated page to the free page queue 218 and updating the free
page list in the auxiliary structures 222 or by releasing the deprecated page to the
application 210 or the processor 208. In some implementations, the version

control module 204 also may deallocate the version control structure 220. In
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some implementations, the version control module 204 waits until references to
the deprecated page in the system 250 (e.g., in the processor 208) are removed,
as indicated by a release command from the processor 208 or the application
210 for example, before deallocating the deprecated page and/or the version

control structure 220.

[0052] In some implementations, the transaction commit command received
by the version control module 204 from the application 210 may be a delete
command. For example, the application 210 may issue a delete command when
the transaction of the application 210 is aborted. In response to a delete
command, the version control module 204 may deallocate the version control
structure 220 and the copy page 216. By virtue of the response to the delete

command, only the original unmodified image page 214 may remain.

[0053] In some implementations, the transaction commit command received
by the version control module 204 from the application 210 may be a split
command. In response to the transaction commit command being a split
command, the version control module 204 may set the Page State field of the
version control structure 220 to Splitting, and the merge module 206 may copy
original cache lines from the image page 214 to the copy page 216 for cache
lines of the copy page 216 to which no application data is written (i.e., the
corresponding bits of the Cache Line Valid field of the version control structure
220 are set to invalid). In other words, the merge module 206 may perform a
forward merge 230. In some implementations, if the version controller 200
receives new application data addressed to a cache line of the image page 214
and the corresponding cache line of the copy page 216 is invalid, the memory
cycle scheduler 202 may schedule writing the new application data to the image
page 214 after writing the cache line of the image page 214 to the invalid cache
line of the copy page 216. The foregoing data copy and write processes of the
split command may be performed during unused memory cycles, as scheduled
by the memory cycle scheduler 202, in the manner described above. Moreover,
the foregoing data copy and write processes may be performed using a forward

merge hint, in the manner described above. The version controller 200 may
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provide both the physical memory address of the split copy page 216 and the
physical memory address of the image page 214 to the processor 208 (and more
particularly, to the application 210), and may delete the version control structure
220. By virtue of the response to the split command, the processor 208 may
retain access to both the original data in the image page 214 and the transaction-

modified data in the copy page 216.

[0054] In some implementations, the transaction commit command received
by the version control module 204 from the application 210 may be a combine
command. In response to the transaction commit command being a combine
command, the version controller 200 may atomically combine or add a copy page
from a first transaction and another copy page from a second transaction.
Moreover, in cases where transactions relate to multiple copy pages, the version
controller 200 may atomically combine or add a first set of copy pages from a first
transaction to a second set of copy pages from a second transaction. The
version controller 200 may combine copy pages by, for example, modifying the
linked list fields of version control structures (such as the Master Combine Page
and the Next Combine Page fields) of the copy pages to be combined. For
example, the linked list fields for a first set of copy pages may be modified to
incorporate the second set of copy pages, and/or vice versa. The first transaction

and the second transaction may both be transactions of the application 210.

[0055] As the copy page(s) of a first transaction and copy page(s) of a second
transaction are being combined, the merge module 206 may determine whether
any potential combine conflicts exist, by determining whether a copy page (of the
first transaction) and another copy page (of the second transaction) are both
versions of the same image page. For example, the merge module 206 may
check whether one or more fields, such as the Image Page Physical field, of the
version control structures for the copy pages of the first transaction match
corresponding fields for the copy pages of the second transaction. If the copy
page and the another copy page are both versions of the same image page, the
merge module 206 may then determine if a conflict exists, a conflict being where

data has been written to corresponding cache lines of both the copy page and the
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another copy page. For example, the merge module 206 may check the version
control structures for both the copy page and the another copy page, and if any
corresponding Cache Line Valid bits of the copy page and the another copy page
are both set to valid, a conflict may be deemed to exist by the merge module 206.
By virtue of both corresponding cache lines being valid, neither the version
controller 200 nor the application 210 may be able to determine which of the copy
page or the another copy page contains the desired (e.g., most up-to-date)
application data. If no conflict exists, the merge module 206 may combine or link
the copy page 216 and the another copy page. If a conflict exists, the version
controller 200 may send an error message to the processor 208 and/or the
application 210, which in turn, may abort both the first transaction and the second
transaction. After the copy pages of the first transaction and the copy pages of
the second transaction are combined, the version controller 200 may send the
physical memory addresses of the combined pages to the processor 208 and/or

the application 210.

