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Despite significant improvements, smartphones are still constrained by the limited capacity of their batteries.
Modern smartphones tend to use organic light-emitting diode (OLED) displays, whose energy consumption
depends both on the brightness and the color content. Since the display of smartphones is known to consume
a significant portion of this energy, a number of prior systems have tried to reduce screen brightness, increase
areas of dark zones on the screen or use colors that consume less energy to mitigate this problem. However,
the amount of energy savings using these techniques are still limited, as the underlying compute required to
render the content still consumes energy. In this work, we provide a framework FlexDisplay that disables the
display of a limited portion of the app content, saves the underlying compute needed to render the content as
well as the touch sensors in the corresponding display area. FlexDisplay supports disabling of content across
multiple apps. We implement FlexDisplay on two different smartphones. We demonstrate it on 15 apps over
different genres and show that the energy savings vary from 10%-47% of the total energy consumption of the
smartphone, depending on the app and the disabled content. Furthermore, we show via user studies on 20
users that the changes made by FlexDisplay do not hurt their experience significantly.

CCS Concepts: « Hardware — Displays and imagers; Power estimation and optimization; - Human-
centered computing — Ubiquitous and mobile computing systems and tools.

Additional Key Words and Phrases: mobile system, power consumption, development, OLED displays

1 INTRODUCTION

The quality of smartphone hardware, such as the compute capability of processors and size of display
screen, has improved significantly over the last decade. However, the capacity of phone batteries has
not kept pace with these improvements. Thus, smartphones are still energy-constrained. Numerous
studies have demonstrated that high energy consumption exerts the most pronounced negative
impact on user experience quality [16]. Moreover, reports indicate that over 90% of smartphone
users experience low-battery anxiety [23, 42]. Manufacturing and disposal of used lithium-ion
batteries also come at a significant environmental cost [29]. Hence, it becomes imperative to explore
additional avenues for conserving battery energy.

A significant proportion of the power consumption comes from smartphone displays. A number
of prior studies have proposed changing the content displayed on smartphone screens. For example,
[12] uses a dark mode that disables colors from the screen. Focus [37] darkens a part of the screen
that is less important to the experience of users to save power. Yet another set of works tend to
either utilize colors that consume less energy to display or reduce the brightness of the screen
[13, 35, 36]. As discussed by [12], the power savings obtained using these techniques is relatively
moderate (< 10% of the total power). This is because these techniques target reducing the OLED or
display screen power, which only forms a relatively small portion of the total power in modern
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(a) YouTube app (Video Streaming) (b) Zomato App (Shopping)

Fig. 1. FlexDisplay with YouTube and Zomato apps. Note that the user comments and other video thumbnails
(at the bottom of the screen) can be seen as usual, but the video stream and images are disabled.

smartphone architecture. The limited power saving is due to the fact that these techniques cannot
reduce the computation involved in rendering the content, as the computation takes up the majority
of phone power consumption.

Our approach towards energy savings is motivated by a few observations. Firstly, today’s
applications or operating systems cannot selectively disable specific portions of the user interface
(UI), even when certain Ul elements are unnecessary or could be hidden in certain scenarios.
For instance, in video conferencing applications like Skype or Zoom, a user does not have the
option to stop displaying individual or all attendee video windows. This lack of flexibility becomes
particularly evident in situations such as online courses, where most attendees’ or students’ videos
are unnecessary and potentially distracting. Secondly, current smartphone systems and apps not
only lack flexibility in display options, but they are also not optimally designed for power-saving
considerations. Significant power is consumed unnecessarily. For instance, while dimming the
screen brightness to zero or using a black screen can save some power, this approach falls short of
its full potential because the UI content continues to render in the background. Although a user
can barely see the Ul in this case, the phone still consumes CPU and GPU computing resources at
the same power level as before. Therefore, designing a system that integrates flexibility in display
options along with an optimized rendering strategy is crucial, as it delivers the benefit of power
savings with minimal disruption to the user experience.

In this paper, we introduce a framework called FlexDisplay, which puts these insights together,
achieves selectively disabling UI elements to optimize smartphone power consumption, with
minimal disruption to user experience. Figure 1 and Figure 2 illustrate how FlexDisplay disables
UI elements, contrasting them with the original views of the original app. To achieve this goal,
FlexDisplay provides users with a flexible display option for easy customization, allowing users to
prevent unwanted or unnecessary Ul elements according to their preferences. This customization
significantly enhances power savings.

There are several challenges to achieving the goal in FlexDisplay. The first challenge is about how
to achieve the selective rendering design. A crucial requirement for selective rendering is ensuring
that disabled components do not necessitate processing by the smartphone’s system-on-chip (SoC)
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(a) Twitter App (Social Network) (b) Spotify App (Podcast)

Fig. 2. Examples of screenshots of original apps (left) and FlexDisplay-mode version (right), from the categories
of Social Network and Podcast.

CPU. Another noteworthy aspect of FlexDisplay is its capability to offer end-users options to disable
specific parts of the content based on their preferences. For instance, users have the flexibility to
not display the video playback window while keeping the audio active and browsing comments on
the video, or they can opt to disable avatar pictures in a chat window without even letting the other
participants know about it. While a few current apps, such as Google Meet recently allow such
disabling of videos [30], FlexDisplay provides this facility across apps, relieving the developers from
specifically implementing this feature. This customization empowers users to tailor their content
viewing experience, conserving power by displaying only the essential information relevant to their
needs. To address this challenge, FlexDisplay enhances the Android View Service in the Android
Framework layer by introducing a selective display module, which enables flexible portion display
to cut off unnecessary Ul portions, according to the preferences of users.

The second challenge handled by FlexDisplay is about how to maintain usability when disabling
Ul elements. Disabling a segment of the Ul introduces potential usability issues. For example, users
might unintentionally tap on the disabled (invisible) UI element, such as an invisible image button,
triggering new windows or actions that can cause confusion and disrupt the overall user experience.
Regarding this challenge, FlexDisplay incorporates changes to the Linux kernel. Specifically, it
modifies the kernel to ignore any touch inputs received on the disabled portion of the screen. By
disregarding touch events within the disabled region, FlexDisplay prevents mis-tapping by users
and eliminates the possibility of unintended actions being triggered. In addition to mitigating
mis-tapping issues, this approach also contributes to energy savings. By ignoring touch inputs in
disabled areas, FlexDisplay reduces the unnecessary processing and power consumption associated
with handling unintended touches.

The third challenge involves generalizing flexible display technique to scale up across more apps.
Manually updating each app’s source code for flexible display UI design is time-consuming and
resource-intensive, requiring substantial development and release efforts. To tackle this challenge
and extend the power-saving approach to a broader range of apps, FlexDisplay introduces the
concept of universal naming aliases for Ul elements. By creating universal naming aliases for Ul
elements, FlexDisplay simplifies the process for users to specify which UI elements they want to
disable or modify. FlexDisplay uses a static analysis tool to decompile the app and get the layout
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and resources files. It then uses a heuristic to find out the appropriate class names for Ul elements
from the layout and resources files, present within the packaged app. Once the configuration file is
parsed by FlexDisplay, it provides a user-level API that the operating system can utilize to obtain
the user’s preferences. This user-level API serves as a means for the operating system to understand
and implement the user’s power-saving preferences effectively.

By utilizing these techniques, FlexDisplay has the potential to generalize power-saving techniques
to a large number of apps across various categories. This approach streamlines the process, reduces
the burden on app developers, and empowers users to customize their power-saving settings
according to their specific needs and preferences.

