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GRAPHICAL MEMORY SHARING

CROSS REFERENCE

This application claims priority to U.S. Application No. 18/174,438 filed February 24,
5 2023 which claims the benefit of U5, Provisional Application No. 63/481,751 filed January

26, 2023, the disclosures of which are incorporated, in their entirety, by this reference.

BACKGROUND

Cloud gaming is becoming increasingly popular. Tn doud gamung scenarios, video
game data (including graphics) are largely rendered on remote servers and then transmitted to
16 gammg clients where those data are decoded and displaved on an clectronic device. When
processing this video game data, the remote servers receive requests from video game
applications to store data in easily accessible memory locations, typically referred to as
random-access memory (RAM) or video RAM (VRAM]). Because VRAM is very fast, it is
also expensive and thus himited 10 quantity, When running many thousands or even nullions of
15 concwrrent video game sessions on cloud servers, access to this VRAM becomes highly
contested. Moreover, simply reusing memory that might overdap between applications becomes
problematic when accounting for highly specialized graphics processing units (GPUs) that

asynchronously access content at virtually any time and without notice.

SUMMARY
20 As will be described in greater detai} below, the present disclosure describes methods
and systems for sharing memory among multiple application instances. In one example, a
computer-implemented method includes instantiating a memory management process that is
configured to communicate with one or more graphics processing hardware components o

contro} usage of shared memory by multiple different application instances. These application
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mnstances may belong to a single software application or to multiple different applications or
processes. The memory management process: receives a request from at least ove the
application mstances indicating that content associated with a specific resource implemented
by the application instance is to be stored in the shared memory, determines that the content
identified in the request has been previously stored at a specitied location i the shared memory,
30 dentifies a time span during which the identified content stored in the shared memory will be
mmmutable, and mstructs the requesting apphication nstance to access the identified content

from the specified focation in shared memory during the wdentified time span.
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In some embodiments, the mermory management process instructs the reguesting
application instance to access the identified content from the specified location in shared
memory during the identified time span instead of storing the content associated with the
gpecified resource in the memory.

in some examples, the identified content stored in the shared memory is monitored by
the memory management process. In some cases, the memory management process is
embedded m an application process package file associated with the application mstance that
sent the request.

in some embodiments, the memory management process determines whether the
specific resource is already being managed by the merory management process using one or
more resource identifiers or resource charactenstics obtained from the application process
package file. In some cases, the application process package file comprises a game engine for
a video game. fn other cases, the memory management process is dynamically loaded along
with the application instance that sent the request. In some examples, the memory management
process is dynamically loaded using a Vulkan laver that allows dynamic imterception of
graphics application programming interface (AP calls.

In some examples, the memory management process determines whether the specific
resource is already being managed by the memory management process using one OF more
resource identifiers or resource chasacteristics obtained from at least one intercepted AP call.
In some cases, at least one of the resource identifiers obtained from the intercepted AP call is
a universally unigue identifier (UUID). In some cases, the mtercepted API call imcrements a
reference count and returns a shared file descriptor that points to a memory backing that was
previousty allocated for the resource. In some embodiments, the application instance uses the
shared file descriptor when accessing the specific resource.

fn addition, a corresponding system includes at least one physical processor, and
physical memory comprising computer-executable instructions that, when executed by the
physical processor, cause the physical processor to: instantiate a memory management process
that is configured to communicate with one or more graphics processing hardware cormponents
to control usage of shared memory by multiple different application instances. The memory
management process: receives a request from at least one the application instances mdicating
that content associated with a specific resource implemented by the application instance is to
be stored 1o the shared memory, deternines that the content wdentified 1 the request bas been

previously stored at a specified location in the shared memory, identifies a time span during
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which the identified content stored in the shared memory will be immutable, and instructs the
requesting application instance {o access the identified content from the specified location in
shared memory during the identitied time span.

In some embodiments, the memory management process preloads one or more
resources for the application instance that senmt the request. In some cases, the memory
management process preserves the specified resource in the shared memory for at least a
specified amount of time after deternuning that the specitied resource is no longer being used
by the multiple application instances. In some examples, the specified resource is preserved m
the shared memory for the specified amount of ime based on a determined amount of churp
that is related to the specified resource.

In some cases, content identified as being mutable is shared by the memory
management process in a pool among the multiple different application instances. In some
embodiments, the content identified as being mutable is associated with a fence
synchronization object that is used fo track when asynchronous tasks perfornied using the
content are completed. The fence synchronization objects are configured to protect against
concwrrent or non-exclusive use of the motable content. In some examples, the memory
management process redistributes the content identified as being nutable to the pool upon
corapletion of the asynchronous tasks.

In some exampiles, the above-described method 1s encoded as compuier-readable
mstructions on a computer-readable medium. For example, the computer-readable medium
may include one or more computer-executable mstructions that, when executed by at feast one
processor of a computing device, cause the computing device to imstantiate a memory
management process that 1s configured to communicate with one or more graphics processing
hardware components to control usage of shared memory by multiple different application
mstances. The memory management process: reccives a request from at least one the
application mstances indicating that content associated with a specific resource implemented
by the application instance is to be stored in the shared memory, determines that the content
identified in the request has been previously stored at a specified location in the shared memory,
identifies a time span during which the identified content stored in the shared memory will be
mnmutable, and mstructs the requesting application insiance 1o access the identified content
from the specified location in shared memory during the identified time span.

Features from any of the embodiments desernibed herein may be used 10 combmation

with one another in accordance with the general principles described herein. These and other
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embodiments, features, and advantages will be more fully understood upon reading the

following detailed description in conjunction with the accompanying drawings and claims.

BRIEF BESCRIPTION OF THE DRAWINGS
The accompanying drawings illustrate a number of exemplary embodiments and are a
5 part of the specification. Together with the following description, these drawings demonstrate

and explain various principles of the present disclosure.

FIG. 1 ilustrates a computing environment in which the embodiments herein are
designed to operate.

FIG. 2 15 a flow diagram of an exemplary method for sharing memory among multiple

16 application instances.

FIG. 3 illustrates an alternative computing environment in which the embodiments
heretn are designed 1o operate.

FIGS. 4A and 4B iHustrate embodiments 1 which different memory management

processes are loaded and implemented.

Pt
[

FIG. 5 dlustrates an embodiment in which different application instances share a pool
of mutable content.

FIG. 6 13 a block diagram of an exemplary content distribution ecosvstem.

FIG. 7 is a block diagram of an excraplary distribution mfrastracture within the content
distribution ecosystem shown in FIG. 6.
20 FIG. 8 is ablock diagram of an exemplary content playver within the content distribution
ecosysiem shown mn FIG. 6.

Throughout the drawings, identical reference characters and descriptions indicate
similar, but not necessanly identical, elements. While the exemplary embodiments described

herein are susceptible to various modifications and alternative forms, specific emboduments

ra
A

have been shown by way of cxample in the drawings and will be described in detail herein.
However, the excraplary embodiuments described herein are not mtended to be lumited to the
particular forms disclosed. Rather, the present disclosure covers all modifications, equivalents,

and alternatives falling within the scope of the appended claims.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS
30 The present disclosure is generally directed to methods and systems for sharing video
memory {i.¢., graphics processing unit (GPU) memory) among multiple application instances.

As noted above, applications, such as video games, are often hosted remotely on cloud
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computing syvstems. These cloud computing systems are capable of ranning many thousands
or millions of concurrent gaming instances. In some cases, cach of these application instances
runs scparately and uses s own collection of resources or content. In other cases, some of
these application instances use resources that may be identical fo the resources used by another
mstance. For example, if multiple video game instances are nunning concurrently, at least some
of those video game instances will fikely use the same textures, the same shaders, the same
buffers, or other sunilar types of content. This type of static content has the potential to be
shared among the various application instances.

