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Mobile applications will become progressively more complicated and diverse. Heterogeneous computing ar-
chitectures like big.LITTLE are a hardware solution that allows mobile devices to combine computing per-
formance and energy efficiency. However, software solutions that conform to the paradigm of conventional
fair scheduling and governing are not applicable to mobile systems, thereby degrading user experience or
reducing energy efficiency. In this paper, we exploit the concept of application sensitivity, which reflects the
user’s attention on each application, and devise a user-centric scheduler and governor that allocate comput-
ing resources to applications according to their sensitivity. Furthermore, we integrate our design into the
Android operating system. The results of experiments conducted on a commercial big.LITTLE smartphone
with real-world mobile apps demonstrate that the proposed design can achieve significant energy efficiency
gains while improving the quality of user experience.
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1. INTRODUCTION

The tremendous paradigm shift in personal computing has led to an explosive growth
in the number of mobile apps on Google Play1. To support more complicated mobile ap-
plications, mobile devices will increasingly improve the computing performance, such
as employing more cores and/or higher frequencies. However, the performance gain
usually results in higher power consumption, which is obviously a significant concern

1Google Play, http://play.google.com.
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for mobile devices. As mobile applications will become more diverse as well, heteroge-
neous computing architectures, especially ARM’s big.LITTLE2, are deemed a promis-
ing solution for the emerging genre of mobile devices. The intention behind big.LITTLE
is to create a computing unit that combine the performance of a power-hungry proces-
sor with the energy efficiency of a low-speed processor. Some recent mobile devices,
such as Samsung Galaxy S43, have featured the latest big.LITTLE architecture.

Hardware solutions have been sought to satisfy the two conflicting requirements,
namely performance and energy efficiency, simultaneously. Unfortunately, software so-
lutions that borrow legacy designs directly from some conventional operating systems,
e.g., Linux, cannot be applied seamlessly in mobile systems. In the paradigm of con-
ventional fair scheduling, the scheduler treats all applications equally by default, and
it allocates the available cores and execution cycles to running applications in an equal
manner. When an application causes an abrupt increase in the CPU workload, if the
governor blindly scales up the CPU frequency and/or turns on more cores to meet the
application’s needs, energy efficiency may be degraded with no improvement in user
experience. In contrast, if the governor does not react to the workload changes or even
reduces the available computing resources to save power, the response time of the ap-
plication that dominates the user’s attention may be affected by the other applications
and damage the user’s experience. This is because the governor treats applications
equally. Therefore, the scheduler and governor developed for mobile devices should be
different from previous designs for personal computers and servers.

Mobile applications provide a large variety of functionalities, some of which are
delay-sensitive while others are delay-tolerant. Delay-tolerant applications, like file
zipping, can be delayed without affecting the user’s experience significantly. By con-
trast, delay-sensitive applications, such as video playing, are extremely sensitive to
delay and thus require timely responses. Because different applications’ delay may
have different impacts on user experience, mobile applications should be treated un-
equally by allocating computing resources to them proportionally according to “some
metric” that reflects user perception. Proportional-share scheduling, in which tasks re-
ceive computing resources proportional to their weights or priorities, is the norm in
many operating systems [Li et al. 2009] and real-time systems [Chandra et al. 2001].
Any proportional-share scheduling algorithm could be implemented by a multilevel
feedback queue scheduler, the most general CPU-scheduling framework that can be
configured to match a specific system under consideration [Silberschatz et al. 2010].
However, configuring an appropriate scheduler for a specific system requires some
means by which to assign priorities and allocate resources to tasks.

In the past decades, a massive body of research on priority assignment and resource
allocation has accumulated against real-time systems. Classical real-time scheduling
algorithms assign priorities to tasks according to their deadlines or periods, and al-
ways allocate the CPU to the highest-priority task [Liu and Layland 1973]. For soft
real-time systems, where tasks do not have explicit deadlines, resource reservation
was proposed as an alternative to classical scheduling algorithms [Abeni and Buttazzo
1998]. Reservation-based algorithms differ from each other in how resources are pre-
allocated to tasks. In [Abeni and Buttazzo 1999], for example, each task is character-
ized by an importance value specified by the user, and the resources will be shared
according to tasks’ importance. The concept of resource reservation was implemented
as an extension in a number of operating systems, such as Linux [Cucinotta et al. 2004]
and Android [Segovia et al. 2010], to add real-time behavior and guarantee computing
resources to tasks, without jeopardizing the systems [Maia et al. 2010]. By contrast,

2ARM, http://www.arm.com
3Samsung, Inc., http://www.samsung.com.
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mobile systems emphasize particularly on user experience. In [Mercati et al. 2013],
applications are classified into highly critical or less critical, and a highly-critical ap-
plication is always executed with the highest CPU frequency. The idea can be realized
with a friendly interface allowing the user to mark applications with different critical
levels in Android [Mercati et al. 2014]. To favor the application visible on the screen,
the latest versions of Android impose control groups on all applications to ensure that
the foreground application receives a lot more CPU time than background applications
[Goransson 2014]. However, a simultaneous improvement in user experience and en-
ergy efficiency cannot be achieved by simply allocating different amounts of CPU time
to foreground and background applications.