We evaluate both the power savings using FlexDisplay on two different smartphones and their
usability via user studies. Our evaluation includes apps across a wide range of categories, namely,
news, shopping, video streaming, video conferencing, camera, sport, social networking, and podcast.
We obtain a power saving of 10.11% — 47.47% (median: 14.59%) of the total power consumption,
with the smallest and largest savings coming from Wall Street Journal (news category) and Skype
(video conferencing category) respectively. We further compare with darkening of display as used
in prior studies to show that our power savings are much larger. This shows that FlexDisplay
drastically saves power and prolongs battery life.

We further conduct an IRB-approved user study to check if users would be willing to use Flex-
Display. We invited a total of 20 participants and asked them to complete certain actions for each
app e.g., create a new playlist of 5 songs on Spotify with and without FlexDisplay. We measure the
completion time of the task with and without FlexDisplay. In addition, the users were asked to rate
all the 15 apps in terms of usability from 1 to 5, with 1 denoting least usable and 5 denoting most
usable. We observe that the users do not have any major difference in completing the task with
and without FlexDisplay. We get a median rating of 3.8 for 15 apps. Furthermore, users were also
asked to rate the overall idea of using FlexDisplay, and gave a median rating of 3.9 across all 15
apps, indicating that most of them liked the overall experience.

We summarize our contributions as follows:

(1) Identification of Use Cases: We first identify a number of use cases where users can utilize
apps while disabling a part of the display. This includes apps across a wide variety of categories.

(2) Design of FlexDisplay Framework: We design a framework FlexDisplay, which disables
the rendering of some user interface component to save power. FlexDisplay achieves this
by introducing additional features and modifications at the View system within the Android
framework. FlexDisplay further ensures that disabling this user interface component also
automatically ignores the taps on the touchscreen of the corresponding area, by making
changes in the relevant driver within the kernel. We have open-sourced each component of the
source code of FlexDisplay to enable its utilization by the research community®.

(3) Quantification of Power Savings: We extensively evaluate the power savings of FlexDisplay
on Google Nexus 6 and OnePlus 3. We have released the power measurement data?. We show
that FlexDisplay can save a median of 14.59% of the total power consumption, across a wide
variety of apps. This indicates that FlexDisplay both saves significant amount of power while
also being usable in practice.

(4) User Studies to Quantify Experience: We performed a user study on a total of 20 users,
and show that they do not have major differences (median difference of 1.3%) in time spent in
performing a given task. We also ask users to quantify their experience on a score of 1-5 (5
being the best), and received a median usability score of 3.9/5.

ISource code available at https://drive.google.com/drive/folders/1aKPWtW4i5zP2gP3Kycqw9LkhPhaSfv8o?usp=sharing.
Zhttps://github.com/sahil20021008/flex-display-data
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A preliminary version of this work has appeared at [14]. This version enhances the work by: (i)
reducing manual effort in user interface annotation, (ii) scaling up the study to a second smartphone,
(iii) quantifying the overhead of FlexDisplay in terms of power consumed, and (iv) performing user
studies on a total of 20 users to show the effect of FlexDisplay on quality of experience, and (v)
adding a significantly enhanced discussion of related works, (vi) comparing our energy savings
with a baseline technique, and (vii) microbenchmarking the power implications of disabling touch
Sensors.

2 USE CASES

The key observation motivating FlexDisplay is that apps today display a significant amount of
information that users do not need. For example, a podcast app like Spotify shows the images of
the albums. Similarly, news, sports, and social networking apps show images related to events.
Disabling the rendering of such content would save significant power without disrupting user
experience.

In addition, FlexDisplay can also be used for the following possible use cases:

(1) Listening to audio content using video streaming apps: A large number of users frequently

utilize video streaming apps like YouTube for listening to podcasts or music [28], where the
video content being displayed may be redundant, for example, it could consist of a music video
or simply natural pictures accompanying the audio content. Furthermore, the demand for audio
content consumers is rapidly increasing [3]. However, these apps lack the option for users to
disable the video portion, leaving only the audio content playing. This leads to unnecessary
power consumption.
While some video streaming apps do offer the feature to play audio in the background, this
often requires a subscription, such as YouTube Premium. However, even with a subscription,
the app does not allow users to disable only the video content within the app, but permits
the video to run in the background without displaying any content of the app. This limitation
restricts users from accessing other preferred content such as comments and browse other
recommended videos when listening to the audio in parallel.

(2) Selectively disabling attendee’s video window on video conferencing apps: In video
conferencing applications such as Skype or Zoom, users lack the option to stop displaying
individual or all attendee video windows. This limitation can be particularly distracting, for
example, in online courses where most attendees are students, and their video feeds may
not contribute directly to the course content. Additionally, the presence of numerous video
windows increases power consumption. Therefore, a flexible option to disable any attendee’s
video window is essential for maintaining concentration and achieving power savings. Recently
Google Meet has introduced a feature to allow a user to not watch the video of each participant
separately [30]. Such a feature highlights the need to for turning off video of other participants
without informing them. Note that having an audio call for such use cases is not suitable as
some participants might be interested in watching the video while others might not be.

(3) Repeated purchase of online products on ecommerce platforms: Surveys indicate that
approximately 28% of total customer orders on e-commerce platforms, including food delivery
and shopping apps, are repeat orders [38]. For these repeat orders, customers do not necessarily
need to view large images of the products, which consume significant power to display, in
order to appeal to them.

(4) Recording long videos: Users may often use smartphones as video cameras for extended
recording sessions, such as capturing lectures, concerts, or other events. During these scenarios,
users often keep the phone still for prolonged periods. However, the continuous display of
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the recording preview on the screen is unnecessary, as the preview remains consistent and
there is no need to constantly monitor it. This perpetually active display of the recording
preview represents an inefficient energy design and can contribute to unnecessary power
consumption. However, all camera apps currently lack the functionality to disable this display,
thereby resulting in wasted energy.

3 BACKGROUND

In this section, we initially delve into the functionality of Android apps regarding their interaction
with different components within the Android architecture. Subsequently, we explore the power
consumption attributed to the display. Following that, we introduce our rationale and motivation
for the design of FlexDisplay.

3.1 Working of Android Apps

The Android architecture consists of a total of four components — the Hardware Layer, the Linux
kernel, the Application Framework consisting of both native and Java libraries, and the Apps
(shown in Figure 3). The Linux kernel handles low-level communication with the hardware, as it
contains individual drivers. The Framework has a hardware abstraction sublayer to provide a generic
interface to the underlying hardware, so that the library functions do not require customization
depending on the underlying smartphone model. It also has a number of common frameworks
such as View Manager, Notification Manager and Location Manager to allow easier access to the
common requirements of apps. At the highest layer lies the apps themselves, typically programmed
using either Java or Kotlin.

Thus, the content displayed on smartphones is controlled by four different components of
Android. The Apps decide the actual display content in terms of individual user interface elements,
such as buttons or textboxes, in the form of a list. Different types of UI elements, such as buttons,
text views, images, layouts, etc, have different classes associated with them. When a layout is
rendered, the Android framework creates an instance of each class used in the layout and sets
its properties and attributes based on the XML markup. Android framework uses the rendering
pipeline to convert the layout into a series of pixels displayed on the screen.

The Android View system defines the components which are part of the Application Framework.
Within the framework, android stores the information about what it needs to render on the screen
in a list called as DisplayList. This DisplayList contains the location and the hash values of the
pixels that need to be drawn. Decisions about which component to use and their sizes are taken
by the apps on the CPU. The responsibility of rendering these components, i.e. converting them
into individual pixels is performed by a library of the Hardware Abstraction Layer, typically on the
GPU of the system-on-chip. Once decided at the pixel level, the Linux kernel handles the actual
sending of interrupts to maintain a proper refresh rate of the display. A recent study has shown
that this View system is largely similar across a wide variety of smartphones [25].