[0056] FIG. 5 is a flow diagram of an example method 500 for versioning and
merging of data in persistent memory. Method 500 may be described below as
being executed or performed by a system, such as system 150 of FIG. 1.
Various other suitable systems may be used as well, such as, for example,
system 250 of FIG. 2. Method 500 may be implemented in the form of
executable instructions stored on at least one machine-readable storage medium
and executed by at least one processor or controller of the system 150, and/or in
the form of electronic circuitry. In some implementations of the present
disclosure, one or more blocks of method 500 may be executed substantially
concurrently or in a different order than shown in FIG. 5. In some
implementations of the present disclosure, method 500 may include more or less
blocks than are shown in FIG. 5. In some implementations, one or more of the

blocks of method 500 may, at certain times, be ongoing and/or may repeat.

[0057] Method 500 may start at block 502 and continue to block 504, where a
system 150 may allocate, by a version controller 100 for example (more

particularly, by a version control module 104), a copy page (e.g., 116) in
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persistent memory (e.g., 112) upon receiving, from an application (e.g., 110)
executing on a processor (e.g., 108) of the system 150, a copy command to
version an image page (e.g., 114) for an atomic transaction. In some
implementations, the copy command is to version a plurality of image pages, and
in response, the version control module 104 may allocate a plurality of

corresponding copy pages.

[0058] Atblock 506, the system 150 may receive, at the version controller 100
(more particularly, at the memory cycle scheduler 102), application data
addressed to a cache line of the image page 114. At block 508, the system 150
may write, by the version controller 100 (more particularly, by the memory cycle
scheduler 102), the received application data (i.e., received at block 506) to a
cache line of the copy page 116 corresponding to the addressed cache line of the
image page 114. At block 510, the system 150 may track, in a version control
structure (e.g., 120), cache lines of the copy page 116 to which application data
is written at block 508. More particularly, in some implementations, the version
controller 100 (or more particularly, the version control module 104) performs the
tracking in the version control structure 120, and the version control structure
may be stored in the version controller 100 (e.g., an on-board machine-readable
medium, cache, or storage), the persistent memory 112, or another memory or
storage of the system 150. The version control structure 120 may be, for
example, analogous to the version control structure 220 described above with
respect to FIG. 2. In some implementations, the application 110 sends
application data addressed to the image page 114 over a period of time (e.g.,
over a plurality of consecutive and/or non-consecutive cycles of the processor
108), and the version controller 100 may repeat blocks 506, 508, and 510 for

each application data received.

[0059] Atblock 512, the system 150 may receive, at the version controller 100
(more particularly, at the version control module 104), a transaction commit
command. In some implementations, the transaction commit command may be
sent by the application 110. If the transaction commit command received at block

512 is a replace command, then at block 514, the version controller 100 (more
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particularly, the merge module 106) may generate a final page by either forward
merging the image page 114 into the copy page 116 or backward merging the
copy page 116 into the image page 114, depending a merge direction policy. In
other words, by virtue of performing block 514, the copy page 116 becomes the
final page via a forward merge or the image page 114 becomes the final page via
a backward merge. In some implementations, the version control module 104
may track, in the version control structure 120, progress of the forward merge or
the backward merge, as the case may be. For example, in the case of a forward
merge, the version control structure 120 may indicate whether a cache line of the
copy page 116 is in a final state, that is, whether the cache line of the copy page
116 was previously written to with application data at block 508 or was previously
copied to with a corresponding cache line of image page 114 via a forward merge
at block 514. Similarly, in the case of a backward merge, the version control
structure 120 may indicate whether a cache line of the image page 114 isin a
final state, that is, whether data was copied to the cache line of the image page
114 from the corresponding cache line of the copy page 116 via a backward
merge at block 512 if that cache line of the copy page 116 was previously written

to with application data at block 508.