Such sharing, however, is not trivial, as current graphics processing voits {GPUs) are
designed to run asynchronously, accessing differont assets at differcnt times and without notice.
GPU devices tvpically operate using thewr own segregated hardware. For instance, cach
physical GPU device has its own processor {or set of processing cores) and an allocation of
video random-access memory { VRAM)}. This VRAM operates very quickly and with very high
throughput. As a result, the GPU device will have less VRAM than a general processing
computer would have with its corresponding traditional RAM. When ronning multiple game
mstances on asingle GPU, VRAM thus becomes a contested resource and a prnimary bottleneck
as the mumber of concurrent video game sssions INCIEases.

To mitigate these 1ssues, the embodiments berein aim o share VRAM memory regions,
despite the asvnchronous natare of the GPU. When running sinular or identical copies of a
particular video game {or other application), the systems herein significantly reduce VRAM
requirements by re-using, or de-duplicating identical regions of moemory across those instances.
These systems establish a memory management process that communicates with GPU
hardware components and APIs directly to wdentify which portions of content are mmutable
{unchangeable} and which portions of content are {or would be) duplicative. For those portions
of content that are tmamutable and duplicative, the memory management process can perform
deduplication to free up the corresponding memory regions. For those portions of content that
would be duplicated if copied into memory by a video game instance, the memory management
process deterraines which content would be duplicated and, instead of loading that content into
memory, reuses the content already stored in memory.

The embodiments herein also provide methods and systems for pooling VRAM
resources for common processes, even when the data in memory is mutable. For memory
regions that are not identical across game instances, but for which content is only teraporarily

or transiently needed to render a video frame of the game, the embodiments herein reallocate
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those memory regions in an exclusive, time-shared (“pooled”™) manner across video game
instances. The systems herein then provide virtual fencing objects for those pooled resources.
The virtual fencing objects allow those resources o be used by multiple application instances
within a virtual fence for a limited fime. Once the virtual fence has been removed, those
resources are unloaded from VRAM. These embodiments will be described in greater detail
below with regard to FIGS. 1-8.

FIG. 1 iHustrates a computing enviromment 100 that includes a computer systern 101,
The computer system 101 includes software modules, embedded hardware components such
as processors, or includes a combination of hardware and software. The computer system 101
mncludes substantially anvy type of computing system including a local computing svstem or a
distnibuted {(e.g., cloud) computing system. In some casces, the computer system 101 includes
at least one processor 102 and at least some system memory 103, The computer system 101
includes program modules for performing a variety of differont functions. The program
modules are hardware-based. softwarc-based, or include a combination of hardware and
software. Each program module uses computing hardware and/or software to perform specified
functions, inchiding those deseribed herein below.

The computer system 101 includes a communications module 104 that is configured to
communicate with other computer systeras. The communications module 194 includes any
wired or wireless commumication means that can recetve and/or transmit data €0 or from other
computer systems. These communication means include hardware interfaces inchiding
Ethernet adapters, WIFI adapters, hardware radios including, for example, a hardware-based
recerver 103, a hardware-based transmitter 106, or a combmed hardware-based transceiver
capable of both receiving and transmitting data. The radios are cellular radios, Bluetooth radios,
global positioning system (GPS) radios. or other types of radios. The communications module
104 1s configured to mteract with databases, mobile computing devices {such as mobile phones
ot tablets), embedded or other tvpes of computing svstems.

The computer system 101 also includes a process instantiating module 107, The process
instantiating roodule 107 executes, runs, loads, or otherwise operates a memory management
process [08. The memory management process 108 {altemnatively referred to as a GPU memory
server (GMS) herein} 1s a daemon process or other software process that communicates with
graphics processing hardware components 120 and manages shared memory 109 (among other
potential operations). The graphics processing hardware components 120 include graphics

processing units, VRAM or other type of random-access memory, data storage {¢.g., solid state
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or disc~based hard drives, flash memory, ete.), hardware controllers, serial buses, or other
hardware componenis. Additionally or alternatively, the memory management process 108
may conununicate with operating systems, kemels, fimnware modules, or other software
gysterns. The memory management process {08 communicates with these hardware and/or
software components, monitors APL calls, memory requests, or other inter-component
conununications, and determines when memory can be shared.

In the embodiments herein, content in the shared memory 109 can be shared when
memory locations or memory regions are identical, when the content in those regions is
temporally consistent (.., immutable), and when the memory locations” existence overlaps in
time. The memory management process 108 includes or has access to different hardware or
software modules to make these determinations. For mstance, in some cases, the receiving
modide 111 receives a memory request 123 from an application mnstance 122, which may be
one of many different application instances 121, Each of these application instances may be
part of a different user’s video game session. While the application instances 121 are frequently
referred to herein in conjunction with video games, # will be understood that these
embodiments may be used with substantially any type of software application and are not
himited to video games or graphics processing hardware implementations.

The memory request 123 sent by the application wstance 122 includes an indication
that specific content (¢.g., content 113} is to be stored in the shared memory 109 (e.g., VRAM).
The content may inchide any type of digital data that is to be at least temporarily stored in
shared memory. This includes static assets such as textures, mesh vertex buffers, shader
programs, or other types of static content. Additionally or altematively, the content 113 may
mchude changeable assets such as collectable items, skins, graphical user interface (GUI) data,
or other changeable content that is to be stored in the shared memory 109

Upon receiving this memory request 123, the detcomming module 112 determines
whether the content 113 is already stored in the shared memory 109, The identifving module
114 determines whether the content 113 is {or will become) mutable over time and, if so,
identifies a time span 115 during which the content 15 inunutable. During that time span 11510
which the content 113 1s immutable and is identical to the previously stored content {e.g., at
memory location 114}, the memory management process 108 will determine that the previously
stored content is shareable or reusable and will cause the instructing module 116 to send an
mstruction 124 to the application mstance 122 indicating the memory location 110 at which

the previously stored content exists. The mstruction 124 also indicates a time span 115 during
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which that data will be immutable. The application fnstance 122 then uses the previously stored
content 113 at memory location 110 during execution.

{o this manner, the memory management process 108 can avoid stonng the requested
content in shared memory (per the request 123} and, mstead, pomnts the application instance
122 to the previously stored data. This saves space in the shared memory 109 for other content
and {at least partially) removes the previous bottleneck of having to store each portion of
application content in VRAM due to the asynchronous nature of the GPU. In some cases, this
process is adapted or changed based on mput 118 from a user 117 (or from many users across
multiple application instances). For instance, as will be discussed further below, some data may
be kept i memory even after an application instance stops using the data due to frequent
requests for that data caused by the wmput 118 of the user 117, whether directly or indirectly.
These embodiments will be explained further below with regard to method 200 of FIG. 2.

FIG. 2 is a flow diagram of an cxemplary computer-implemented method 200 for
sharing video memory. The steps shown in FIG. 2 may be performed by anv suitable comaputer-
executable code and/or computing system, including the svstem lustrated in FIG. 1. In one
example, each of the steps shown in FIG. 2 may ropresent an algorithm whose structure
mehides and/or is represented by multiple sub-steps, examples of which will be provided in
greater detai below.

As iHustrated in FIG. 2, at siep 210 one or more of the systems described herein
instantiates 3 memory management process that is configured to communicate with one or more
graphics processing hardware components to control the usage of shared memory by multiple
different application nstances. At step 220, the memory management process receives a
request from at least one of the application mstances indicating that content assoctated with a
specific resource implemented by the application instance 18 o be stored in the shared memory.
At step 230, the memory management process determines that the content identified in the
request has been previously stored at a specified location in the shared memory. At step 240,
the memory management process identifies a time span dunng which the identified content
stored in the shared memory will be mmmutable and, at step 230, instructs the requesting
application instance to access the identified content from the specified location in shared
memory during the identified time span.