In this paper, we introduce the concept of application sensitivity into scheduler and
governor designs for mobile systems, with the objective of improving user experience
and energy efficiency simultaneously. The sensitivity of each application is to reflect
the degree of attention it receives from the user, so that more computing resources (not
only temporal but also “spatial” CPU resources) can be allocated to applications that
attract more user attention at the moment. Realizing this concept in mobile operating
systems obviously raises several design challenges. First, determining the sensitivity
of each application is a major challenge. Our design, which is based on some obser-
vations about human attention and interaction [Chang et al. 2013; Tolia et al. 2006],
classifies the sensitivity of applications into three levels: high (or interactive), medium
(or foreground and system), and low (or background). Based on these levels, we de-
fine three sensitivity states, as well as delineate the rules of sensitivity inheritance and
transitions between the states. Note that we determine an application’s sensitivity
based on its current status, instead of its category. Then, another challenge is how to
exploit each application’s sensitivity during scheduling and governing. This is difficult
because the governor tends to limit the computing resources (i.e., the used cluster, the
number of active cores, and the operating frequency of the CPU) to prevent unneces-
sary power usage. Consequently, the scheduler has to allocate the available computing
resources appropriately to maintain the quality of user experience. Our design, which
considers user experience and energy efficiency simultaneously, manages and allocates
computing resources in certain proportions to applications with high, medium, and low
sensitivity. Specifically, the scheduler exploits the sensitivity of applications to perform
thread prioritization, thread allocation, and thread migration; and the governor con-
siders the sensitivity when managing computing resources with dynamic power man-
agement (DPM), dynamic voltage and frequency scaling (DVFS), and cluster switching.
Third, to validate the concept and evaluate our design, we have integrated our user-
centric scheduler and governor into the Android operating system. We discuss some
technical issues that arise with the integration. Finally, we conducted extensive exper-
iments on a commercial Samsung Galaxy S4 smartphone with some mobile apps found
on Google Play. Compared to the Completely Fair Scheduler [Love 2010] and the On-
demand governor [Pallipadi and Starikovskiy 2006], the proposed design can reduce
the CPU’s energy consumption by 24.9% while improving 35.2% response time of the
application that dominates the user’s attention. The experiment results also provide
some valuable insights into user-centric scheduling and governing on mobile devices.

The remainder of this paper is organized as follows. Section 2 provides some back-
ground information and an example to show the potential benefits. In Section 3, we
discuss the design details and implementation issues. The experiment results are re-
ported in Section 4; and Section 5 provides a review of related work. Section 6 contains
some concluding remarks.
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2. BACKGROUND AND MOTIVATION

First, we provide some background information about the scheduler and governor in
mobile operating systems. Then, we present an example to demonstrate the potential
benefits of user-centric scheduling and governing over traditional fair scheduling and
governing, and consider the major design challenges.

2.1. Background Information

BackgroundForeground

Video

 Application Manager

Scheduler Governor

CPU

~

Zip Launcher

~~ ~ ~~

Application

Framework

& Libraries

Kernel

Hardware

Fig. 1. The system architecture.

Figure. 1 shows the architecture of the mobile system considered in this work. The
application layer allows multiple applications to be executed simultaneously; however,
only one can run in the foreground at a time, while the others run in the background4.
The application manager in the framework layer maintains the metadata of the run-
ning applications; for example, details of the application currently running in the fore-
ground. The kernel layer contains two key components, namely, the scheduler and the
governor. The scheduler supervises thread execution, such as selecting the next thread
to be executed, the duration of the execution, and the core to be used. Therefore, it has
a significant influence on each thread’s performance. Meanwhile, the governor man-
ages the CPU’s resources by scaling its frequency up or down, turning the CPU cores
on or off (i.e., switching to a low-power state), and switching the CPU to the LITTLE or
big cluster according to changes in the workload. Although vendors may employ differ-
ent scheduling and governing implementations, a general approach is based on CPU
utilization as follows.