[0060] In some implementations, the merge direction policy 514 may be based
on a quantity (e.g., a percentage, a count, etc.) of cache lines of the copy page
116 to which application data is written by block 508 or a quantity of virtual
addresses mapped to the image page 114. After block 514, method 500 may
end at block 516.

[0061] FIG. 6 is a flow diagram of an example method 600 for versioning and
merging of data in persistent memory. Method 600 may be described below as
being executed or performed by a system, such as system 250 of FIG. 2.
Various other suitable systems may be used as well, such as, for example,
system 150 of FIG. 1. Method 600 may be implemented in the form of
executable instructions stored on at least one machine-readable storage medium
and executed by at least one processor or controller of the system 250, and/or in

the form of electronic circuitry. In some implementations of the present
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disclosure, one or more blocks of method 600 may be executed substantially
concurrently or in a different order than shown in FIG. 6. In some
implementations of the present disclosure, method 600 may include more or less
blocks than are shown in FIG. 6. In some implementations, one or more of the

blocks of method 600 may, at certain times, be ongoing and/or may repeat.

[0062] Method 600 may start at block 602 and continue to block 604, where
the version controller 200 (more particularly, the version control module, e.g.,
204) may receive a transaction commit command from an application 210. Block
604 may be analogous in many respects to block 512 of method 500, and in
some implementations, method 600 may be performed after block 512 of method
500. For example, prior to receiving the transaction commit command at block
604, the version controller 200 may have allocated a copy page (e.g., 216) in
persistent memory (e.g., 212), may have received application data addressed to
a cache line of an image page (e.g., 214), may have written the received
application data to a cache line of a copy page 216 corresponding to the
addressed cache line of the image page 214, and may have tracked cache lines
of the copy page 216 to which application data is written in a version control
structure (e.g., 220). The transaction commit command received at block 604
may be, for example, a combine command, a split command, or a replace

command.

[0063] At block 606, if the transaction commit command is a combine
command (“YES” at block 606), control passes to block 612, which will be
described below. If the transaction commit command is not a combine command
(“NO” at block 606) but is a split command (“YES” at block 608), control passes
to block 618, which will be described below. If the transaction commit command
is not a combine command (“NO” at block 606) or a split command (“NO” at block
608) but is a replace command (“YES” at block 610), control passes to block 622.
Block 622 may be analogous in many respects to block 514 of method 500, and
the system 250 may generate, by the version controller 200 (more particularly,
the merge module 206), a final page by either merging the image page 214 into a

copy page 216 (a forward merge, e.g., 230) or merging the copy page 216 into
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the image page 214 (a backward merge, e.g., 232), based on a merge direction
policy. If the transaction commit command is neither a combine command (“NO”
at block 606), a split command (“NO” at block 608), nor a replace command
(“NO” at block 610), method 600 may end at block 624. In some
implementations, method 600 may include functionality for handling other
transaction commit commands, such as a delete command (as described above
with respect to the version controller 200). Moreover, it should be understood
that in some implementations, blocks 606, 608, and 610 may be performed in any

combination thereof or as a single block.

[0064] If the transaction commit command is a combine command (“YES” at
block 606), the version controller 200 may atomically combine or add a first set of
copy pages from a first transaction to a second set of copy pages from a second
transaction. In some implementations, the copy pages from both the first
transaction and the second transaction may have been created by prior execution
of method 500 of FIG. 5, for example. As the first set of copy pages and the
second set of copy pages are being combined, the version controller 200 (more
particularly, the merge module 206) may perform block 612 to determine whether
a copy page (e.g., of the first transaction) and another copy page (e.g., of the
second transaction) are both versions of the same image page. At block 614, the
version controller 200 (more particularly, the merge module 206) may determine
if a conflict exists, a conflict being where data has been written to corresponding
cache lines of both the copy page (e.g., of the first transaction) and the another
copy page (e.g., of the second transaction). At block 616, the version controller
200 (more particularly, the merge module 206) may combine or link the copy
page and the another copy page if no conflict exists (as determined at block 614)
by, for example modifying linked list fields of the version control structure
corresponding to the copy page to incorporate and the another copy page and/or

vice versa.