Thus, at least in some embodiments, the process instantiating module 107 of computer
systera 101 of FIG. 1 is configured to cormmunicate with graphics processing hardware

components 120, including at least a portion of shared memory 109, to control the usage of' the

o



10

WO 2024/158471 PCT/US2023/081974

shared memory by multiple different application mstances 121, The memory management
process 108 receives requests from these application instances 121 to store content {i.¢., digital
data) in the shared memory 109, Storing the content 113 in the shared memory will make the
content easier to access and quicker to toad for use in the application instance.

Instead of simply storing the content 113 in the shared memory 109 based on the
application instance s memory request 123, the memory management process 108 determines
whether existing stored content could be reused. Because the graphics processing hardware
components 120 (which may be the same as or different than the processor 102 and memory
103 of computer system 101) access the shared memory 109 in an unpredictable, asvachronous
maunner, vartous other steps are performed to ensure that the content already stored in the shared
memory 109 can be reused. Or, in cases where duplicate copies already exist in the shared
memory, at least one of the copies can be deduplicated or removed from the shared memory.

Accordingly, the determining module 112 determincs whether the content 113
identified 1n the memory request 123 s already loaded m the shared memory 109, If g0, the
identifying module 114 determines a time span 115 or time frame i which the content will
rematn immutable in the shared memory 109, Upon determining this time frame, the instructing
module 116 then generates and sends an instruction 124 to the application instance {e.g..
mstance 122} indicating the raemory location 110 of the previously stored (identical) data, and
the time span 115 daring which the data will remain immutable. During this time span, however
brief, the application instance 122 can then access this content 113, and the memory
management process 108 can avoid storing the requested content 113 in the shared memory
109,

As noted above, in order to share identical memory regions across video game {or other
application) instances, the mermory management process 108 will determine: 1) which memaory
regions are identical (i.c., which memory regions include identical digital data), 2) whether
these memory regions are temporally consistent {(i.¢., whether their content is immutable or is
mutable over time), and 3} whether the existence of the identical memory regions overlap i
time.

The embodiments described heremn are configured to obtam that wformation from the
GPU’s video game engine. In traditional graphics rendering scenarios, GPU drivers associated
with the GPU or even the GPU itself have no direct knowledge of this information. Instead of
determung which memory regions are identical, whether the data 1s mutable, or whether the

memory requests overlap n time by looking at abstract memory regions or memory pages, the
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embodiments herein are configured to access the game’s graphical resources directly. In this
context, a “resource” may refer {0 a texture {an image}, a generic buffer, or a specialized
resource such as a shader program. Such resources are typically backed by one or more VRAM
memory regions. Some memory regions may back several different resources. Moreover, some
resources ase read-only, while others can be written to.

In order to ensure the temporal consistency of resources and maximize content sharing
within the shared memory 109, as well as minimize the complexity of memory sharing, at least
one of the embodiments described herein dentifies resources that are read-only read and are
not written to. This is especially applicable to video games, since video games tend to upload
large amounts of immutable resources to VRAM, such as static assets, textures, mesh vertex
buffers, shader programs, etc.

Further benefits of deduplication or reusing memory content is that the memory
management process can reduce video game load times, as well as reduce PCl-¢ bus utilization
since a game resource 15 already resident in VRAM. Indeed, when a video ganie resource 1s
already loaded into VRAM, there s no need to re~upload that resource to VRAM when a new
game instance starts or when a different game instance needs access to that resource. Stitl
further, delays or costs associated with uploading a resource in VRAM, such as the need to re-
arrange or optimize its lavout in VRAM (e g, tiled storage model for textures) will be avoided.

In some embodiments, the memory management process 108 may be a daemon process
referred to herein as a GPU Memory Server (GMS). The GMS dacmon may “fully own” or
may be fully responsible for resource management among the shared memory 109 and the
graphics processing hardware components 120, The GMS mav be a centralized process that all
{or at least some subset of) game processes will communicate with. These communications, at
least in some cases, ocour over mier-process communication (JPC). Such IPC may include
comamunication via operating system sockets, for example, via a GPU Memory Chient (GMO)
library that acts as an aid in commumication. The GMC can either be embedded in one of the
video game process package files or binary files or can be dynamically loaded using a loading
mechanism such as Vulkan lavers that allow dvnamic interception of graphics API calls. Both
the GMS and the video game process utimately talk to the GPU vendor’s installable chent
driver (JCD, which implements the graphics AP calls. In this manner, the embodiments herein
are GPU-~-vendor agnostic and, as such, may work with any GPU or processor provider.

FIG. 3 dlustrates an embodiment 300 in which the GMS 304 jntermediates between a

GPU 307 and different game processes 301A, 3018, and 301C. Each game process 301A-301C
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may be associated with a gaming session or other application mstance. Each game process
301 A-301C inclades its own instance of a GPU memory chient (302A-302C). As noted above,
the GPU memory client communucates with the GMS 304, and the GMS 304 communicates
with the GPU 307 (and its associated VRAM 308) through an installable chient driver (ICD
303} and a GPU kernel mode driver 306. By intercepting or otherwise accessing memory calls
from the game processes 301 A-301C and/or from the ICD 365, the GMS 304 becomes aware
of which content is loaded 11 YRAM 308 and furtber detcouines bow long that content will
remain immutable. During this time v wiach the content 1s known to be immutable, the
memory focation of that content is shared among the vartous game processes 301A-301C and
is reused.

Sull further, requests from the game processes 301A-301C to store the known,
mmmutable content 1t VRAM 308 are headed off and, instead, filled using the known,
previously stored content. Because the GMS 304 is in substantially constant communication
with the GPU 307, the GMS remains up to date on which content is stored in the VRAM 308,
where the content is stored, and how long each portion of content 1s immutable. As such, the
stored content may be safely shared, despite the asynchronous accesses by the GPU 307,

At least in some embodiments, the GMC (and therefore the GMS) provides API
endpotnts to check whether a portion of counteunt or resource is already managed by the GMS.
In some cases, the content or resource has a universally unique identifier (UUID) associated
with it. The GMS can then use that UUID to determine resource characteristics and other
information obtained from the game processes 301 A-301C. The UUID and other information
is determined by enher intercepting graphics API calls or via explicit ntegration with the
underlying game engine that runs the various game processes. In some examples, these API
calls optionally mcrement a reference count and return a shared file descriptor or handie that
points to the memory backing already allocated for the resource. The game processes 301A-
301C can then directly use that previously allocated memory m their operations.

In some cases, the game processes 301A-301C and/or the GPU memory chients 302A-
302C are counfigured to add new resources to memory that are to be tracked by the GMS. In
such cases, the game processes or GPU memory clients provide the resource UUID and
resource characteristics obtained from the game engine. The GMS will then return a shared file
descriptor or handle that points to the memory backing allocated for the resource, which the
garae can directly use it return. This memory backing is owned by the GMS 304. The game

processes then use a secondary API call to signal when the resource has been fully set up or

i1



WO 2024/158471 PCT/US2023/081974

when the memory backing has been filled with data. This, then, signals that other GPU memory
clients can start referencing the backing as well.

{n cases where a given resouree s no longer being used, the game process and/or GPU
memory chent will notify the GMS 304 using an end-of-process notification indicating that
specific resources are no longer needed. This process will then decrement the memory
backing’s reference count. This, in tum, allows the GMS 304 to decide when to evict the
memory backing from its cache or collection of resident resources. fn some cases, this happens
later than when the last reference to the resource is decremented. For instance, the GMS 304
may determine that certain resources are in high demand and are repeatedly used by different
game processes. In such cases, the GMS determines to keep the resource stored in VRAM,
even if that resource 1s not currently being used. In this mstance, the GMS 304 overrides the
end-of-process notification and maintaing the resource in VRAM 308, Indirect end-oftuse
notifications are also supported. For cxample, in cases where a game process terminates
unexpectedly, by tracking the IPC connection state, the GMS 304 1s able to automaatically
decrement reference counts, indicating that the resource is ok to unload from memory.