3.2 Power Consumption of Displays

Since smartphones are energy-constrained, a number of studies have measured the power con-
sumption of different components [33]. These studies showed that one-third of the total energy of
smartphones is consumed by the display. Modern smartphones typically use Organic light-emitting
diodes (OLED) for display, which do not require any backlight. OLED displays, therefore, have
the advantage of reducing energy consumption by customizing the display content. Furthermore,
OLED displays also enable adjustable dimming of the LED’s to further conserve energy.

A number of prior works have, therefore, proposed darkening the parts of the screen or reducing
brightness that are less relevant to users [12, 32, 35]. For example, the work Chameleon [13] reported
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Fig. 4. Power savings obtained using only black patch over the entire screen.

(in 2011) 60% of the total power consumption being incurred due to the OLED display. However,
recent years have seen processors with more compute capability gradually being incorporated
into smartphones, thus increasing the power consumption of processing. Thus, the amount of
smartphone energy conserved by screen darkening has progressively reduced over the years, and
is less than 10% in modern smartphones assuming 50% brightness [12]. This suggests the need for
an alternative approach to conserve energy.
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3.3 Motivation

We identify the scope of minimizing the display power as follows. OLED displays are known to
consume "minimal" power when their pixel brightness is set to 0 [12, 13]. We, therefore, set all the
pixels to 0 by creating an overlay app that displays a black patch on top of the screen. We then
measure the power consumption both using the original app (without any user action) and while
applying the black patch using a Monsoon Power Monitor (further details are given in §V). Figure 4
shows the amount of power saved using this technique on a few representative apps. We note that
the power saved is always lower than 9%, with the median power saved being close to 4%.

Since the black patch overlay is a service running over any other activity on the screen, we
further follow an alternative technique of blackening the screen. In Android, each frame on the
screen consists of multiple layers composed together for example navigation bar, status bar and on
screen activity. All these layers are sent to Hardware Composer (HWC) to compose them together.
We altered the HWC to crop the activity layer. As a result, the cropped part is rendered black. This
approach adds little to no added overhead, in contrast to the black patch overlay. However, the
power consumption numbers after equal percentage of screen blackened using the black patch
overlay and HWC cropping are almost equal.

This confirms the observation by recent prior works such as [12] that the power consumption
from smartphone’s displays is a small proportion of the total power.

4 DESIGN GOALS AND OVERVIEW OF FLEXDISPLAY
4.1 Goals of FlexDisplay

The key goal of FlexDisplay is to save power while minimizing disruption to the user’s ongoing
activities within apps. Achieving power Saving requires us to identify the power consumption
sources within the rendering process. We identify three major sources of power consumption where
optimizations are possible:
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(1) Display of pixels by OLED: The power consumption of OLED display depends on the actual
color and brightness level of each individual pixel. If the pixel is completely darkened, then no
power is consumed, thus saving power. Thus, a number of prior works have utilized darkening
[12], brightness dimming [36] and variable refresh rates [27] to reduce this component of the
power consumption.

(2) Cost of Ul re-construction by CPU: Any changes in the UL, such as creation of a button or
changing of the screen, requires CPU computation. The CPU generates a list of Ul elements
along with their semantic information such as coordinates, size and textual information by
calling an update process that is facilitated by the Framework Layer. This imposes a substantial
overhead due to the computation involved. However, none of the prior works using changes to
the displayed content have reduced this component of the power consumption.

(3) Cost of taps on the touchscreen: Touchscreens of smartphones are typically capacitative,
and they do not consume power until the user actually taps them. However, users may mistap
the portion of the display where the Ul is disabled, thus costing additional power.

FlexDisplay aims to conserve battery by reducing the power consumption of all the three above
components. We now explain the design choices to enable such power savings.

4.2 Possible Design Choices

Unlike previous systems, FlexDisplay reduces the power consumption of all three components.
There are multiple possibilities for achieving it. First, we could change each individual app, at
the bytecode level to remove some UI components while displaying the images/videos. The key
drawback of this approach is that all the apps need to be statically analyzed and the changes
incorporated. A second possibility is to disable parts of the display in the display driver present in
the kernel layer. However, this would make FlexDisplay less portable or scalable as the approach
would need modification of the driver of each smartphone. Furthermore, it also loses the semantic
information of the UI elements, making it difficult to identify what exactly to disable.

Thus, FlexDisplay takes a third possibility, upgrading changes at the Android Framework Layer
as shown in Figure 3. The broad technique of FlexDisplay is to disable the generation of selected
(by user) UI elements while generating them. Ul generation takes up significant CPU power, which
we will demonstrate in Section 6. To reduce the power, FlexDisplay provides an upgraded View
System with the application framework and provides the user the option to decide which parts
of UI to disable, such as images or videos Ul parts that consume power the most. This has the
advantage that (i) the UI elements retain their semantic information in the Android Framework
Layer, so it is easier to disable them individually, and (ii) disabling the entire UI element also makes
the display more intuitive.

However, partially disabling Ul brings another challenge: some of the disabled UI may contain
clickable Ul, such as buttons, scroll lists, etc, which would pop-up unexpected windows or contents
and cause confusion if users mis-tap the location where the Ul becomes invisible or disabled. To
avoid such confusion due to mis-tapping, FlexDisplay prevents inadvertent actions by disabling
the screen-touching function of the invisible UL This implies that even when users inadvertently
touch the screen region of the invisible UI, nothing will be triggered. This design is challenging
because the touching event is normally enabled or disabled in the lower layer, i.e., Hardware
Abstraction Layer (HAL) which loses all semantics information. This implies that HAL is unaware
of the Ul element that needs to be disabled to touch input. To address this problem, FlexDisplay
incorporates semantics information from Framework layer. It extracts the screen coordinates of
UI from Framework Layer, and passes it to a configuration file (more details in Implementation
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Section)®. Overall, this design approach allows FlexDisplay to provide finer control over the partial
disabling of UI display and touch input, thereby improving power consumption and enhancing the
user experience as well as mitigating confusion caused by inadvertent actions.

4.3 Steps Involved in Designing FlexDisplay

FlexDisplay is designed in four major steps as shown in Figure 5. @ The first step involves
associating the Ul elements visible to the user on the display with their corresponding class names.
This association helps in identifying and referencing specific UI components. @ The second step
entails obtaining user feedback on their comfort level in disabling parts of the UL Users are given
the option to specify which parts of the UI they are comfortable with disabling. The outcome of
these two steps is the generation of a configuration file. @) In the third step, the configuration file
is utilized by the modified View System to determine whether to render a particular UI component
or not. This decision is based on the user’s preferences outlined in the configuration file. @ In the
fourth step, the configuration file is once again utilized, but this time to disable touch input on the
corresponding portions where rendering has been disabled. This is achieved by modifying a kernel
module responsible for handling the touchscreen in the hardware.

To finish all these steps, FlexDisplay upgrades multiple layers of mobile operating system, as
shown in Figure 3. That includes OS Framework Layer, to include the modifications to the View
System within the Android Framework; Hardware Abstraction Layer, to disable mis-tapping via
changes to touchscreen driver module. And finally, it makes additional changes to the application
layer, as FlexDisplay also offers an application app for users to selectively choose which UI to

disable.

5 IMPLEMENTATION OF FLEXDISPLAY

In this section, we discuss in detail the implementation of each of the four steps of FlexDisplay. Our
implementation strategy is motivated by the fact that we need to identify the right user interface
elements, while also ensuring that the amount of human effort required in identifying them is
minimal. Since each app is developed by its own set of developers, it is non-trivial to identify
the right user interface elements. We explain how FlexDisplay’s implementation handles such
challenges.

