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Abstract—The optimization of energy consumption in mobile
devices, particularly for resource-intensive applications such as
mobile gaming, remains a critical and pervasive challenge. This
paper presents a novel V-SYNC deadline-aware GPU dynamic
voltage and frequency scaling (DVFS) governor designed to ad-
dress this challenge by optimizing energy usage during gameplay.
Our approach leverages V-SYNC events as deadlines for GPU
frequency adjustments, minimizing energy wastage while ensuring
timely frame rendering. To implement this strategy, we utilize the
Perfetto software development kit for real-time system tracing and
hardware counter capturing. This innovative approach enables
fine-grained dynamic adjustment of GPU frequencies based on
workload demands. The experimental results conducted on the
Google Pixel 8 Pro demonstrate the efficacy of our proposed DVFS
governor in achieving significant energy savings, with a reduction
in per-frame energy consumption of up to 3%. Furthermore,
our method enhances frame rate stability by reducing frame
per second (FPS) variation by 37%, substantially improving the
overall user experience. These experimental results substantiate
the effectiveness of our methodology in achieving a balance
between energy efficiency and performance in mobile gaming.

Index Terms—Mobile Devices, GPU, V-Sync Events, DVFS.

I. INTRODUCTION

Video games represent one of the most compute-intensive
applications on mobile devices. Driven by advancements in
processors and graphics application programming interfaces
(APIs), the increasing complexity of mobile games enhances
realism and visual appeal through features such as higher-
resolution textures and ray tracing. These advancements ne-
cessitate substantial computational resources from both the
Central Processing Unit (CPU) and the Graphics Processing
Unit (GPU). However, mobile devices face unique constraints
compared to their desktop counterparts, including limited power
sources and the absence of active cooling mechanisms. Conse-
quently, energy consumption significantly impacts battery life
and can lead to thermal throttling, both of which detrimen-
tally affect user experience [1]. Furthermore, the frame rate,
measured in frames per second (FPS), plays a crucial role in
determining the quality of the gaming experience. Higher FPS
corresponds to smoother visual motion, thus contributing to
increased user satisfaction. As a result, achieving an appropriate
balance between energy efficiency and maintaining a high
frame rate is crucial to meet user expectations in gaming.

Game applications on mobile devices typically operate on a
game loop that continuously updates the virtual environment.
Within each iteration, the scene is updated according to user
input, and the frame is subsequently rendered by the GPU. The
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Fig. 1. Time distribution analysis for individual frames in a mobile game
(Fortnite [2]), depicting CPU, GPU, and idle periods relative to V-SYNC events.

operating system then refreshes the screen to display the frame
to the user. In an Android system, this screen update is triggered
by a vertical synchronization (V-SYNC) periodic signal gener-
ated by a system process. Fig. 1 illustrates the time distribution
of a typical Android game application. The rendering of each
game frame encompasses three sequential stages: the CPU
updates the game environment, the GPU renders the frame,
and the system awaits a V-SYNC event to refresh the screen.
This entire process necessitates the coordinated operation of
the equipped CPU, GPU, and hardware I/O components.

