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With the advent of 5G, supporting high-quality game streaming applications on edge devices has become a
reality. This is evidenced by a recent surge in cloud gaming applications on mobile devices. In contrast to
video streaming applications, interactive games require much more compute power for supporting improved
rendering (such as 4K streaming) with the stipulated frames-per second (FPS) constraints. This in turn consumes
more battery power in a power-constrained mobile device. Thus, the state-of-the-art gaming applications
suffer from lower video quality (QoS) and/or energy efficiency. While there has been a plethora of recent
works on optimizing game streaming applications, to our knowledge, there is no study that systematically
investigates the < 𝑄𝑜𝑆, 𝐸𝑛𝑒𝑟𝑔𝑦 > design pairs on the end-to-end game streaming pipeline across the cloud,
network, and edge devices to understand the individual contributions of the different stages of the pipeline for
improving the overall QoS and energy efficiency.

In this context, this paper presents a comprehensive performance and power analysis of the entire game
streaming pipeline consisting of the server/cloud side, network, and edge. Through extensive measurements
with a high-end workstation mimicking the cloud end, an open-source platform (Moonlight-GameStreaming)
emulating the edge device/mobile platform, and two network settings (WiFi and 5G) we conduct a detailed
measurement-based study with seven representative games with different characteristics. We characterize the
performance in terms of frame latency, QoS, bitrate, and energy consumption for different stages of the gaming
pipeline. Our study shows that the rendering stage and the encoding stage at the cloud end are the bottlenecks
to support 4K streaming. While 5G is certainly more suitable for supporting enhanced video quality with
4K streaming, it is more expensive in terms of power consumption compared to WiFi. Further, fluctuations
in 5G network quality can lead to huge frame drops thus affecting QoS, which needs to be addressed by a
coordinated design between the edge device and the server. Finally, the network interface and the decoder
units in a mobile platform need more energy-efficient design to support high quality games at a lower cost.
These observations should help in designing more cost-effective future cloud gaming platforms.
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1 INTRODUCTION

Over the past five decades, the video game industry has evolved tremendously – from arcade
game stores to home-consoles to PC and handheld consoles and now to mobile gaming. A zeal for
creation of realistic graphics for consumer entertainment, products and architecture visualization,
and medical applications has motivated research advancement in computer graphics techniques
and graphics acceleration hardware, which in turn has led to an exponential growth in the video
gaming industry with more than 2.7 billion gamers worldwide in 2020 [61]. Further, a recent Verizon
study reveals that in 2020, during the pandemic, the consumption of video games has increased
by 115% in the USA [51]. However, enjoying video games with high graphics fidelity on desktop
PCs requires high-end graphics cards. Exacerbating this requirement, the Covid-19 pandemic has
induced a global semiconductor chip scarcity, thus making it difficult to procure high-end graphics
cards or gaming consoles [46]. To salvage the situation, a myriad of recently emerged cloud gaming
services, such as the NVIDIA GeForce Now [1], Google Stadia [27], Sony PlayStation Now [67],
Microsoft xCloud [49], and Amazon Luna [2], have taken gaming to a new-level by allowing access
to powerful cloud servers and offering Games-as-a-Service (GaaS) [71], encompassing hundreds
of games. This has incentivized people to move towards cloud gaming services. According to a
Newzoo report, the global cloud gaming market revenue is forecasted to reach $6.53 billion in 2024
[19].

Fig. 1. Two versions of PUBG game: on a PC (left) and on a mobile device (right).

Additionally, cloud gaming services1 have proffered the perks of enjoying graphically-intensive
games on the mobile platforms, which was not possible earlier. Although a few popular PC games
such as Fortnite [21], PUBG [42], and Minecraft [50] have been ported to mobile platforms, due to
a limited power budget and resource constraints, the mobile versions typically offer diminished
graphics effects compared to their PC versions. As seen in Fig. 1, compared to a desktop PC, the
PUBG mobile[41] version has noticeably reduced scene details. Moreover, mobile GPUs cannot
handle advanced graphics-intensive techniques such as raytracing (which incorporates realistic
lighting in the frame by simulating the physical behavior of light). Such advanced graphics laden
games that offer an enhanced and realistic user experience can be provided through cloud gaming
services. Unfortunately, a major challenge for the cloud gaming applications is their high network
bandwidth demand and their latency sensitivity. Even using high-speedWiFi to access these services
leads to frame drops at higher bitrates. Luckily, the introduction of 5G has broken the barriers of
internet speed offered via WiFi, delivering high-speed broadband internet to the masses. This is
1We refer cloud gaming services and game streaming applications interchangeably throughout this paper.
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positioned to revolutionize 4K UHD gameplay on mobile platforms leveraging the cloud gaming
services.
However, the performance perks offered by 5G comes at the price of increased battery drain,

which is a major drawback for mobile platforms that are resource-constrained and have limited
power budgets. As an example, around an hour of 4K gameplay on 5G using cloud gaming services
on mobile platforms drains around ≈ 36% of battery on a Pixel 5 phone. Due to the "real-time" and
"interactive" nature of these applications, prior video streaming energy optimizations to reduce
network energy drain [6, 66] are not directly applicable to cloud gaming. Furthermore, for an
immersive experience, maintaining a decent Quality of Service (QoS) is also a crucial necessity
during gameplay. Our preliminary profiling shows that playing 4K UHD games at times suffers
from low frame rate. Since these are interactive applications, the bottleneck could be in the i)
server, ii) network, or iii) client mobile platform. Therefore, it is first critical to understand the
end-to-end performance and energy behavior of gaming applications to aid in designing the next
generation edge devices for providing acceptable QoS, while improving the energy efficiency.
Isolated characterizations of network performance with 4G, WiFi and 5G [54] and mobile platform
performance [17, 39] have been conducted in prior research. However, to our knowledge, there is
no holistic characterization of gaming applications – including server, network, and edge device –
to shed light on the current bottlenecks from performance and energy consumption standpoints.
Such a characterization study is essential for mitigating the current bottlenecks in cloud gaming
pipelines.

Towards this, in this paper we conduct an extensive end-to-end study of cloud gaming apps on
mobile platforms by examining the effects of various configurable parameters across the cloud,
network and end user platforms on QoS as well as energy.We use seven game streaming applications
to conduct a measurement-based study to analyze two important parameters – performance and
power consumption. For the performance analysis, we measure latency of different stages of the
gaming pipeline, QoS (frame rate and image quality in terms of signal-to-noise-ratio (PSNR)) and,
for the energy estimation, we primarily measure the energy consumption of different stages.