5.1 Build Naming Alias of Ul Elements

The first challenge of FlexDisplay is how to establish an intuitive method for users to effortlessly
specify the Ul elements they wish to disable. Since users may lack familiarity with app design
and don’t know the name corresponding to each UI element, it becomes challenging for them
to effectively specify UI preferences to the operating system. Breaking this information barrier

3Note that Focus [37] also took a similar approach of implementation; but its goal was to implement dimming of portions of
the screen to save OLED power. This meant that Focus did not need to explicitly identify any UI element. However, this
implies that incurring CPU power due to the rendering of the UI element cannot be avoided.
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1 <ZRoundedImageView android:id="@id/bg_image" ... />

2 <ZRoundedImageView android:id="@id/full_image" ... />

3 <ZIconFontTextView android:textSize="@dimen/height75"
android:textColor="@color/sushi_white"
android:layout_gravity="center" android:id="@id/popup_icon"

/>

4 <ZRoundedImageView android:layout_gravity="center"

android:id="@id/alert_image" ... "/>

Fig. 7. A fragment of an Ul layout file from an Android APK. Note that all the Ul elements corresponding to
images have the value with substring “image" for the attribute “android:id", whereas this is not so for the
other Ul elements. We have omitted additional attributes in the interest of simplicity.

between users and applications poses a considerable difficulty, especially for developing a universally
applicable solution. Although an approach of manual annotation of each UI element is possible
using the tools provided by Android Studio, this requires considerable manual effort and stops
functioning with each function upgrade.

We, therefore, utilize static analysis of the Android Application Package (APK) of each app,
downloaded from the app stores. Figure 6 shows the steps for this process. We utilize apktool to
decode and decompile the APK into human-readable form. Android allows the UI to be defined in
the form of XML files. These decoded APKs have the XML class layout files with classes defined
for each of the Ul elements, along with other attributes. Each class has an identifier associated
(highlighted in Figure 7) to enable the developers to access it from the source code. Android Studio
by default adds an “image" appended to each such identifier. We hypothesize that most developers
retain a similar substring as it is intuitive to use it. This is especially true because such names are
typically auto-generated using the tools that Android Studio provides, as opposed to the developers
creating new names. We confirm our hypothesis by verifying that all the 15 apps we tested have
the substring “Image" for the UI elements corresponding to images or videos. This enables us to
identify the potential content to be disabled.

However, we avoid disabling all such images or videos, as many of them may represent important
UI components, such as icons or image with links used for user interaction. Thus, our next attempt
is to identify the classes that appear most frequently, as we note that app icons and other similar
images are rarely used. Moreover, the most frequently used image/video classes also consume the
most area, and are therefore, likely to consume most power during rendering. We, therefore, try in
each app the three most frequently present classes in each activity. We find that in 11 out of 15
apps, the image/video we plan to disable corresponds to the most frequent appearing class. In the
remaining 4 apps, they correspond to either the second or third most frequent case. We acknowledge
that this requires a small amount of effort to enable FlexDisplay for each app. However, it does
not require access to the source code and requires only minimal amount of effort (< 10 minutes
per app). Furthermore, since an app is unlikely to change its identifiers on version upgrades, it
does not require re-identification of the classes. Moreover, this technique generalizes across all
activities of the app, making it easier to scale to many apps. This technique is also not affected by
the apps whose interface changes frequently. Our primary focus is on user interface elements that
are retained on the screen, as they consume power continuously. However, this technique works
irrespective of how quickly the user interface changes, as the user interface elements are identified
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Fig. 8. Screenshot of FlexDisplay’s app interface.

a priori. While not observed in the 15 apps we have tried, we recognize that this technique might
occasionally miss the right user interface elements (more detailed discussion in §9). The classes so
identified are stored in a config file corresponding to each app. This config file is then transferred
to the smartphone for use by FlexDisplay, either over the network or using a SD card.

5.2 Customize Ul for Partial Display

This is the only step while utilizing FlexDisplay that requires human-in-the-loop involvement from
users. It is not feasible for users to directly modify the class methods, as that requires significant
programming background and context.

We, therefore, have developed a FlexDisplay app shown in Figure 8 that empowers users with
the ability to toggle the inclusion or exclusion of images or videos for any app. This specialized
FlexDisplay app examines the configuration file and allows users to easily enable or disable images
and videos for each individual app according to their preferences. By presenting a user-friendly
interface, the app simplifies the customization process, offering a straightforward way for users to
indicate their desired settings. As users modify the app settings, the FlexDisplay app updates the
configuration file by adding a "yes" or "no" designation alongside each class name.

Eventually, FlexDisplay stores the updated configuration file in a common directory on the local
SD card of the device. The decision to store the configuration file in a common directory rather
than individual app directories is primarily driven by Android’s security restrictions. Android
imposes limitations on accessing app directories from third-party apps to ensure data privacy and
maintain the security of each app’s data. By storing the configuration file in a common directory,
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class DisableView {
String[] classesDisabled;
boolean checkConfig(String ui) {
if (ui is in self.classesDisabled)
return true;
else
return false;
3
}
class View {
invalidate(String ui) {
if (!DisableView.checkconfig(ui)) { /*Run usual codex*/ }
}
draw(String ui) {
if (!DisableView.checkconfig(ui)) { /*Run usual codex*/ }
}
updateDisplaylListIfDirty(String ui) {
if (!DisableView.checkconfig(ui))
{ /*Run usual codex/ }

3

Fig. 9. Pseudocode showing how FlexDisplay utilizes the DisableView class to check the configuration file
and disable or allow rendering of Ul components. The classesDisabled string is separately read every second
from the external memory card by a different thread and updated.

the system creates a bridge that facilitates the transfer of user configurations across different apps.
This approach allows seamless sharing and synchronization of user preferences while adhering to
Android’s security considerations.

5.3 Disable Ul Rendering

After a user has completed the UI customization, FlexDisplay would disable the dedicated UI
rendering for power saving. We add a separate thread to the View class to read the config file
once every second, and identify if rendering of any UI element needs to be disabled. The actual
technique used to disable rendering is shown in detail in Figure 9. The View class stands for the
basic unit for each Ul element, such as a button, a image, or a video frame, etc. Each View class
has function calls that are responsible for rendering the Ul For example, invalidate, draw, and
updateDisplayListlfDirty functions. Consequently, these function calls are specifically designed to
handle the rendering of respective Ul elements.

In order to disable Ul rendering at the View level, we introduce a new class named DisableView
within the Android framework. This DisableView class overrides the existing versions of the
invalidate(), draw(), and updateDisplayListIfDirty() function calls. The key difference is that the
DisableView versions of these function calls include an additional check to determine whether
the user or developer has disabled Ul rendering through the configuration file. If UI rendering has
been disabled, the DisableView class immediately returns without proceeding to render the UL On
the other hand, if Ul rendering is not disabled, the View class calls the original methods defined
within it to render the Ul elements as usual. Since the View class is applicable to all Ul elements,
introducing the DisableView class into the View class ensures that this solution scales and applies
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Algorithm 1 Ignoring interrupts in the Synaptics touch kernel module

1: procedure Synaptic ToucH ReporT(Fhandler)

2 data «— Fhandler->data

3 x_coordinate = data— > x

4 y_coordinate = data— > y

5: if x_coordinate and y_coordinate in disabled area then
6 return 0

7 else

8 Report the touch

to all UI elements across all apps. Hence, the Ul render can be automatically disabled once the user
completes the UI customization.

5.4 Disable Ul touching interaction

Once the rendering of a specific Ul element is disabled, the UI element will no longer be rendered or
displayed on the screen. However, this can result in the app having blank space, which may confuse
users if they accidentally click/scroll/tap on it and find it still responsive. Therefore, it is necessary
to disable the touch interaction for those corresponding invisible Ul elements. By disabling the
touch functionality, users will no longer be able to interact with the empty space, thereby avoiding
any confusion or unintended actions.