[0065] If the transaction commit command is a split command (“YES” at block
606), control may pass to 618, where the version controller 200 (more

particularly, the merge module 206) may copy cache lines from the image page
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214 to the copy page 216 for cache lines of the copy page 216 to which no
application data is written (according to the version control structure 220). At
block 620, the version controller 200 (more particularly, the version control
module 204) may delete the version control structure 220. The version controller
200 may provide the physical memory address of both the image page 214 and
the copy page 216 to the processor 208 and/or the application 210, such that
both versions are available for future transactions. Method 200 may eventually
continue to block 624 (e.g., after blocks 610, 616, 620, 622), where method 200

may end.

[0066] FIG. 7 is a flow diagram of an example method 700 for versioning and
merging of data in persistent memory. Method 700 may be described below as
being executed or performed by a system, such as system 250 of FIG. 2.
Various other suitable systems may be used as well, such as, for example,
system 150 of FIG. 1. Method 700 may be implemented in the form of
executable instructions stored on at least one machine-readable storage medium
and executed by at least one processor or controller of the system 250, and/or in
the form of electronic circuitry. In some implementations of the present
disclosure, one or more blocks of method 700 may be executed substantially
concurrently or in a different order than shown in FIG. 7. In some
implementations of the present disclosure, method 700 may include more or less
blocks than are shown in FIG. 7. In some implementations, one or more of the

blocks of method 700 may, at certain times, be ongoing and/or may repeat.

[0067] Method 700 may start at block 702 and continue to block 704, where
the system 250 may receive, from an application (e.g., 210) executing on a
processor (e.g., 208), additional free pages into a free page queue (e.g., 218) in
the persistent memory (e.g., 212). At block 706, the version controller 200 (more
particularly, a version control module, e.g., 204) may allocate a copy page (e.g.,
216) from the free page queue 218 in response to receiving, from application
210, a copy command to version an image page (e.g., 214) for an atomic
transaction of the application 210. At block 708, the version controller 200 may

receive application data addressed to a cache line of the image page 214, may
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write the application data to a cache line of the copy page 216 corresponding to
the addressed cache line of the image page 214, and may track in a version
control structure (e.g., 220) the cache line of the copy page 216 to which data is
written (e.g., by setting a corresponding bit of a Cache Line Valid field of the
version control structure 220 to valid). In some implementations, block 708 may
be analogous in many respects to blocks 506, 508, and 510 of method 500,
collectively.

[0068]  Atblock 710, if the copy command includes a forward merge hint,
control passes to block 712, and the version controller 200 (particularly, the
memory cycle scheduler 202), may copy corresponding cache lines of the image
page 214 to cache lines of the copy page 216 to which no application data is
written, prior to receiving a transaction commit command (as described below
with respect to block 714) and during unused memory cycles. If the copy
command does not include a forward merge hint, the version controller 200 does
not copy cache lines of the image page 214 to the copy page 216 in advance of

receiving a transaction commit command.

[0069]  Atblock 714, the version controller 200 (more particularly, the version
control module 204) may receive a transaction commit command from the
application 210. In connection with the transaction commit command, the
application 210 may also flush modified cache lines (e.g., from a cache of the
processor 208) to the version controller 200, and in response, the version
controller 200 may receive the flushed cache lines and write each of the cache
lines in a manner similar to that described above with respect to block 708. The
application 210 may flush the cache lines (and the version controller 200 may
receive the flushed cache lines), for example, preceding receipt of the transaction
commit command, concurrently with receipt of the transaction commit command,
or following receipt of the transaction commit command, by the version controller
200.

[0070] Atblock 718, the version controller 200 (i.e., the merge module 206)
may generate a final page in a manner analogous to block 514 of method 500, by

merging the image page 214 into a copy page 216 (a forward merge 230) or



WO 2016/160035 PCT/US2015/024346

-29-

merging the copy page 216 into the image page 214 (a backward merge 232),
based on a merge direction policy. Additionally, at block 718, the version
controller 200 (more particularly, the version control module 104) may track, in
the version control structure 220, progress of the forward merge 230 or the
backward merge 232, as the case may be. For example, the version control
module 104 may use the Cache Line Valid field of the version control structure
220 to track merge progress on a per cache line basis. In particular, the Cache
Line Valid field may indicate whether a cache line has been copied by the forward
merge 230 or the backward merge 232 (and thus is deemed to be in a final state)
or needs to be copied under the forward merge 230 or the backward merge 232

(and thus is deemed to not yet be in a final state).