While the embodiments described above are often implemented in conjunction with
mnnable and/or read-only resources, the embodiments herein also contemplate the use of
mutable resources, including resources whose size and nature s common across instances, via
temporal sharing. Indeed, 1 a multi<tenant scenario, where many video game (or other
application} instances are running simultancously against the same GPU 307, some resources
such as frame buffers used as render targets have content which does not need to persist frame-
over-frame, and yet which remamn the same size. Moreover, games utilize those memory
backings for a time penod that is smaller than the overall target frame interval. The games and
applications described herein often render faster or are done rendering a frame afier a duration
that is smaller than the target frame interval. This, then, creates an opportunity for using the
same resource or at least its memory backing from one instance’s frame rendering to another
instance’s frame rendering.

For memory regions that are not wdentical across game processes, but for which content
is only temporanly or transiently needed to render a game frame, and which memory is
otherwise not continoously needed or used, the embodiments herein reallocate those memory
regions in an exclusive, time-shared manner {referred to as “poocled” herein} across game

processes. By using a separate, shared process 1o pool and track those resources so that they
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can be reused in time, the embodiments herein provide lower memory utilization, less memory
fragmentation over time, and faster resource allocations.

Furthermore, pooling and ownership of resources by another conunon process presents
a further benefit of making it possible for game processes to produce frame buffers that can be
maintained in memory for a longer period of time throughout the rest of the system and for
other purposes than game rendening. This frees up the video game processes from having to
manage that persistence, and it removes the need to copy those resources as well {(which, m
some cases, can be a very CPU- and memoryv-intensive process).

For instance, in one example, when a game process has finished rendenng, the render
target frame buffer can continue to live throughout the encoding pipeline until the bufferis no
longer needed. Without creating a waiting point in the game rendering logic {e.g., swap chain
image acquisition), when the game process needs to use the same frame buffer again, the
encoding process can #self return the frame buffer resource to a commeon pool of resources.
Once the game process s done with the frame buffer, the game process no fonger needs to
synchronize itself or work around that delaved use. In other words, the embodiments herein are
designed to abstract out the relationship between the backend video game processes and the
chient-side encoding process in a cloud gaming scenario. Moreover, these embodiments better
utilize memory at the same time because a resource that 15 no longer needed can instantly be
recycled and reused through the pooling process.

At least in some cases, the implementation implements the same topology as is used in
deduplication, generally shown in FIG. 3. The GMS 304 1s used to own, pool resources, and
distribute the resources m an exclusive fashion (1.e, each resource has a single writer at any
given time}. The respective GPU memory chents 302A-302C act as an interface hibrary or
intermediary with the GMS 304, where communications occur over IPC. For resources that are
writable, the embodiments hercin ensure that asyochronous tasks performed by the GPU
against the writable resources are indeed fully completed before a resource is redistributed for
rouse.

To accomplish this, cach resource is associated with a scmaphore or fence
synchronization object. In different scenarios with different vendors™ GPUs, the fence
synchronization object may have different names or characteristics. The GMS {or other pooling
mechanism) is configured to wait on that fence synchronization object before redistributing a
given resource. Additionally or alternatively, the GMS 304 may favor resources that had their

associated fence signaled and for which work was completed before redistribution. This, in
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turn, minimizes propagation delays between processes or across different uses of the resource.
Client processes (e.g., 301A-301C) signal when they have compieted work through assoctated
fence objects. In this mavuer, the GMS 304 and other components are mplemented to reuse
even mutable resources among different game processes.

For those resources that are imnuitable and/or are read-only, the memory management
process (e.g., the GMS 304} instructs the requesting application mstances {¢.g.. game processes
301A-301C) to access requested content from a specific location in shared memorv, The
mstruction may also indicate a time frame or tme span during wiich the content will be
immgable. The game process then accesses the previously stored content, and the GMS 304
can avoid storing the content associated with that resource in memory. In such erabodiments,
the GMS 304 15 said to own that resource, meaning that 1t will manage that content and monitor

and control its usage among the various game processes {or other application instances).

FIG. 44 lustrates an cmbodiment 400A in which a memory management process is
embedded in an application process package file assoctated with the application instance that
sent the request. For instance, in some cases, the memory management process 403 (which may
be similar to or the same as GMS 304 of FIG. 3) is embedded in an application process package
file 402 that is part of an application mstance 401, As such, the memory management process
403 1s automatically foaded as part of the application instance 401. In such cases, the memory
management process 403 is capable of determining whether a specific resource is being
managed by the memory management process using one or mwore resource identifiers 404 or
resource characteristics 405 obtained from the application process package file 402

The memory management process 403, in such examples, 1s an embedded part of the
application tnstance 401, In cases where the application instance 401 is a video game instance,
the application process package file{s) may be part of a game engine or may be used by a game
engine when running a video game instance. The application process package files may provide
resource identificrs or resource characteristics that come through the video game process at
runtime from the video game package files or from other application resource files. The
memory management process 403 has low-level access to cach memory call or memory
operation conducted by the video game instance. Using UULDs and resource characteristics,
such as resource size, resource file tvpe, read-only or write-only status, mutable or immutable

status, ot other characteristics, the memory management process 403 can determine when and
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how often a resource is used and whether that resource can be shared among the vanous
application instances.

{o other exaroples, the memory management process is dynamtically loaded along with
the application instance that sent the request. For instance, as shown in embodiment 4008 of
FIG. 4B, a memory management process 411 is dynamically loaded using a Vulkan layer 412
that allows dynamic interception of graphics API calls 414, The memory management process
411 determines whether a specific resource ts already being managed by the memory
management process 411 using various resource wdentifiers or resource characteristics obtained
from at least one mtercepted AP call. As noted above, the resource identifiers obtained from
the mtercepted AP call may be UUIDs. In some cases, the tdercepted graphics APT call 414
merements a reference count and retums a shared file descriptor 416 that pomnts to a memory
backing that was previously allocated for the resource. The application instance 413 then uses
the shared file descriptor 416 when aceessing the specific resource stored in memory in the
graphics processing hardware 415 of the underlving computer system 4190,

In some embodiments, the memory management process 411 assumes full ownership
or full management control over interoperations between application instances 413 and
graphics processing hardware 415, As part of this management, the memory management
process 411 preloads various resources for application mstances as they send memory storage
requests. For instance, the memory management process 411 that 1s dynamically loaded using
a Vulkan layer 412 may intercept graphics API calls 414 and may determine that certain
resources are being used or will hikely be used in the future. In such cases, some of the identified
resources are preloaded into memory (e.g., VRAM) before the resources are actually requested
by the application instances. This reduces access time once the application instances eventually
request that the resource be loaded into memory.

Still further, in some cases, the memory management process 411 preserves specific
resources in the shared memory for a specified amount of time after determining that the
specified resource is no longer being used by the multiple application mstances. Thus, even if
a resource 1s no longer being used by an application instance 413, the memory management
process 411 may determine that the resource is to be maintamed m memory. In some cases, the
memory management process 411 looks at charn associated with the resource. If the resource
is continually loaded and unloaded from memory (1o, “chum™), the memory management
process 411 will determune that because the chum level is hagh for that resource, it will be

mamntained in memory, even 1t is not being currently used by an application mstance. In some
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cases, a specific resource 1s preserved in shared memory for an amount of time that is based on
or is proportional to a determined amount of churn related fo that specific resource.

