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Capsule: Efficient Player Isolation for Datacenters
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Figure 1: An example application for a museum digital twin: (a) no Capsule, one player per engine, (b) with Capsule, nine players per
engine, (c) compares datacenter resource utilization with and without Capsule. Capsule provides lightweight and efficient player-isolation.

Abstract

Cloud gaming is increasingly popular. A challenge for cloud providers is to keep datacenter utilization high: a non-trivial
task due to the diversity of hardware and applications. We introduce Capsule, a mechanism to seamlessly share datacenter
resources across multiple players. We implemented Capsule in the Open 3D Engine (O3DE). Our evaluations show that Capsule
increases datacenter resource utilization by accommodating up to 2.25x more players, without degrading user experience. This
is the product of Capsule using up to 1.43x less GPU, 3.11x less VRAM, 3.7x less CPU, and 3.87x less RAM compared to the
baseline. Capsule is also application-agnostic, i.e., no changes were required to run applications on the Capsule-based O3DE.
Our experiences with four applications, three servers with different hardware specifications, including one with four GPUs, and
a multi-server cluster shows that the Capsule design can be adopted by other game engines to increase datacenter utilization.

CCS Concepts
• Computer systems organization → Cloud computing; Real-time system architecture; • Computing methodologies → Graph-
ics systems and interfaces;

1. Introduction

Cloud gaming is attractive for both players and cloud providers.
For players, it alleviates deployment cost. They no longer need to
own the latest hardware (e.g., GPU) to play games in high qual-
ity. The cloud already hosts the latest hardware, sometimes before
it becomes publicly available [PGD23]. For providers, the goal
is to generate revenue while delivering the highest gaming qual-
ity. More players lead to higher datacenter utilization and, conse-
quently, higher revenue.

However, it is challenging to achieve high datacenter utilization

† Work done while at Huawei

with gaming applications. Part of this challenge arises from games
having diverse shapes and sizes. Shapes correspond to the diverse
resources that games consume, such as CUDA cores, RT cores, and
Tensor cores in GPUs, in addition to the host CPU and RAM. Sizes
correspond to the differing amounts of these resources that games
consume, e.g., a graphics-intensive game consumes the entire GPU,
while a graphics-light game consumes only a fraction of that GPU.
Another challenge arises from the diverse hardware found in dat-
acenters. Datacenters often house servers with several generations
of CPUs and GPUs [PGR∗23]. For example, a server with an older
GPU might accommodate only one player, while a server with the
latest GPU accommodates dozens. Thus, cloud providers need a
mechanism to share GPUs, as well as other resources, across mul-
tiple players.
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Table 1: Existing work: academic papers and real deployments.

Console O3DE Capsule
Remote x ✓ ✓
Compute & Mem. Sharing ✓ x ✓

We propose player-level multiplexing. A player in a graphics-
heavy application will continue consuming the entire GPU. How-
ever, when a GPU has sufficient capacity to accommodate two or
more players in a multiplayer game, its resources will be multi-
plexed across these players. We designed, implemented, and eval-
uated Capsule: an in-game-engine player isolation mechanism for
multiplayer games. Capsule also allows cross-player sharing. For
example, when two players enter a room and have a shared game
asset in their view, we can reuse the asset geometry across these two
players without players noticing. Sharing allows amortization, i.e.,
sublinear growth in datacenter utilization for a linear increase in
player count: a phenomena we call a sublinear resource footprint.

We implemented Capsule in O3DE [O3D26b]. It satisfies four
practical requirements for player-isolation in the cloud:

• R1: Transparent: Players should be unaware of other play-
ers sharing cloud resources. A player’s experience—such as
input latency, output streaming quality, and frames-per-second
(FPS)—should not degrade due to other players.

• R2: Compatible: Player isolation should not require signifi-
cant changes to run existing applications; ideally, no application
changes are required. The workflow for developing a new appli-
cation should also remain nearly identical, if not exactly identi-
cal.

• R3: Lightweight: The isolation mechanism itself should not
consume significant system resources, such as CPU and RAM.

• R4: Efficient: Maximize cross-player sharing. For example, the
resource footprint (e.g., CPU) of the second player should be less
than that of the first player, because the second player can reuse
parts of the computation results from the first player.

In summary, we make the following contributions: (1) We out-
line practical requirements (R1-R4) for player isolation, which we
believe are common across cloud providers; (2) we propose a sys-
tem, Capsule, that implements these requirements. Capsule is a
novel in-engine player isolation mechanism. It decouples players’
local and global states to maximize cross-player sharing. (3) We
offer a thorough evaluation of Capsule using applications with di-
verse characteristics, servers with different hardware specifications,
and a multi-server cluster.

