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PAGE CACHE ON PERSISTENT MEMORY
BACKGROUND

1] Various memory-based technologies are utilized to improve the speed
at which files can be accessed from a file system. For instance, using memory
mapping to provide access to a file permils an application o access the mapped
portions of the file as if they are in primary memory, which can improve
input/output {I/0) performance when accassing the file, especially when the fils is

large in size,
BRIEF DESCRIPTION OF THE DRAWINGS

21 Certain examples are described in the following detalled description in
reference fo the following drawings.

3] FiGs. 1 and 2 llusirate example page-caching systems for page caching
using persistent memory during memory-mapped access of a file.

4] FIG. 3 iHlustrates an example computer system including an example
page-~-caching system.

[5] FiG. 4 illustrates example data flow in an example computing
environment that includes an example page-caching system.

i8] FIG. § illustrates an example compuier system for page caching using
persistent memory during memory-mapped access of a file.

71 FiGs. 6 and 7 illustrate example methods performed by an example
computer system o faciiitale page-caching using persistent memory during

memory-mapped access of a file.

DETAILED DESCRIPTION

8] Though traditional uses of memory-based lechnologies can improve
access o files on file sysiems, they alsc have their drawbacks. For instance,
using with Non-volatile memory (NVM) to improve memory-mapped access of
file generally requires an application be modified to synchronize or flush writes o
NVM, or requires the application use libraries to do so. With respect to using

memory mapping o access files, various dala storage devices do not permit
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direct memory mapping and achieve the memory mapping by allocating volatile
memory (e.g., dynamic random access memory [DRAM]) and synchronizing data
to non-volatile data storage {e.g., hard-disk drive or solid-state drive). Use of the
volatile memory Tor page caching usually leads to repeated writes of page dala
from the volatile memory 1o non-volatile data storage, partially due to the lack of
data persisient on volatile memory {e.g., when the volatile memory is no longer
powered, page data thereon is lost).

9] Various examples described hersin provide use of persistent memory
for page-caching during memory-mapped access of a file stored on and accessed
from a non-persistent memory file system or a remole file system. According o
some examples, when a file is determined to have been memory-mapped while
it is being accessed from a non-persistent memory file system or a remote file
system, persistent memory is utilized for caching 2 page involved in the memory-
mapped access of the file. In this way, various examples use memory-mapping
of a file as a trigger for selecting persistent memory 10 page cache a portion of
the file when the file is stored on and accessed from a non-persistent memory file
systern, such as a hard-disk drive-based file system, or a remote file system, such
as a file system {e.g., persistent or non-persistent memaory file system) accessed
over a communications network.

[10] in some examples, a memory-mapped access of a file from a non-
persistent memory file system or a remote file system having a non-persistent
memory page cache is detected, availability of persistent memory for caching a
page in association with the memory-mapped access is determined, and based
on this availability, the page is cached on the persistent memory. Depending on
the example, where the page is a new page and the memory-mapped access
comprises a request 1o cache the new page in association with the memory-
mapped access, the page may be cached on the persistent memory in response
to the request. Accordingly, the availability of the persistent memory may be
determined in response {0 a request for caching a new page in association with
the memory-mapped access of the file. Where the page may be an existing page
cached on the non-persistent memory page cache and the memory-mapped

access comprises a request 1o access the existing page in assodiation with the
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memory-mapped access, the page may be cached on the persistent memory in
response 1o the access of the page (2.g., read or wrillen o by an application).
Where the page is an exisling page, caching the page may involve migraling the
page from the non-persistent memory page cache {0 the persistent meamory.
Accordingly, the availability of the persistent memory may be delermined in
response o an exisiing page on the non-persistent page cache being accessed
{e.q., read or wrilten o by an application).