Our in-depth evaluation of the entire game streaming pipeline has led to the following observa-
tions: (i) On the cloud/server end, the rendering stage and the encoding stage consume a significant
amount of time and often misses the target 16.66 ms (60 FPS) frame deadline for several applications.
This suggests minimizing the latency of these two stages through novel hardware and software
optimizations. (ii) WiFi and 4G networks are capable of supporting 1080p quality video games to a
great extent without significant frame drops. However, the frame drops increase significantly for 4K
videos. Due to high throughput/bandwidth, as expected, 5G networks can support 4K video games.
However, playing high-quality 4K games at higher bitrates on the 5G networks can still suffer
significant frame drops. Also, 5G signal strength is reported to be highly fluctuating by various
studies [5, 40, 64]. This is because the 5G signals operate at high GHz range frequencies (> 20 GHz),
and hence suffer higher path and propagation loss as the 5G signals cannot penetrate solid objects
such as cars, trees, and walls as easily as 4G, which operates below 2 GHz frequency. This results in
high variation in 5G network throughput, thus impacting video quality. Thus, a coordinated design
to support variable bit rate between the server and an edge device for real-time and interactive
applications (e.g., cloud gaming) as well as optimizations in the 5G networks’ backend to support
high-bitrate game streaming is essential to utilize 5G more effectively. (iii) On the mobile end, the
energy consumption of the 5G network module is significantly higher (about 36% more compared to
WiFi on our Pixel 5 phone) followed by the decoding stage, thereby making it less energy-efficient.
This in turn needs a fresh look at minimizing the compute and memory energy consumption in
addition to what has been proposed in the context of video streaming applications [17, 77]. This is
non-trivial, but essential to enhance the battery life for supporting such applications.
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2 BACKGROUND AND MOTIVATION
In this section, we first illustrate the end-to-end game streaming pipeline, compare it against the
video streaming pipeline, and highlight the main differences between the two. We then present
the performance and energy-inefficiencies of the game streaming applications on the mobile
platforms to motivate the need for a detailed and thorough end-to-end characterization study of
game streaming applications, that would identify bottlenecks in the application pipeline. Finally,
we also discuss the various types of gaming workloads used in our study.

2.1 Game Streaming Pipeline

Fig. 2. A typical cloud gaming pipeline (top) and a video streaming pipeline (bottom).

In a typical game streaming pipeline (illustrated in the top half of Fig. 2), the game engine (shown
in 1 ), which comprises the game logic, evaluates the "next state" of the game environment and
invokes graphics API calls (more specifically, draw calls) to generate the next frame at a preset
frame-rate (assuming a dynamic game environment). On reception of a user input from the client,
the game engine integrates it into the next game state evaluation and frame generation. A draw
call is a graphics API command that contains information regarding the rendered objects, textures,
shaders, etc., in a frame. These draw calls are handled by the GPU for frame rendering (shown
in 2 ). As a raw rendered frame size can be around ≈ 8𝑀𝑝𝑖𝑥𝑒𝑙𝑠 ∗ 3𝐵𝑦𝑡𝑒𝑠𝑃𝑒𝑟𝑃𝑖𝑥𝑒𝑙 = 24𝑀𝐵𝑦𝑡𝑒𝑠 , it
is compressed using the frame encoding stage (shown in 3 ) to prepare it for transmission to the
client. Before the transmission of the encoded frame over the network (shown in 4 ) to the client,
the frame is pre-processed to fit into network packets either by splitting the frame across packets or
by combining a few frames into a single packet (depending on the encoded frame size). Finally,
the packets are prepended with routing headers and dispatched over the network. At the client, the
received packets are first processed to extract the actual encoded video frame data by stripping the
headers and assembling all the payload information from every packet associated with the encoded
video frame. The encoded video frame is then decoded and stored in the framebuffer in the frame
decoding stage (shown in 5 ). Finally, the display processor, which probes the framebuffer at its
refresh rate, reads the pixel information from the framebuffer and displays it on the client’s screen.
Video streaming pipeline comparison: While in a typical video streaming application (shown
in the bottom half of Fig. 2), when the client requests to watch a video, the frames encoded in
the frame encoding stage (shown in a ) follow the same subsequent stages as the game streaming
pipeline to process the received frame and decode the encoded video frame data (shown in c ) before
displaying on the client’s screen ( d ). Although the pipeline stages at the client device are similar
for both the applications, the performance and energy-efficiency optimizations for the well-studied
video streaming applications [6, 29, 35, 43, 66] are not directly applicable to the game streaming
application. This is because, unlike video streaming where the videos uploaded on the server can
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be pre-encoded and maintained at the server and reused for several clients (users) upon request,
the video game frames cannot be pre-rendered and encoded as they heavily depend on the user
input which varies from user to user. Thus, the interactive and immersive experience offered by
the game streaming application imposes a "real-time" frame generation (rendering) and encoding
pressure on the server.
4K UHD gameplay: In the case of video streaming, watching a 4K UHD resolution video can
be bandwidth heavy as it requires larger frame sizes to be transmitted to the user. In contrast,
playing games through the game streaming services at 4K UHD resolution is not only bandwidth
demanding but is also latency-sensitive failing which might lead to a "Game Over" scenario for the
user, thus degrading the user’s Quality of Experience (QoE). As a result, game streaming applications
are most popular among users utilizing a desktop/laptop/game console (xCloud on Xbox) equipped
with a stable and high-speed internet connection.
Game streaming on mobile platforms: Due to the aforementioned reasons, game streaming
applications lack widespread adoption by mobile users. However, the emergence of 5G mmWave
network has broken the barrier of current broadband data speed, thus making high bandwidth
and low latency connections available to the masses along with the added benefit of mobility, in
contrast to WiFi and Ethernet LAN connections. Hence, 5G will be a major driver for adoption of
game streaming services on mobile platforms and will eventually lead to more game streaming
services being available for Android and iOS mobile platforms. Moreover, the ongoing Covid-19
pandemic has induced a worldwide semiconductor chip shortage [53], leading to a scarcity of
graphics cards and gaming consoles (Playstation 5 and Xbox Series X). This has driven more users
towards adoption of cloud gaming services [65].

2.2 Challenges
Although game streaming is an interesting use case for mobile platforms, there are several critical
performance as well as energy efficiency concerns that mostly root from the real-time and interactive
nature of these applications. Addressing these concerns can potentially result in more widespread
adoption of game streaming. We list below several of the challenges.
Faster battery drain: The high bandwidth and low latency perks of 5G come at the expense of
energy. For instance, just one hour of game streaming application usage on a Pixel 5 phone using
5G can drain ≈36% of its battery life, compared to ≈18% on WiFi. This 2× battery drain on 5G
compared to WiFi is a heavy price to pay for the resource-constrained and power budget limited
mobile platforms. Thus, it is imperative to first understand how much benefit we can reap from
leveraging 5G and at what cost. Further, the most widely adopted optimizations for video streaming
applications to reduce network system processing energy on client platforms such as pre-fetching
and batch downloading future videos frames [6, 66] cannot be directly leveraged for these video
game streaming applications. This is due to the following reasons: a In these game applications,
current user input decides the subsequent frames to be generated by the game server and how
frequent the user input is sent to the server varies by game. For example, for a shooter game, the
user can move around very quickly, thus sending each input event to the server at a higher rate. In
the case of a turn-based strategy game, the game will not register new user inputs unless it is the
user’s turn to take actions. b Further, since the user input events are non-deterministic in nature,
and the client demands and receives the frames at an intended frame rate set for any particular
game, the network subsystem can not be put into a sleep or low-power mode when using game
streaming applications.
QoS degradation: The two main QoS parameters that affect a user’s gameplay experience are
Frame per Second (FPS) and Image Quality. Our preliminary measurements show that, for a few
games, the client views the frame at ≈32 FPS. At first glance, one could hypothesize that the network
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Table 1. Game Workloads

Game Scene Details Scene Variation/
Camera Motion Description

Destiny 2 [9] High High Shooter game; detailed textures
Return to Castle Wolfenstein [8] Low High Shooter game; less textures
Skyrim Special Edition [7] High Low Role playing game
Age of Empires-II: Definitive Edition [47] Low Low Real time strategy; less textures
Age of Empires-III: Definitive Edition [48] High Low Real time strategy; detailed textures
Hollow Knight [69] Low Low Platform; dark background
Dead Cells [52] Low Low Platform; vivid background

connection may be the bottleneck. But, owing to the real-time nature of the application, (recall
the game streaming pipeline in Fig. 2) any stages in the pipeline prior to the network could also
potentially trigger low frame rates and at times even the stages on the client device may be the
culprit. Hence, addressing such QoS degradation concerns for game streaming on mobile devices
requires a detailed end-to-end study of the pipeline to i) identify the bottlenecks and ii) propose
optimizations to enhance QoS. Further, the tolerance limit of the QoS parameters can be different
for different games. For example, a user playing a shooter game mostly moves quickly inside the
game environment and thus may not be able to discern the loss in image quality of the frames,
whereas a user playing a role playing game might be able to notice a (human-eye perceptible)
comparable loss in image quality.
Large search space: There are many configurable/modifiable parameters affecting the QoS as well
as energy consumption, such as graphics rendering quality, encoding quality and encoding bitrate
settings, frame resolution, game nature, etc., thus making the search space immense. Investigating
these QoS metrics and energy expenditure via a thorough parameter sweep is a non-trivial effort.

