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ABSTRACT Cloud gaming services enable users to enjoy various high-quality computer games without
installing them in their devices which may have poor resources. However, it consumes high bandwidth
in backbone networks as game videos have to be constantly streamed to client devices, which can be a
hindering factor for providing Ultra High Definition (UHD)-quality cloud gaming services whose demands
are ever increasing. In this paper, we present a novel cloud gaming architecture, E-Render, in which the
graphics engine is separated from the cloud game server and is deployed in the edge for rendering. To realize
it, however, we need to effectively reduce the amount and latency of graphics commands transfer from
the game engine in the cloud to the graphics engine in the edge server. E-render solves the problem by
using novel techniques including multi-granular command deduplication and asynchronous buffer binding.
We implement a prototype cloud gaming platform based on the E-Render architecture, and evaluate its
performance using four real world games. The evaluation results confirm that E-Render can provide
UHD-quality cloud gaming services.

INDEX TERMS Cloud gaming, edge service, graphics commands streaming, command deduplication.

I. INTRODUCTION
The rapid progress of cloud computing and network technolo-
gies have enabled users to enjoy high-quality computer (or
mobile) games even with low-end devices through the cloud
gaming service. Both game users and developers benefit from
the cloud gaming service. Users can enjoy various brand-
new high-quality games on demand, using a lightweight
application called ‘thin client’, without game installation and
hardware upgrades. For game developers, they are enough to
implement andmaintain only a single version of games for the
cloud platform, which eliminates the burden of implementing
and maintaining various versions of games for different plat-
forms (i.e., hardware and OS) of user devices. Owing to such
benefits, the world market in cloud gaming service already
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reached $1 billion in 2021, and is expected to steadily grow
to $7.24 billion in 2027 [1].

Figure 1 illustrates a typical software architecture of cloud
gaming service [2]. The thin client program accepts and sends
user input to a game instance in the cloud server. The game
instance delivers user input received from the thin client to
its game engine. In the game engine, the physics engine
updates the game state according to the user input, and the
rendering engine, to generate updated video frames, issues
and executes graphics commands by calling library functions
in the graphics engine. Such video frames, together with an
audio stream generated by the audio engine, are encoded and
streamed to the thin client to be decoded and played on the
user device.

Of importance in the cloud gaming is the latency between
the user input generation and the display of updated video
frames by the input [3], [4]. The maximum tolerable latency
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FIGURE 1. Typical architecture of the cloud gaming service.

for a highly latency-sensitive game play (e.g., racing game) is
known to be 100ms [5]. Another important quality metric for
cloud gaming service is the quality of video, which is deter-
mined by the resolution and frame rate of video streams [2].
For a smooth display of game scenes, 720p (HD) resolution
and 30 frames per second (fps) are known to be the minimum
requirements. However, in the current local gaming envi-
ronment where advanced graphics cards and high resolution
display devices are available, high-end games that support
4K (3,840 × 2.160) resolution and ≥60 fps are prevalent.
To satisfy game users who are accustomed to such local gam-
ing environment, cloud gaming service is evolving to provide
UHD-quality (4K, 60 fps) high-end gaming environment to
users [6]. For example, in Google Stadia [7] and Microsoft
xCloud [8], users can setup 4K resolution and 60 fps of cloud
gaming environment.

However, the current cloud gaming service architecture
has difficulty in providing UHD-quality gaming service due
to the large bandwidth requirement for video streams in the
backbone network. Google Stadia requires at least 35 Mbps
of backbone network bandwidth for a single UHD-quality
video stream [7]. Considering ever increasing network traffic
for various cloud services including multimedia streaming
services, it is challenging for cloud gaming service providers
to guarantee such amount of backbone network bandwidth to
each of their users. The limited network bandwidth degrades
the overall quality of cloud gaming services due to the
increased latency and decreased video stream quality.

In this work, we incorporate edge computing to the cloud
gaming service architecture and use remote rendering (via
graphics streaming [9], [10]) to realize the UHD-quality
cloud gaming service. We separate the graphics engine from
the cloud game server and locate it to servers in the edge
of the backbone network (i.e., edge servers). Graphics com-
mands issued by the cloud game engine are transferred to
the graphics engine in the edge server for frame render-
ing. Then, video frames generated in the edge server are
directly streamed to the client device through high-bandwidth
(≥35 Mbps) subscriber networks, such as 5Gmobile network
and FTTH (fiber-to-the-home) network. This approach gives
us an opportunity to effectively reduce the backbone network
bandwidth consumption and so enable UHD-quality cloud
gaming service.

TABLE 1. Bandwidth & latency problems in remote rendering.

There have been a few recent studies that examined a simi-
lar ‘remote rendering’ approach, but for a different objective,
i.e., relieving resource contention in the cloud game server
[11], [12]. While they achieved their goal using the approach,
they did not present and address its two possible side effects,
bandwidth and latency inflation problems (shown below),
resolving of which is essential to benefit from the approach
for enabling UHD-quality cloud gaming services.

Table 1 shows the average per-frame rendering time and the
consumed bandwidth for graphics commands transfer when
we use naive remote (edge) rendering architecture for two
example 4K, 60 fps 3D games in Godot game engine. For this
experiment, we captured every graphics command (including
data which amounts up to hundreds of KB) in the cloud game
server (an Amazon EC2 instance) and transferred each of
them to our own edge server in which the OpenGL graphics
engine is running. The Truck town game issued average 2,450
commands per frame (148K commands per second) and they
consumed 45.3 Mbps of bandwidth to be transferred to the
edge server, which is larger than the consumed bandwidth
for video streaming (28 Mbps) in the legacy cloud gam-
ing architecture (bandwidth inflation problem). In the Voxel
game, although it issued far less commands than Truck town
game and so used less bandwidth than a video streaming,
its rendering time (average 20.8 ms) exceeds the tolerable
limit (≤1/60 sec.≈16.6 ms per frame)1 for providing 60 fps
of frame rate, and therefore, it shows only 48 fps of frame
rate. Such large rendering time is due to the dynamically
generated objects, depending on user viewpoint and location,
which incur time-consuming synchronous communications
between game and edge servers while rendering the frame
(latency inflation problem). (We will elaborate on this issue
in Section III-C.)
The above preliminary experimental results quantitatively

show the importance of addressing the aforementioned two
problems. To that end, we set up two goals for our approach;
1) the amount of network traffic for transmitting graphics
commands from the game server to the edge server should
be noticeably less than the video stream traffic, and 2) the
possibly increased latency due to the separation of graph-
ics engine from the game server should be within the tol-
erable margin. To achieve the goals, we propose a novel