[0071]  During block 718, as the version controller 200 is merging the image
page 214 and the copy page 216 to generate the final page, the version controller
200 may control access to the persistent memory 212 such that the processor
208 (including any applications or processes executing on the processor 208,
such as application 210) may effectively access the final page when attempting to
access either the image page 214 or the copy page 216. In some
implementations, it may be understood that by virtue of the version controller 200
tracking, in the version control structure 220, which cache lines are in a final state
with respect to the forward or backward merge (as the case may be), the
processor 208 may access (read or write) data in the final page as if the final
page were completed, even if the version controller 200 is yet in the process of
generating the final page and valid cache lines may be scattered or dispersed
between the image page 214 and the copy page 216. During block 718, the
version controller 200 may receive a data access request (read or write) from the
processor 208 addressed to the final page, and more particularly, to a cache line
of either the image page 214 or the copy page 216 that has not reached its final
state, such as, for example, a cache line of the copy page 216 yet to be copied
from the image page 214 for a forward merge 230 or a cache line of the image
page 214 yet to be copied from the copy page 216 per a backward merge 232.

Such a data access request may potentially conflict with ongoing merging at
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block 718 (ongoing merge activity, including the physical memory addresses of
cache lines to be copied during block 218, may be tracked in a cache lines in-
flight table). For example, if the data access request is to write new data to a
cache line of the final page before that cache line has reached its final state, that
new data in the cache line of the final page may eventually be erroneously
overwritten by the forward or backward merge of block 218. To mitigate such a
conflict, the memory cycle scheduler 200 of the version controller 200 may
manage the data access by at least one of the following conflict avoidance
actions. In some implementations, the version controller 200 may address the
data access request (in particular, for a read request) to the cache line of the
image page 214 if the corresponding bit of the Cache Line Valid field is invalid
and may address the request to the copy page 216 if the corresponding Cache
Line Valid field is valid. In some implementations, the version controller 200
(more particularly, the memory cycle scheduler 202) may manage scheduling
conflicts arising from the data access requests (i.e., read or write requests) by, for
example, scheduling the data access request to occur after the corresponding
cache line has been copied per the forward merge 230 or the backward merge

232 and has thus reached its final state.

[0072] Atblock 720, the version controller 200 (i.e., the version control module
204) may provide a physical memory address of the final page to the application
210 (and/or to the processor 208, in some implementations). At block 722, the
version controller 200 (more particularly, the version control module 204) may
remove references in the processor 208 (or more generally, in the system 250) to
a deprecated page or may cause the references to the deprecated page to be
removed from the processor 208, the deprecated page being whichever of the
image page 214 or the copy page 216 is not merged into in block 718. In other
words, if a forward merge is performed in block 718 to form the final page, the
image page 214 may be deemed the deprecated page, and if a backward merge
is performed in block 718, the copy page 214 may be deemed the deprecated
page. References in the processor 208 to the deprecated page may be in a page

table or in applications or processes (such as application 210), for example. In
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some implementations, the processor 208 removes references to the deprecated

page in response to an instruction or request from the version controller 200.

[0073]  Atblock 724, the version controller 200 (more particularly, the version
control module 204) may deallocate the deprecated page. In some
implementations, the version controller 200 may wait until block 722 is completed
(and references to the deprecated page in the processor 208 are removed)
before performing block 724 to deallocate the deprecated page. For example,
the version controller 200 may wait for and receive a release command from the
processor 208 that signals or indicates that references to the deprecated page

have been removed and block 722 has been completed.

[0074]  Atblock 726, the version controller 200 (more particularly, the version
control module 204) may deallocate the version control structure 220. In some
implementations, the version controller 200 may wait until block 722 is completed
before performing block 726. For example, the version controller 200 may wait
for and receive a release command from the processor 208 (which may be the
same release command described above at block 724) before performing block
726. More particularly, after block 722 is complete and the version controller 200
receives a release command from the processor 208, the version controller 200
may perform block 724 and block 726 simultaneously or sequentially (e.g., by
starting block 724 before block 726 or by starting block 726 before block 724), for
example. After block 726, method 200 may end at block 728.