2.3 Salient Characteristics of Gaming Workloads
In Sec.2.2, we discussed how inherent game characteristics or features can impose different QoS
requirements. To further examine them, we choose seven representative gaming workloads, listed in
Table 1, across a broad range of video game genres as well as based on amount of texture/information
details in the game scene and frequency of scene variation. A brief description of the selected
gaming workloads is provided below.

• Destiny 2 and Return to Castle Wolfenstein: Both of these are shooter (first person view) games
which involve high scene variation or camera motion/panning; Destiny 2 has much more
detailed graphics compared to Return to Castle Wolfenstein.

• Skyrim: Skyrim is another popular texture-rich role playing game with a requirement of less
frequent scene variation than shooter games.

• Age of Empires-II (AoE-II) and Age of Empires-III (AoE-III): Both of these games are real-time
strategy games. While AoE-II uses 2D rendering, AoE-III utilizes 3D rendering and is much
more texture-rich compared to AoE-II.

• Hollow Knight and Dead cells: Both these games are platform games which involve skillful
movement of the player character between points in a rendered environment. Dead cells
presents vivid backgrounds, whereas Hollow Knight’s background colors are mostly dark
and muted. Additionally, Hollow Knight uses 2D layered assets to create a perception of 3D
environment in the game.

Furthermore, we believe different games will respond differently to the modifications or changes
in the different stages of the game streaming pipeline. Therefore, we choose a variety of gaming
workloads mentioned above to conduct a comprehensive study.
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3 METHODOLOGY
In this section, we first provide a brief overview of various cloud gaming services. To study the
game streaming pipeline stages and inspect the bottlenecks for QoS and energy consumption (as
discussed in Sec. 2), we state our platform of choice. Next, we illustrate the detailed working of our
platform with respect to the game streaming pipeline. And, finally, we present our experimental
setup for data collection and analysis.

3.1 Cloud Gaming Platforms
To identify the bottlenecks in the game streaming pipeline, an extensive study is necessary at
both the server and the client ends. Over the past few years, various cloud gaming services, such
as NVIDIA GeForce Now [1], Google Stadia [27], Amazon Luna [2], Microsoft xCloud [49], etc.
have emerged that offer Games-as-a-Service (GaaS). Fig. 3 shows a high-level overview of such
cloud gaming platforms where the game engine, frame rendering and encoding are hosted by
the cloud servers. However, the proprietary nature of such platforms makes them implausible for
research usage. Moreover, the Android client applications on mobile for each of these services do
not yet support 4K UHD resolution. Further, Gaming Anywhere [30, 31], an open-source cloud
gaming system, which has been extensively used in the past [11] for cloud gaming research has
been discontinued.

Fig. 3. Proprietary cloud gaming platforms (left) vs. a Moonlight-client based GameStream platform (right).

Apart from the above platforms, NVIDIA provides a game streaming service, called GameStream
[57], which utilizes its GeForce graphics cards and streams to NVIDIA Shield devices. An open-
source [12] client application named Moonlight-Stream [13] is available that mimics the client
side protocols of this streaming service and can run on multiple platforms, such as Microsoft
Windows, Linux, Android, etc. On the server side, the GeForce graphics card is utilized in frame
rendering and its hardware video encoders encode the frames before transmitting to the client. The
Moonlight-Stream client uses the hardware decoders of the client device to decode the received
frames and transmit player input back to the server. The above game streaming pipeline exposes
more details than the proprietary cloud gaming services discussed earlier. Hence, for our evaluation,
we use Moonlight-Stream (referred to as Moonlight) as the client and a desktop equipped with a
GeForce GPU as our cloud gaming server. Henceforth, we refer to our game streaming evaluation
platform as GameStream platform.

3.2 GameStream Evaluation Platform Across Server and Client
Fig. 4 illustrates the pipeline stages in our GameStream platform. The server and the client

communicate via the NVIDIA GameStream protocol. The NVIDIA GeForce Experience application
installed on the server handles the server side communication, while the Moonlight-Stream app
present on the mobile device does so for the client side. When playing the games on the client
devices, the user inputs captured by the client device’s touch screen/peripherals are sent to the
NVIDIA GeForce Experience application on the server, which in turn forwards them to the game
engine. Based on the user inputs, the game engine logic invokes graphics API calls for rendering
the next frame. Frame rendering takes place on the GPU. The rendered frame is then encoded using
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Fig. 4. GameStream platform.

the NVENC cores, which are high speed, low latency hardware video encoding cores present on
the NVIDIA GPUs, at a desirable bitrate setting requested by the client, and the encoded frame is
transmitted to the client over the network. The client receives the frame and uses its hardware
decoder to decode the received frames and then finally displays the decoded frame on the client
device screen.

3.3 Experimental Methodology
Hardware Infrastructure: The cloud server was set up using an Intel i7-5820K desktop processor
equippedwith an NVIDIAGeForce GTX 980 graphics card. The detailed system-level trace collection
on a mobile platform required superuser rights on the mobile device. Further, testing on the high-
speed 5G connection required the support of mmWave high-frequency band by the mobile phones.
Currently, there are very limited phone models that fit both these criteria. Hence, Google Pixel 5
was chosen as the client mobile platform. In order to set up communication with the cloud desktop
server over the internet, the Moonlight Internet Hosting tool [14] can be used. However, depending
on the network configuration, ISP, firewalls, etc., port-forwarding may not be possible for the
server in some cases, which happened in our scenario. Hence, we used ZeroTier VPN [76] to setup
the internet communication between our desktop server and client device.
Software Setup: Our server was configured for a detailed pipeline stage analysis. First, the gaming
workloads were installed on our server and shortcuts were added to NVIDIA GeForce Experience
[56], exposing them to the client UI.
Frame Rendering Time: For measuring the rendering time at the server for each frame, FrameView
software [3] was used, which can capture frame data from most Graphics APIs such as Vulkan,
OpenGL, DirectX 9, 10, 11, and 12.
Frame Encoding Time: The NVIDIA GeForce Experience uses the NVENC hardware encoding
cores on the NVIDIA GPUs for encoding the rendered frames. As NVIDIA GeForce Experience is
proprietary, we encoded the game frames using the open-source ffmpeg [24] software instrumented
to utilize the hardware encoding NVENC cores on the NVIDIA GPUs and measured the frame
times. During the gameplay, the rendered game frames were captured from the frame buffer in the
GPU memory using the NVIDIA ShadowPlay software [58], which performs hardware-accelerated
frame capturing from the GeForce GPUs. The captured frames were then fed to the ffmpeg tool
that uses the NVENC encoding cores to generate the encoded frames at desired encoding settings
such as encoding quality, bit-rate, and encoding speed.
Frame Decoding Time: The Moonlight client interface source code was annotated to capture the
latency stats as well as the received game frame sizes on the client device.
Mobile Platform Power Measurement: Until a few years ago, mobile devices had removable batteries
and performing hardware power measurement using theMonsoon Power monitor [15, 29, 70, 75, 78]
by replacing the phone battery with the power supply probes from the Monsoon power monitor
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was a feasible task. However, most of the current smartphones are manufactured with the phone
back cover tightly integrated into the phone’s main body, thus making it difficult to disassemble
the phone and replace the battery without potentially damaging the phone’s internal circuitry
in the process. Further exacerbating the situation, 5G mmWave network services are still in the
deployment phase. As a result, mmWave service availability is limited to a very few locations. Our
5G experiments were conducted outdoors and the client device was held stationary with clear Line
of Sight (LoS) to the 5G base-station. Using the Monsoon Power Monitor under such conditions to
measure the device power out in the wild is a very challenging task as it would require carrying
a big and heavy power bank to power the Monsoon Power Monitor which in turn would power
the mobile phone, and at the same time run the gaming workloads and collect statistics on the
phone. Due to these challenges, we chose to use a software power measurement approach to collect
the power readings from the voltage and current values exposed by the Android Kernel at the
path /𝑠𝑦𝑠/𝑐𝑙𝑎𝑠𝑠/𝑝𝑜𝑤𝑒𝑟_𝑠𝑢𝑝𝑝𝑙𝑦/𝑏𝑎𝑡𝑡𝑒𝑟𝑦/ on the mobile device. To collect the power readings, the
termux application [26] (a terminal emulator for Android) was used to run the scripts on the device
while running the game streaming applications on them.