1The tolerable limit is a theoretical bound, and the client-side video
buffering can relax this limit for ordinary video streaming services such
as Video-on-Demand service. However, it is not recommended in the cloud
gaming since it incurs additional latency in game play.
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cloud gaming service architecture, E-Render, which incorpo-
rates edge servers to the cloud gaming service architecture.
E-Render effectively reduces the amount of network traffic
for graphics commands transfer bymulti-granular commands
deduplication, and suppresses the latency increase by asyn-
chronous buffer binding. The evaluation results show that
E-Render enables us to provide UHD-quality cloud gaming
services by achieving the goals. The contributions of this
work is three fold:

• We design a novel cloud gaming service architecture,
E-Render, which decouples the graphics engine from
the cloud game server and locates it to the edge servers,
to enable UHD-quality cloud gaming services.

• We devise two core schemes, multi-granular commands
deduplication and asynchronous buffer binding, that
enable us to practically benefit from the edge rendering.

• We implement a prototype E-Render which can be used
transparently with legacy game engines without requir-
ing any modification to them, and evaluate its perfor-
mance using real systems and UHD-quality games.

We assume that edge servers equippingGPU-enabled high-
performance graphics cards are prevalent along the edge of
the backbone network, e.g., in each 5G base station.

The rest of this paper is organized as follows. Section II
discusses related work. Sections III and IV present E-Render
focusing on its core functionalities and implementation
details, respectively. In Section V, we evaluate the perfor-
mance of E-Render, and in Section VI, we present the lim-
itations of E-Render and our plans to address them. Finally,
in Section VII, we conclude this paper.

II. RELATED WORK
During the past decade, lots of efforts have been made
to improve the quality of cloud gaming services in two
directions; performance enhancement in the legacy service
architecture and exploring new (mostly, distributed) service
architectures.

A. IMPROVEMENTS IN THE LEGACY SERVICE
ARCHITECTURE
Efforts in this category deal with either the system resource
management or video frame generation in the game server.
In [15]–[17], they focused on the efficient management
of computation resources across game instances (virtual
machines) in the cloud game server. In [18]–[21], they pro-
posed various algorithms to improve the quality of user
experiences (QoE). Specifically, a prediction-based frame
generation algorithm is proposed in [18] which speculates
on the user input and generates next frames in advance.
If the speculation fails, it generates the frames again using the
actual input. In [20], they proposed an adaptive frame drop-
ping scheme that drops some non-critical frames to save the
network bandwidth under the congested state, thus sacrificing
video quality in exchange for the tolerable latency. In [21],
they developed a rendering system that interpolates other

frames based on the key frames using a three-dimensional
(3D) image warping algorithm. The system improved the
video encoding performance by reducing bit rates of non-key
frames.

The above works either are orthogonal to this
work [15]–[18] or have clear limitation in reducing the back-
bone network bandwidth consumption [20], [21].

B. EXPLORING NEW SERVICE ARCHITECTURES
Efforts in this category proposed new cloud gaming service
architectures that also exploit computing resources near the
client device for QoE enhancement.

1) REMOTE HOSTING
In [22]–[24], they proposed a service architecture in which
edge servers, instead of cloud servers, host game instances
to reduce the network latency and increase QoE. While
the approach greatly reduces both the backbone network
bandwidth consumption and latency, it has three important
problems desired to be solved. First (scalability problem),
an edge server has limited amount of resources to host a
sufficiently large number of game instances for users in its
coverage. Second (migration problem), when a mobile user
moves out of the coverage of an edge server, the entire game
instance for the user also needs to migrate to other edge
server, which is harmful to latency-sensitive games. Finally
(initialization problem), since a single edge server cannot
host all games that cloud servers host, we may need a time-
consuming on-demand game deployment and initialization in
the edge server.

To address the scalability problem, a resource sharing
scheme among game instances in the edge server [25] and
a hybrid cloud-edge gaming service architecture in which a
game instance is hosted in either the cloud or edge server
depending on the user’s latency requirement [26] have been
proposed. A fog computing approach [27] that deploys a
game instance to other GPU-enabled user device (not the
edge server) near the client device can also be a solution to
the problem, while it cannot guarantee the service availabil-
ity. In [24], they proposed a novel game instance migration
scheme, as a solution to the migration problem, which dupli-
cates an active game instance in both the original and new
edge servers, temporarily during the migration time. In [25],
they also proposed a solution to the initialization problem in
which only the minimal set of game assets necessary to start a
game is downloaded to the edge server first, for the rapid start
of the game play. While such enhancement schemes alleviate
aforementioned problems in a certain degree, they could not
clearly remove the problems from this service architecture.