The time distribution presented in Fig. 1 reveals a significant
observation: 80% of the rendering workload concludes prior
to the V-SYNC event, which results in underutilized CPU
and GPU resources. To address this inefficiency, previous re-
search [3]-[11] have extensively explored methods to decelerate
the rendering speed to a predefined interval (e.g., 1/60 second
for a 60Hz screen) by selecting lower operating frequencies and
voltages through the dynamic voltage and frequency scaling
(DVES) function on electronic devices. This approach reduces
idle time and energy consumption while delivering the same
computational workload. Some previous strategies [3], [4], [6],
[71, [11] focused on utilization and frequency metrics to predict
and adjust the required frequency, while other researchers
proposed to employ texture-directed [12] and system counter-
based [13] techniques to estimate CPU and GPU execution
times under different frequencies. In addition, some other works
focused on the whole system, including the impact of multipro-
cesses and thermal throttling [14], [15], to ensure sustained per-
formance. Nevertheless, these methods often adjust frequency
at a coarse-grained level (e.g., once per 100 milliseconds).
Moreover, although these previous approaches aim to adjust
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CPU and GPU frequency to meet specific deadlines (e.g., 1/60
second) defined by themselves, they often overlook that the
actual deadline is determined by the V-SYNC signal generated
by the system process. Accounting for the V-SYNC signal
as the deadline presents challenges due to the requirement
for low-latency adjustments. For example, for a 60Hz refresh
rate display, V-SYNC event occurs every 16.66 milliseconds,
necessitating frequency adjustments at millisecond intervals.
To address the aforementioned challenge, this paper intro-
duces the concept of “V-SYNC deadline”, which designates
the V-SYNC event as the deadline for GPU job completion.
We introduce a methodology for dynamic GPU frequency ad-
justment leveraging Android’s DVFS capability. Additionally,
we showcase the ability to capture system trace events and
hardware counters in real-time (e.g., at millisecond intervals)
using Perfetto [16], Google’s performance tracing tool, allow-
ing for frequency management with only 4 milliseconds of
latency and without modifications to Android source code or
GPU firmware. This facilitates future research in controlling
the GPU frequency in a fine-grained manner. Our GPU DVFS
governor, which is a module that determines the GPU operating
frequency, initially captures the time when the GPU commences
operation and estimates the appropriate frequency according
to the time when V-SYNC occurs. In addition, we introduce
a novel concept termed “delayed deadline”. This approach
automatically extends the deadline to the second or third V-
SYNC event if the time to the first V-SYNC event is insufficient
for the GPU to complete the workload. This extension allows
for the selection of a lower frequency, which reduces energy
consumption while maintaining performance. To validate the
proposed methodology, we conducted experiments on a Google
Pixel 8 Pro device with an online first-person shooter game that
features wide variations of moving scenes. The experimental
results demonstrate that our proposed method achieves up to
3% GPU energy improvement per rendered frame with minimal
performance impact. Moreover, our approach significantly re-
duces FPS variation by 37%, enhancing frame rate stability and
user experience. The contributions are summarized as follows:

1) We propose a GPU DVES strategy that utilizes the V-
SYNC signal as a constraint for frequency optimization.

2) We introduce the concept of “delayed deadline”, enabling
the selection of lower frequencies under constrained tim-
ing conditions to enhance the overall energy efficiency.

3) We demonstrate a real-time methodology for capturing
system traces and hardware counters for a fine-grained
DVFES controller, which has not been previously explored.

The remainder of the paper is organized as follows. Section II
introduces the background and our motivation. Section III elab-
orates on the proposed methodology. Section IV presents the
experimental results. Finally, Section V concludes the paper.

II. BACKGROUND AND MOTIVATION

This section introduces the GPU DVFS management sys-
tem for Android devices and the workflow of common game
applications, providing context for our proposed methodology.
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Fig. 2. (a) Energy per frame under various frequencies and (b) the default
GPU DVES table for the Google Pixel 8 Pro.
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Fig. 3. An illustration of the conventional workflow for executing mobile game
applications on the Android system.

A. Android GPU Frequency and Voltage Management

The GPU of an Android device typically supports multiple
operating frequencies. The Google Pixel 8 Pro, for example,
allows its GPU to function at thirteen distinct frequencies,
spanning from 150 to 890 MHz. To ensure system stability,
higher frequencies necessitate higher operation voltages, with
the voltages for each frequency predefined by the vendor.
The dynamic energy consumption can generally be modeled
by E = NumClocks - CV?, where E represents energy
consumption, NumClocks denotes the number of clock cycles,
C signifies capacitance, and V' indicates voltage. Despite po-
tentially completing workloads faster, higher frequencies result
in increased energy consumption due to elevated voltages.
Fig. 2 (a) illustrates a motivational experimental analysis of
the required energy for rendering a frame under various GPU
frequencies. It can be observed that, in general, higher operation
frequencies consume more energy. As a result, selecting a
proper lower frequency decreases overall energy consumption.