For profiling the games, we repeated the gameplay of each game for the same time duration
over multiple iterations starting at the same game state (save point) in each game for each of its
gameplays, while keeping the user input events as similar as possible for each game and reported
the averaged values. This was done to ensure the reproducibility of the results. However, owing
to the non-deterministic nature of the game environment due to subsystems such as the physics
simulation (such as particles, wind, waves, ragdoll, etc.), enemy AI and dynamic nature of other
human players (in multiplayer games), capturing user input events and replaying through a macro
software didn’t yield exactly repeatable results for each round. Hence, we chose to do this manually
for all the gameplays as described above and sidestepped the additional overhead of the macro tool.
Furthermore, as capturing metrics across different stages of the pipeline over the single run could
potentially cause interference with other metrics, we isolated the profiling of different stages to
avoid any interference between our logging mechanism and the application performance. Also, in
order to ensure that there was no additional factors affecting our readings, before each run, we
made sure that there was enough cool down period to avoid thermal throttling and monitored the
network throughput (≈1Gbps), signal strength (> -85dBm), and battery temperature (< 77°F when
the mobile device is idle) for a window of 10 seconds.

4 CHARACTERIZING CLOUD GAMING THROUGH PARAMETER SWEEPING
As discussed in Sec. 2, a large number of parameters affect the QoS and energy behaviors of the
cloud gaming pipeline. These parameters span across servers on the cloud (e.g., rendering graphic
setting, encoding quality), network types (e.g., WiFi, 4G, 5G), as well as the client on the edge (e.g.,
battery percentage, network conditions, etc.). In this section, we perform a thorough parameter
sweep to investigate the inefficiencies in the current cloud gaming pipeline, including frame rate
(in Sec. 4.1.1), image quality (in Sec. 4.1.2), power and energy efficiency with respect to the network
type (in Sec. 4.2.1, bitrate (in Sec. 4.2.2) and various games (in Sec. 4.2.3).

4.1 QoS
As mentioned in Sec. 2, frame rate and image quality are the two crucial metrics that help quantify
the QoS for the cloud gaming applications. Next, we strive to answer the QoS related question:
Which parameters affect the QoS and how?
4.1.1 Frame Rate. Note that as video games usually involve fast motions, 60 FPS (frames per
second) frame rate (16.66 ms per frame) is necessary to avoid human-eye perceptible stutters while
playing games for a smooth, responsive and enjoyable experience [37]. In order to determine

Proc. ACM Meas. Anal. Comput. Syst., Vol. 6, No. 1, Article 10. Publication date: March 2022.



10:10 Sandeepa Bhuyan et al.

whether each individual component/stage presented in the game streaming pipeline (shown in
Fig. 2) is able to generate frames at a throughput of 60 FPS or not, we start by studying the effect of
network types on the frame rate as the network connection partitioning the cloud-end and the
client-end plays a critical role in catering and maintaining a good user experience during streaming
from the cloud to the client.
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Fig. 5. Frames per second (FPS) study for Destiny 2 at different bitrates on a 5G network.

To study the frame drops experienced, during the Destiny 2 gameplay, due to the high frequency
5G mmWave band network, we plot the video stream frame rate generated from the cloud renderer
(orange line) as well as the incoming frame rate received from the network by the client (gray line)
in Fig. 5. The user is able to change the bitrate settings (e.g., 50Mbps in a , 40Mbps in b and 30Mbps
in c ) before beginning gameplay over a 5G network to the cloud server. Such settings are notified
to the server to change the encoding bitrate accordingly. From Fig. 5, we can make the following
observations:
• As shown in Fig. 5 a , we can clearly observe a substantial difference in the frame rates before

transmission on 5G network (orange line) and after reception at the client (gray line). Such a large
gap is observed due to the increased frame drops potentially owing to the increased network
latency as well as the increased packet loss due to the congestion in the 5G network buffers at
higher bitrates [23, 28, 34, 72, 79] (50Mbps as shown in Fig. 5 a ). This stems from the fact that as
the bitrate increases, the encoded video (game) frame size also increases, which adds to the time
taken for sending and receiving all packets related to one frame. For example, when played at
50Mbps bitrate, the size of the encoded frame to be transmitted to the client is ≈100 kB whereas
the encoded frame size for 40Mbps gameplay is ≈75 kB. Also, at higher bitrates, the amount of
buffering required along intermediate network routers within the 5G networks increases leading
to buffer overflow (packet loss) at the congested 5G links.

• To justify that by reducing the bitrate we can potentially reduce frame drops while transmitting
the frames over network, we also profiled the frame rate when the bitrate is set to 40Mbps, and
plotted the FPS timeline in Fig. 5 b . Due to less data transmission, fewer packets are dropped,
and thus, the frame drops decrease to only 1.8%. Similarly, on reducing the bitrate to 30Mbps, the
frame drops further reduce to 1.3% (as shown in Fig. 5 c ). This indicates that playing 4K games at
higher bitrates (which is a necessity for high-quality 4K cloud gaming applications [20]) using
the 5G networks still suffers significant frame drops.

• Apart from high bitrates, the geographical distance from the server also affects network latency.
To address this, various edge cloud servers or content delivery networks (CDN) are used for video
streaming applications. Similarly, playing high resolution 4K games using the game streaming
applications (cloud gaming services) can also benefit from an edge cloud.

• Another factor affecting the 5G network throughput and latency is the highly fluctuating nature
of the 5G signals as discussed in Sec. 1. As mentioned earlier in Sec. 3.3, we conducted our
profiling when the 5G signal strength was strong and the throughput was stable. On a general
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note, we observed fluctuations in the 5G network throughput and variations in signal strength
due to tree cover, cloudy skies, and buildings obstructing LoS communication with 5G base-
stations. However, we didn’t conduct our experiments in such conditions. We leave the scope
of understanding the impact of 5G fluctuations on the application performance for our future
studies.
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Fig. 6. Frames per second (FPS) study for Destiny 2 at different bitrates on WiFi network.