2) REMOTE RENDERING
In contrast to the coarse-grained service deployment (i.e.,
deploying the entire game instance) to other servers/devices
in remote hosting architecture, other efforts tried to
offload only a portion (i.e., rendering and video encod-
ing/streaming) of the entire game engine functionalities to
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FIGURE 2. Comparison of the cloud gaming service architectures: E-Render is a remote rendering architecture equipped with novel schemes that
address bandwidth and latency inflation problems.

other servers/devices, to lower the resource contention in
cloud game servers. In [11], they proposed a selective render-
ing architecture in which the rendering subsystem is located
in both the cloud server and the client device to be selec-
tively used for frame rendering. In [12], they proposed a fog
computing-based service architecture that exploits unused
resources in other computing devices (e.g., idle desktops)
near the client device, for rendering and video streaming
on behalf of the cloud server. In [28], they proposed a
resource allocation scheme for multiplayer cloud gaming,
which selects edge servers and communication paths for each
game user while minimizing inter-player delay. Although
the above works alleviated the resource contention in game
servers and thus saved the cost for maintaining cloud servers,
they did not address the bandwidth and latency inflation
problems in graphics commands transfer which are critical
to enable UHD-quality cloud gaming service as presented in
Section I. A client rendering approach, in which the cloud
game server transfers graphics commands directly to the
client device for local rendering, has been proposed in [29]
and [30]. However, since it cannot support low-end client
devices, which is one of primary goals of cloud gaming
services, we do not further discuss on them in this paper.

3) COMPARATIVE ANALYSIS
Figure 2 compares the above cloud gaming service archi-
tectures in terms of the roles and actions of each partici-
pating entity in the cloud gaming. For their comparison in
the performance’s viewpoint, in this section, we compare
them in terms of four metrics; backbone traffic amount,
latency, scalability and operation cost. Among them, the
amount of backbone network traffic and latency determines
the QoE, and the scalability and operation cost determines the
overall service overhead. The operation cost includes game
engine deployment and instance initialization cost, and game
instance migration cost.

The legacy architecture consumes a large amount of back-
bone network bandwidth and shows amoderate latency, while
it is highly scalable and has no operation cost. The remote

hosting architecture achieves better QoE than other architec-
tures since the gaming service is provided near the client
device. However, it has larger service overhead than oth-
ers due to the scalability, migration and initialization prob-
lems, although enhancement schemes improved scalability
and operation cost in some degree. Also, in multi-user games,
user events need to be transferred to other users (possibly
in the coverage of other edge servers) for global game state
updates, which requires game engine modification.

The remote rendering architecture has far less service
overhead than the remote hosting architecture since it uses
fine-grained offloading (i.e., better scalability) and has nei-
ther migration nor initialization problem. Selective render-
ing architecture [11] further improves its scalability by also
using cloud rendering. However, its operation cost is larger
than the legacy architecture due to the cost of managing fog
devices [12] or rendering subsystems in both cloud servers
and client devices [11]. Also, the bandwidth and latency infla-
tion problems in transferring graphics commands to remote
devices makes it achieve worse QoE than others.

The proposed architecture, E-Render, in this paper tar-
gets to achieve better QoE than both the legacy and prior
remote rendering architectures by effectively addressing the
bandwidth and latency inflation problems, without additional
operation cost and any game engine modification.

III. DESIGN OF E-RENDER
E-Render is a novel cloud gaming architecture which incor-
porates edge computing for remote rendering. What makes
E-Render different from the prior fog-based remote render-
ing [12] is the manageability of the remote rendering device.
While a large number of (GPU-enabled) fog devices (i.e., user
devices near the client device) may improve the scalability of
the remote rendering architecture, we can neither guarantee
the availability of such devices nor manage (modify) their
software to support cloud gaming. On the other hand, edge
servers are fully manageable by service providers, which
enables us to optimize their software for effective cloud gam-
ing services. E-Render exploits their manageability to address
the bandwidth and latency inflation problems.
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FIGURE 3. Cloud gaming service architecture in E-Render.

A. OVERALL SERVICE ARCHITECTURE
Figure 3 shows the overall service architecture of E-Render.
E-Render decouples the graphics engine from legacy game
engines and locates it to edge servers. It consists of two
core components: E-Render Proxy in the cloud game server
and E-Render Stub in the edge server. On receiving a
user input from the client device, the physics engine in
the game server updates the game state and the rendering
engine issues graphics commands to generate updated game
frames. The E-Render proxy intercepts such graphics com-
mands (CMDs) and transfers them to the E-Render stub,
transparently, so that we do not need to modify legacy
game engines. An issued command by the rendering engine
may contain data (e.g., geometry and texture data for game
frames) in its parameters [31]. In this paper, we collectively
call them (command + data) as a command. In Section IV,
we will elaborate how to transfer command arguments (i.e.,
data), especially pointer type arguments, to the E-Render
stub.

The essence of the E-Render proxy and stub are their
solutions to the bandwidth and latency inflation problems,
multi-granular command deduplication and asynchronous
buffer binding, that practically enable UHD-quality cloud
gaming services. They collaborate each other to reduce both
the amount of network traffic and latency for graphics com-
mands transfer. Specifically, the E-Render proxy dedupli-
cates graphics commands for a frame using multi-granular
command deduplication scheme, and removes the command
transfer latency inflation by using asynchronous buffer bind-
ing scheme. Deduplicated graphics commands for a frame are
temporarily stored in the frame message buffer (FMB) until
the last command for the frame arrives, and then transferred as
a whole to the E-Render stub which reconstructs the original
graphics commands from the received ones. Such frame-unit
commands transfer (i.e., transferring the entire commands for
a frame, at once) further reduces the amount of network traf-
fic. Finally, the E-Render stub executes reconstructed com-
mands by calling them one after another, to generate a video
frame. As in the legacy architecture, generated video frames
are encoded and streamed to the client device for playback.
In the following sections, we design two core schemes of
E-Render in detail.

FIGURE 4. Deduplication w/ inter-frame commands similarity.

B. MULTI-GRANULAR COMMAND DEDUPLICATION
The rendering engine iterates a loop (i.e., graphics pipeline)
in which a series of graphics commands (command sequence)
are issued for a frame. We pay attention to two favorable
properties observed from command sequences for different
frames. In a high frame rate video, the rendering engine
issues similar command sequences if there is no scene change
between two successive frames (inter-frame commands sim-
ilarity). Also, an object may appear in multiple different
frames, either successive or not, in which case the rendering
engine issues similar graphics commands to draw the object
(inter-object commands similarity). Our multi-granular com-
mands deduplication scheme exploits such characteristics of
the rendering engine to effectively reduce the amount of
network traffic for graphics commands transfer. Specifically,
graphics commands for a frame pass through three steps;
1) InterFrame-dedup, 2) InterObject-dedup, and 3) command
sequence transfer.