[0075] FIG. 8 is a block diagram illustrating a system 800 that includes a
machine-readable medium encoded with instructions to version and merge data
in persistent memory according to an example implementation. In some example
implementations, the system 800 may be or form part of a computing device,
such as a server, a workstation, a desktop computer, a laptop computer, a tablet
computing device, a mobile device, or the like. In some implementations, the
system 800 is a processor-based system and may include a processor 802
coupled to a machine-readable medium 804. The processor 802 may include a
single-core processor, a multi-core processor, an application-specific integrated

circuit, a field programmable gate array, and/or other hardware device suitable for
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retrieval and/or execution of instructions from the machine-readable medium 804
(e.g., instructions 806, 808, 810, 812, 814) to perform the various functions
discussed herein. Additionally or alternatively, the processor 802 may include
electronic circuitry for performing the functionality described herein, including the
functionality of instructions 806, 808, 810, 812, and/or 814. With respect to the
executable instructions represented as boxes in FIG. 8, it should be understood
that part or all of the executable instructions and/or electronic circuits included
within one box may, in alternate implementations, be included in a different box

shown in the figures or in a different box not shown.

[0076] The machine-readable medium 804 may be any medium suitable for
storing executable instructions, such as random access memory (RAM),
electrically erasable programmable read-only memory (EEPROM), flash memory,
hard disk drives, optical discs, and the like. In some example implementations,
the machine-readable medium 804 may be a tangible, non-transitory medium,
where the term “non-transitory” does not encompass transitory propagating
signals. The machine-readable medium 804 may be disposed within system 800,
as shown in FIG. 8, in which case the executable instructions may be deemed
“‘installed” on the system 800. Alternatively, the machine-readable medium 804
may be a portable (e.g., external) storage medium, for example, that allows
system 800 to remotely execute the instructions or download the instructions
from the storage medium. In this case, the executable instructions may be part of
an “installation package.” As described further herein below, the machine-
readable medium 804 may be encoded with a set of executable instructions 806,
808, 810, 812, 814.

[0077] Instructions 806, when executed by the processor 802, may allocate a
copy page in persistent memory upon receiving, from an application executing on
the processor-based system 800, a copy command to version an image page for
an atomic transaction. Instructions 808, when executed by the processor 802,
may receive application data addressed to a cache line of the image page. For
example, the application data may be received from an application or process

executing on the processor 802, or more generally, executing on the processor-
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based system 800. Instructions 810, when executed by the processor 802, may
write the received application data (e.g., received by instructions 808) to a cache
line of the copy page corresponding to the addressed cache line of the image
page. Instructions 812, when executed by the processor 802, may track, in a
version control structure, cache lines of the copy page to which application data
is written (e.g., written by instructions 810). Instructions 814, when executed by
the processor 802, may generate, in response to receipt of a replace-type
transaction commit command, a final page by either a forward merge of the
image page into the copy page or a backward merge of the copy page into the
image page, depending on a merge direction policy. In some implementations,
the transaction commit command may be received from the application or
process executing on the processor 802 (or processor-based system 800) that
sent the copy command and/or the application data. In some implementations,
the merge direction policy is based on a quantity of cache lines of the copy page
to which application data is written or a quantity of virtual addresses in a page
table of the processor-based system 800 (or more particularly, a page table of the

processor 802) that are mapped to the image page.

[0078] FIG. 9 is a block diagram illustrating a system 900 that includes a
machine-readable medium encoded with instructions to version and merge data
in persistent memory according to an example implementation. In some example
implementations, the system 900 may be or form part of a computing device,
such as a server, a workstation, a desktop computer, a laptop computer, a tablet
computing device, a mobile device, or the like. In some implementations, the
system 900 is a processor-based system and may include a processor 902
coupled to a machine-readable medium 904. The processor 902 may include a
single-core processor, a multi-core processor, an application-specific integrated
circuit, a field programmable gate array, and/or other hardware device suitable for
retrieval and/or execution of instructions from the machine-readable medium 904
(e.g., instructions 906, 908) to perform the various functions discussed herein.
Additionally or alternatively, the processor 902 may include electronic circuitry for

performing the functionality described herein, including the functionality of
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instructions 906, 908. With respect to the executable instructions represented as
boxes in FIG. 9, it should be understood that part or all of the executable
instructions and/or electronic circuits included within one box may, in alternate
implementations, be included in a different box shown in the figures orin a

different box not shown.