FIG. 5 dlustrates an embodiment 300 n which a memory managenment process 501
wdentifics certain content as being mutable over time. This mutable content 505 15 placed m a
shared pool 304 where other application instances {¢.g., 302A-502() have access to that
content (or other temporary content). The memory management process 301 shares the content
identified as bemg mutable by using foence synchronization objects 506, A fence
synchronization object 506 is used to determine when asynchronous tasks {e.g., 503A-503C)
performed using the content are completed. In this manner, the memory management process
301 remains up to date and aware of which asynchronous tasks have been completed relative
to a portion of mutable content. While the content 1s being used to perform the asynchronous
tasks S03A-503C, the content is removed from the shared pool 504 and, when the content is
done being used, the memory management process 501 returns the mutable content 505 to the
shared pool 504 by changing the state of the foence synchronization object 306. In addition to
the mutable content 5305, the shared pool 504 mayv also inclade immutable content 507, This
mnmutable content may be shared among the various application imstances S02A-502C along
with or as an alternative to the mutable content 505

Whether the content is mutable or immuiable, at least some of the embodiments hercin
may add copy on write profections to the content. The copy on write protections may ensure
that if an application instance writes to a given file or resource, a separate copy of that resource
will be made to cnsure that the changes are saved and that the initial version is maintained.
Then, even if a resource or some memory location is misidentified as being immutable, because
the resources are marked as “copy on write,” the resource will be maintained n its original
form. And, before any changes are applied, a separate {private) copy of the resource will be
made. This ensures that data integrity is preserved across different application instances.

in addition to the computer-implemented method descnibed above, a corresponding
system is also described. The system includes at least one physical processor, and physical
memory comprising computer-executable instructions that, when executed by the physical
processor, cause the physical processor to: mstantiate a memory management process that is
configured to commumicate with one or more graphics processing hardware components fo
conirol usage of shared memory by multiple different application instances, wherein the
MEMNTY Mmanagement process: receives a request from at least one the application instances

mdicating that content associated with a specific resource mmplemented by the application
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nstance is to be stored m the shared memory, deternunes that the content wdentified m the
request has been previously stored at a specified location in the shared memory, identifies a
time span during which the identitied content stored i the shared memory will be mmutable,
and instructs the requesting application instance fo access the identified content from the
specificd location in shared memory during the identified time span.

Still further, a non-transitory computer-readable medium is provided that includes one
or more computer-cxecutable instructions that, when exccuted by at least one processor of a
computing device, cause the computing device to: instantiate 3 memory management process
that is configured to communicate with one or more graphics processing hardware components
to countrol usage of shared memory by multiple different application instances, wherein the
MEMOTy management process: receives a request from at least one the application mstances
dicating that content associated with a specific resource implemented by the application
instance is to be stored in the shared memory, determines that the content identified in the
request has been previously stored at a specified location in the shared memory, identifies a
time span during which the identified content stored in the shared memory will be immutable,
and instracts the requesting application instance to access the identified content from the
specified location in shared memory during the identified time span.

FIGS. 6-8 illustrate cloud gaming systems, nfrastructure, and clients that may be
mnplemented with the embodiments herein. For example, the following will provide, with
reference to FIG. 6, detailed descriptions of exemplary ecosystems in which content is
provisioned to end nodes and i which requests for content are steered fo specific end nodes.
The discussion corresponding to FIGS. 7 and 8 presents an overview of an exemplary
distribution infrastructure and an exemplary content plaver used during playback sessions,
respectively.

FIG. 6 1s a block diagram of a content distribution ccosystern 600 that mcludes a
distribution infrastructure 610 in communication with a gaming client 620, content plaver, or
other software application designed to present rendered graphics to a user. In some
embodiments, distribution infrastructure 610 is configured to encode data at a specific data rate
and to transfer the encoded data to gaming chient 620, Gaming chient 620 15 configured to
recetve the encoded data via distribution infrastructure 610 and to decode the data for playback
to a user. The data provided by distribution mfrasteucture 610 inclades, for example, audio,
video, text, umages, animations, wnteractive content, haptic data, virtual or augmented reality

data, location data, gaming data, or any other type of data that i1s provided via streaming.
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Distribution mfrastructure 610 gencrally represents any services, hardware, software,
or other infrastracture components configured to deliver content to end users. For example,
distribution infrastructure 510 includes content aggregation systems, media transcoding and
packaging services, network components, and/or a variety of other types of hardware and
software. In some cases, distribution infrastructure 610 is implemented as a highly complex
distribution system, a single media server or device, or anything in between. In some examples,
regardiess of size or complexity, distabution infrastructure 610 meludes at least one physical
processor 612 and at least one memory device 614, One or more modules 616 are stored or
lvaded into memory 614 to enable adaptive streaming, as discussed herein.

Ganiing client 620 generally represends any tvpe or form of device or systers capable
of playing audio, video, or other gaming content that has been provided over distribution
mfrastracture 610, Examples of gaming client 620 include, withowt limitation, mobile phones,
tablcts, laptop computers, desktop computers, televisions, set-top boxes, digital media players,
virtual reality headsets, angroented reality glasses, and/or any other type or form of device
capable of rendering digital content. As with distribution infrastructure 610, gaming chent 620
mchides a physical processor 622, memory 624, and one or more modules 626. Some or all of
the adaptive streaming processes described herein is performed or enabled by modules 626,
and in some exanmples, modules 616 of distubution nfrastructure 6190 coordinate with modules
626 of ganung client 620 to provide adaptive streaming of multimedia content.

In certain embodiments, one or more of modules 616 and/or 626 m FIG. 6 represent
one or more software applications or programs that, when executed by a computing device,
cause the computing device to perform one or more tasks, For example, and as will be described
in greater detail below, one or more of modules 616 and 626 represent modules stored and
configured to run on one or more general-purpose computing devices. One or more of modules
616 and 626 wn FIG. 6 also represent all or portions of one or more special-purpose computers
configured to perform one or more tasks,

In addition, one or more of the modules, processes, algorithms, or steps described herein
transform data, physical devices, and/or representations of physical devices from one form to
another. For example, one or more of the modules recited herein receive audio data to be
encoded, transform the audio data by encoding it, output a result of the encoding for use in an
adaptive audio bit-rate system, transmit the result of the transformation o a content player, and
render the transformed data to an end user for consumption. Additionally or altematively, one

or more of the modules recited herein transform a processor, volatile memory, non-volatile
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memory, and/or any other portion of a physical computing device from one form to another by
executing on the computing device, storing data on the computing device, and/or otherwise
mteracting with the computing device,

Physical processors 612 and 622 generally represent any type or form of hardware-
mmplemented processing unit capable of interpreting and/or executing computer-readable
mstructions. In one example, physical processors 612 and 622 access and/or modify one or
more of madules 616 and 626, respectively. Additionally or altematively, physical processors
612 and 622 exccute one or more of modules 616 and 626 io facilitate adaptive streaming of
multimedia content. Examples of physical processors 612 and 622 include, without limitation,
microprocessors, microcontrollers, central processing untts (CPUs), ficld-programmable gate
arravs (FPGAg) that mmplement softcore processors, application-specific itegrated circuits
{ASICs), portions of one or more of the same, variations or combinations of one or more of the
same, and/or any other suitable physical processor.

Memory 614 and 624 generally represent any type or form of volatile or non-volatile
storage device or medium capable of storing data and/or computer-readable mstructions. Inone
example, memory 614 and/or 624 stores, loads, and/or maintains one or more of modules 616
and 626, Examples of memory 614 and/or 624 mchude, without limitation, random access
memory {(RAM), read only memory (ROM), flash memory. bard disk drives (HDDs). solid-
state drives (SSDs), optical disk drives, caches, vartations or combinations of ong or more of
the same, and/or any other suitable memory device or system.

FIG. 7 15 a block diagram of exemplary components of content distribution
mfrastructure 610 according to certain embodiments. Distribution infrastructure 6190 includes
storage 710, services 720, and a network 730. Storage 710 generally represents any device, set
of devices, and/or systems capable of storing content for delivery to end users. Storage 710
mehades a central repository with devices capable of storing terabyvics or petabytes of data
and/or includes distributed storage systerns {e.g., apphances that mirror or cache content at
Imternet mterconnect locations to provide faster access to the mirrored content within certain
regions). Storage 710 is also configured in any other suitable manner.