We first load the config file as a special file within the privileged file system group. This allows the
kernel to obtain the region information where the touch input needs to be disabled. A pseudocode
of the implementation is shown in Algorithm 1. Whenever an interrupt is triggered due to the
touch, our modified kernel module checks whether it falls within the disabled region (Line 5). Note
that we only allow rectangular areas to be disabled, so the check consists of just a few comparisons
of the coordinates. If the check shows that the area is disabled, we then ignore the interrupt (Line
6) and return without reporting the touch coordinates. Otherwise, we let the usual reporting of
touch (Line 8).

Note that such changes in the device driver of kernel is device-specific, i.e. it comes at the
cost of portability. This is because each device driver has its own way of handling touch. In our
implementation on the Google Nexus 6P and OnePlus 3 smartphones, we utilized the Synaptics
touch module [2]. Although the part of the code where we check the touching region is device-
specific, we expect the touch modules of other smartphones to be very similar in nature as the
information from the upper layers come in the same form into all touchscreen drivers.

6 EVALUATION

We will now explore the power savings achieved through FlexDisplay. We conducted power
measurements on two smartphones, namely the Google Nexus 6 and OnePlus 3. Note that the
power measurement requires connecting it to the Monsoon Power Monitor, which requires tear-

down of a smartphone and soldering wires to attach the smartphone to the Monsoon power monitor
4

4Those experiments involving power profilers that utilize power models are not compatible with FlexDisplay, as these
models cannot account for alterations made in its stack. Thus, we need a hardware power monitor to measure the power
consumption.
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Table 1. A list of apps along with their categories and the components of Ul’s disabled by FlexDisplay.

App Category App Name Disabled Part(s)
Reuters
News Wall Street Jour- Images in articles
nal
Google News
InShorts
. Zomato Lo
Shopping Ebay Preview images of products
Video ) Google Meet Video of other participants
Conferencing Skype
Video YouTube Parts of the screen that
Streaming HotStar streams or runs the video
Camera . .
Camera OpenCamera Video preview
Sport Cricbuzz Images of articles & videos
of discussions
Social Network Twitter Profile photo & Images
shared
Podcast Spotify Album cover for songs

6.1 Evaluation Setup

We selected a total of 15 apps across 7 different categories — news, shopping, video conferencing,
video streaming, sport, social networking and podcast. Each of the selected apps have over 1 million
downloads as reported by Google Play Store. Table 1 presents the app, along with categories.
We use a Monsoon Power Monitor [1] to measure the power consumption in a room at ambient
temperature within a period of one month. We disabled all background apps before starting the
measurement. For each app, we measure phone power consumption over a 2-minute duration,
repeating the process for alteast five times. Subsequently, we compute the average and standard
deviation values. We further disable image and video UI elements using FlexDisplay and conduct a
new set of measurements for five iterations, each lasting 2 minutes. For applications where users
explore content through scrolling, such as Ebay, we employ a script for automated scrolling. This
script operates in a loop, navigating up and down, and employing swipe gestures to traverse pixels.
Baseline Techniques: As a baseline, we capture measurements with a black overlay covering 100%
of the screen’®. We do not compare power savings with Focus [37], as the black overlay technique
delivers greater power savings than the partial dimming achieved by Focus. We do not compare with
orthogonal techniques that scale frequencies intelligently using DVFS [8], or utilize dynamic frame
rates [17] as they are not directly comparable with our approach, and could be used alongside Flex-
Display. Note that the power-saving modes frequently employed by smartphones when operating
under low battery conditions incorporate a suite of energy optimization strategies. These typically
include Dynamic Voltage and Frequency Scaling (DVFS), which adjusts the processor’s operating
voltage and frequency to reduce power consumption; lowering the display refresh rate to minimize
GPU usage; and aggressive throttling or suspension of background network activity, including
reductions in data transfer frequency and throughput. As a result, these simultaneous optimizations

5 Although none of the techniques darken the entire screen, we adopt this approach to maximize power savings on OLED.
This is because black screen conserves the largest amount of power compared to transformation of color in any form.
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Fig. 10. Screenshots of one app in News, Videoconferencing, Camera, and Sports categories, original ver-
sions(left) vs FlexDisplay-mode versions(right).

significantly change the phone’s performance characteristics. Thus, a direct one-to-one comparison
with our proposed approach becomes impractical and potentially misleading.

A limited number of applications, including YouTube and Google Meet, offer the capability
to continue functioning in the background, even when the user navigates away from the app
interface. For these two applications, we include their background operation modes as additional
baseline scenarios in our analysis as such background operation will not incur display power
consumption. Although Spotify similarly supports background execution, we exclude it from such
baseline comparisons. This is because Spotify primarily delivers audio content with relatively static
or non-changing visual elements on the screen, such as album art or a static interface. Consequently,
its display-related power consumption remains largely unaffected whether the app is running in
the foreground or background.

Phone Models: All experiments were conducted on 1) Google Nexus 6 smartphone and 2) OnePlus
3 phone. The Nexus 6 phone features a display size of 5.96 inches, 97.9 cm2, with a resolution of
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Fig. 11. Power savings obtained using on apps of news category using standard app & black patch over the
entire screen, and using FlexDisplay for Google Nexus 6 and OnePlus 3.

1440 x 2560 pixels and a 16:9 aspect ratio. The device is equipped with a Qualcomm APQ8084
Snapdragon 805 (28 nm) chipset, featuring a Quad-core 2.7 GHz Krait 450 CPU and Adreno 420 GPU.
The OnePlus 3 phone features a display size of 5.5 inches, 83.4 cm2, with a resolution of 1080 X 1920
pixels and 16:9 aspect ratio. The device is equipped with a Qualcomm MSM8996 Snapdragon 820
(14 nm) chipset, featuring a Quad-core (2x2.15 GHz Kryo & 2x1.6 GHz Kryo) CPU and Adreno 530
GPU.

6.2 Apps using FlexDisplay

Screenshot of Apps using FlexDisplay: We now compare the changes in the interface seen in the
apps once we use FlexDisplay in Figures 1-10 and 2,. To save space, we show the interfaces only for
one representative app in each category. We visually note that the changes in the Reuters, Spotify
and Cricbuzz lead to removal of decorative images. It is also clear that Spotify and Cricbuzz have a
higher opportunity of saving power using FlexDisplay because the images occupy larger space on
the screen. We further note that Google Meet and the Camera apps disable a large portion of the
content shown on the screen. However, even apps where relatively smaller amount of content is
disabled, have at least close to 10% of power saved.

6.3 Power Savings by Selective Rendering of User Interface

We show the power consumption on each of the fifteen apps, based on category (Figures 11 - 16). We
have released the raw values of power measurement data for both phones®. The raw data is available
both in CD5 and CSV formats. The image of the readings is also available. Each measurement is for
2-minute duration. Each measurement shows time, average current drawn in amperes, and average
power drawn in watts. For each phone model, we show the power savings for each individual app
with and without optimization. The summarized observation of average power and current drawn
and their standard deviation across 5 readings are shown in the file “observations.txt". In addition,
we show the power measurement for black patch and disabled touch on the Nexus phone. Since
each of the different category of apps have diverse levels of power consumption, we plot them
separately. We discuss the power savings of each category of apps:

®https://github.com/sahil20021008/flex-display-data
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Fig. 12. Power savings obtained using on apps of shopping category using standard app & black patch over
the entire screen, and using FlexDisplay for Google Nexus 6 and OnePlus 3.
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Fig. 13. Power savings obtained using on apps of video streaming category using standard app & black patch
over the entire screen, and using FlexDisplay for Google Nexus 6 and OnePlus 3.