The default DVFS governor in the Google Pixel 8 Pro bases
its frequency adjustments on GPU utilization metrics within
defined time intervals. Specifically, the system monitors GPU
utilization every 20 milliseconds. When utilization exceeds the
upper threshold, the frequency increases to the next higher
level. Conversely, if utilization falls below the lower threshold,
the frequency decreases to the next lower level. Fig. 2 (b)
details the operation of this strategy. For instance, at a current
operating frequency of 337 MHz, the system elevates the fre-
quency to 376 MHz if utilization surpasses 94%. Alternatively,
the frequency reduces to 302 MHz if utilization drops below
60%. This dynamic adjustment mechanism enables the system
to balance performance according to the GPU workload.
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Fig. 4. An overview of the proposed methodology, which covers: (a) the Timeline, and (b) the Systematic Workflow among the game engine, system processes,
as well as the proposed DVES governor. The process encompasses the following four steps: (0) Initialization, (1) Monitoring, (2) Frequency Calculation, (3)

Frequency Adjustment, and (4) Workload Completion and Update.

B. Android Game Application Workflow

A game represents a virtual environment simulated by a
program and updated periodically through a game loop. Each
iteration of the loop, termed as a ‘tick’, advances the virtual
time and updates the status of game objects (e.g., velocity,
position, lighting). In modern game applications, the CPU
calculates and generates the game world, while the GPU renders
the scene to a single frame. Once rendered, the frame is
processed by SurfaceFlinger, which serves as a system process,
and is then updated to the hardware composer and the screen.

Fig. 3 illustrates the overall workflow of a game application.
The game loop initiates by updating scenes and awaits the V-
SYNC event generated by the hardware composer. This event
signals SurfaceFlinger to release the GPU buffer queue, at
which point the GPU commences rendering upon the CPU
finishes updating the game world. SurfaceFlinger then updates
the rendered frame to the hardware composer during the
subsequent V-SYNC event and releases the GPU buffer queue.
However, if frame completion is delayed due to extended CPU
and GPU processing time, a frame skip occurs. In this scenario,
SurfaceFlinger refrains from updating the screen and awaits
the next V-SYNC event. On the other hand, common Android
systems employ a double-buffered scheme. This approach en-
ables concurrent operation of the CPU and GPU: the CPU
may update the environment for tick n + 1, while the GPU
renders the frame for tick n. To recapitulate, the rendering
process encompasses CPU-driven game world updates, GPU-
based frame rendering, and SurfaceFlinger-executed monitor
refreshes, triggered by the V-SYNC event. In this study, we
concentrates on enhancing the energy efficiency of the GPU
through the selection of an appropriate frequency while ad-
hering to the V-SYNC deadline. The proposed methodology
aims to optimize energy consumption without compromising
the smoothness and responsiveness of the game application.

ITI. METHODOLOGY
This section presents the proposed methodology, termed the
V-SYNC deadline-aware GPU DVFS governor. We begin with
an overview and a description of our workflow, followed by
the strategy for estimating the GPU frequency and workload.

A. Overview of the Proposed Methodology

Our methodology aims to propose a novel approach to
adjusting GPU frequency on a per-frame basis. In contrast to
previous works that employ coarse-grained frequency control,
our approach estimates the target frequency based on historical
workload complexity and a time-to-deadline metric. This fine-
grained control enables more precise optimization of energy
consumption in mobile gaming applications, and thus enhances
both performance and efficiency. However, to achieve fine-
grained DVFS control, it necessitates the DVFS governor to
possess low latency in capturing system traces and hardware
counters, a capability not addressed in the previous works.

Our methodology utilizes the Perfetto [16] software develop-
ment kit to capture system events and GPU hardware counters
in real-time, with a latency of one millisecond. Perfetto is an
open-source profiling tool developed by Google, which enables
the recording of traces and visualization of reports for Android
and Linux devices. To facilitate real-time usage, we implement
a small buffer to temporarily store system events generated
by Perfetto in memory. Data is continuously extracted from
Perfetto into our V-SYNC deadline-aware DVFS governor via
a callback function, which is invoked upon the collection of
new traces. Such a real-time data collection scheme is crucial
for adjusting the GPU frequency on a millisecond scale.

B. Workflow of the V-SYNC Deadline-Aware DVFS Governor

The V-SYNC deadline-aware DVFS governor captures and
integrates several Android system events and GPU hardware
counters for real-time frequency adjustments. For instance, it
monitors GPU frequency, the event when the GPU receives
a job, and the V-SYNC event. Fig. 4 illustrates the timeline
and workflow of our proposed GPU DVFS governor. Fig. 4 (a)
depicts the timeline within the working region, while Fig. 4 (b)
illustrates the interaction between the DVFS governor, game
engine, and system processes. In Fig. 4 (b), all arrows pointing
to the DVFS governor represent traces and counters captured
by Perfetto. The detailed workflow proceeds as follows:

0) Imitialization: Prior to the commencement of the GPU
job, the DVES governor continuously captures the V-



TABLE I
THE SYMBOL DEFINITIONS FOR WORKLOAD ESTIMATION.