[11] For some examples, the page cached on the persistent memory is
flushed from the persistent memory o the non-persistent memory file system or
the remoie file syslem from where the file is accessed. Additionally, for some
examples, a page cached on persistent memory in association with memory-
mapped access of a file may be flushed when the persisient memaory experiences
resource pressure {e.q., lack of data storage space), when the memory-mappsed
access of the file is disestablished (e.q., un-mapped), when the file is closed, or
when it is determined {e.g., by the computer system including the persistent
memory) that other uses of the persistent memory would provide an operational
advantage over using it for page caching. Additionally, for some examples,
persistent mamory may be utllized for page caching in place of, or in addition, o
a non-persistent memory page cache, which may be based on volatile memory
{e.g., DRAM).

[12] Unlike a page cache based on volatile memory {e.q., dynamic random
access memory [DRAM]) used by traditional memory-mapping, persistent
memory is non-volatile and, as such, a page cached on persisient memory
inherenily gains persistence while avoiding, reducing, or at least delaying the
need to write {e.g., flush) the cached page (&.9., by way of an msync system call)
back to a non-persistent memory storage device {e.g., hard-disk drive or solid-
staie drive) or a remole file system. By avoiding, reducing, or delaying the need
to write a cached page 1o the non-persisient memory slorage device, memory-
mapped access {0 a file can be accelerated and wear on a store device {8.g.,
solid-state drive [SSD]) underlying a non-persistent memory device or a remole

file system can be reduced.
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{13} As used herein, persistent memory may include a persistent memory
device, such as a phase change memory (PFCM) device. As used herein, a non-
persisient memory file system can include a file system that is implemented using
a non-persistent memory device, such as a hard disk drive (HDD), a solid-siate
drive (38D}, or some c¢ther non-volatile memory device, and that is capable of
providing memory-mapped access o a file siored thereon using a non-persisient
memory page cache. As used herein, access of a file can include reading data
from or writing data o a portion of the file.

[14] As also used hersin, a remole file sysiem may be one accessible by a
first computer system over a communications network and through a second
compuiter system that maintaing the remoie file system. A remole file sysiem may
be associated with {e.g., implemented using} a persistent memory device or a
non-persistent memory device, which may be local to the second computer
system. For varicus examples, the first computer system utilizes a page-caching
technique described herein when using memory mapping to access a file stored
on the remote file system.

(15} The foliowing describes an exampie page-caching system in the context
of an example life cycle of g particular file. The example life cycle may begin with
the particular file being stored on a non-persistent memory file system or a remote
file system, and the particular file being accessed (e.g., opened) from the non-
persistent memory file system or the remote file system {(&.q., by an application).
The non-persistent memaory file system or the remotls file system may include a
file system capable of providing memory-mapped access o a file using a non-
persisient memory page cache. For the example page-caching system, when
memory-mapped access of the particular file is delected, the page-caching
system determines availability of persistent memory for caching a page in
association with the memory-mapped access {e.g., availabilily of data slorage
space on the persistent memory for page caching) and, based on the availability,
caches the page on the persisient memory. The determination of availability of
the persistent memory and caching of he page may be in response o a reguest

o cache a new page generaled in association with the memory-mapped access,
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or in response to an existing page on the non-persistent memory page cache
being accessed.

[186] Accordingly, where the particular file is opened and the persistent
memory is available at the time a new page needs to bg cached in assodiation
with the memory-mapped access of the particular file (e.g., using a mmap system
call), the example page-caching system may cache the new page on the
persistent memory. Where the persistent memory is nol available at the time, the
example page-caching system may cache the new page on the non-persistent
memory page cache. Where the persistent memaory becomes available afler an
existing page has been cached on the non-persistent memory page cache in
association with the memory-mapped access of the particular file, the example
page-caching system may migrate the existing page from the non-persisient
memory page cache to the persistent memory. This existing page may be
migrated to the persistent memory after or upon subsegquent access of the
existing page (g.9., access virtual memory area claimed by a previous mmap
request involving the non-persistent memory page cache). Migrating the existing
page from the non-persistent memory page cache o the persistent memory may
involve copying the page from the non-persisient memory page cache 1o the
persistent memory, and then removing the page from the non-persistent memaory
page cache.