2. Related Work

Table 1 broadly categorizes existing work into three groups across
two dimensions. The Console group represents deployments with
user hardware, such as the PS5, Xbox, and PC. Here, frames are
generated on the user hardware, i.e., no heavy computation occurs
in the cloud. The user console’s compute and memory resources
are shared across players (e.g., [Haz21]). On the other hand, in the
second group, labelled O3DE, frames are generated in the cloud,
but compute and memory resources in the cloud cannot be shared

Figure 2: Capsule-based cloud architecture. Capsule Storage man-
ages player state, which is a key part for player-isolation.

across players. This is the case for any game engine running in the
cloud (e.g., Unreal Engine and Unity), although we label the group
O3DE. Capsule (i.e., O3DE with Capsule) enables cross-player re-
source sharing in the cloud.

A large body of literature, such as CloudLight [CLM∗15] and
Weinrauch et al. [WTS∗23], also belongs to the Capsule group.
They generate frames in the cloud, and they share the compute and
memory resource used to generate those frames for multiple play-
ers. However, these works only demonstrate the feasibility of per-
forming (part of the) rendering computation in the cloud, without
addressing the practical requirements (R1-R4).

3. Design and Implementation

Figure 2 shows the Capsule architecture, along with other essential
modules in a cloud deployment. Capsule is a new module in O3DE
that communicates with different system components, such as the
audio system, input system, rendering system (which includes both
audio and video rendering), and game logic (event system). Cap-
sule leverages the Entity–Component–System (ECS) architecture,
which is widely adopted by modern game engines (e.g., [Uni26]),
including O3DE. ECS makes it convenient to represent game world
objects. An ECS-based game engine contains entities that have data
components and systems to operate on those components.

As shown in Figure 2, players connect to the cloud over a wide
area network (e.g., the Internet). The players’ entry point is the
Streaming module, which creates a separate game session for each
player, isolating their inputs (e.g., keyboard and mouse), and out-
puts (e.g., video streams). The Streaming module passes the player-
specific input to a separate game session, which includes player-
specific UI, Rendering, Input, Audio, and Encoding states. These
states are reflected in the game but are managed inside the engine.
In other words, the application will perceive all player-specific
states as being isolated from each other at the engine level; i.e.,
as if each player (or, in fact, each game instance) has an engine
of its own. In Capsule-based O3DE, all of these players share one
engine.

Capsule distinguishes different players’ inputs, outputs, and be-
haviours by using Capsule Storage. Capsule Storage manages two
constructs: entities and events. Entities are game objects, such as
a car, a light, or an avatar. Events, or gameplay events, include in-
game events such as running, jumping, or exploding. They are pre-
designed by the game developer and are written in the game script.
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Table 2: Workstations used for Capsule evaluation. All worksta-
tions use NVIDIA GPUs. (*Exact GPU model is not disclosed.
VRAM “24+” means it has more VRAM than the above two. FOR-
TIS is our custom label, meaning strong in Latin.)

SINGLEGPU DUALGPU QUADGPU
CPU AMD Ryzen

7 5800X
Intel Core
i7-13700K

Threadripper
PRO 5975WX

# of Cores 8 16 32
RAM 32 GB 64 GB 256 GB
GPU GeForce

RTX 4090
GeForce
RTX 3090

FORTIS *

VRAM 24 GB 24 GB 24+
# of GPUs 1 2 4

Entities and events determine the behavior of each player and of the
global environment. They also determine the final rendered frame.

Capsule has two types of Storage: global and local. There is only
one global storage in the entire engine. All players share the entities
and events inside the global storage. There are one or more local
Capsule Storages: one for each player. Entities inside the local stor-
age are visible only to the storage-owner player. Capsule isolates
player-specific tasks at runtime by directing player-specific entities
and events to the respective player-owned local storage. (Appendix
A in the Supplementary Materials describes player entity tracking
using global and local storage.)

We ported four applications to the Capsule-based O3DE to vali-
date our design. All four applications fit within our entity and event
tracking systems. Figure 1 shows only one of them for brevity. (The
Appendix in Supplementary Materials shows the other three appli-
cations.) Our experience with these four applications shows that
Capsule-based O3DE is fully compatible (R2) with standard non-
Capsule O3DE.