Symbol Definition

Freq; The GPU frequency utilized for frame
GPUTime; The GPU rendering time for frame ¢
EstComplexity;  The estimated GPU workload for frame 7
Complexity; The actual GPU workload for frame ¢

SYNC signal and records its timestamp. This process
enables the prediction of future V-SYNC event timings.

1) Monitoring: The DVFS governor remains in a state of
readiness for the initiation of GPU activity.

2) Frequency Calculation: Upon reception of the GPU job,
the DVFS governor calculates the required frequency
based on the time interval to the next V-SYNC event.
In cases where the workload cannot meet the current
deadline (e.g., requiring a frequency beyond the GPU’s
capability), our method introduces the concept of a de-
layed deadline. This approach designates the subsequent
V-SYNC event as the new target deadline. Section III-C
details the strategy for determining the GPU frequency.

3) Frequency Adjustment: Subsequent to the determina-
tion of the target frequency, the DVFS governor invokes
the GPU firmware’s API to adjust the GPU frequency.
This process inherently incurs a latency of several mil-
liseconds due to hardware constraints and limitations.

4) Completion & Update: After the completion of render-
ing, the DVFS governor recalculates and updates the GPU
workload complexity, as elaborated in Section III-C.

5) Repeat: Steps 1 through 4 repeat for each rendering job.

C. GPU Workload Complexity and Frequency Estimation

This section elaborates on the methodology for predicting
GPU workload complexity and estimating the required GPU
frequency. The GPU workload complexity represents the com-
putational demands of the GPU job, specifically the requisite
computing power for task completion. Previous studies [3], [5],
[7], [10], [17] have measured workload complexity by consid-
ering GPU utilization and frequencies, and estimated future
workload using an exponentially moving average model [18]
that updates according to historical workloads (i.e., Eq. (2)).
Our approach employs a similar strategy but quantifies the
workload complexity as the product of GPU frequency and
GPU time (i.e., Eq. (1)). The equation is formulated as follows:

Complexity; = Freq; - GPUTime;. (D

Future workload estimation adopts an exponential moving av-
erage model [18], with the equation symbols defined in Table I.

EstComplezity;+1 = (EstComplexity; + Complexity;)/2.
(2)

The method of representing complexity through GPU fre-
quency and GPU time enables dynamic updates of workload
complexity and facilitates the estimation of necessary GPU
frequency to meet timing constraints with minimal delay.

While some research [4], [6] has applied machine learning
techniques to estimate performance impacts more accurately,
these approaches incur higher computational overhead. The
product of GPU frequency and GPU time, which indicates
the number of executed cycles, serves as a reliable repre-
sentation of GPU workload complexity. The workload com-
plexity of the subsequent frame is estimated by averaging
EstComplexity; and Complexity;, according to Eq. (2).
As a result, EstComplexity;,1 iteratively updates based on
the workloads of historical frames. Utilizing the estimated
workload and the timing conditions (i.e., the time to the next
V-SYNC event), the required GPU frequency is calculated by
dividing the estimated workload by the time remaining until the
deadline, which can be expressed as the following equation:

EstComplexity; 1
Fregi, =

3

If the required frequency exceeds the GPU’s capability, our
DVES governor attempts to meet the workload requirement by
selecting the preceding V-SYNC event as the new deadline.
Specifically, the time to deadline in Eq. (3) is incremented by
—L00___ (e.g., 16.66 ms for a 60Hz screen). This allows
for deadline extension, ensures the selected frequency remains
valid, and employs a lower frequency for energy conservation.
Our methodology utilizes historical workload data and real-time
conditions to predict GPU workload complexity, and therefore

can dynamically adjust the GPU frequency in minimal time.

time to deadline

IV. EVALUATION

This section first introduces the hardware and experimental
setups, followed by an evaluation of our method’s effectiveness
through an examination of overall performance and energy con-
sumption. Our analysis includes a detailed breakdown of GPU
frequencies and workload estimation to assess the impact of
different configurations on performance and energy efficiency.