Our above study has revealed the extent to which the 5G network can support 4K game streaming
with various bitrates. Next, we further investigate the effect of bitrate on frame rate when using
WiFi, and plot the results in Fig. 6. The WiFi network shows characteristics similar to the 5G
network with respect to different bitrates. More specifically, we make the following observations:
• As shown in Fig. 6 a , when using WiFi to stream the 4K game frames at a 50Mbps bitrate, the

frame drop rate can be as high as 90.7% (sender: 60 FPS; receiver: only 10 FPS). The frame drop
rate is around 2× compared to when using 5G. This is due to the noticeably lower average
bandwidth of WiFi compared to 5G.

• When the bitrate is reduced to 40Mbps, as shown in Fig. 6 b , the frame drop rate decreases to
76.2%. Such an improvement of 14.5% on the frame throughput comes from the lower bitrate, but
is still far from guaranteeing a good quality of experience for the user.

• By further decreasing the bitrate to 30Mbps, as shown in Fig. 6 c , the frame drops now reduce to
around 27.5%. This is still worse than the 40Mbps performance supported by 5G (see Fig. 5 b ),
which indicates that the WiFi’s capacity cannot even support 4K games at a 30Mbps bitrate.
The results in Fig. 5 and Fig. 6 indicate that the WiFi network suffers more frame drops compared

to 5G, due to its insufficient bandwidth i.e., 250 Mbps in WiFi compared to more than 1 Gbps in
5G (measured using the Opensignal speedtest app [59]). Our tests demonstrate how the network
technology used could potentially be a bottleneck for the QoS frame rate.
Meanwhile, the next question we want to ask is: assuming an ideal/infinite network connection,

can the user still observe a drop in the frame rate? To answer this, we next investigate the execution
latency of the two major components, namely, frame rendering and encoding, on the cloud side,
shown in Fig. 4. Note that the rendering time reported includes the rendering requests’ queuing
time in the render queue along with the actual rendering time. Towards this, we plot both the
encoding time and rendering time for seven games, with various graphics settings (low/minimum
and high/maximum) as well as encoding qualities (low, medium and high) in Fig. 7. We present the
games clustered as per their graphics fidelity with the high graphics-intensive games towards the
right end and the low graphics-intensive games towards the left end in this and subsequent figures
in the paper. From the Fig. 7, we make the following observations:
• The rendering time (denotedwith cross marks) in several graphic-intensive games such as Destiny
2, Skyrim, AoE-III, exceeds the 16.66 ms deadline (denoted as the red line) , thus generating
frames at a reduced rate (< 60 FPS), which in turn results in the client observing a reduced
frame rate. This is because these games require detailed textures and/or 3D object rendering.
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Fig. 8. Discernible scene texture details for the same scene in Age of Empire-III at different graphics settings.

For example, as shown in Fig. 8, for the same scene/frame in Age of Empires-III 4K resolution,
compared to low graphics settings, the high graphics version has more perceptible details such
as the grass and ground textures. On the other hand, games such as Hollow Knight, Dead Cells,
Wolfenstein, AoE-II, etc., in which less texture information and graphics effects for 2D objects is
rendered, take less rendering time.

• Although AoE-II is a 2D rendered game, it takes more time for rendering owing to an inefficient
game engine, which results in rendering requests spending significant time (≈10 ms) in the
render queue [44]. Due to the same reason, AoE-III takes much more time for the rendering than
similar graphics-intensive such as Skyrim and Destiny 2.

• In terms of encoding latency, at a high level, the encoding latency primarily correlates with
the encoding quality levels across games, which translates to different compressed frame sizes.
Across all 7 games, encoding at high quality takes significantly higher time than that at low
quality. Especially in the case of 4K resolution video games, the encoding latency at high quality
exceeds the 16.66 ms threshold, thus resulting in a reduced frame rate (< 60 FPS). Further, for
the games with less detailed textures such as Hollow Knight, Dead Cells, Wolfenstein, etc., even
encoding at low quality approaches the 16.66 ms deadline (which is significantly higher than
their corresponding rendering time), thus suggesting that the encoding stage is one of the major
QoS bottlenecks in the game streaming pipeline.

• Concentrating on each game, by comparing the last two sets of bars (4K_LG and 4K_HG), we
observe similar encoding times regardless of graphic settings (i.e., high or low). This is because
the encoding time is mostly determined by the frame resolution, rather than the texture details
in one particular frame.
We note that while studying the frame rate for each of the components/stages in our game

streaming pipeline (Fig. 4), we made sure the input frame rate to the corresponding component is at
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least 60 FPS. For example, as mentioned earlier in Sec. 3.3, as there is no way to profile the encoding
time taken by the proprietary NVIDIA GeForce Experience to encode each frame, we record the
frames generated after the rendering stage and use the open-source FFMPEG [24] with the same
hardware encoder (NVENC in the NVIDIA GPUs) used by the NVIDIA GeForce Experience to
profile the encoding time. Similarly, to determine the network performance studied earlier, we
ensure that the input frame rate to the network stage is 60 FPS, which is automatically handled by
the smart motion interpolation feature supported by NVIDIA GeForce Experience to produce the
(N+1.5)th frame between the (N+1)th frame and (N+2)th frame [55] when the rendered frame rate
is less than 60 FPS. This ensured that the outgoing frame rate from the server to the network was
60 FPS, while measuring the received frame rate after the network transmission.

Based on the cloud gaming pipeline shown in Fig. 4, we next wish to study the two components
on the client side – decoding and display – to investigate whether any bottleneck(s) exist from
the edge-end. Note that the display time is determined by HSYNC (also known as line pulse or
column pulse) and/or VSYNC (also known as frame pulse or row pulse), which are the horizontal or
vertical sync signal. VSYNC is periodically generated by the display processor hardware every 11.1
ms with a 90 Hz refresh rate. Thus, we argue that the display time does not sit on the critical path
(which is 16.66 ms for 60 FPS). On the other hand, the frames that are eventually shown on the
user’s display are mainly determined by the decoding latency. Therefore, we primarily focus on the
decoder component decoding the compressed frames with various bitrates, and report the results
in Fig. 9. To profile the decoding latency at the client, we measure the time taken between the
reception of the input compressed frame at the decoder and the deposition of the decoded frame in
the output buffer by the decoder. From Fig. 9, we make the following observations:Results: latency on client-side
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Fig. 9. Frame decoding time of seven gaming workloads at different bitrates and resolutions.

• Comparing the last two bars in each game, we find that, on average, with the same bitrate (10Mbps
in this case), the decoder takes more time to decode a frame with a larger frame resolution (15.23
ms for 4K, and 7.49 ms for 1080p). This is because the larger the frame resolution is, the greater
the number of pixel macro blocks the decoder needs to visit, thus the more execution time it
requires.

• When comparing the first four bars within each game (4K resolution with various bitrates), we
observe that the decoding time increases as the bitrate decreases. This is because the decoder has
to perform more operations when it has less information (low bitrate scenarios) in the encoded
frame to decode and generate the final frame than when it has more information (high bitrate
scenarios).

• Across different games, by comparing the 4K resolution decoding time, we observe that the
decoding times for corresponding bitrates are almost the same. This indicates that the decoding
time primarily depends on the frame resolution and the encoding bitrate.

Proc. ACM Meas. Anal. Comput. Syst., Vol. 6, No. 1, Article 10. Publication date: March 2022.



10:14 Sandeepa Bhuyan et al.

• From the percentage of frames that failed the 60 FPS requirement shown on the right y-axis, we
observe that, on average, around 15% of the 4K frames with 10Mbps bitrate miss the deadline
compared to no frame drops when playing 1080p resolution with 10Mbps bitrate. This exposes
one potential bottleneck on the decoder stage, which may jeopardize the user experience on the
client side.