News Apps: We disable parts of the display that render images and videos (Figure 11). We observe
that using FlexDisplay saves a power of 4.83%, 10.11%, 10.75% and 11.45% for Reuters, Wall Street
Journal, Google News and InShorts respectively for Nexus 6. We observe that for OnePlus 3, the
power saving is 11.57% for Google News. Such savings are similar to Nexus 6, possibly due to a
similar screen size. We note that for all but one case, the power savings exceed 10%. The relatively
smaller savings for Reuters can be explained by the fact that it has fewer number of images or
videos in the content.

Shopping Apps: We disable the images of the products for the shopping apps (Figure 12). We note
Ebay, a shopping app and Zomato, a food delivery app, show a power savings of 12.72% and 13.32%
respectively for Nexus 6. A similar improvement of 11.42% is achieved for Zomato on OnePlus 3. In
contrast, the black patch only saves 6.4% and 6.7% of power respectively each case.

Video Conferencing Apps: For video conferencing, we set up a video call with a single other
participant and we disable only the video part of the other person. Note that video conferencing
apps available today allow a user to switch off their own video, but not of the other participants.
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Fig. 14. Power savings obtained on video conferencing and camera apps using standard apps & black patch
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entire screen, and using FlexDisplay for Google Nexus 6 and OnePlus 3.
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Fig. 16. Power savings obtained on social network and podcast categories using standard app & black patch
over the entire screen, and using FlexDisplay for Google Nexus 6 and OnePlus 3.
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Fig. 17. Power savings obtained by FlexDisplay’s by disabling the touchscreen.

We note that there is a significant amount of power savings as shown in Figure 14, with Google
Meet and Skype reducing the power consumption by 46.67% and 47.74% respectively. On the other
hand, disabling the video on Google Meet (using not watch a participant’s video feature) saves a
total of 51.57% power — a value comparable to the power saved using FlexDisplay. Note that this
facility is not present on other apps like Skype. This shows that it is possible for batteries to last
much longer using our technique when these apps are used.

Video Streaming Apps: For video streaming, we play a particular video on both YouTube and
HotStar. Figure 13 show that they have a power saving of 14.59% and 14.18% respectively on Nexus
6. YouTube has a slightly higher power saving on OnePlus 3, it is 17.9%. Note that the power
savings of video streaming apps is smaller than that of video conferencing, because these apps are
assumed to be playing the video only over a part of the display. We further measure the playing
of YouTube premium in background with the screen off’, and find that it gives a power saving of
26.24% over conventional playing of YouTube. Note that using this mode does not allow users to
read the comments or browse other video thumbnails.

Camera Apps: FlexDisplay disables the preview of camera apps, but allows the user to view the
photo once it is clicked. For both Camera and Open Camera, a large part of the screen is disabled,
hence both have large savings at 31.02% and 29.22% respectively as shown in Figure 14. This also
explains why FlexDisplay saves a large amount of power on these apps.

Other Apps: We further study the power savings of three different apps — Cricbuzz from sports
category, Twitter from social networking category and Spotify from podcast category shown in
Figure 15 and Figure 16. These apps consume relatively lower power than the video or camera apps.
FlexDisplay still saves 11.08%, 18.10%, and 22.48% of the total power, again showing a significant
amount of savings on Nexus 6. On OnePlus 3, the power-saving numbers for Cricbuzz, Twitter, and
Spotify are 12.85%, 21.76%, and 15.9%, respectively. Thus, we obtain somewhat similar improvement
on both the phone models for these apps..

"The ordinary YouTube does not allow streaming of videos with the display off.
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Summary of Observations: With an extended evaluation of 15 apps from 8 different categories,
we observe that FlexDisplay provides over 10% power savings with a maximum of 47% for video
conferencing apps. Video conferencing and Camera apps provide the most improvement, as in this
case, a significant portion of the display is disabled. Interestingly, for most categories, different
apps provide similar improvement, possibly due to the similarity of content in terms of the display
portion occupied by media content. For example, eBay and Zomato provide a similar improvement
of about 13%. Black patch only provides a power consumption similar to the original app. Flex-
Display always surpasses the power savings offered by the black patch. Further, we observe that
both phone models provide a comparable performance improvement, possibly due to a similar
screen size. However, we also note that absolute power measurement for both the phones varies
significantly for the same app (for example, power consumption for the Zomato app for Nexus
6 and OnePlus 3 in Fig. 12). Such differences are possibly due to version differences of the same
application between the phones.

6.4 Power Saving when Disabling Touchscreen

Disabling unnecessary touchscreen elements, such as stopping an image button from rendering
and becoming invisible, gains two advantages: it not only mitigates user confusion caused by
inadvertent mis-tapping but also contributes to power conservation. We conducted experiments to
measure power saving when disabling the touchscreen. Since the power consumption depends on
different user interaction patterns, we measure them in two scenarios: static tapping and dynamic
swiping, to simulate users’ inadvertently touching and swiping cases, respectively. In the first
scenario, we used a script that automates tapping events for one minute; for the second scenario, we
automated a routine swiping gesture on the screen for one minute. Finally, we measure the power
consumption of FlexDisplay in both situations, though FlexDisplay’s power consumption does not
depend on the user interaction as the signals are ignored. We show the power consumption values
in Figure 17. We observe that with touch being disabled the power savings are 36.67% and 16.48%
with static and moving finger respectively.

These results indicate that disabling the screen touch for unnecessary portions of UI elements
offers two benefits. First, it helps prevent users from accidental mis-tapping, thereby improving
the overall user experience. It also results in significant power savings. By deactivating touch
functionality in areas where it is not required, the device can conserve power resources by up to
36%.

6.5 Overhead of FlexDisplay

While FlexDisplay is designed with the goal of minimizing power consumption, it also introduces
an additional layer of computation and associated overhead. To assess the extent of this overhead,
we conducted measurements specifically focusing on the power impact introduced by FlexDisplay
itself.

FlexDisplay has three sources of overhead - (i) overhead when a user interacts with FlexDisplay
app when a user customizes and specifies a certain app’s Ul element to be disabled; (ii) System
I/O overhead when FlexDisplay reads and writes the config file as per the user’s preferences; and
(iii) additional changes introduced in the enhanced View system. To quantify the overhead, we
compared the power consumption between the original system without installation of FlexDisplay
and the OS that equipped with FlexDisplay. From the result, it turns out that the difference in power
between the hardcoded version and FlexDisplay is within 0.5 percent of a running app,®which is
negligible.

8This small difference in power is difficult to quantify using direct power measurements.
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App Task Description

BBC News Go to the “Explore” section and scroll down until you reach the section on “US
Economy”. Open the second article about the S&P index and read the closing
price.

eBay Search for five items, and add the first search result to the eBay cart. The five

items were PS5, iPhone 14, Perfume, wallet, and sunglasses.

Open Camera | Take three photos of an item from different angles.

Spotify Create a new playlist of 5 songs.

Skype Join a meeting and then answer three questions. The questions were “What is
your first name?”, “What is your date of birth?” and “What is your branch?” in
the first iteration of tasks, and “What is your last name?”, “What is your place
of Birth?” and “What is your year of graduation?” in the second iteration of
tasks.

YouTube Search Cricbuzz to find a specific video that explained a cricket match and play
it. Then, listen to the video and report the score for the match when it was
announced.

Zomato Search for Domino’s Pizza, add one Margarita Pizza and one Farmhouse Pizza
to the cart.

Twitter Navigate to your current profile and then post a Tweet on a specific topic.

Table 2. Tasks given to the participants in each category of apps.