As shown, storage 710 may store a variety of different items ncluding content 712,
pser data 714, and/or log data 716, Content 712 mchudes television shows, movies, video
games, user-generated content, and/or any other suitable type or form of content. User data 714
includes personally identifiable nformation (PH), pavment information, preference settings,

language and accessibility settings, and/or any other information associated with a particular
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user or content player. Log data 716 includes viewing history information, network throughput
imformation, and/or any other metrics associated with a user’s connection o or interactions
with distribution 1nfrastructure 610,

Services 720 mcludes personalization services 722, transcoding services 724, and/or
packaging services 726. Personalization services 722 personalize recommendations, content
streams, and/or other aspects of a user’s experience with distribution infrastructure 610,
Encoding services 724 compress media at different bitrates which, as described m greater detail
below, enable real-ime switching between different encodings. Packaging services 726
package encoded video before deploying it to a delivery network, such as network 730, for
streaming.

Network 730 generally represents any median or architecture capable of facilitating
communication or data transfer. Network 730 facilitates communication or data transfer using
wircless and/or wired connections. Examples of network 730 mclude, without limitation, an
intranet, a wide area network (WAN), a local area network (LAN), a personal area network
{PAN), the Internet, power line communications {PLC), a cellular network {e.g., a global
system for mobile communieations (GSM} network), portions of one or more of the same,
variations or combinations of one or more of the same, and/or any other suitable network. For
example, as shown m FIG. 7, network 730 includes an Internet backbone 732, an mtemnet
service provider 734, and/or a local network 736, As discussed in greater detail below,
bandwidth limitations and bottlenecks within one or more of these network segments triggers
video and/or audio bit rate adjustments.

FIG. 8 1s a block diagram of an exemplary implementation of gaming client 620 of FIG.
6. Gaming chent 620 generally represents any type or form of computing device capable of
reading computer-cxecutable mstructions. Gaming client 620 includes, without limitation,
laptops, tablets, deskiops, servers, cellular phones, muliimedia plavers, embedded systems,
wearable devices {e.g., smart watches, smart glasses, etc.), smart vehicles, gaming consoles,
internet-of-things (IoT) devices such as smart appliances, vanations or combinations of one or
more of the same, and/or any other suttable computing device,

As shown m FIG. 8, m addition to processor 622 and memory 624, gaming client 620
mehudes a commuonication infrastructure 802 and a communication interface 822 coupled to a
network connection 824 Gaming client 620 also includes a graphics interface 826 coupled to
a graphics device 828, an input interface 834 coupled to an input device 836, and a storage

mierface 838 coupled to a storage device 840
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Commumcation infrastructure 8§02 generally represents any type or form of
infrastrcture capable of facilitating communication between one or more components of a
coraputing device, Examples of communication infrastructure 802 include, without lunttation,
any type or form of communication bus {e.g., a peripheral component interconnect {PCI) bus,
PCI Express (PCle) bus, a memory bus, a frontside bus, an mitegrated drive electronics (IDE)
bus, a control or register bus, a host bus, ctc.}.

As noted, memory 624 gencrally represents any type or form of volatie or son-volatile
storage device or medium capable of storing data and/or other computer-readable mstructions.
In some examples, memory 624 stores and/or loads an operating system 808 for exccution by
processor 622, Tn one example, operating system 808 includes and/or represents software that
manages computer hardware and software resources and/or provides common services {o
computer programs and/or applications on gaming client 620.

Operating system 808 performs various systermn management functions, such as
managing hardware components {(¢.g., graphbics interface 826, audio mterface 830, mnput
interface 834, and/or storage interface 838). Operating system 808 also provides process and
memory management models for playback application 810, The modules of plavback
application 810 includes. for example, a content buffer 812, an audio decoder 818, and a video
decoder 820.

Playback application 310 is configured to retnieve digital content via communication
mterface 822 and to play the digital content through graphics interface 826. Graphics interface
826 15 configured to transmit a rendered video signal to graphbics device 828, In normal
operation, playback application 810 receives a request from a user to play a specific title or
specific content. Playback application 810 then identifies one or more encoded video and audio
streams associated with the requested title. After playback application 810 has located the
encoded streams associated with the requested title, playback application 10 downloads
sequence header mdices associated with each encoded stream associated with the requested
title from distnbution infrastructure 610, A sequence header mdex associated with encoded
content includes nformation related to the encoded sequence of data included in the encoded
content.

In one embodiment, playback application 810 begins downloading the content
associated with the requested title by downloading sequence data encoded to the lowest audio
and/or video plavback burates to mumize startup time for plavback. The requested digital

content file is then downloaded into content buffer 812, which s configured to serve as a first-
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in, first-out queue. In one embodiment, each unit of downloaded data includes a unit of video
data or a unit of audio data. As onits of video data associated with the requested digital content
file arc downloaded to the gaming client 620, the units of video data are pushed mto the content
buffer 12, Similarly, as units of audio data associated with the requested digital content file
are downloaded to the gaming client 620, the wnits of audio data are pushed into the content
buffer 812. In one embodiment, the units of video data are stored in video buffer 816 within
coutent butfer 812 and the units of audio data are stored n audio buffer 814 of content buffer
812,

A video decoder &20 reads units of video data from video buffer 816 and cutputs the
units of video data in a sequence of video frames corresponding in duration to the fixed span
of playback time. Reading a unit of video data from video buffer 8§16 effectively de-queues the
unit of video data from video baffer 816, The sequence of video frames is then rendered by
graphics interface 826 and transmitted to graphics device 828 to be displaved to a user.

An audio decoder 818 reads units of audio data from audio buffer 814 and output the
units of audio data as a sequence of andio samples, generally synchromzed in time with a
sequence of decoded video frames. In one embodiment, the sequence of audio samples is
transmitted to audio inderface #30, which converts the sequence of audio samples nto an
clectrical audio signal. The electrical audio signal is then transmitted to a speaker of audio
device 832, which, in response, generates an acoustic outpat.

in situations where the bandwidth of distribution mfrastructure 610 is limited and/or
variable, plavback application 810 downloads and buffers consecutive portions of video data
and/or audio data from video encodings with different bit rates based on a vanety of factors
{c.g., scene complexity, audio complexity, network bandwidth, device capabilities, eic.}. In
some embodiments, video playback guality is prioritized over audio plavback guality. Audio
plavback and wideo playback gquahity are also balanced with cach other, and in some
embodiments andio playback quality is priortized over video plavback quality.

Graphics iderface 826 is configured to generate frames of video data and transmit the
frames of video data to graphics device 828, In one embodiment, graphics interface 826 1s
inchuded as part of an integrated circuit, along with processor 622, Altematively, graphics
mterface 826 is configured as a hardware accelerator that is distinet from (1.¢., 1s not integrated
within} a chipset that includes processor 622.

Graphics interface 826 generally represents any type or formm of device configured to

forward images for display on graphics device 828, For example, graphics device 828 1s
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fabricated using hquid crvstal display (LCD) technology, cathode~ray technology, and hight-
emitting diode (LED) display technology (sither organic or inorganic}. In some embodiments,
graphics device 828 also includes a virtual reality display and/or an augmented reality display.
Graphics deviee 828 mcludes any techmically feasible means for generating an wmage for
display. In other words, graphics device 828 generally represents any type or form of device
capable of visually displaying information forwarded by graphics interface 826

As tlustrated 10 FIG. 8, ganung client 620 also includes at least ove nput device 836
coupled to commumication infrastructure 802 via mput interface 834, Input device 836
generally represents any type or form of computing device capable of providing input, either
comaputer or buman generated, to gaming client 620, Examples of input device 836 include,
without imitation, a keyboard, a pomnting device, a speech recognition device, a touch screen,
a wearable device {¢.g., a glove, a watch, etc ), a controller, variations or combinations of one
or more of the same, and/or any other type or form of clectronic mput mechanism.