1) INTERFRAME-DEDUP: DEDUPLICATION WITH
INTER-FRAME COMMANDS SIMILARITY
The graphics pipeline in an ordinary rendering engine has a
fixed command generation pattern; applying the camera view-
point→ applying the environmental condition (e.g., lighting
and shading)→ drawing background models (e.g., sky and
mountains)→ drawing foreground models (e.g., characters).
Such fixed pattern gives us an opportunity to exploit the
inter-frame commands similarity for command deduplica-
tion. Without rapid scene changes caused by user input, suc-
cessive frames may have identical viewpoint, environment
and background models which are all static. Then the ren-
dering engine generates identical sequences of commands
for those frames until issuing foreground model drawing
commands. Such identical, initial subsequence of commands
can be effectively deduplicated, by our InterFrame-dedup, to
save the backbone network bandwidth.

To that end, the E-Render proxymaintains a frame hash list
which contains a sequence of hash values for each graphics
command of the previous frame, as shown in Figure 4. From
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FIGURE 5. Deduplication w/ inter-object commands similarity.

the first command issued for a new frame, the E-Render proxy
hashes each command and compares its hash value with the
corresponding one in the frame hash list. Such comparison
continues until it finds a different hash value in the frame hash
list. Then, the proxy stores a message, ‘DUPLICATED, n’,
in the frame message buffer, where n is the number of initial
commands until finding a different hash value, and proceeds
to the next step (InterObject-dedup) of the multi-granular
command deduplication. The frame hash list is emptied and
refilled by hash values for the new frame before transferring
commands in the frame message buffer to the E-Render stub
(Section III-B3).

When there is no dynamic (or autonomously moving)
objects in the current game scene, the game engine gen-
erates the same frames until a user input arrives. During
that quiescent period, the rendering engine issues exactly
the same sequences of graphics commands for successive
frames. For those frames, the InterFrame-dedup finds that
all hash values for a new frame are identical with those in
the frame hash list. Then our multi-granular command dedu-
plication scheme skips the next step and transfers the sole
message (‘DUPLICATED, n’) in the frame message buffer
to the E-Render stub. Such case maximizes the effectiveness
of the multi-granular command deduplication scheme.

2) INTEROBJECT-DEDUP: DEDUPLICATION WITH
INTER-OBJECT COMMANDS SIMILARITY
InterObject-dedup prevents the E-Render proxy from re-
transmitting frequently issued commands that have been
transferred to the E-Render stub from the beginning of
the game. Differently from the InterFrame-dedup which
exploits the inter-frame commands similarity, InterObject-
dedup exploits the inter-object commands similarity; graph-
ics commands for rendering the same object in different
frames can be identical and thus be reused. In particular,
as a game has either a smaller number of different objects
or a larger number of static (or still) objects, such identi-
cal (thus deduplicable) commands are expected to appear
more frequently, increasing the effectiveness of the command
deduplication.

For the InterObject-dedup, the E-Render proxy main-
tains a command cache (C-cache) that contains (hash value,
command)-pairs of frequently issued individual commands,
as shown in Figure 5. For each graphics command issued, the

FIGURE 6. Command sequence reconstruction in the stub.

E-Render proxy hashes it to find the identical command from
the command cache. If it exists, the proxy stores its in-cache
location information (detailed in Section III-B4), instead of
the command itself, in the frame message buffer. Otherwise,
the proxy stores the command as it is, and also stores its (hash
value, command)-pair in the command cache. If the command
cache has no room for the new pair, it is handled based on a
least recently used (LRU) replacement algorithm.

The size difference between a graphics command and
its in-cache locator makes the InterObject-dedup effective.
While the size of a graphics command varies from tens of
Bytes to hundreds of KB, depending on both the type of
command and the complexity of an object the command
draws, the size of a locator is far smaller than that. Hence, the
InterObject-dedup can effectively save the backbone network
bandwidth.

3) COMMAND SEQUENCE TRANSFER
Deduplicated commands in the frame message buffer are
transferred to the E-Render stub after all graphics commands
for a frame have been issued by the rendering engine and our
multi-granular command deduplication scheme has stored
every message (DUPLICATED, item locator or command
itself) for each of them in the framemessage buffer. When the
rendering engine finishes generating all drawing commands
for a frame, it finally issues a SwapBuffer command.
The E-Render proxy, upon intercepting it, recognizes that all
graphics commands have been issued for a frame, and thus
transfers the command sequence in the frame message buffer
to the E-Render stub.

4) COMMAND SEQUENCE RECONSTRUCTION
Upon receiving the command sequence for a new frame, the
E-Render stub builds a full sequence of graphics commands
for the frame by reconstructing deduplicated commands in
the sequence. To that end, it maintains a frame command
cache (FC-cache) and a command cache. The frame com-
mand cache contains all graphics commands for the just
rendered preceding frame.

Figure 6 shows the process of the command sequence
reconstruction. On receiving the command sequence for a
new frame, the E-Render stub first reconstructs initial subse-
quence of commands deduplicated by the InterFrame-dedup,
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if ‘(DUPLICATED, n)’ message appears in the beginning
of the sequence, by copying them from the frame command
cache. In Figure 6, three initial commands have been dedupli-
cated and thus copied from the frame command cache. Then
the stub reads subsequent messages in the sequence, one by
one, to reconstruct remaining commands. If a message is an
item locator, the stub directly goes to the location in its com-
mand cache and copies the command in that location. Oth-
erwise, since the message is a command itself, the stub just
copies the command for reconstruction, and again inserts it
into the command cache with its hash value. Upon processing
the last message, the stub appends aSwapBuffer command
and finishes the command sequence reconstruction.