4.1.2 Image Quality. As discussed in Sec. 2, both the frame rate (FPS) and the image quality
are metrics that define the user’s QoS, and we have discussed how the frame rate varies with
different configurations of encoding, rendering, network connection, and decoding. Next, we focus
on the image quality, and investigate the Peak signal-to-noise ratio (PSNR), which is one of the
most important metrics for quantifying the image quality [4, 22], with different graphic settings,
encoding qualities/speeds and resolutions across various games. Note that the acceptable PSNR for
a cloud gaming is usually 40dB [10, 30] and a higher signal-to-noise ratio is better.Results: psnr w.r.t. encoder’s bitrate
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Fig. 10. PSNR of 7 gaming workloads for different encoding quality at 20 Mbps bitrate.

Fig. 10 plots the PSNR values we captured from seven games (the last two sets of bars are
collected from the same game, i.e., Destiny 2, but with different surrounding scenes). We sweep
the parameters from the rendering (i.e., graphics setting is low (minimum) or high (maximum)),
encoding (i.e., the encoding quality is low, medium, or high) in different game’s pipeline. From this
figure, we can make the following observations:
• We observe that three out of seven games do not reach this quality requirement, i.e., AoE-III,
Skyrim and Destiny 2 with 4K resolution, while most of the games meet the requirement with
1080p resolution. Such PSNR drop is brought by the encoding stage on the cloud side, which
compresses/approximates the number of bits required for representing the current frame, which
increases as the frame resolution increases. When the bitrate is set to be relatively low (i.e.,
20Mbps in this case), the encoder has to compress the frame very aggressively for 4K frames
compared to 1080p frames. Such a high compression ratio, especially in graphics-intensive games
such as Destiny 2 with vivid surroundings, leads to an unacceptably low PSNR quality.

• By zooming into each game and comparing the PSNR with different encoding qualities (low,
medium and high), we do not observe much PSNR difference. This is mainly because the encoding
algorithms used in high-speed low latency specialized encoding cores on the NVIDIA GPUs
(NVENC) have been highly optimized to support fast compression for most of the real-time
applications. This indicates that the speed/quality of the encoding does not quite affect the image
quality, and thus offers a potential optimization for improving the throughput and latency of the
encoding stage in the entire pipeline, without losing much image quality.
To prove that the image quality is mainly affected by the bitrate, we further profiled the PSNR

with respect to a high bitrate (50Mbps), for the above seven games, as shown in Fig. 11. By comparing
this with 20Mbps case in Fig. 10, we observe a 9.36% PSNR improvement on average with this high
bitrate. More specifically, with 50Mbps bitrate, now almost of the game scenarios successfully meet
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the 40dB quality requirement, except for two cases (Skyrim and Destiny 2 with Vivid Surrounding)
with negligible quality gap – less than 2.5%. Further, we can notice PSNR for Skyrim with 4K
resolution and high graphics settings (4K_HG) with 20Mbps bitrate improves by 82% for 50Mbps
bitrate. This is due to the encoding at 50 Mbps bitrate has less compression loss than 20Mbps, thus
leading to an increase in PSNR (image quality). These observations indicate that the bitrate is the
most critical parameter for improving the PSNR image quality.Results: psnr w.r.t. encoder’s bitrate
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Fig. 11. PSNR of 7 gaming workloads for different encoding quality at 50 Mbps bitrate.

4.2 Power and Energy
As discussed in Sec. 2, apart from the QoS perspective, another critical concern is regarding the
power/energy-efficiency on the client/edge side, due to the fact that most of these mobile devices
are backed with a standalone battery. Targeting the power/energy-efficiency, in this section, we
further study how the power and energy consumption behave along with different network types,
bitrates, as well as game characteristics.

4.2.1 Power/Energy With Respect To Network Type.Results: power w.r.t. network-settings
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Fig. 12. Destiny 2: Power dissipation in 5G vs. WiFi.

To investigate how various network types affect the power consumption on the client devices, we
plot the total power consumption along with time in Fig. 12 a , when playing the Destiny 2 game with
4K resolution, and 20Mbps bitrate settings. The power traces are collected by probing the voltage
and current values in the Android kernel as mentioned in Sec. 3. Compared to when using WiFi, the
phone consumes 44% more power on average when using a 5G network (3.25 Watts for WiFi, 5.65
Watts for 5G). Similarly, comparing the power consumption when playing the Destiny 2 game at
1080p resolution (lower resolution) and 20Mbps bitrate (as shown in Fig. 12 b ) , the phone consumes
about 5 Watts and 2.9 Watts on average for 5G and WiFi, respectively. This indicates that although
5G brings many advantages such as higher bandwidth and shorter round-trip latency, it consumes
higher power compared toWiFi. These design trade-offs need to be carefully considered to make the
optimal decisions for a specific optimization goal, e.g., performance-oriented, tail-latency-oriented,
or power-oriented.
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Results: 5G energy for 1 game
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Fig. 13. Destiny 2: Energy consumptionWiFi vs. 5G.

Recall from the cloud game streaming pipeline
in Fig. 4, there are three major components on the
client side – network processor, frame decoder,
and display unit. We next breakdown the total
energy consumption of game streaming on the
client end into three parts: i) network processing
energy including the consumptions from modem,
RF, CPU interrupts for handling the communication, as well as the memory usage; ii) display
energy including the consumptions from the display processor and screen; and iii) decoding energy
including the consumptions from the frame decoder, CPU cycles and memory activities involved
for the decoding. From Fig. 13 where Destiny 2 is played at 4K resolution (high graphics settings i.e.,
4K_HG configuration mentioned earlier in Sec. 4.1.1) with 20Mbps bitrate, we make the following
observations:
• The overall energy consumption to play the Destiny 2 game using the 5G network is around 46%

more than using the WiFi. Detail reasons are explained later in this section.
• Specifically, the energy breakdown using the WiFi connection indicates that the decoding

dominates the energy consumption, which accounts to around 73% of the total energy. While the
network processing and the display consume only 13% and 14% of the total energy, respectively.
This suggests that decoder is a good optimization target for improving the energy-efficiency.

• On the other hand, we observe from the 5G energy breakdown that the energy bottlenecks shift
to both the network processing (i.e., 53%) and the decoding (i.e., 39%), while the display only
consumes about 8% of total energy. Especially, the network processing energy when using 5G
is significantly higher (about 7.5×) than that when using WiFi. This suggests the 5G network
processing as the major optimization target in the client device for the 5G-enabled use cases.

• Comparing the absolute energy breakdown between 5G and WiFi, we observe that both the
decoding and the display consume similar amounts of energy across different networks. The only
source of the gap comes from the different power consumption by the 5G and WiFi networks, as
also discussed above in Fig. 12 a .
To understand why 5G on the mobile device consumes more power, next, we take a look at the

architecture of a typical 5G network subsystem in a phone, as shown in Fig. 14. At a high-level,
the 5G network packet processing is done across the following components: antenna, RF Front
End (RFFE), RF Transceiver, Modem, and CPU. The function of the each of the components can beResults: 5G_power_timeline

CPURFFE RF Transreceiver Modem (Baseband)

RF
Rx/Tx ADC/DAC Rx/Tx Signal Processing

(PHY)
Baseband processor

(PHY - L1)
Baseband processor

(L2/L3)
Application, TCP/IP 

processing

Fig. 14. Mobile platform 5G architecture.

explained using the lifetime of a received network packet. First, the antenna receives the signal
and RFFE module does analog signal processing to downconvert the received signal frequency to
an intermediate frequency. Next, at the RF Transceiver, the received analog signal is converted
to digital domain, followed by baseband signal processing across PHY, L1 and L2 layers at the
Modem and finally, the TCP/IP layer processing of the received packet is done by CPU. The Gbps
range broadband data speed in 5G comes from the use of mmWave frequency bands which operate
at around 28-52 GHz. Further, since the signals are transmitted at higher frequency (GHz), they
have shorter wavelength and travel less distance and suffer from increased path loss compared to
4G that operates at MHz range. As a result, the 5G mmWave antenna on the phones needs to be
powered on at a higher power than the 4G antenna. Additionally, in order to receive and transmit
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packets to the base-station, a dedicated channel is assigned by the base-station to the phone which
is relinquished after a certain period of inactivity which is usually around ≈ 10s of seconds. During
the period of inactivity that is usually referred to as the “network tail", although there is no packet
transmission/reception, the antenna and RFFE module still continue to remain powered at the high
power state waiting for the arrival of new packets from the network, before going into the low
power state after the timeout of the inactivity timer. The energy expended during these periods of
the network tail can constitute a significant portion of the overall network energy consumption.