4. Evaluation

We evaluated Capsule on diverse datacenter hardware. We used
three different workstations: one with a single GPU, one with two
GPUs, and one with four GPUs, as described in Table 2. All work-
stations run the Windows OS to faithfully reproduce our produc-
tion environment. We fixed the application FPS to 30, a common
minimum threshold. We read the system-wide utilization levels of
the GPU, VRAM, CPU, and RAM resources every second. The
value for each second is the average utilization during that one-
second interval, which is consistent with Windows performance
counters [Mic25].

We compare the cloud server resource consumption of Capsule
against the baseline. For the baseline, we implemented process-
level isolation, (i.e., a separate game engine process for each
player). In the baseline, we launched the game server [LPM06] and
then launched game clients one by one, measuring the server uti-
lization as players were added. The client-side evaluation is identi-
cal between Capsule and the baseline, but on the server side, after
the first player, we kept adding players to the same client process
(running in the cloud server), rather than creating a separate process

Figure 3: Scalability of Capsule as we increase the number of play-
ers. Capsule and the baseline host up to 9 and 4 players, respec-
tively, on the EXHIBITION application. Capsule accommodates up
to 2.25x more players thanks to the sublinear resource increase per
added player.

per player (in the cloud server). This is consistent with the Capsule
design in Figure 2. (We were unable to use production-level al-
ternative virtualization techniques, such as the NVIDIA RTX Vir-
tual Workstation (vWS), as the baseline due to licensing restric-
tions [NVI25].)

We evaluated Capsule’s applicability to diverse datacenter
workloads by running three different applications–PARIS OPERA

HOUSE, O3DE MULTIPLAYER SAMPLE [O3D26a], and EXHI-
BITION–on the SINGLEGPU workstation. For brevity, Figure 1
shows results for only the EXHIBITION application on the SIN-
GLEGPU workstation, which has the strongest GPU. We monitored
resource utilization for 40 seconds of gameplay time. (Appendix B
in the Supplementary Materials describes our evaluation methodol-
ogy. Gameplay footage is also included in the Supplementary Ma-
terials.)

Figure 1(a) and Figure 1(b) show the game server view of the
EXHIBITION application with a single player (1p) and nine players
(9p), respectively. Figure 1(c) shows resource utilization for these
two environments. GPU utilization with a single player is around
20%. VRAM and CPU utilization are also around 20% while RAM
utilization is around 24%. Capsule takes advantage of the remain-
ing capacity to allocate eight more players. The GPU becomes a
bottleneck with the 10th player, causing the player FPS to drop
below the threshold (30). At this point, we stopped allocating more
players. As Figure 1(c) shows, GPU utilization increases from 18%
with one player to almost 99% with nine players.

Figure 3 shows the average resource utilization increase as play-
ers join the EXHIBITION application in Figure 1(c). Figure 3 shows
that overall GPU utilization increases by around 10 percentage
points per additional player, after the first one. Other figures show
a similar trend for VRAM, CPU, and RAM. Unlike in Figure 1,
in Figure 3 we kept adding players in the baseline, (i.e., adding an-
other game-engine process for each player). The baseline sharply
dropped to single-digit FPS after 4 players due to CPU contention,
as shown in Figure 3. At the peak of the baseline (4 players), Cap-
sule used 1.43x less GPU, 3.11x less VRAM, 3.7x less CPU, and
3.87x less RAM compared to the baseline. Thanks to these savings,
Capsule accommodates more players, beyond the baseline. As ex-
pected, the baseline’s resource consumption increases linearly with
the number of players. However, the increase in Capsule is sublin-
ear thanks to cross-player sharing, i.e., Capsule requires a sublinear
amount of extra VRAM, CPU, and RAM past the first player. The
GPU utilization benefit of Capsule could be further improved if
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the application uses more shareable rendering techniques, such as
shadowmaps, global illumination, and cross-view diffuse and effect
sharing [WTS∗23].

Figure 1(c) contrasts the utilization levels for the baseline (1p)
and Capsule (9p), which we call delta. The delta is the highest for
the GPU resource. This delta is smaller but is more significant in
other resources (VRAM, CPU, and RAM). If the delta were the
smallest (i.e., is zero), the 1p and 9p lines would overlap. This
would mean that the 9p utilization of that resource is identical to
that of 1p; i.e., the additional players came for free (for that re-
source). In Figure 1(c), this is almost the case for VRAM, which is
also reflected in Figure 3. Figure 3 shows that RAM consumption
stays relatively flat as more players are added. It also shows that the
angle of the sublinearity line differs between resources: it is high-
est for the GPU and lowest for RAM. This is because Capsule is
able to achieve a high degree of cross-player RAM sharing in the
EXHIBITION application.