Of importance here is the use of in-cache location informa-
tion, instead of the hash value, for transferring an individually
deduplicated command by the InterObject-dedup. Note that
any hash function may generate identical hash values for
different keys. When two different commands happen to have
identical hash values, the E-Render stub cannot distinguish
them each other in its command cache using their hash values.
Hence, when we transfer the hash value of a deduplicated
command, it can be reconstructed to a different command in
the command cache that has the same hash value.

Such problem can be resolved by transferring in-cache
locator instead of the hash value. If we maintain a hash table
with chaining for collision resolution, items with the same
hash value can be distinguished using their different locations
in the hash table. Provided that command caches in both the
proxy and stub are always kept identical, in terms of the item
set they store and the in-cache location of each item, an item
locator can identify the same command in both command
caches and therefore, the stub can reconstruct individually
deduplicated commands correctly. To that end, E-Render uses
the same hash structure, cache size and replacement policy in
the proxy and stub. Then, we can always keep two command
caches identical, since the proxy and stub access to their com-
mand caches for exactly the same sequence of commands.

The above hash collision problem may also occur
in the InterFrame-dedup. However, differently from the
InterObject-dedup, a hash value is compared with only one
hash value in a specific location in the frame hash list.
In that case, the probability of hash collision is extremely low,
provided that we use a hash function with sufficiently large
hash space. Hence, we do not consider the problem in the
InterFrame-dedup.

C. ASYNCHRONOUS BUFFER BINDING
As a game play progresses, lots of objects newly appear
and disappear dynamically. For a new object in a frame, the
rendering engine first issues a buffer generation command to
allocate a buffer object in GPU memory, and the address (or
name)2 of the buffer object is returned as an output of the

2OpenGL and Vulkan engines use different references to the buffer object,
name and address, respectively. In this paper, we collectively call them
‘buffer address’ for the sake of convenience.

FIGURE 7. Asynchronous buffer binding.

command. Then the rendering engine binds the buffer object
to one of predefined targets (i.e., context), to set up its internal
state. To that end, it issues a buffer binding command which
uses the buffer address returned by the buffer generation com-
mand for the binding. Hence, the buffer generation command
must be executed before issuing the buffer binding command.

In the remote rendering architecture, such buffer binding
process necessitates a synchronous communication between
the cloud game server who only issues commands and the
remote rendering server who executes them. Specifically, the
game server can issue the buffer binding command only after
the preceding buffer generation command has been executed
in the remote rendering server and its output (buffer address)
has arrived to the game server. Such synchronous commu-
nication for buffer binding increases the overall rendering
latency in the remote rendering architecture, as presented in
Section I.

E-Render addresses the latency inflation problem using
our asynchronous buffer binding scheme, as shown in
Figure 7. On intercepting a buffer generation command (e.g.,
glGenBuffers), the E-Render proxy immediately gener-
ates a fake buffer address and delivers the command with the
fake address to our multi-granular command deduplication
module which stores the command in the frame message
buffer ( 1© and 2©). Then the command is returned with the
fake address so that the succeeding buffer binding command
can be issued immediately using the fake address ( 3©). This
removes the time-consuming synchronous communication
between game and edge servers. The issued buffer binding
command (e.g., glBindBuffer) and the fake address is
also delivered to the deduplication module to be stored in the
frame message buffer ( 4© and 5©). Then the proxy waits for
the succeeding graphics commands.

The real buffer generation and binding is done by the
E-Render stub. When it finds a buffer generation command
in the reconstructed command sequence, it executes the com-
mand and gets the real buffer address returned ( 6©). Then
it stores the (fake address, real address) pair in its buffer
address mapping table which maintains mapping informa-
tion between fake and real addresses for future accesses to
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buffer objects ( 7©). When the E-Render stub finds a buffer
binding command in the reconstructed command sequence,
it first translates the given fake address to the real address by
looking up the table, and then executes the command using
the real address ( 8©). An entry in the buffer address map
is removed upon receiving a corresponding delete command
(e.g., glDeleteBuffers).

IV. PROTOTYPE IMPLEMENTATION
The prototype E-Render [32] is written in C++ language
targeting to support OpenGL version 3.0 or later. We imple-
mented the E-Render proxy as a dynamic library. For the
graphics commands interception in the E-Render proxy,
we implemented wrapper functions in the proxy for each of
OpenGL graphics commands (total 262 commands in our
current prototype implementation) defined in the OpenGL
loader (glad), and loaded the proxy using LD_PRELOAD
when the game engine starts so that our wrapper functions
can override original OpenGL functions. Such function over-
riding enables us to intercept graphics commands without
modifying the game engine itself. A wrapper function assigns
arguments of the intercepted command to its own (corre-
sponding) parameters. A pointer argument is not copied
directly but dereferenced so that its value is assigned to the
corresponding (non-pointer) parameter of the wrapper func-
tion. The E-Render stub, upon receiving such dereferenced
arguments, assigns their memory addresses to corresponding
pointer parameters of the reconstructed graphics command.
As such, E-Render enables the remote execution of graphics
commands that have pointer type parameters. The wrapper
function, not the original graphics command, is the target of
our multi-granular command deduplication and is stored in
the frame message buffer after deduplication.

E-Render uses ZeroMQ [33] for communications between
the proxy and stub. A message (message_t structure in
ZeroMQ) for a non-deduplicated command consists of three
fields; command name (2 bytes), arguments for non-pointer
parameters (variable size) and optionally arguments for
pointer parameters (variable size). In the command name
field, we store a deduplication flag (2 bits, set to 00) and
a unique command number (14 bits); we enumerated all
OpenGL commands to assign a unique number to each
command. A message (2 bytes) for deduplicated command
sequence by the InterFrame-dedup consists of a deduplication
flag (set to 10) and the number of deduplicated commands
(14 bits). Finally, a message (4 bytes) for a deduplicated
command by the InterObject-dedup contains a deduplication
flag (set to 11), reserved bits (6 bits) and an in-cache locator
(20 bits bucket ID + 4 bits chain index). The multipart_t
structure is used to materialize the frame message buffer
which contains a sequence of message_t structures.