[0079] The machine-readable medium 904 may be any medium suitable for
storing executable instructions, such as random access memory (RAM),
electrically erasable programmable read-only memory (EEPROM), flash memory,
hard disk drives, optical discs, and the like. In some example implementations,
the machine-readable medium 904 may be a tangible, non-transitory medium,
where the term “non-transitory” does not encompass transitory propagating
signals. The machine-readable medium 904 may be disposed within system 900,
as shown in FIG. 9, in which case the executable instructions may be deemed
“‘installed” on the system 900. Alternatively, the machine-readable medium 904
may be a portable (e.g., external) storage medium, for example, that allows
system 900 to remotely execute the instructions or download the instructions
from the storage medium. In this case, the executable instructions may be part of
an “installation package.” As described further herein below, the machine-
readable medium 904 may be encoded with a set of executable instructions 906,
908.

[0080] Instructions 906, when executed by the processor 902, may respond to
receipt of a split-type transaction commit command and copy cache lines from
the image page to the copy page for cache lines of the copy page to which no
application data is written, and delete the version control structure. In some
implementations, instructions 906 may provide physical memory addresses of the
copy page and of the image page to the application. Instructions 908, when
executed by the processor 902, may respond to receipt of a combine-type
transaction commit command, determine whether the copy page and another
copy page are both versions of the same image page, determine if a conflict
exists, a conflict being where data has been written to corresponding cache lines

of both the copy page and the another copy page, and link or combine the copy
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page and the another copy page if no conflict exists. In some implementations,
the split-type or combine-type transaction command may be received from an
application or process executing on the processor 902, or more generally,

executing on the processor-based system 900.

[0081] In view of the foregoing description, it can be appreciated that
operations for versioning data on persistent memory, such as data copying and
version merging/replacement, may be offloaded from a processor of a computing
system to a version controller and also may be performed in an efficient manner
that minimizes data copying and data movement. Additionally, by virtue of
merging versioned data in either a forward or backward direction depending on a
merge direction policy, data copying may be minimized during transactional

version management.

[0082] In the foregoing description, numerous details are set forth to provide
an understanding of the subject matter disclosed herein. However,
implementation may be practiced without some or all of these details. Other
implementations may include modifications and variations from the details
discussed above. Itis intended that the following claims cover such modifications

and variations.
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What is claimed:
1. A method comprising:

allocating a copy page in persistent memory upon receiving, from an
application executing on a processor of a system, a copy command to version an
image page for an atomic transaction;

receiving, at a version controller, application data addressed to a cache
line of the image page;

writing, by the version controller, the received application data to a cache
line of the copy page corresponding to the addressed cache line of the image
page;

tracking, in a version control structure, cache lines of the copy page to
which application data is written;

receiving a transaction commit command; and

if the transaction commit command is a replace command, generating, by
the version controller, a final page by either forward merging the image page into
the copy page or backward merging the copy page into the image page,

depending a merge direction policy.

2. The method of claim 1, wherein the merge direction policy is based on a
guantity of cache lines of the copy page to which application data is written or a

quantity of virtual addresses mapped to the image page.

3. The method of claim 1, further comprising,
if the transaction commit command is a split command:
copying cache lines from the image page to the copy page for
cache lines of the copy page to which no application data is written; and
deleting the version control structure; and
if the transaction commit command is a combine command:
determining whether the copy page and another copy page are both

versions of the same image page;
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determining if a conflict exists, a conflict being where data has been

written to corresponding cache lines of both the copy page and the another copy

page; and

combining the copy page and the another copy page if no conflict
exists.
4, The method of claim 1, further comprising, if the copy command includes a

forward merge hint, copying corresponding cache lines of the image page to
cache lines of the copy page to which no application data is written, prior to

receiving the transaction commit command and during unused memory cycles.