Specifically, we dive deep and analyze each source of overhead by estimating their power
consumption. We first note that interaction with FlexDisplay app requires a total of three screen
touch gestures. Furthermore, Android defines a screen tapping event for a maximum of 100ms
duration. Our power measurement shows that a screen tapping consumes a maximum of 0.9W
power (according to Figure 17), leading to a total energy consumption of 0.27] of energy when
interacting with FlexDisplay. We note that most of our chosen apps consumes at least 1W power
without any user interaction (Figure 11-Figure 16), thus consuming 60J of energy per minute.
Therefore, this overhead forms 0.27/60 = 0.45% of the energy consumed by FlexDisplay app.

We also quantify the overhead of system I/O. To do so, we adjust FlexDisplay’s write frequency
to the local configuration into 4.6 writes per second, i.e., 550 writes for 2 minutes. We then compare
the power consumption between the configuration updating scenario previously discussed and an
idle mode (when FlexDisplay isn’t updating the configuration). The result showed an increase in
power consumption of 0.294W for 550 writes or 0.5mW per write. Note that we only utilize writes,
because writes consume more power than reads on SD cards [15]. Since FlexDisplay initiates less
than one input/output operation per second, thus, the power overhead is less than 0.05% of the app.

Finally, we note that our enhanced Android View System introduces no heavy run-time compu-
tation. Thus, there is no additional overhead introduced to disable the content. Furthermore, it is
only used when an app is in the foreground. In total, the overhead comes to be < 0.5% running an
app without FlexDisplay.

7 USER STUDIES

In this section, we introduce the user studies and show the usability and user feedback on their
experience when using FlexDisplay.

We conducted an IRB-approved user study of the apps with the display being disabled with
FlexDisplay. Since FlexDisplay has a simple and intuitive interface, we did not specifically ask the
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participants about their experience when using it. During the study, users also showed no barriers
to using the FlexDisplay app. The user study used two identical smartphones. The first smartphone
runs the original version of apps, whereas the second uses FlexDisplay to disable image and video
portions of apps. Note that both smartphones have the same size and quality of screen display, to
avoid any bias caused by hardware.

7.1 User Study Design

We invited 20 participants to our user study. Out of 20, a total of 5 (25%) were female. The participants
were drawn primarily from undergraduate and graduate students, with the age ranges between
20-35. The participants were sensitized about the amount of power saved and were informed that
they do not have access to power.

Task-oriented study: We conducted a task-oriented study to assess whether FlexDisplay has any
impact on users’ efficiency or speed in completing their daily activities, including tasks such as shop-
ping and entertainment. In this study, the participants were asked to complete eight predetermined
tasks on a set of apps on both smartphones. The tasks are designed to simulate daily activities,
such as shopping activity, e.g., placing designated items on the shopping cart on a shopping app,
more details are summarized in Table 2. Each task should take around one minute to complete. To
encourage active and patient participation, each participant received a $7 shopping credit upon
completing the study.

Assumptions: We acknowledge that our user study makes a few assumptions about demography
and user behavior. First, although our users are drawn primarily from students, we assume that
they represent the behavior of all smartphone users. Second, the users are requested to follow their
behavior of normal use, when they do not have access to a ready source of power. We assume that
users, in being so instructed, follow their usual behavior. Finally, although we explicitly inform the
users that their data is anonymized, we recognize the risk of users giving higher scores to appear
agreeable. We mitigate this risk by explicitly highlighting the use of honest feedback, and further
by asking the users for suggestions for further improvement.

To mitigate the influence of short-term memory and ensure a fair comparison, we designed a

study specifically aimed at minimizing short-term memory impact. This is crucial as participants
memorizing the initial batch of tasks could lead to consistently faster performance in repeated tasks.
Specifically, we shuffled the 20 participants and divided them into two groups. The first group, with
10 randomly chosen participants, was assigned to perform all tasks on the first smartphone (with
the original app versions). After a five-minute interval, they repeated the same tasks on the second
smartphone, which featured the FlexDisplay-mode apps. In the second group, the sequence of
smartphone usage was reversed. Participants initially performed all tasks using the second phone
(FlexDisplay-mode apps) and subsequently attempted the tasks again on the first phone (original
apps). This experimental design aimed to mitigate the influence of short-term memory, given that
short-term memory is generally considered to last around 30 seconds [21]. Researchers recorded
the time taken by each user to complete individual tasks using a stopwatch.
Questionnaire study: Participants were invited to share open-ended comments about the situa-
tions in which they would favor using the applications after completing the tasks above. Addition-
ally, participants were also asked to played with all fifteen FlexDisplay-mode apps, and then rated
their quality of experience with FlexDisplay on a scale of 1 to 5, with 5 representing the highest
satisfaction level.

7.2 Results

7.2.1 Task-oriented Result. As shown in Figure 18, the results for completion times on those eight
tasks indicate no significant time difference in task completion.

This is the author’s version of a paper accepted at ACM Journal on Computing and
Sustainable Societies. The final version is available at ACM Digital Library.



Anshak Goyal, Deeptorshi Mondal, Manavjeet Singh, et al.

120
[ZZ1 Original Apps
B4 Images/Videos Disabled
100 1
—~ 3
0 93
) g o %
80 g
o= bo%e?
Q ooy
&4
v oo
T 601 TR
- 3 0%
3 0%
0% )
v ooy 0%
€ 3 g
40+ 9% o
i= 2038 o
— 3 0%
XX XK
be%s &4
3 0%
| % o%e?
201 3% o3
3 0%
3 g
b3 2%
0% 2
%o} 0%
3N 5

BBC Sk{/pe Op'en Ebay YoutubeZon%ato Spc;tify Twi‘tter
News Camera
Apps
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Fig. 19. Experience rating scores for each app obtained by taking the mean and standard deviation of 20
participants, the higher the better. (Y-axis starts from 1.)

The difference in the mean times taken for participants to perform the tasks per app was
generally within a few seconds, with the largest difference being in Ebay (6.6 seconds) and the
smallest difference being in open camera (0.56 seconds), with the average mean time being 2.116
seconds. This is only equal to 1.3% more than the time taken to perform on the original app,
indicating that the differences are within the margin of error.

Conducting a paired t-test on each distribution, we found that only the increase in time for the
Zomato app was statistically significant, while the others were statistically insignificant. From the
result, it turns out that FlexDisplay does not impede users in performing these actions when images
and videos are disabled.

7.2.2  Questionnaire Result. Figure 19 presents the rating scores from all participants when they
used FlexDisplay-mode apps. The average quality of experience score across all participants and
apps is 3.49, suggesting a generally positive reception. Notably, participants expressed a favorable
impact of FlexDisplay on BBC News and Spotify, with mean usability scores surpassing 4.0. This
preference was primarily attributed to participants deeming the disabled content as less crucial
to their overall experience. Conversely, Open Camera received a slightly lower usability score,
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just below 2.5. For the remaining apps, the usability scores exceeded 3.0, indicating that users are
inclined to use FlexDisplay in various scenarios.

We also asked participants if they would prefer using FlexDisplay in any specific scenario or
situation. Participants specified a wide range of scenarios, but a few that were common are:

e When the battery is low, and you need to perform a task.

e When you are traveling on a long journey and are anxious about your phone’s battery life.

e When the app you are using does not need images or videos and can function properly with
only text.

We further ask a few general questions to the participants. These include the questions:

(1) If participants liked this feature on any particular category of apps. Most participants specified
the category “News" as the one where they strongly preferred this feature.

(2) If there are apps that are not part of this study where they would like the feature. Only 13
participants were able to come up with one or more apps, with the candidates named including
taxi booking, messaging, ticket booking, and payment. Those apps are noted and we will
consider scaling to those apps in our future work.