We use std::hash in C++ with a non-cryptographic
64-bits hash function (MurmurHashUnaligned2) for com-
mand hashing in the multi-granular command deduplication.
The frame hash list and frame command cache, used for
the InterFrame-dedup and reconstruction, are implemented as

singly linked lists, since they are always accessed sequentially
from the first item. The command cache is materialized by
std::unordered_map which has average O(1) complexity in
searching, inserting or removing an element [34]. To enable
item accesses using in-cache locator, we added two mem-
ber functions, get_index(key) and direct_find(locator), which
returns the location (bucket ID and chain index) of an input
key and an item in the input locator, respectively. To imple-
ment the LRU replacement policy in the command cache,
we maintain a separate LRU list (std::list) of hash values for
cached commands. An element, once selected as a victim,
is removed from the list and then the corresponding element
in the command cache is also removed. The cache size is con-
trolled by limiting the total number of elements in it. When
the number reaches the limit, replacement occurs whenever a
new element is to be inserted to the cache.

Multi-granular command deduplication incurs additional
overhead in game engines. During the InterFrame-dedup, it
takes O(n) time for each frame to hash commands and com-
pare hash values in the frame hash list, where n is the num-
ber of commands in a frame. During the InterObject-dedup,
it takes O(n) amortized time for command hashing and com-
mand cache lookup. Overall, the E-Render proxy incurs O(n)
overhead for each frame in the cloud game server. During
the command sequence reconstruction in the edge server, the
E-Render stub requires O(n) amortized time to look up both
frame command cache and command cache for each frame.
In the middle of the command sequence reconstruction, the
stub needs to look up the buffer address mapping table for
asynchronous buffer binding, when it encounters a buffer
binding command. However, noting that both the number
of buffer binding commands in a frame and the number of
entries in the mapping table are small, such lookup overhead
is negligible.

V. PERFORMANCE EVALUATION
In this section, we compare E-Render with prior work in
terms of the backbone network bandwidth consumption and
latency. As we presented in Section II, prior work can be
categorized into ‘Legacy Cloud Gaming’, ‘Remote Hosting’
and ‘Remote Rendering’, based on their service architectures.
In terms of the above performance metrics which we focus
on, efforts in the same category naturally show almost iden-
tical performance due to their identical service architectures.
Hence, instead of comparing individual schemes, we collec-
tively compare them with E-Render in the names of their
architectural categories. Among them, schemes in the ‘remote
hosting’ category show the best performance with no doubt
since they do not use backbone network. However, they have
clear limitations to become practical due to the scalability,
migration and initialization problems, and thus we do not
include them in our comparative study.

A. EXPERIMENTAL ENVIRONMENT
We used three Linux machines, a cloud game server, an edge
server and a client device. For the cloud game server, we used
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TABLE 2. Characteristics of the example games.

a g4dn.2xlarge Amazon EC2 instance in Asia Pacific (Seoul)
region (Intel Xeon Platinum 8259CLCPU of 2.5 GHz, 32 GB
RAM and NVidia T4 graphics card) with 25 Gbps network
bandwidth. For an edge server, we used our own PC (located
in Seoul) which equips Intel Core i7-8700 (3.2GHz) CPU, 16
GB RAM, NVIDIA Geforce RTX 2070 Super 8 GB model
and an 1 Gbps Ethernet adaptor. The client device is a laptop
computer connected to the internet through 802.11ac WiFi
AP to which the edge server is also connected via 1 Gbps
ethernet port.

We installed the Godot game engine [35] and E-Render
proxy in the cloud server, and the E-Render stub and OpenGL
in our edge server. Multiple instances of E-Render stub may
run in parallel, to support concurrent users in the edge’s
coverage, and thus we containerized the stub using Docker.
We implemented and installed a simple thin client application
to the client device. The application maintains a TCP connec-
tion for user input transfer to the cloud game server. We used
steam [36] as a video streaming server in both the cloud and
edge servers, and Steam Link [37] as a streaming client for
the thin client application. The Steam and Steam Link keep a
UDP connection for video streaming.

Four example games in Godot game engine, Dodge the
Creeps (shortly, ‘Dodge’) [38], Hexagonal Map (shortly,
‘Hexa’) [39], Voxel and Truck Town (shortly, ‘Truck’), are
used for experiments, and their characteristics are shown in
Table 2. We played each game for five minutes with active
interactions, and averaged measured values.

B. FEASIBILITY OF THE UHD-QUALITY CLOUD GAMING
SERVICES
Wefirst evaluate the performance of E-Render, in terms of the
backbone network bandwidth consumption, displayed frame
rate and latency, to show the feasibility of the UHD-quality
cloud gaming service using E-Render.

1) BACKBONE NETWORK BANDWIDTH CONSUMPTION
AND DISPLAYED FRAME RATE
Figure 8 compares the backbone network bandwidth con-
sumption among three architectures, legacy cloud gaming
(LCG), legacy remote rendering (LRR) and E-Render, with
the command cache size set to maximum 1,000 elements. The
consumed bandwidth in this figure is the average of 300 sam-
ples (60 sec.× 5 min.) of data each of which is the amount of
bandwidth consumed for a second. In LCG, about 12 Mbps,
20 Mbps, 28 Mbps and 28 Mbps of bandwidth is consumed
for streamingUHD-quality videos of Dodge, Hexa, Voxel and

FIGURE 8. Backbone network bandwidth consumption. (Command cache
size: 1,000 and Quad-HD (QHD) resolution: 2, 560 × 1.440.)

TABLE 3. Average number of dropped frames per second. (Values in the
parenthesis are the displayed frame rates on the client device.)