Gaming client 620 also includes a storage device 840 coupled to communication
mmfrastructure 802 via a storage mterface 838, Storage device 840 gencrally represents any type
or form of storage device or medinun capable of storing data and/or other computer-readable
mstructions. For example, storage device 840 mav be a maguetic disk drive. a solid-state drive,
an optical disk drive, a flash drive, or the like. Storage interface 838 gencrally represents any
type or form of interface or device for transferring data between storage device 840 and other
components of gaming client 620,

Many other devices or subsystems are included in or connecied to ganming client 620.
Conversely, one or more of the corponents and devices illustrated n FIG. 8 need not be present
to practice the embodiments described and/or iltustrated herein. The devices and sebsystems
referenced above are also interconnected in different ways from that shown in FIG. 8. Gaming
chent 620 is also cmployed m any number of sofiware, firmware, and/or hardware
configurations. For example, one or more of the example embodiments disclosed herein are
encoded as a computer program {also referred to as computer software, software applications,
computer-readable instructions, or computer control fogic} on a computer-readable medium.
The term “computer-readable medium,” as used herein, refers to any form of device, camer,
or medium capable of storing or carrying compuoter-readable instructions. Examples of
computer-readable media include, without Himitation, transmission-type media, such as carrier
waves, and non-transitory-type media, such as magnetic-storage media (e.g., bard disk drives,

tape drives, etc.), optical-storage media {e.g.. Compact Disks {CDs), Digital Video Dhsks
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(BVDs), and BLU-RAY disks), clectronic-storage media {(e.g., solid-state drives and flash
media}, and other digital storage systems.

A computer-readable mednun contaming a computer program is loaded mto gaming
chient 620, All or a portion of the computer program stored on the computer-readable medium
1s then stored in memory 624 and/or storage device 840, When executed by processor 622, a
computer program loaded into memory 624 causes processor 622 to perform and/or be a means
for performing the functions of one or more of the example cmbodiments deseribed and/or
ithustrated herein. Additionally or altematively, one or more of the example embodimenis
described and/or ilhustrated herein are implemented in firmware and/or hardware. For example,
garnning client 620 1s configured as an Application Specific Integrated Circuit (ASIC) adapted
to implement one or more of the example embodiments disclosed herein

Example Embodiments:

Example 11 A computer-implemented method comprising: mstantiating a memory
management process that is configured to conmunicate with one or more graphics processing
hardware components to control usage of shared memory by multiple different application
imstances, wherein the memory management process: receives a request from at least one the
application mstances indicating that content associated with a specific resource implemented
by the application jnstance 15 to be stored in the shared memory, determines that the content
wdentified in the request has been previously stored at a specified location in the shared memory,
identifies a time span during which the identified content stored in the shared memory will be
imvmutable, and instructs the requesting application nstance to access the identified content
from the specified location in shared memory during the identified time span.

Example 2: The computer-implemented method of Example 1, whercin the memory
management proccss instructs the requesting application instance to access the identified
content from the specified location in shared memory dunng the identified time span mnstead
of storing the content associated with the specified resource i the memory,

Example 3: The computer-implemented method of Example 1 or Example 2, wherem
the 1dentified content stored in the shared memory is monitored by the memory management
process.

Example 4: The computer-implemented method of any of Examples 1-3, wherein the
memory management process is embedded in an application process package file associated

with the application instance that sent the request.
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Example 5: The computer-implemented method of any of Examples 1-4, wherein the
memory management process determines whether the specific resource is already being
managed by the memory management Progcss using one or more resource identifiers or
resource characteristics obtained from the application process package file.

Example 6. The computer-implemented method of any of Examples 1-5, wherein the
application process package file comprises a game engine for a video game.

Exarople 7: The conmputer-mplemented method of any of Examples 1-6, wherein the
memory management process is dyvnamically loaded along with the application instance that
sent the request.

Example 8 The computer-implemented method of any of Examples 1-7, wherein the
memory management process is dynamically loaded using a Vulkan layer that allows dynamic
mterception of graphics application programming interface (APl calls.

Example 9. The computer-implemented method of any of Examples 1-8, wherein the
memory management process determines whether the specific resource is already being
managed by the memory management process using one or more resource wdentifiers or
resouree characteristics obtained from at least one intercepted API call.

Example 10: The computer-implemented method of any of Examples 1-9, wherein at
least one of the resource identifiers obtained from the intercepted AP call comprises a
universally unique identificr (UUID).

Example 11: The computer-implemented method of any of Examples -10, wherein the
intercepted API call increments a reference count and returns a shared file descriptor that points
1o a memory backing that was previously allocated for the resource.

Example 12: The computer-implemented method of any of Examples 1-11, wherein the
application instance uses the shared file descriptor when accessing the specific resource.

Example 13: A system comprising. at least one physical processor, and physical
memory comprising computer-executable instructions that, when executed by the physical
processor, cause the physical processor to; mstantiate a memory management process that is
configured to communicatc with one or more graphics processing bardware components to
control usage of shared memory by multiple different application instances, wherein the
memory management process: receives a request from at least one the application instances
mdicating that content associated with a specific resource mplemented by the application
mstance 1s to be stored in the shared memory, determines that the countent idendified m the

request has been previously stored at a specified location in the shared memory, identifies a
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time span during which the identified content stored 1n the shared memory will be immutable,
and instrocts the requesting application instance o aceess the identified content from the
specified location in shared memory during the identified time span.

Example 14 The syvstem of Example 13, wherein the memory management process
preloads one or more resources for the application instance that sent the request.

Example 15 The system of Example 13 or Example 14, wherecin the memory
rpanagement process prescrves the specified resouwrce i the shared memory for at least a
specified amount of time afier deternuning that the specified resource 1s no longer bemng used
by the multipie application instances.

Example 16 The system of any of Examples 13-13, wherein the specified resource s
preserved in the shared memory for the specified amount of time based on a determined amount
of churn that is related to the specified resource.

Example 17: The system of any of Examples 13-16, wherein content identified as being
mutable is shared by the memory management process in a pool among the multiple different
application instances.

Example 18: The system of any of Examples 13-17, wherein the content identified as
being mutable is associated with a fence synchronization object that is used to track when
asynchronous tasks performed using the content are completed.

Example 19: The system of any of Examples 13-18, wherein the memory management
process redistributes the content identified as being mutable to the pool upon completion of the
asynchronous tasks.

Example 20; A non-transitory computer-readable medivm comprising one or more
computer-executable instructions that, when executed by at least one processor of a computing
device, cause the computing device to! instantiate a memory management process that is
configured to conumunicate with one or more graphics processing hardware components to
control usage of shared memory by multiple different application instances, wherein the
memory management process. receives a request from at least one the application instances
indicating that content associated with a specific resource waplemented by the application
fnstance is to be stored n the shared memory, deternunes that the content wdentified mn the
request has been previously stored at a specified location in the shared memory, identifies a
time span during which the identified content stored in the shared memory will be immutable,
and wmstructs the requesting application instance o access the identified comtent from the

gpecified location n shared memory during the identified time span.
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As detaded above, the computing devices and svstems deseribed and/or illustrated
herein broadly represent any type or form of computing device or system capable of executing
corpuicr-readable instructions, such as those comtained within the modules described herein,
In their most basic configuration, these computing device(s} may cach include at least one
memory device and at least one physical processor.

In some examples, the term “memory device” generally refers to any type or form of
volatile or non-volatile storage device or medium capable of storing data and/or computer-
readable instructions. In one example, a memory device may store, load, and/or maintain one
or more of the modules described hercin. Examples of memory devices include, without
Limitation, Random Access Memory (RAM]), Read Only Memory {ROM), flash memory, Hard
Dnsk Drnves (HDDs), Solid-State Drives (8SDs), optical disk drives, caches, variations or
combinations of one or more of the same, or any other suitable storage memory.