[17] After a page has been cached on the persistent memaory, the page can
be accessed from the persistent memory through a direct memory-mapping with
the persistent memory, where a memory address can be directly mapped (o a
focation on the persistent memory device where the page is stored. Such a direct
mapping can permit {e.g., an application o) access to the page using load (e.g.,
idy and siore {2.g., st} machine code instructions of a processor {e.g., central
processing unit [CPUD, and can also permit access io the page with no need of
a non-persistent memory page cache (thereby avoiding drawbacks associated
therewith).

[18] The following provides a detailed description of the examples illustrated
by FiGs. 1-7.
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{19} FIG. 1 illustrates an exampie page-caching system 100 for page caching
using persistent memory during memory-mapped access of a file. As shown, the
page-caching systern 100 includes a memory-mapped access deteclion module
102, a persisient memory availability module 104, and a persistent memory page-
caching module 108. Depending on the example, the page-caching system 100
may be part of a compuler system, such as a deskiop, laptop, hand-held
computing device {e.g., personal digital assisianis, smariphones, lablets, elc.},
workstation, server, or other device that includes a processor.  In various
examples, the components or the arrangement of components in the page-
caching system 100 may differ from what is depicted in FIG. 1.

[20] As used herein, modules and other componenis of various examples
may comprisg, in whole or in part, maching-readable instructions or slectronic
circuilry. For instance, a module may comprise computer-readable instructions
executable by a processor o perform ong or more functions in accordance with
various examples described herein. Likewise, in ancther instance, a module may
comprise slectronic circullry to perform one or more functions in accordance with
various examples described herein. The elements of a module may be combined
in a single package, maintained in several packages, or mainiained separately.
[21] The memory-mapped access detsction module 102 may facilitate
detacting memory-mapped access of a file, by a computer system, from a non-
persistent meamory file sysiem, or remote file system, having a non-persistent
memory page cache. For varipus examples, the non-persistent memory page
cache assists in the non-persistent memory file system providing memory-
mapped access to a file stored therson. The computer system may initiale
memory-mapped access of the file by opening the file and establishing memory-
mapped access of the file, which can result in a new page being allocated in
association with the memory-mapped access. The memory-mapped access
detacted by memory-mapped access defection module 102 may comprise the
computer system gstablishing a new memory-mapping of the file, or the computer
system requesting access 1o a memory address {e.q., virtual memory address) of
a page stored on a non-persistent memory page cache and associated with an

existing {e.q., previously establishad} memory mapping.
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[22] The persistent memory availability module 104 may Tacilitate
determining availability of persistent memory, on a computer system, for page
caching. For some examples, the persistent memory availability module 104
determines availability of persistent memaory prior to caching a page, associated
with memory-mapped access of a fils, on the persistent memory. Depending on
the example, the persisient memory availability module 104 may delermine
availability of the persistent memory in response o a request {0 cache a new
page in association with the memory-mapped access, or in responsg 10 an
existing page on the non-persistent memory page cache being accessed in
association with the memory-mapped access.

[23] Depending on the example, the availability of persistent memory for
caching a page in assoclation with the memory-mapped access may be bassd
on whether the persistent memory is present on the computer system. The
availability of persistent memory for caching a page in associalion with the
memory-mapped access may be based on whether the persistent memory is
enabled for page caching {e.g., persisient memory may be disabled for page
caching but enabled for long-term file slorage). Additionally, the availlability of
persistent memory for caching a page in association with the memory-mapped
access may be based on whether the persistent memory possess available data
storage space to cache a page associated with the memory-mapped access of
the file.

[24] The persistent memory page-caching module 166 may facilitate caching
a page, associated with memory-mapped access of a file, on persistent memory
of a computer system. Where the page is a new page and the memory-mapped
access comprises a request 1o cache the new page in association with the
memory-mapped access, the persistent memaory page-caching moduie 106 may
cache the page on the persistent memory in response 1o the request. Where the
page is an exisling page and the memory-mapped access comprises accessing
the exisling page in association with the memory-mapped access, the persistent
memory page-caching module 106 may cache the page on the persistent memory