We evaluated Capsule with two other applications and diverse
hardware. We summarize the results for brevity. One of the two
other applications is from our production, called PARIS OPERA

HOUSE: a digital twin of the Paris Opera House. The second appli-
cation is an open-source multiplayer shooting game, called O3DE
MULTIPLAYER SAMPLE [O3D26a]. Both of these applications
are more graphics-intensive than EXHIBITION. In PARIS OPERA

HOUSE, Capsule accommodates only two players (before hitting
the FPS threshold) and only four players in O3DE MULTIPLAYER

SAMPLE. Overall, Capsule’s sublinearity benefits hold in these
applications as well, e.g., an ≈10 percentage points lower GPU
utilization per-player with Capsule in the most graphics-intensive
PARIS OPERA HOUSE application.

In our hardware diversity experiments, we evaluated EXHIBI-
TION on the three workstations in Table 2 as well as on a two-
server cluster that connects DUALGPU and QUADGPU worksta-
tions over the network. Figure 1 and Figure 3 already show results
for the SINGLEGPU. The sublinearity trends also holds for the DU-
ALGPU (accommodates up to 8 players) and QUADGPU (accom-
modates up to 16 players) workstations, where the GPU resource
has the highest delta, followed by the CPU and then VRAM, with
the RAM resource having the lowest delta. These results also hold
for two-server cluster, which accommodates up to 24 players in ag-
gregate. (Appendix C in the Supplementary Materials elaborates on
application variety and hardware diversity experiments.)

5. Limitations and Discussion

Capsule has three major limitations: (1) a CPU bottleneck, (2) per-
formance isolation, and (3) fate-sharing. The current implementa-
tion of Capsule focuses on multiplexing GPU resources because
GPUs are expensive and are the main source of bottlenecks in our
production. However, for some applications, the bottleneck shifts to
the CPU or other resources. In PARIS OPERA HOUSE, for example,
Capsule accommodates only two players because the third player
drops the FPS below the threshold (30) due to a CPU bottleneck.
In the current implementation, Capsule has one main thread for all
players, which runs on a single CPU core. That thread becomes the
bottleneck. We can extend Capsule to use different CPU cores for

different players. This will widen Capsule’s applicability to diverse
applications.

Capsule currently offers functional isolation; e.g., one player
jumping does not interfere with another player jumping (even when
both players share the same GPU). However, Capsule does not offer
performance isolation, which is required when players on the same
GPU contend for the same resource. Capsule also introduces player
fate sharing by colocating multiple players on the same GPU. Thus,
if one GPU fails, multiple players suffer. Our future work can lever-
age existing isolation and fault-tolerance techniques to alleviate
these limitations. (Appendix D in the Supplementary Materials fur-
ther discusses these techniques.)

Capsule’s sharing benefits can be further improved. Capsule’s
cross-player sharing is inspired by cross-VM (Virtual Machine)
compute and memory sharing, present since the early days of
the cloud (e.g., by Waldspurger [Wal03] to share memory at the
OS page level). Difference Engine [GLV∗10] further increases the
sharing degree via sub-page-level sharing. EndRE [AAA∗10] ap-
plies network-level redundancy-elimination techniques to reduce
bandwidth consumption between cloud endpoints. Capsule is com-
plementary to these lines of work. In fact, similar optimizations al-
ready exist in our cloud software stack. At the same time, Capsule
can be further improved by applying these techniques at the game-
engine level (e.g., sub-asset-level sharing, as in to Difference En-
gine, and redundancy-elimination in cross-player network streams,
as in EndRE). Put differently, Capsule intends to bring already-
successful optimizations in other parts of cloud systems (e.g., OSes,
hypervisors, and storage systems) to the game-engine level.

6. Conclusion

We designed, implemented, and evaluated Capsule: an efficient
in-game-engine player isolation mechanism. It satisfies all four
player-isolation requirements in the cloud. Our implementation
in a popular open-source game engine, O3DE, shows that Cap-
sule is application-agnostic. We ported four existing applications
to the Capsule-based O3DE without application changes. Our ex-
periments with these applications, three servers with different hard-
ware specifications, including multi-GPU servers and a multi-
server cluster, show that Capsule can increase datacenter resource
utilizations—GPU, VRAM, CPU, and RAM—by accommodating
up to 2.25x more players. This is the product of Capsule using up
to 1.43x less GPU, 3.11x less VRAM, 3.7x less CPU, and 3.87x
less RAM compared to the baseline. The Capsule design can be
adopted by other game engines to increase datacenter utilization
across cloud providers.
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