A. Experimental setup

Our experiments utilized the Google Pixel 8 Pro mo-
bile phone, equipped with the Google Tensor G3 system-
on-chip (SoC) and running Android version 14 (build ID:
UQ1A.231205.015). The SoC incorporates a 7-core Arm Mali-
G715 GPU, which features thirteen available frequencies rang-
ing from 150 to 890 MHz. Due to GPU hardware limitations, a
single frequency applies to all cores within the GPU. Our GPU
DVEFS governor interfaces with Perfetto [16], a profiling tool
for Android systems, and manages the GPU frequency through
the API provided by the GPU firmware. The API resides in the
local directory /sys/devices/platform/1f000000.mali. The CPU
frequency is managed by the Android system as it is not
discussed in this paper. The screen refresh rate is set to 60Hz.

We selected Fortnite [2] as our benchmark game application,
which utilizes the Vulkan graphics API. Vulkan is a more recent
and advanced graphics API employed by newer games com-
pared to OpenGL, as it offers higher performance and greater
control over the GPU for developers [19], [20]. The Fortnite
game is built on Unreal Engine 4, which supports a wide
variety of scenes. This diversity in scene composition enables a
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The experimental results indicate that the proposed methodology achieves up
to 18.7% energy reduction. Although the average FPS decreases from 37 to
31, our method delivers a 3% improvement in energy-per-frame efficiency.

comprehensive test environment for our experimental purposes.
The experimental scene includes character parachute jumping
from the sky, movement in outdoor and indoor environments,
and interactions with other moving objects (e.g., characters). In
addition, particle effects and lighting conditions vary in each
scene. We measured the frames-per-second (FPS) and energy
consumption of the GPU over a 30-second period to assess
the impact of different GPU frequencies on performance and
energy efficiency. We collected GPU hardware counter data
using Perfetto, while referencing the ARM Mali GPU reference
guide [21] to interpret the counters and derive performance and
energy consumption metrics. Fig. 5 depicts the strong corre-
lation between the hardware power counter and the physical
power monitor, particularly when power exceeds 10 mW.

B. Overall Performance and Energy Consumption

Fig. 6 presents a comparison of power consumption and FPS
between the Android default governor and our proposed V-
SYNC deadline-aware DVFS governor. The figure illustrates
FPS variations over time due to changing game scenes, such
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Fig. 7. Energy-per-frame comparison between the default governer and our
proposed DVFES governor. On average, our approach achieves a 3% energy
improvement compared to the default governor.

as the character’s transition from outdoor to indoor envi-
ronments. Our approach achieves up to a 19% reduction in
GPU energy consumption. However, the average FPS decreases
from 37 to 31. This reduction in FPS can be attributed to
the default governor’s operation at higher frequencies, which
results in increased energy consumption but enables more
consistent task completion before deadlines. Conversely, our
DVES governor, when estimating that a job cannot be finished
within the first V-SYNC deadline, opts not to operate at higher
frequencies. Instead, it extends the deadline to the next V-
SYNC event and selects a lower frequency to reduce energy
consumption. Moreover, as game rendering involves concurrent
CPU and GPU operations, adjustments to the GPU frequency
impact GPU time and utilization, which subsequently affect the
DVFS governor for the CPU within the Android system. This
interdependency indicates that while our method effectively
reduces energy consumption, it faces challenges in accurately
estimating workloads, predicting appropriate frequencies, and
accounting for the overall impact on the heterogeneous system.
Considering that our predictions are based on estimates, this
represents the optimum performance achievable under current
constraints. With more accurate sensor information, architec-
tural support for acquiring better metrics, and enhanced CPU-
GPU coordination, further improvements could be realized.
Fig. 7 further analyzes the energy consumption per frame
by examining the energy-to-FPS ratio, calculated by dividing
the energy consumed by the FPS. On average, our proposed V-
SYNC deadline-aware GPU DVFS governor improves energy
efficiency by 3% per frame. This improvement demonstrates
that even with a lower FPS, our proposed methodology can
achieve superior energy efficiency for each rendered frame.