in response to the existing page being accessed {(e.g., by an application).
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[25] For some examples, the page may constifute atleast a portion, if not ail,
of the file being accessad via the memory-mapped access. Where the file is
openad by the compuler systern, the file is memory-mapped by the compuler
system, and persistent memory is determined to be available (s.g., by the
persistent memory availability module 104), when a new page needs to be
cached in assoclation with the memory mapping {e.g., as a resuit using a mmap
system call), the persistent memory page-caching module 106 may cause the
new page 1o be cached on the persistent memory. Where the persistent memory
is determined not 1o be available when a new page nesds to be cached, the
persistent memory page-caching module 106 may cause the new page (o be
cached on a non-persistent memory page cache of the computer system. Where
the persistent memory is determined to be available afler an existing page has
been cached on a non-persistent memory page cache of the computer system,
the persistent memory page-caching module 106 may cause the existing page to
migrate from the non-persistent memory page cache o the persistent memory.
The persistent memaory page-caching module 106 may cause this migration after
or upon subsequent access of the existing page (e.g., access virlual memory area
claimed by a previous mmap reguest involving the non-persistent memory page
cache). As described herein, migrating the existing page from the non-persistent
memory page cache o the persistent memory may involve copying the page from
the non-persisient memory page cache to the persistent memory, and then
removing the page from the non-persistent memory page cache.

{26} FiG. 2 ilustrates an exampie page-caching system 200 for page caching
using persistent memory during mamory-magpped access of a file. As shown, the
page-caching system 200 includes a memory-mapped access detaclion module
202, a persistent memory availability module 204, a persistent memory page-
caching module 206, and a persistent memory page-flushing module 208.
Depending on the example, the page-caching system 200 may be part of a
computer system, such as a deskiop, laptop, hand-held computing device {s.q.,
personal digital assistants, smariphones, iablets, elc.), worksiation, server or

other device that includes a processor. In various examples, the components or
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the arrangement of components in the page-caching system 200 may differ from
what is depicted in FIG. 2.

[27] The memory-mapped access detschion module 202, the persisient
memory availability module 204, and the persisient memory page-caching
module 206 may be respectively similar {o the memory-mapped access detection
moduie 102, the persisient memory avallability module 104, and the persistent
memory page-caching module 106 described above with respect 0 the page-
caching system 100 of FIG. 1.

[28} The persistent memory page-flushing module 268 may faciiitate flushing
a page from the persistent memory {0 a non-persistent memory file system, where
the flushing may be based on a set of ¢riteria. The page may be ong previously
cached on the persistent memory by the persistent memory page-caching module
208. As described herein, the persistent memory page-caching module 208 may
have cached the page on the persistent memory In response o the memory-
mapped access delection module 202 delecting memory-mapped access of a
file, where the page is assodiated with the memory-mapped access. As also
described herein, the persistent memory page-caching module 206 may have
cached the page on the persistent memory based on availability of the persistent
memory as defermined by the persistent memory availability module 204.

[29] Depending on the example, the set of criteria for flushing the page may
include a criterion relating to a condition of the memory-mapped access, such as
whether the memory-mapped access has been disestablished (s.g., unmapped),
frequency of use of the memory-mapped access, or data storage space of the
persistent memory ulilized for the memory-mapped access. For instance, the
persistent memory page-flushing module 208 may cause the page to be flushed
from the persistent memory {o the non-persistent memaory file system when the
memory-mapped access of the fils is disestablished, which may occur when the
computer system explicitly execuies an un-mapping system call. The set of
criteria may include a criferion relating o whether the file associated with the
memory-mappead access has been closed by the computer sysiem. For example,
the persistent memory page-flushing module 208 may cause the page fo be