Truck games, respectively, depending on the complexity of
their video frames. As anticipated, 3D games consume more
bandwidth than 2D games given the same video quality. The
LRR consumes less bandwidth than LCG in all games except
the Truck town game (about 45 Mbps) which generates a
huge amount of graphics commands for each frame and thus
has the bandwidth inflation problem. E-Render consumes
only about 1.4 Mbps, 1.0 Mbps, 5.5 Mbps and 7.0 Mbps of
bandwidth, which amount to about 11%, 5%, 20% and 25%
of the LCG’s consumption for Dodge, Hexa, Voxel and Truck
games, respectively. In particular, its bandwidth consumption
is far less than even that for QHD-quality gaming in LCG
architecture. Noteworthy is the effectiveness of the command
deduplication in E-Render for the Truck town game, in which
E-Render saved 84%of bandwidth compared to LRR, solving
the bandwidth inflation problem.

In terms of the video frame rate displayed on the client
device, the LCG showed average 53.7 fps for all games due
to (presumably) the unstable backbone network bandwidth
availability. The LRR achieved about 58.3 fps for all games
except the Voxel game in which it showed average 47.2 fps
(minimum 30 fps) due to the latency inflation problem. It is
interesting that the frame rate of LRR did not decrease in the
Truck game, despite its bandwidth inflation problem. It is due
to the ‘idle time exploitation effect’ in commands transfer,
which will be elaborated in the next section. E-Render, which
not only consumes far less backbone network bandwidth than
others but also solves the latency inflation problem, achieved
approximately 58.4 ∼ 59.9 fps for all games. Table 3 shows
the average number of dropped frames per second, due either
to the network or to the rendering latency, which caused the
decreased frame rates in LCG and LRR.

2) LATENCY
Figure 9 compares the latency among three architectures. For
this experiment, we measured the average latency from the
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FIGURE 9. Latency breakdown in LCG (C), LRR (R) and E-Render (E): R and
R(D) in the Voxel game represents frames w/o and w/ dynamic object
generation, respectively.

user input generation to the display of the updated video
frame by the input. In E-Render, the ‘Deduplication’ time
includes command generation, deduplication and buffering
times in the game server, and the ‘Rendering’ time includes
commands reconstuction and execution times in the edge
server. The ‘Video streaming’ time includes the streaming
latency and the decoding time in the client. In the LRR archi-
tecture, since commands are not buffered but transferred to
the edge upon generation, commands transfer and execution
are performed in parallel. Hence, we combined them into
the ‘Rendering’ time. We issued 899 (Dodge), 2,076 (Hexa),
600 (Voxel) and 2,576 (Truck) user inputs during the game
play, and show their average latency in the figure. Since the
latency itself directly affects the quality of user experiences,
infrequent but large latency can seriously degrade the overall
quality of user experiences. Hence, in addition to the average
latency, we show the standard deviation of the measured
latency using error bars.

Interestingly, the results are quite the opposite to our antici-
pation that ‘decoupling graphics engine from the game server
would inevitably increase the gaming latency’. Detailed
investigation revealed that the game engine, when it finishes
rendering a frame before its deadline (i.e., 16.6 ms for provid-
ing 60 fps), it does not proceed to process the next frame but
becomes idle until the deadline. The ‘Game engine’ portions
in LCG include such idle times, and hence they are identical
across all games regardless of the possibly different times
for doing ‘real’ work in each game. E-Render effectively
exploited such idle times for command deduplication, trans-
fer and reconstruction, and could start video streaming with-
out additional delay in all games. The ‘Rendering’ portions
in LRR and E-Render also include such idle times, although
they are less than those in LCG. The only factor that differen-
tiates the overall latency is the video streaming latency. Since
E-Render exploits sufficient bandwidth and low latency of the
subscriber network for streaming, it shows less latency than
LCG which uses competitive backbone network. The LRR,
in R(D) case, could not finish Rendering within the deadline
due to the latency inflation problem, and thus shows larger
latency than others.

The experimental results in Figures 8 and 9 confirm that
E-Render makes it feasible to provide UHD-quality cloud

FIGURE 10. Cache hit ratios with varying command cache size.

gaming service owing to its multi-granular command dedu-
plication and asynchronous buffer binding schemes.

C. DETAILED ANALYSIS
We now examine the effects of multi-granular command
deduplication and asynchronous buffer binding, in detail.

1) CACHE HIT RATIO
Figure 10 shows cache hit ratios, varying the command cache
size, which determine the effectiveness of the multi-granular
command deduplication in E-Render. Since the frame com-
mand cache stores all commands for the very previous frame,
its size changes depending on the complexity of the frame and
we did not explicitly control its size. We averaged hit ratios
of total 18,000 frames (60 frames × 300 sec.).

An interesting result, which is common across all games,
is high frame command cache hit ratio that makes the
InterFrame-dedup very effective. As stated in Section III-B1,
the fixed command generation pattern in ordinary rendering
engines produces identical initial commands (for applying
camera viewpoint and environmental condition, and draw-
ing background objects) in successive frames, which can be
safely deduplicated by the InterFrame-dedup. Such effect is
maximized in the Hexa game where the background image
rarely changes and thus only those commands for drawing a
moving foreground object (i.e., player character) are different
between successive frames. The Truck game, which changes
an environmental condition (i.e., light) as the player’s truck
moves, shows the lowest frame command cache hit ratio.
The notable differences of the frame command cache hit ratio
among different command cache sizes in Truck game are due
to the non-identical user actions in each experiment.

The effectiveness of the InterObject-dedup depends on the
command cache size; the larger its size is, the higher hit
ratio we obtain and thus the more effective the InterObject-
dedup becomes. Except in the Hexa game, in which most
commands are hit in the frame command cache, the command
cache hit ratio increases until its size becomes 400, 500 and
800 elements in Dodge, Voxel and Truck games, respectively.
As a result, with only 800 elements of command cache size,
we can achieve about 96.8%, 98.6%, 94.5% and 94.8% of
total cache hit ratios in Dodge, Hexa, Voxel and Truck games,
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FIGURE 11. Individual frame rendering time in the Voxel game.

TABLE 4. Average CPU and host memory utilization.

respectively. Such high cache hit ratios contribute to the large
backbone network bandwidth savings, as shown in Figure 8.