Results: 5G_power_timeline
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Fig. 15. Case Study: 5G power consumption for video
streaming on a mobile device.

This can be further explained using the overall
power dissipation profile of a video streaming
application as an example. Recall that in Sec.
2, we described the video streaming pipeline
where the user receives the pre-encoded video
frames. The most common approach for saving
edge device network energy is batch download-
ing or buffering the future video frames into
playback buffers. In Fig. 15, the video stream-
ing application uses the playback buffer with
a duration of minimum buffered frames as 15
seconds and a maximum buffered frames du-
ration as 60 seconds. The application pauses
downloading the new frames when the buffer
reaches 60 seconds and resumes downloading
when the buffer reaches 15 seconds. As can be
seen in Fig. 15, after the end of each download period (when the buffer reaches 60 seconds), the
device still continues to remain at the high power state before switching to the low power state
after the end of the tail period. As discussed above, the high power state in the network tail period
is mostly due to the 5G mmWave antenna that are still in high power state waiting for new packets.
Thus, if the buffer duration configurations are not optimal, it could lead to more number of network
tails, thus leading to high network tail energy. For the buffer setting in the Fig. 15, the network tail
energy accounts for ≈35% of the total energy consumption during video playback. This leads to
the observation that the most power-hungry component in the 5G network subsystem is the antenna
module which, when in high power state even during periods of no packet transmission/reception,
dissipates high power, thus making the 5G network subsystem much more power-hungry.

The reason why the 5G antenna module is very power-hungry is because of the massive arrays
of antenna panels used on the mobile devices which employ techniques such as MIMO (multiple
input multiple output) and beamforming [63], which are necessary for successfully capturing
and retrieving the 5G mmWave signals that are extremely lossy in nature due to their shorter
wavelength (high frequency) as discussed in Sec. 1. Powering up these antenna arrays requires a
significant amount of energy [33]. However, not all the antennae in the panels are used all the time.
Hence, innovations in designing an energy-efficient 5G mmWave antenna system [60] with smart
and dynamically re-configurable antenna module could help in minimizing the energy consumption
of 5G network modules on the mobile devices.

4.2.2 Power/Energy With Respect To Bitrates.
Not only the type of network connection (WiFi or 5G) can shape the mobile devices’s energy

behavior, but also the bitrate and resolution settings change the workload on the network subsystem
as well as the decoder. To further study how these two parameters shape the energy behavior at the
edge, we plot the energy consumption when playing the Destiny 2 game, connecting with 5G, with
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various resolutions and bitrates in Fig. 16. From this figure, the following takeaways can be observed:Results: energy w.r.t. bitrates (5G-only)
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Fig. 16. Destiny 2: Energy comparison w.r.t. bitrates
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• With a fixed frame resolution such as 4K shown
in the first three bars, with the bitrates increas-
ing from 10Mbps to 20Mbps then to 40Mbps,
the total energy consumption increases by 5%
and 10%. By increasing the bitrate by twice,
both the network and the decoder components
on the client are affected: i) the amount of data
transferred through the network is doubled
which translates to more network energy con-
sumption; and ii) meanwhile the decoding ef-
forts are reduced to some extent due to the
additional information (lower compression ratio) is available already for the decoding, which
indicates that the decoder actually consumes less energy. Combining these two opposite trends,
eventually the total energy still increases by 5%. This indicates that the energy saved by the
decoding stage is overshadowed by the additional energy consumed by the network. A similar
trend also occurs with other frame resolutions, which provides a generic insight of how the
bitrate shapes the total energy with a positive correlation between them.

• On the other hand, if we use the same bitrate (e.g., the third bar showing the 10Mbps in 4K and
2K (1440p) resolutions) and compare the energy consumptions with different resolutions, we find
that the higher resolution frames consume more energy. Such additional energy consumption
mainly comes from the decoding stage, which needs to fill/decode the pixel values for a larger
output frame, compared to decoding for a lower resolution.

4.2.3 Power/Energy With Respect To Games.
We have discussed how the network settings (in Sec. 4.2.1), the bitrates as well as the resolutions
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Fig. 17. Average power consumption across 7 games.

(in Sec. 4.2.2) affect the energy con-
sumption at the edge/client devices.
Another dimension of investigation
is the game-specific characteristics.
Recall Table 1 where we summarized
several salient features of the game
workloads used in this paper, includ-
ing scene details, scene variation,
and camera motions. We study the
average power consumption across
the games when played at 4K resolution with 20Mbps bitrate using the 5G and WiFi network
connection in Fig. 17.
On average, across all 7 games, the overall average power consumption using 5G is about 1.7×

higher than when using WiFi. Also, playing different games with different levels of graphic details
consumes different power. Specifically, Destiny 2 drains more power than the other games mainly
because as indicated in Table 1, Destiny 2 is the most graphic-intensive game.

To further understand the difference in energy consumption across the different games, (similar
to the energy breakdown consumed by three components – network processing, decoding and
display in Fig. 13) we also plot the breakdown for energy consumption of different games played at
4K resolution with 20Mbps bitrate using the 5G andWiFi network in Fig. 18 and make the following
observations:
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• Overall, the 5G network processing energy dominates the total energy breakdown across all the
games when using 5G, while the decoding energy dominates when using WiFi. The decoding
energy across all the games is similar (accounting to ≈1.5 kJ of energy for about 10 minutes of
gameplay).

• Comparing the network processing energy across all the games, for both the network types (5G
and WiFi), the network processing energy (red bars) of the Destiny 2 game can be seen to be the
highest among the other games. This is because Destiny 2 is a shooter game with very detailed
scene textures and faster player movements. This results in high scene variations leading to
substantial differences between consecutive frames, which in turn results in generation of larger
number of motion vectors per frame. Consequently, receiving and processing the increased
volume of data (motion vectors) at the client network interface consumes more energy.

• The display energy consumption varies significantly depending on the game being played. For
example, for both the 5G and WiFi network types during 10 minutes of gameplay for each
of the games, Destiny 2 and Dead Cells drain 0.28 kJ and 0.27 kJ energy, respectively for the
display, while the Hollow Knight and Return to Castle Wolfenstein only consume 0.1 kJ, 0.09 kJ,
respectively. This is because the gameplay environments of Destiny 2 and Dead Cells were much
more brighter and vivid than Hollow Knight and Return to Castle Wolfenstein, which have more
darker background (illuminating brighter pixels for the OLED mobile platform displays consume
more energy than lighting the dark ones).