flushed from the persistent memory to the non-persistent memory file sysiem
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upon the computer system closing the file, where such closure may be detected
by the persistent memory page-flushing module 208, Additionally, the set of
oriteria may include a criterion relaling o a condition of the persistent memory.
For instance, the persistent memory page-flushing module 208 may cause the
page to be flushed from the persistent memory to the non-persistent memory file
system when availability of the persistent memory is determined {e.g., by the
persistent memory availability module 204} to be limited or exhausted. In ancther
instance, the persistent memory page-flushing module 208 may cause the page
to be flushed from the persistent memory to the non-persistent memory file
systemn when it is determined (e.g., by the persistent memory page-flushing
moduie 208) that data store space occupied on the persistent meamory by the
page may be better utllized for ancther use on the computer system. The betler
utilization of the persistent memory may include any allemative use of the
persistent memory that would provide an operational advantage over using it to
specifically cache the page 1o be flushed, or over using it for page caching in
general. Examples of allernative ulilizations may include long term storage of a
file {e.g., the file associated with the memory-mapped access), caching of a new
page {&.q., associated with the memory-mapped access), caching of an axisting
page currently on the non-persistent memory page cache, or caching of a page
associated with a higher priority memory-mapped access.

(30} FiG. 3 fllustrates an example computer system 300 including the page-
caching system 108, The computer system 300 may be any computing device
having a processor and memory, such as a desktop, laptop, hand-held computing
device {e.g., personal digital assisiants, smariphones, {ablets, elc.), worksiation,
server, or other device that includes a processor. As shown, the computer sysiem
300 includes an application module 302, a persisient memory module 364, the
page-caching sysiem 200, a file systern module 308, and a communications
module 308, In various examples, the componenis or the arrangement of
componenis in the computsr system 300 may differ from what is depicted in FIG.
3.

[31] The application module 302 represents any firmware or sofiware (e.g.,

software application or operating sysiem) operable on the computer system 300
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and capable of accessing (e.g., read from, write 1o, or modify) a file siored on a
file system. For some examples, the application module 302 opens a file from a
file systern when the application module 302 wishes to access the file and,
eventually, may close the file once the application module 302 has completed its
access of the file, When the application module 302 accesses a file from a non-
persistent memory file system or a remote file system, the file may be memory-
mapped using a non-persistent memory page cache {8.q., based on volatile
meamory) included by the computer system 300 {not shown).

1323 The persistent memory module 304 may comprise persistent memory
fo store z page. The page may be a new page cached on the persistent memory
by the page-caching system 200, or one migrated by the page-caching sysiem
200 1o the persistent memaory from a non-persisient memory page cache included
by the computer system 300.

[33] The file system module 306 may provide the application module 302
with access 1o a local non-persistent memory file system of the computer system
300, or with access 0 a remole file system that is remote with respect {o the
computer system 300. The local non-persistent memory file system of the
computer system 300 may include a file system that is implemented using a non-
persistent memory device {e.g., a hard disk drive [HDD] or a solid-state drive
[S3DD local to the computer systern 300, and that is capable of providing
memory-mapped access to a file stored thereon using a non-persistent memory
page cache of the computer system 306, The remoie file system may be a file
system that is maintained by another computer systermn with which the computer
systern 300 can communicate (e.g., over a communications nefwork), and that is
capable providing memory-mapped access {0 a file stored thereon using a non-
persistent memory page cache of the computer system 300. The file sysiem of
the remote file system may be associated with a non-persistent memory device
or a persisient memory device accessible by the other computer system,

341 The page-caching system 200 facililates various operations described
herein on the computer systermn 300, For instance, the page-caching system 200
may detect memory-mapped access of 2 file by the application module 302, from

a local non-persistent memory file system of the computer system 300 or a remole
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file system, through the file system module 306. In response, the page-caching
system 200 may determine availability of the persisient memaory of the computer
systarmn 300 accessible through the persistent memory module 304, Based on
this determination, the page-caching system 200 may cache a page, associated
with the memory-mapped access, on the persistent memory ¢of the computer
system 300. As described herein, caching the page may involve caching a new
page associated with the memory-mapped access on the persistent mamory of
the computer system 300, or migrating a page existing on a non-persistent
memory page cache of the compuler system 300 {o the persisient memory.
Eventually, based on a sef of crileria, the page-caching systemn 200 may flush a
page from the persistent memory of the computer sysiem 300 to the non-
persisient memaory file system or the remote file system from which the file is
being accessead by the compuler system 300.