C. Frequency Breakdown and User Experience Comparison

Fig. 8 presents a histogram of the selected frequencies under
the default governor and our DVFS governor. The statistics
are based on the average frequency for each rendered frame.
The default governor, which adjusts the frequency based on
utilization by selecting the next or previous frequency choice as
shown in Fig. 2 (b), tends to operate at frequencies that maintain
relatively high GPU utilization. As a result, nearly 70% of the
frames’ average GPU frequency remains within the 430 to 530
MHz range. In contrast, our proposed methodology operates in
a more fine-grained manner, selecting appropriate frequencies
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according to the time remaining until the V-SYNC deadline.
This approach allows for more precise adjustments tailored
to specific workload requirements. The result, as revealed in
Fig. 8, is a broader distribution of selected frequencies, which
contributes to an enhanced user experience for mobile gamers.
Fig. 9 illustrates the delta FPS (i.e., frame rate fluctuation) for
each second during game execution and compares the default
Android governor with our proposed DVFS governor. The aver-
age delta FPS of the default governor is 3.8, while our method
achieves 2.4. This represents a significant 37% improvement in
frame rate stability. Such enhancement in stability is crucial for
user experience. A lower delta FPS translates to more consistent
frame delivery, which reduces perceivable stutters or jitters
in gameplay. This consistency provides a smooth, immersive
gaming experience on mobile devices. It is worth noting that
the authors in [22] have previously established that frame rate
variation exerts a more significant influence on players’ gaming
experience than average frame rate alone. Our methodology
takes into account the start time of GPU jobs, which varies in
each frame due to the CPU executing both game applications
and system processes. This adaptive approach enables better
handling of real-world scenarios where system resources are
shared among multiple tasks. By more accurately matching
GPU frequency to the actual workload demands in a fine-
grained manner, our method is able to achieve superior power
efficiency while simultaneously enhancing user experience.
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D. Workload Estimation

For more detailed insights into our DVFS governor’s interac-
tion with the Android system, we profiled the game application
using Perfetto. The screenshot in Fig. 10 illustrates this profil-
ing. The red and black bold arrows represent the occurrence of
the V-SYNC event, which happens at the positive and negative
edges of the V-SYNC signal. The V-SYNC event occurs every
16.66 milliseconds, corresponding to a screen refresh rate of
60Hz. The blue counter, BufferTX, represents the buffer size
of the GPU job. A counter value greater than zero indicates an
incoming GPU job, which reduces to zero when the V-SYNC
event occurs and the workload completes. The blue dotted lines
at the bottom of the figure indicate the completion of GPU
workload, as the GPU frequency drops to zero and the GPU
becomes idle. In Fig. 10, we highlight a scenario of an early
deadline. Under such conditions, our DVFES governor disregards
the early deadline and selects a lower frequency, which ensures
workload completion before the next deadline. The blue dotted
lines demonstrate our DVFS governor’s effective selection of
an appropriate frequency, which enables the GPU to complete
the workload close to the deadline and minimizes idle time.
The maximum time to the V-SYNC event in Fig. 10 is
approximately four milliseconds. This observation also reveals
that the GPU often receives the job close to the deadline, as
indicated by the increase in BufferTX. This further suggests
that CPU jobs compress the available time for the GPU, as the
CPU must create the scene before passing the job to the GPU.

V. CONCLUSION

This paper introduces a novel V-SYNC deadline-aware GPU
DVEFS governor designed to optimize energy consumption in
mobile gaming applications. Our approach implements fine-
grained GPU frequency adjustments aligned with V-SYNC
events. This alignment ensures timely frame rendering while
minimizing energy wastage. By leveraging the Perfetto pro-
filing tool, we enable real-time system tracing and hardware
counter capturing on Android devices. This innovation allows
our governor to dynamically estimate workload complexity
and adjust frequencies with a remarkably fine-grained 1 ms
response time. Experimental results on the Google Pixel 8 Pro
demonstrate the efficacy of our methodology, which achieves
up to 19% reduction in overall GPU energy consumption and a
3% improvement in energy efficiency per frame. Although we
observed a slight decrease in FPS, our proposed methodology



significantly reduced FPS variation by 37%, which substantially
enhances frame rate stability and user experience. These exper-
imental results highlight the potential of our V-SYNC-aware
DVES governor to optimize mobile gaming performance while
maintaining energy efficiency and user gaming experience.
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