5 DISCUSSION
In this section, based on our thorough experiments in Sec. 4, we discuss how various configurable
parameters, such as frame rendering quality, encoding bitrate, frame resolution, and network
connection can be modulated to improve QoS as well as energy efficiency during gameplay. We
also discuss briefly that the effect of the parameters on QoS and energy consumption can vary for
different gaming workloads.
Client-Aware QoS and Energy Optimization: Based on our observations, we propose an edge device

Discussion: Qos-aware cloud feedback

Fig. 19. QoS and energy-aware optimizations.

condition-aware scheme un-
der which the client trans-
mits the user preference,
battery percentage, network
conditions and frame drop
(due to decoding dead-
line miss) statistics to the
server during a gameplay
as shown in Fig. 19. The
server utilizes these information to dynamically modify the game visual settings, encoding bitrate
and frame resolution allowing for a better user experience based on the the user preference – best
gameplay experience (at the cost of faster battery drain), or prolonged gameplay experience (at the
cost of reduced QoE). Transmission of these lightweight information can be done as frequently as
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the rate of user input transmission from the client to the server. The polling of user input already
occurs at a rate commensurate with the display/touchscreen refresh rate. Listed below are the
strategies to be followed based on the collected statistics.

• For the best gameplay preference, when the network condition is poor, we first reduce the
bitrate and observe the decoding time for these reduced bitrate frames. If the decoder misses
its deadline, we reduce the frame resolution both at client and server. When the network
condition improves, we increase the frame resolution and the bitrate and further monitor the
decoding time for these frames. If they miss the decoding deadline, we increase the bitrate.

• For the prolonged gameplay preference, when the network condition is poor and/or the client
device battery level is low, we reduce both the frame resolution and the bitrate. When the
network condition improves and the client device battery level is high enough, only then we
increase the frame resolution and the bitrate.

• If we observe frame generation deadline misses by the frame renderer at the server end, we
reduce the in-game graphical settings.

When the frame resolution is reduced, there is a reduction in network packet processing time
and decoding time at the client, leading to a reduction in battery depletion rate. On the server
end, frame resolution reduction leads to an increase in frame rendering fps. On the other hand,
increasing the bitrate yields high quality video game frames, but at the cost of increased battery
depletion rate due to an increase in network packet processing energy at the client.

6 RELATED WORKS
Quality of Service for CloudGaming:Quality of Service (QoS) has been studied by different prior
works to help improve the user’s quality of experience (QoE) in cloud gaming applications [16, 25].
To understand how good is the QoS of current cloud gaming systems, Kuan-Ta Chen et al. proposed
a suite of measurement techniques for QoS evaluations, across adaptable frame rate, graphic
quality, server processing delays, and network bandwidth [16]. More recently, Lindstrom et al.
studied the impact of the QoS factors most affecting the players’ QoE and in-game performance
by manipulating the players’ network conditions and collecting low-level QoS metrics [25]. The
methodology utilized in these prior works mainly focused on statistic correlation analysis on the
QoS metrics, leaving the end-to-end cloud gaming pipeline as a black-box. Instead, in this work,
we breakdown the end-to-end pipeline into cloud, network and client components, and sweep
all the configurable parameters that affect the QoS as well as the energy efficiency to provide a
systematical analysis on the performance and energy-efficiency of the cloud gaming.
5G Network:With its promised multi-Gbps speed, sub-10ms low latency and massive connectivity,
5G networks are being rapidly deployed. 5G networks have the potential of improving the perfor-
mance and QoE for various applications. Motivated by this, there exist prior studies that examined
different 5G carriers, deployment schemes, radio bands, protocols, and mobility patterns [54, 62, 72].
Dongzhu Xu et al. demystified operational 5G network by focusing on four major aspects: physical
layer signal quality and performance, end-to-end throughput and latency, QoE of 5G’s applications,
and energy consumption on mobile phones [72]. Their experimental results show that the 5G link
approaches Gbps throughput, with the cost of 2-3× power consumption over 4G. On the other
hand, Narayanan et al. investigated the performance, power, and QoE implications of 5G, and
revealed key characteristics of commercial 5G in terms of throughput, latency, handover behaviors,
radio state transitions, and power consumption, compared to 4G/LTE networks [54]. Furthermore,
these revealed characteristics provided more insights into how to better utilize 5G by balancing
the critical trade-off between performance and energy consumption. However, there have been
very few works that study how 5G benefits the communication stress between the client and the
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cloud in the context of cloud gaming stream applications [62]. In this paper, we investigated the
trade-offs between WiFi and 5G by investigating 5G’s pros and cons in terms of power/energy
consumption, and the potential improvements on frame throughput.
Video Streaming Optimizations: The past years have also seen many research works optimizing
the video streaming applications’ performance and energy consumption. For example, adaptive
bitrate streaming (ABR) is a technique for dynamically selecting the compression level and video
quality of a video stream, based on the current network bandwidth condition [18, 32, 36, 38, 45, 68,
74]. The receiver buffer resizing is another dimensional technique for adjusting to the difference
between the transmission rate and the playback rate [6, 29, 43, 66]. On the client/edge side, Zhang et
al. proposed and experimentally evaluated three complementary techniques, race-to-sleep, content
caching, and display caching [77], with the collective goal of minimizing the energy consumption
of the video processing flows on mobile devices. Recent advances in neural super-resolution have
also been utilized to enhance video quality by leveraging client-side computation [73]. To make
such computation more light-weight and less power-hungry, NEMO [73] proposed a system that
selectively applies neural super-resolution to only a small number of pixel points. The evaluation
results indicate around 32.1% user QoE improvement. We would like to emphasize that, although
the above mentioned techniques work well for video streaming applications where the videos
to be streamed are pre-encoded offline and stored at the server, most of them cannot be easily
deployed in the applications such as cloud gaming, video calling/conferencing, etc. due to their
real-time and interactive nature. Furthermore, it is important to note that in contrast to the video
calling/conferencing applications, the additional latency incurred to transmit the user inputs from
the client to the server (for processing the future frames at the server) at the runtime in the cloud
gaming applications makes the deployment of the above adaptive playback techniques further
challenging.

7 CONCLUSION
This paper presents a comprehensive performance and energy consumption analysis of game
streaming applications across a typical cloud gaming pipeline, consisting of the server end, network
and client/mobile platform. Our analysis reveals that i) On the cloud/server end, the rendering stage
and the encoding stage consume significant amount of time for the graphics-laden games and miss
the target 16.66 ms frame deadline for several applications, thus suggesting to minimize the latency
of these two stages through novel hardware and software optimizations. ii) WiFi and 4G networks
are capable of supporting 1080p game streaming to a large extent without significant frame drop.
However, the QoS/frame drop increases significantly for 4K videos. High throughput/bandwidth
offered by 5G network can support 4K video game streaming. However, playing high-quality 4K
video games at higher bitrates suffers significant frame drops potentially owing to the increased
network latency and congestion in network buffers in the 5G networks. The lossy nature of the 5G
signals (due to their high operating frequency) can also exacerbate the situation. Thus, a coordinated
design to support variable bitrates between a server and an edge device for real-time and interactive
use cases such as cloud gaming applications as well as optimizations in the 5G networks’ backend
to support high-bitrate game streaming is essential to utilize 5G more effectively. iii) On the mobile
side, across all the games, the 5G network module is the most energy consuming component (about
51% on average, which is about 36% higher compared to WiFi) followed by the decoding stage, thus
stressing on the need for more energy-efficient 5G modules and decoder hardware. This analysis
is essential to understand the interplay of different stages of the gaming pipeline and identify
bottleneck stages for improving the QoS and energy efficiency of the emerging GaaS paradigm.
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