2) INDIVIDUAL FRAME RENDERING TIME
To investigate the effectiveness of the asynchronous buffer
binding scheme, we measured individual frame rendering
times for the initial 2,500 frames in the Voxel game in both
LRR and E-Render. In LRR, as shown in Figure 11, the
rendering time for a frame rapidly increases whenever one
or more new objects are dynamically created in the frame,
due to the latency inflation problem. Such large rendering
time results in not only the delayed display of the frame but
also the decreased frame rate (cf. the large overall latency
in the LCG due to the large streaming latency, shown in
Figure 9, also delays the display of frames but does not affect
the frame rate). The asynchronous buffer binding scheme
solves the latency inflation problem and enables E-Render to
show stable rendering times. Note that peaks in E-Render is
due not to the latency inflation problem but to the delayed
arrival of graphics commands when the backbone network is
instantaneously congested.

3) RESOURCE CONSUMPTION
To investigate the overhead of E-Render due to its command
deduplication and asynchronous buffer binding schemes, we
measured average CPU utilization and host memory footprint
in the cloud and edge servers, when we play the Truck game
which consumes more resources than others.

Table 4 shows the results. Although E-Render consumes
slightly more CPU than LCG in the cloud server due to its
command deduplication and transfer, its overall CPU utiliza-
tion is not noticeable in both servers. Interestingly, E-Render
consumes less CPU power than LRR which does not perform
command deduplication. It owes to the E-Render’s command
buffering; all commands for a frame are aggregated in the
buffer and transferred as a whole, which greatly reduces the
number of network packet transmissions compared to the
individual command transfer used in the LRR.

FIGURE 12. GPU resource utilization in the edge server.

The game engine and the Truck game itself consumes
about 77 MB of cloud memory in all architectures. In addi-
tion, the LCG consumes about 40MBofmemory for graphics
command processing (OpenGL) in the cloud, while the LRR
and E-Render consumes the same amount of memory in the
edge server. E-Render consumes about 12 MB and 16 MB
more memory in the cloud and edge servers, respectively,
than LRR for command deduplication (mainly for the cache
management). The E-Render proxy and stub themselves,
excluding their caches, consume about 16 MB and 28 MB
of memory in the cloud and edge servers, respectively.

GPU is the most scarce resource in cloud gaming services.
Since the GPU workloads in each architecture are not differ-
ent each other, LCG, LRR and E-Render consume the same
amount of GPU resources in either the cloud (LCG) or edge
(LRR and E-Render) servers. However, the limited amount
of GPU resources in an edge server poses a restriction on the
server’s service capacity in LRR and E-Render. To investigate
the per edge service capacity of E-Render, we measured the
GPU utilization and GPU memory consumption of the Truck
game, increasing the number of concurrent game users (i.e.,
containers running the E-Render stub), in an edge server
(Figure 12). In this experiment, we also used the Truck game
which consumes the most amount of GPU resources.

The GPU memory consumption for a single Truck game
was approximately 465 MB and increased in proportion to
the number of users. The GPU utilization increased to 85.6%
for nine users without noticeable delay in rendering video
frames. However, with ten concurrent users, the GPU became
saturated and number of frames have been dropped due to the
delayed rendering, which limited the per edge service capac-
ity in E-Render to nine for the Truck game. Such capacity
depends on both the specification and the number of GPU
devices being used in the edge server. As more powerful GPU
devices are being introduced in themarket, we believe that the
rendering capacity of an edge node will gradually increase
making the edge rendering more feasible.

The above results confirm that, using a reasonable amount
of edge resources, E-Render enables UHD-quality gaming
services, in terms of the bandwidth consumption and latency.

VI. LIMITATIONS AND FUTURE WORK
As stated in Section V-B2, E-Render effectively exploits
the idle time, after it finishes rendering a frame until the
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affordable rendering deadline, for its own work (i.e., com-
mand deduplication, transfer and reconstruction). However,
for those frames whose rendering times are almost the same
as the tolerable limit, E-Render cannot obtain such overhead
hiding effect and therefore its overhead can be exposed to
the user, which is one of limitations of the current E-Render
design. To address this problem, we plan to devise a pipelin-
ing scheme that transfers commands for the next frame while
the edge server is rendering the previous frame, by which
we can obtain the overhead hiding effect without such idle
time. However, current game engines have been designed
to start generating commands for the next frame only after
finishing the rendering of the current frame, which hinders
such pipelining. Overcoming such unfavorable behavior of
game engines is the major technical challenge in devising the
pipelining scheme.

In terms of the service architecture in E-Render, there is
a clear limitation in the service scalability. Since the frame
rendering is performed in the edge servers with limited GPU
resources, the rendering capacity in an edge server limits the
gaming service capacity within the edge’s coverage. To make
E-Render fully scalable like the legacy cloud gaming archi-
tecture, the collaborative rendering between the cloud and
edge servers is indispensable. In this regard, we plan to devise
a selective remote rendering architecture in which graphi-
cally undemanding, latency-sensitive games are prioritized to
be rendered in an edge server taking the server’s rendering
capacity into account, while other games are rendered in the
cloud.

VII. CONCLUSION
While the demand for high-quality cloud gaming services is
ever increasing, the legacy cloud gaming architecture has dif-
ficulty in providing satisfactory QoE for UHD-quality games
due to the large backbone network bandwidth consumption
of video streams. In this work, we propose a novel cloud
gaming service architecture, E-Render, in which graphics
commands are streamed to an edge server, and the edge
server renders and streams video frames to client device
through high bandwidth subscriber network. E-Render effec-
tively saves the backbone network bandwidth by deduplicat-
ing graphics commands and prevents latency inflation due
to the separation of graphics engine from the game server
by asynchronously binding dynamically generated buffers.
We implemented a prototype E-Render system and evaluated
its performance on the real world environment. Evaluation
results show that E-Render saves 75% ∼ 95% of backbone
network bandwidth consumption compared with the legacy
architecture without increasing the overall gaming latency,
and thus enables UHD-quality cloud gaming services.
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