[35] For some examples, the file system module 306 may include a virlual
file system module that facilifates the page-caching system 200 caching a pags
on persistent memaory of the computer system 300, The virlual file systermn may
provide the application module 302 with a virtual file system having a single file
namespace but being associated with (e.g., based on) a plurality of separate file
systems of similar {e.g., two or more non-persistent memory file systems) or
different types (e.q., a non-persistent memory file systemn and a persistent
meamory file system).

[36] The communications module 308 may facililate communication of the
computer sysiem 300 with ancther computer system over a communications
network that that permits data communication. The communications network may
comprise one or more local or wide-area communications networks, such as the
Internet, WiFi nebworks, cellular networks, private networks, public networks, and
the like. As described herein, the computer system 300 may access a remole file
system maintained by another computer system, and the communications
module 308 may facilitate the exchange of network data packets between the
computer system 360 and the other computer system that facilitate the access.
[37] FIG. 4 illustraies example data flow in an example computing

environment 400 that inciudes the page-caching system 200. As shown, the
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computing environment 400 includes an application 402, a virtual file system
module 404, the page-caching system 200, a non-persistent memory page cache
406, a file sysiem 408, a non-volatile memory device 410, and persistent memory
412. According 1o some examples, the virtual file system module 404 provides
the application 402 with a virtual file system having a single file namespace bassad
at least on the file systemn 408, which is associated with the non-volatiie memory
device 410. The non-persistent mamory page cache 406 may support memory-
mapped access, by the application 402, of files stored on the file system 408.
1383 During an operation in the computing environment 400, the application
402 may open and access a given file stored on the file system 408 and provided
by the virtual file system module 404 as part of a single name space. When the
given file is accessed by the application 402 through the virtuai file system module
404, the given file may be memory-mapped. The page-caching system 200 may
detact the memory-mapped access of the given file and, in response, determine
availability of the persistent memory 412 for caching a page in association with
the memory-mapped access of the given file. Where the page-caching system
200 determines thal the persistent memory 412 is available, the page-caching
system 200 may cache the page on the persistent memory 412, Where the page-
caching system 200 determines that the persistent memory 412 is available, the
page-~-caching systern 200 may cache the page on the non-persistent memory
page cache 406.

§39] As described herein, where the memory-mapped access detected by
the page-caching system 200 comprises a reguest 1o cache a new page in
association with the memory-mapped access, the new page may be cached (o
the persistent memory 412 and the application 402 may access the new page
from the persistent memaory 412 via a direct memory mapping o the persistent
memory 412 (as illustrated in FIG. 4). Where the memory-mapped access
detected by the page-caching system 200 comprises a request {e.g., by the
application 402) to access an exisling page on the non-persistent memaory page
cache 408, the page-caching system 200 may cache the existing page on the
persistent memory 412, and may do so by migrating the existing page from the

non-persistent memory page cache 408 to the persisient memory 412 {as
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flustrated in FIG. 4). After the existing page has been migrated to the persistent
memory 412, the existing page may be accessed (2.g., by the application 402)
via a direct memory mapping to the persistent memory 412, Eventually, based
on a set of criteria described herein, the page-caching system 200 may flush a
page cached on the persistent memory 412 from the persistent memory 412 to
the file systemn 408, thereby causing the page (o be slored on the non-volalile
memory device 410,

40} With respect {0 a computer system, the non-persistent memory page
cache 406 and the persistent memory 412 may be local to the computer system.
For some examples, the file system 408 is 3 local non-persistent memory file
system of the computer system and the non-volatile memory device 410
associated with the file system 408 is also local to the computer system. For
various examples, the file system 408 is a remote file system maintained by
another computer system and the non-volatile memory device 410 associated
with the file system 408 is remole with respect to the computer system,