(3) Whether they liked the overall idea of using FlexDisplay on a scale of 1 to 5: The mean, median,
and modes received were 3.68, 3.9, 4.0, respectively, indicating that most participants liked
the overall experience. However, a couple of participants (9.5%) also assigned a score of 2.0,
indicating that they are unlikely to utilize FlexDisplay. These participants on asked, preferred to
utilize alternative techniques such as carrying power banks to avoid such power optimizations.

8 RELATED WORK

We classify prior works into two categories — works that optimize apps to reduce energy consump-
tion and frameworks to optimize the displayed content.

Optimization of Apps: A number of techniques have been tried to reduce the energy consumption
of individual apps. These include strategies such as offloading of compute-intensive strategies
to other devices, as proposed by MAUI [11], CloneCloud [9] and Neurosurgeon [20]. A second
technique is to identify common code hotspots and optimize them. For example, [24] and [31]
specifically optimize HTTP requests and Java collections respectively, both of which are widely
used in apps. Chimera [10] and EnergyPatch [4] take this strategy further by utilizing an automated
way of identifying the energy hotspots and refactoring them in the wild. Our work builds upon
these approaches, but specifically focuses on the energy consumption due to the computation
related to rendering of content on display. GearDVFS [26] identifies the workload of the apps,
and accordingly scales the frequency of the phone’s processors. The work [8] jointly decides the
frequencies of CPU and GPU to further conserve power. These techniques are orthogonal to our
technique, and could potentially be built along with our changes.

Optimization of Display: As display consumed a significant portion of the total energy, a number
of studies tried to optimize it. For example, [22] and [27] both vary refresh rates on the display,
depending on the content. The rise of OLED displays allowed additional optimizations, as darkening
of pixels of them save significant amount of energy [12]. For example, brightness dimming [18,
36, 40] is available on almost all modern smartphones to reduce energy consumption. ULPM
[39] extends it by allowing users to interact without displaying any content on the smartphone
display. Focus [37] reduces the brightness based on the importance of different content to users.
FingerShadow [6] darkens pixels close to the user’s fingers during their interaction as these pixels
are not perceived by the users. ShutPix [41] develops a library that can reduce the density of
pixels of some apps. The work [19] adapts the brightness to the ambient light present. FlexDisplay
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utilizes similar strategies, but goes further than these studies by also disabling the rendering to
save significantly more energy.

A few additional works also target the display content of specific apps. For example, Flash
[5] identifies the important content when users scroll through web pages. Peo [34] optimizes
the brightness level of smartphone display based on the video streamed to the user. LpGL [7]
optimizes the brightness levels for virtual reality content. Chameleon [13] designs a color-adaptive
web browser that changes the colors of the rendered web pages to conserve energy. RAVEN
[17] regulates the frame rate of mobile games by looking at their perceptual similarity. These
optimization techniques are orthogonal to that of FlexDisplay.

9 DISCUSSIONS

Through the extensive evaluation of FlexDisplay, we found it to be effective in saving the power of
different categories of apps. Further, we discuss some of the major observations and limitations
observed during our experiments.

Generalizability Across Applications: While we have evaluated FlexDisplay on a total of 8 app
categories, it is possible to also utilize it on a few more different types of apps. This is because
the technique used to identify the user interface elements is general in nature. Furthermore, it is
relatively easy to add additional classes to the config file, which can be handled by FlexDisplay
app. Beyond these two steps, there is no app-specific strategy used in FlexDisplay. We have not
evaluated FlexDisplay on any game app, any app that provides delivery or location-based services
and productivity apps. We expect FlexDisplay to generalize to most of these apps, with one exception.
Currently, FlexDisplay does not work on location-based apps where maps is the most important
user interface component. This is because such apps bypass the View framework layer for rendering
maps. It directly makes a call to the Android runtime API for location. Hence, FlexDisplay cannot
be used as currently on such apps. In future, we plan to extend the support to these types of apps
as well.

Additional Savings via Disabling Fetching of Content: A current limitation of FlexDisplay is
that it only disables rendering of content, while still fetching them over the network. Fetching such
content that are not utilized can also lead to wastage of both power and bandwidth. We plan to
disable such fetching of content as part of our future work.

Requires Rooting of Smartphones: The current iteration of FlexDisplay necessitates rooting
of the smartphone, as this allows for the installation of the kernel and the modified View system.
However, our long-term vision entails a system akin to FlexDisplay being incorporated as an
additional feature by device manufacturers. Additionally, for this study, we exclusively focused on
Android smartphones, as they are open-sourced and straightforward to upgrade. We anticipate
that integrating with iOS smartphones would involve a similar process, given their utilization of a
similar user interface system.

Disabling of Banner Advertisements: FlexDisplay intentionally refrains from disabling in-
app advertisements, even though the rendering of banner ads consumes a significant amount of
power in some cases. This decision is made considering that many app developers rely on these
advertisements to sustain their income sources for app development. Therefore, we have chosen
not to disable advertisements, although it is technically feasible to do so using FlexDisplay.
Possibility of Disabling Required Prompts: While FlexDisplay has been designed with the ob-
jective of disabling user interface elements that are unnecessary, we acknowledge that occasionally
it might disable needed interaction. For example, disabling images in a news app might have the
unintended consequence of also disabling the interactive response system occasionally present
in news articles. In case of camera, the annotations that aid the users in picking the right angle
also get disabled. To account for such factors, we explicitly included these cases in the user study,

This is the author’s version of a paper accepted at ACM Journal on Computing and
Sustainable Societies. The final version is available at ACM Digital Library.



FlexDisplay: An Optimized Smartphone Display Framework To Conserve Battery Power

and informed users among them. The vast majority of users (as shown in user study) agreed that
the benefits of power saving outweigh the disadvantages of occasionally losing out some prompts.
In most cases, users recognized when prompts were missed, and they used FlexDisplay’s app to
render the user interface specifically for that app.

Requirement of Manual Effort: One challenge of using FlexDisplay is that it requires some
amount of manual effort to identify the user interface elements, though this effort is mitigated by
giving hints using our heuristic. While we acknowledge that FlexDisplay requires such identification
for each app, we also note that the user interface names do not change across versions of the
apps. Thus, this is a one-time effort for each app. In our experience, this effort takes less than 10
minutes per app, making the amount of manual effort minimal. Furthermore, we also recognize
that additional automation using machine learning techniques are possible, which we leave for
future work. It is also feasible to have a swiping gesture enabled to enable or disable an individual
app for easier use.

Failing to Identify Correct User Interface Element: Since our technique of identifying user
interface elements is a heuristic, it is possible that it fails to identify the right user interface element.
Note that because this step of identifying the user element has a human-in-the-loop, we assume
that such developers would identify the user interface elements correctly. Although we have not
encountered any app among the ones we have tried FlexDisplay where our heuristic failed, we
recognize that in case it occurs, FlexDisplay will not disable any user interface elements, and will,
therefore, not save any power.

10  CONCLUSION

Low battery anxiety is a significant concern among smartphone users, one reason is due to the
inefficiency of current mobile systems and applications in displaying the UL These systems often
lack flexible options for users to stop displaying unnecessary or unwanted Ul elements. In this
paper, we propose FlexDisplay, which provides users with easy customization options to selectively
disable UI elements with minimal disruption to the user experience. FlexDisplay also prevents users’
mis-taps on disabled Ul regions to avoid confusion and negative user experience. Achieving these
goals involves upgrading the Android software stack, including the View system at the framework
layer and the Android kernel layer. Designed to support numerous apps across various smartphones,
FlexDisplay demonstrates significant power savings and usability improvements across 15 apps
spanning 8 different genres for two different smartphone models. Our results consistently show
over 10% power savings (up to 47.47%). User studies indicate that FlexDisplay does not hinder users’
ability to perform tasks within apps, with a median user rating of 3.8/5, reflecting its favorable
usability score.
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