In some examples, the term “physical processor” gencrally refers to any type or form
of hardware-implemented processing unit capable of mterpreting and/or executing computer-
readable mstractions. In one example, a physical processor may access and/or modify one or
more modules stored in the above-described memory device. Examples of physical processors
mehide, without himitation, microprocessors, microcontrollers, Central Processing Units
{CPUs), Feld-Programmable Gate Arrays (FPGAs) that implersent softcore processors,
Application-Specific Integrated Circuits (ASICs), portions of one or more of the same,
variations or combinations of one or more of the same, or any other suitable physical processor.

Although dlustrated as separate clements, the modules described and/or illustrated
herein may represent portions of a single module or application. In addition, in certam
embodiments one or more of these modules may represent one or more software applications
or programs that, when executed by a computing device, may cause the computing device to
perform one or more tasks. For example, one or more of the modules described and/or
tHustrated herein may represent modules stored and configured to run on one or more of the
computing devices or systems described and/or illustrated herein. One or more of these
modules mayv also represent all or portions of one or more special-purpose computers
configured to perform one or more tasks.

In addition, one or more of the modules described herein may transform data, physical
devices, and/or representations of physical devices from one form to another. Additionally or
alternatively, one or more of the modules recited herein may transform a processor, volatile

memory, non-volatile memory, and/or any other portion of a physical computing device from
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one form to another by executing on the computing device, storing data on the computing
device, and/or otherwise mteracting with the computing device.

{n some embodiments, the ferm “computer-readable medium” generally refers 1o any
form of device, carrier, or medium capable of storing or carrving computer-readable
mstructions. Examples of computer-readable media inclade, without limitation, transmission-
type media, such as carrier waves, and non-transitory-type media, such as magoetic-storage
media {c.g., hard disk drives, tape drives, and floppy disks), optical-storage media {e.g.,
Compact Disks (CDs), Digital Video Disks (DVDs), and BLU-RAY disks), clectronic-storage
media {¢.g., sclid-state drives and flash media}, and other distribution systems.

The process parameters and sequence of the steps described and/or lustrated herein
are given by way of example only and can be varied as desired. For example, while the steps
tHustrated and/or described herein may be shown or discassed in a particular order, these steps
do not necessarly need to be performed in the order ilustrated or discussed. The various
exeraplary methods described and/or illustrated herein may also omit one or more of the steps
described or lustrated herein or include additional steps in addition to those disclosed.

The preceding description has been provided to enable others skilled in the art to best
utihize various aspects of the exemplary embodiments disclosed herein. This exemplary
description is not wtended to be exhaustive or to be limited to anv precise form disclosed.
Many modifications and variations are possible without departing from the spirit and scope of
the present disclosure. The embodiments disclosed herein should be considered in all respects
itlustrative and not restrictive. Retference should be made to the appended claims and their
equivalents in determining the scope of the present diselosure,

Unless otherwise noted, the terms “connected to” and “coupled to” {and their
derivatives}, as used in the specification and claims, are to be construed as permitting both
direct and indurect (i.e., via other elements or components) connection. In addition, the terms
“a” or Yan,” as used m the specification and claims, are to be construed as meamng “at least
one of.” Finally, for ease of use, the terms “including”™ and “having” {and their derivatives), as
used in the specification and claims, are micrchangeable with and have the same meaning as

the word “comprising.”
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WHAT IS CLAIMED IS

L. A computer-implernented method comprising:

mstantiating a memory management process that is configured to communicate with
one or more graphics processing hardware components to control usage of shared memory by
multiple different application instances,

wherein the memory management process:

receives a request from at least one the apphication instances imdicating that content
associated with a specific resource implemented by the application instance 1s to be stored in
the shared memory;

deternunes that the content 1dentified 1 the request has been previously stored at a
specified location in the shared memory;

identifics a time span during which the identified content stored in the shared memory
will be immutable; and

mstructs the requesting application instance o access the dentificd content from the

specified location in shared memory during the identified time span.

2. The computer-tmplemented method of claim 1, wherein the memory
management process instructs the requesting application instance to access the identified
content from the specified location in shared memory during the identified time span instead

of storing the content associated with the specified resource in the memory.

3. The computer-implemented method of claim 1, wherein the identified content

stored in the shared memory is monitored by the memory management process.

4. The computer-implemented method of claim 1, wherein the memory
management process is embedded in an application process package file associated with the

application instance that sent the request.

3. The computer-implemented method of claim 4, wherein the memory
management process determines whether the specific resource is already being managed by the
MmeMmory management process using one or more resource identifiers or resource characteristics

obtamned from the application process package file.

29



10

WO 2024/158471 PCT/US2023/081974

6. The computer-implemented method of claim 4, wherein the application process
package file comprises a game engine for 3 video game.
7. The computer-implemented method of claim 1, wherein the memory
management process 1s dynamically loaded along with the application instance that sent the

request.

& The computer-implemented method of claim 7, wherein the memory
management process is dynamically loaded wsing a Vulkan layer that allows dynamic

mterception of graphics application programuoung mterface (AP calls.

9. The computerimplemented method of claim 8, wherein the memory
management process determines whether the specific resource is already being managed by the
MSmoTy management process using one of more resource identifiers or resource characteristics

obtained from at least one intercepted API call.

10, The computer-implemented method of claim 9, wherein at least one of the
resource identificrs obtained from the intercepted APY call comprises a universally unique

wdentifier {(UUID).

i1 The computer-implemented method of claim 9, wherein the intercepted AP call
merements a reference count and retums a shared file descriptor that pomts o0 a memory

backing that was previousty allocated for the resource.

12, The computer-implemented method of claim 11, wherein the application

mstance uses the shared file descriptor when accessing the specific resource.

i3, A sysiem comprising:
at least one physical processor; and
physical memory comprising computer-executable instructions that, when execoted by

the physical processor, cause the physical processor to:
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instantiate a memory management process that is configured to communicate with one
or more graphics processing hardware components to control usage of shared memory by
multiple different application instances,

wherein the memory management process:

receives a request from at least one the apphcation instances indicating that content
associated with a specific resource implemented by the application instance is to be stored 1n
the shared memory;

determines that the content identified in the request has been previously stored at a
specified location in the shared memory;

identifies a time span during which the identified content stored in the shared memory
will be immutable; and

instructs the requesting application instance to access the identified content from the

specified focation in shared memory during the identified time span.

14 The system of claim 13, wherein the memory management process preloads one

or more resources for the apphication instance that sent the request.

15. The systern of claim 13, wherem the memory management process preserves
the specified resource in the shared memory for at least a specified amount of time after
determining that the specified resource is no longer being used by the multiple application

instances.

16,  The system of claim 15, wherein the specified resource is preserved in the
shared memory for the specified amount of time based on a determined amount of churn that

is related to the specified resource.

17.  The system of claim 13, wherein content identified as being nutable is shared
by the memory management process in a pool among the nwltiple different application

mstances.

18, The system of claim 17, wherein the content identified as being mutable is
associated with a fence synchronization object that is used to track when asynchronous tasks

performed using the content are completed.
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19, The system of claim 18, wherein the memory management process redistributes

the content identificd as being mutable 1o the pool upon complction of the asynchronous tasks.

20, Ason-transitory computer-readable medium comprising one or more computer-
executable instructions that, when executed by at least one processor of a computing device,
cause the coraputing device to!

instantiate a memory management process that 1s configured to communicate with one
or more graphics processing hardware components to control usage of shared memory by
multiple different application instances,

wherein the memory management process:

receives a request from at least one the apphication instances indicating that content
associated with a specific resource implemented by the application instance is to be stored
the shared memory;

determines that the content identified in the request has been previously stored at a
specified location in the shared memory;

identifies a time span during which the identified content stored in the shared memory
will be mmutable: and

instructs the requesting application instance to access the identified content from the

specified focation in shared memory during the identified time span.