f41) FiG. 5 iHusirates an example computer system 500 for page caching
using persistent memory during mamory-magpped access of a file. As shown, the
compuler system 500 includes a computer-readable medium 502, a processor
504, persistent memory 508, and non-persistent memory 508. In various
examples, the componenis or the arrangement of components of the computer
system 500 may differ from what is depicted in FIG. 5. Forinstancs, the computer
system 500 can include more or less components than those depicted in FIG. 5.
f42) The computer-readable medium 502 may be any electronic, magnetic,
optical, or other physical storage device that stores execulable instruclions. For
example, the computer-readable medium 502 may be a Random Access Memory
(RAM), an Electricaliy-Erasable Programmable Read-Only Memory (EEFROM},
a storage drive, an oplical disg, or the like. The computer-readable medium 5072
can be encoded 1o store executable instructions that cause the processor 504 to
parform operations in accordance with various examples described herein. In
various examples, the compuler-readable medium 502 is non-transitory.  As

shown in FIG. 5, the compuler-readable medium 502 includes memory-mapped
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access detection instructions 510 and persistent memory page-caching
instructions 512.

[43] The processor 504 may be ong or more central processing unils
(CPUs), microprocessors, or other hardware devices suitable for retrieval and
execution of one or more instructions stored in the computerreadable medium
502. The processor 504 may fetch, decode, and execute the instructions 510 and
512 to enable the computer system 500 o perform operations in accordance with
various examples described herein. For some examples, the processor 504
includes one or more electronic circuits comprising a number of electronic
components for performing the funclionality of one or more of the instructions 510
and 512.

[44] The persistent memory 506 may include a persistent memory device,
such as a phase change memory (PCM) device. In some examples, the
persistent memory 506 may support a local persisient memory file system at the
computer system 500, which may be provided to an application on the computer
system 500 as part of a virtual file system.

[45] The non-persistent memory 508 may include random access memory
device, such as dynamic random access mamory (DRAM), which may serve as
the basis for a non-persistent memory page cache on the computer system 500.
As described herein, a non-persistent memory page cache, based on the non-
persistent memory 508, may support memory-mapped access of files from a file
system {e.g., non-persistent mamory file system or remote file system) accessible
by the computer system 500.

[486] The memory-mapped access detection instructions 510 may cause the
processor 504 to detect memory-mapped access of a file from g remote file
sysiem having a non-persisient memory page cache. As described herein, the
remote file system may be a file system maintained by a compuler system remote
with which the computer system 500, and memory-mapped access of files on the
remote file system may be supported by a non-persistent memory page cache
based on the non-persistent memory 508. The persistent memory page-caching

instructions 512 may cause the processor 504 10 cache a page on the persistent
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memory 506 based on availability of the persistent memory 506 Tor caching the
page in association with the memory-mapped access of the file.

[47] FiG. 6 illustrates an example method 800 performed by an example
computer system to facilitate page-caching using persisient memory during
memory-mapped access of a file. Although sxecution of the method 800 is
described below with reference to the page-caching system 100 of FIG. 1 and a
computer system, execution of the method 800 by other suitable sysiems or
devices may be possibie. The method 800 may be implemenied in the form of
executable instructions stored on a computer-readable medium or in the form of
electronic circuitry.

[48] In FIG. 8, the method 500 begins at block 802, with the memory-mapped
access delection module 102 detecting memory-mapped access of a file, by a
computer system, from a remote file sysiem having a non-persistent memory
page cache. Atblock 804, the method 600 continues with the persistent memory
page-caching module 106 caching a page, assodcialed with the memory-mapped
access of the file, on persistent memory of the computer system based on
availability of the persistent memory for page caching. As described herein, for
some examples, the availability of the persistent memory on the computer sysiem
is determined by the persistent memory availability moduie 104,

[49] FIG. 7 illusirates an example method 700 performed by an example
computer sysiem to facilitate page-caching using persistent memory during
memory-mapped access of a file. Although execution of the method 700 is
described below with reference {o the page-caching system 200 of FIG. 2 and a
computer system, execution of the method 700 by cother suilable systems or
devices may be possible. The method 700 may be implemented in the form of
execulable instructions stored on a computer-readable medium or in the form of
electronic circuitry.