5. The method of claim 1, further comprising:

scheduling a data access request from the processor addressed to a
cache line of the final page to occur after the cache line of the final page has
been written by either the forward merge or the backward merge;

providing a physical address of the final page to the application;

removing references in the processor to a deprecated page that is
whichever of the image page or the copy page is not merged into in the
generating the final page;

deallocating the deprecated page after the removing references; and

deallocating the version control structure.

6. The method of claim 1, further comprising receiving, from the application,
additional free pages into a free page queue in the persistent memory, wherein
copy pages are allocated from the free page queue.

7. A version controller comprising:
a version control module to:
allocate a copy page in persistent memory communicatively
coupled to the version controller upon receipt of a copy command to version an
image page for an atomic transaction of an application executing on a processor

communicatively coupled to the version controller,



WO 2016/160035 PCT/US2015/024346

38

track, in a version control structure, cache lines of the copy page to
which application data is written, and
receive a transaction commit command from the application;
a memory cycle scheduler to:
receive application data from the application addressed to a cache
line of the image page, and
write the received application data to a cache line of the copy page
corresponding to the addressed cache line of the image page; and
a merge module to, in response to the transaction commit command being
a replace command, generate a final page by either a forward merge of the
image page into the copy page or a backward merge of the copy page into the

image page, depending on a merge direction policy.

8. The version controller of claim 7, wherein the merge direction policy is
based on a quantity of cache lines of the copy page to which application data is

written.

9. The version controller of claim 7, wherein the merge direction policy is
based on a quantity of virtual addresses in a page table of the processor that

refer to the image page.

10.  The version controller of claim 7, wherein the memory cycle scheduler is
to:

determine whether access to the image page by the application and by
other applications not associated with the transaction should be directed to the
image page or to the copy page,

schedule unused memory cycles for the merge module to perform the
forward merge or the backward merge to generate the final page, and

if the copy command includes a forward merge hint, the memory cycle

scheduler is to copy corresponding cache lines of the image page to cache lines
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of the copy page to which no application data is written, prior to receipt of the

transaction commit command and during unused memory cycles.

11. The version controller of claim 7, wherein the merge module is to, in
response to the transaction commit command being a split command:

copy cache lines from the image page to the copy page for cache lines of
the copy page to which no application data is written, and

delete the version control structure.

12. The version controller of claim 7, wherein the merge module is to, in
response to the transaction commit command being a combine command:
determine whether the copy page and another copy page are both
versions of the same image page,
determine if a conflict exists, a conflict being where data has been written
to corresponding cache lines of both the copy page and the another copy page,
and

combine the copy page and the another copy page if no conflict exists.

13. A non-transitory machine readable medium storing instructions executable
by a processor of a processor-based system, the non-transitory machine
readable medium comprising:

instructions to allocate a copy page in persistent memory upon receiving,
from an application executing on the processor-based system, a copy command
to version an image page for an atomic transaction;

instructions to receive application data addressed to a cache line of the
image page;

instructions to write the received application data to a cache line of the
copy page corresponding to the addressed cache line of the image page;

instructions to track, in a version control structure, cache lines of the copy
page to which application data is written; and

instructions to generate, in response to receipt of a replace-type

transaction commit command, a final page by either a forward merge of the
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image page into the copy page or a backward merge of the copy page into the

image page, depending on a merge direction policy.

14.  The non-transitory machine readable medium of claim 13, further
comprising:

instructions to, in response to receipt of a split-type transaction commit
command, copy cache lines from the image page to the copy page for cache
lines of the copy page to which no application data is written, and delete the
version control structure; and

instructions to, in response to receipt of a combine-type transaction
commit command, determine whether the copy page and another copy page are
both versions of the same image page, determine if a conflict exists, a conflict
being where data has been written to corresponding cache lines of both the copy
page and the another copy page, and link the copy page and the another copy

page if no conflict exists.

15.  The non-transitory machine readable medium of claim 13, wherein the
merge direction policy is based on a quantity of cache lines of the copy page to
which application data is written or a quantity of virtual addresses in a page table

of the processor-based system that are mapped to the image page.
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