501 in FiG5. 7, the method 700 begins at block 702, with the memory-mapped
access detsclion module 202 detscting memory-mapped access of a file, by a
computer systemn, from a remote file system having a non-persistent memory
page cache. At block 704, the method 700 continues with the persistent memory

availability module 204 determining availability of persistent memory of the
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computer system for page caching. At block 706, the method 700 continues with
the persistent memory page-caching module 206 caching a page, associated with
the memory-mapped access of the file, on the persistent memory based on the
availability determined at block 704, At block 708, the method 700 continues with
the persistent memory page-flushing module 208 flushing the page, associated
with the memory-mapped access of the fils, from the persistent memory o the
remote file system.

[51] in the foregoing description, numerous delails arg set forth to provids
an understanding of the subject disclosed herein. However, various examples
may be pracliced without some or all of these delails. Some examples may
include modifications and variations from the details discussed above. i is

intended that the appended claims cover such modifications and variations.
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CLAIMS

1. A page-caching system, comprising:

a memory-mapped accsss detection module o detect memory-mapped
access of a file from a non-persistent memory file system having a non-
persistent memory page cache;

a persistent memory availability module to determing availability of
persistent memaory for caching a page in association with the memory-mappsd
access of the file; and

a persistent memory page-caching module 10 cache the page on the

persistent memory based on the availability of the persistent memory.

2. The page-caching system of claim 1, wherein the page is a new page,
and the memory-mapped access comprises a reguest o cache the new page in

association with the memory-mapped access of the file.

3. The page-caching system of claim 1, wherein the page is an existing
page cached on the non-persistent memory page cache, and the memory-
mapped access comprises a request to access the existing page in association

with the memory-mapped access of the file.

4. The page-caching system of claim 3, wherein caching the existing pags
on the persistent memory comprises migrating the existing page from the non-

persistent memory page cache 1o the persistent memory.

5. The page-caching system of claim 1, comprising a persistent memory
page-flushing module {o flush the page from the persisient memory o the non-
persistent memory file system based on a set of criteria that includes a criterion

relating to a condition of the memory-mapped access.

8. The page-caching system of claim 1, comprising 2 persistent memory
page-flushing module 1o Aush the page from the persisient memory to the non-
persistent memory file system based on a set of criteria that includes a criterion

relating to whether the file is closed.
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7. The page-caching system of claim 1, comprising & persistent mamory
page-fiushing module 0 flush the page from the persistent memaory o the non-
persistent memory file system based on a sel of criteria thatl includes a criterion

relating to a condition of the persistent memory.

8. A non-transitory computer readabie medium having instructions stored
theraon, the instructions being executable by a processor of a computer system,
the instructions causing the processor to:

detect memory-mapped access of a file from a non-persistent memory
file system having a non-persistent memaory page cache on the computer
system; and

cache a page on persistent memory based on availability of the
persistent memory to cache the page in association with the memory-mapped

access of the file,

9. The non-transitory computer readable medium of claim 8, wherein the
page is a new page, and the memory-mapped access comprises a request io

cache the new page in assodiation with the memory-mapped access of the file.

10.  The non-transiiory computer readable medium of claim 8, wherein the
page is an exisling page cached on the non-persistent memory page cachs,
and the memory-mapped access comprises a reqguest {0 access the exisling

page in association with the memory-mapped access of the file.

11, A method, comprising:
detecting, by a computer system, memory-mapped access of a file from
a remote file system having a non-persistent memory page cache; and
caching, by the computer system, a page on persistent memory based
on availability of the persistent memory for caching the page in association with

the memory-mappead access of the file.

12.  The method of claim 11, comprising determining, by the computer

systemn, the availahility of the persistent memory.
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13.  The method of claim 11, comprising flushing, by the computer system,
the page from the persistent memory o the remdole file system based on a set of
criteria that includes a crilerion relating 1o a condition of the memory-mapped

access of the fila.

14, The method of claim 11, comprising flushing, by the computer system,
the page from the persistent memory 1o the remole file system based on a set of

criteria that includes a criterion relating to whether the file is closed.,

15, The method of claim 11, comprising flushing, by the computer system,
the page from the persistent memory o the remote file system based on a set of

criteria that includes a criterion refaling o a condition of the persistent memory.
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