The scheduler handles thread prioritization, thread allocation, and thread migration.
The Completely Fair Scheduler (CFS) [Love 2010] is widely used in modern operating
systems, including Android, so we utilize it as an example here. The key concept of
the CFS is to allocate available computing resources fairly to threads based on their
priorities and to balance the utilization among different cores in order to achieve ideal
multitasking.

4This is to faithfully reflect the current practice of mobile operating systems, but our design can easily be
extended without the limitation.
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(1) Thread Prioritization. Thread prioritization assigns a specific priority to each
thread and then allocates the CPU time per scheduling period to running threads
based on their priorities. In the CFS, the default priority of a thread is inherited
from its parent, and all threads forked by user applications have the same priority.
If two threads with the same priority are running on the same core, they will be
allocated the same amount of CPU time per scheduling period. The CFS maintains
the running threads in a red-black tree. In each scheduling period, every running
thread will be executed exactly once, and the thread that has spent the least amount
of time in the tree will be executed first to achieve fairness. Note that the available
CPU time is reallocated when the number of running threads changes, i.e., when
threads join or leave the running queue. In other words, an active core will not be
idle unless there are no running threads.

(2) Thread Allocation. Thread allocation assigns a newly forked thread to an active
core for execution. When a new thread is forked, the CFS checks the number of
running threads on each core and allocates the new thread to the core with the
smallest number of running threads.

(3) Thread Migration. Thread migration moves threads between cores to prevent a
workload unbalance among the cores. The CFS periodically checks if the number
of running threads on one core is more than twice the number on another core. In
each sampling period, if thread migration is triggered, a thread on the core with the
largest number of running threads is moved to the core with the smallest number
of running threads. This process is repeated until the workload is balanced.

The governor introduced in Linux 2.6 is still used by Android to adjust the CPU fre-
quency in order to save energy. In this paper, it represents the component responsible
for managing computing resources via DPM, DVFS, and cluster switching.

(1) DPM. DPM attempts to prevent unnecessary power usage by turning cores on or
off. A popular way to decide whether to turn cores on or off is to check the operat-
ing frequency per sampling period. If the current frequency exceeds a predefined
threshold, another core is turned on immediately to provide more computing re-
sources. Conversely, if the frequency is lower than another threshold for a few sam-
pling periods, one active core is turned off to save power. Moreover, some variant
implementations may confine the number of active cores to the number of running
threads. Note that turning cores on or off is usually accompanied by thread migra-
tion.

(2) DVFS. DVFS adjusts the operating frequency (and thus the supply voltage) dy-
namically as the CPU utilization varies. Recently developed mobile devices only
support synchronous scaling, i.e., all the active cores have to operate on the same
frequency level in each sampling period. A number of scaling polices have been
proposed. Among them, Ondemand [Pallipadi and Starikovskiy 2006] is a default
policy implemented on many commercial mobile devices. When a core’s utilization
exceeds a predefined threshold, Ondemand scales the operating frequency to the
highest level to deal with bursty workloads. In contrast, when the utilization of all
cores falls below another predefined threshold, it scales down the frequency step
by step to save power. Note that different clusters should have appropriate pairs of
thresholds.

(3) Cluster Switching. Cluster switching reconfigures the CPU to accommodate dy-
namic computing needs. Although there are three models for the CPU to be rear-
ranged, only the simplest model, i.e., one cluster is active at a time, is implemented
in the latest mobile devices. With the simplest implementation, the big cluster is
activated if a core’s utilization exceeds a predefined threshold while the LITTLE
cluster already operates on its highest frequency. Similarly, the transition to the
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LITTLE cluster occurs when the utilization of all cores falls below another thresh-
old while the big cluster operates on its lowest frequency. To alleviate the ping-pong
effect, the two thresholds should be set carefully with a sufficiently large difference
between them. Moreover, immediately before a cluster is powered off, the other will
be activated with the same number of cores, so that thread migration can be per-
formed on a one to one basis.

2.2. Example of Benefits

Consider a scenario where two applications, a social app and a video app, run on a
mobile device equipped with two different dual-core clusters, as shown in Figure 2.
Each core of the LITTLE cluster operating at the highest frequency level can provide
0.7 mega computing cycles per scheduling period T . For the big cluster, each core can
provide 0.75 to 1 mega computing cycles, depending on the operating frequency. The
social app has one thread that requires 6.6 mega computing cycles to complete its
execution5. Moreover, when executed in the foreground, it requires 0.6 mega cycles per
period to achieve smooth user interaction. The video app comprises two synchronized
threads, each of which also requires a total of 6.6 mega computing cycles as well as 0.6
mega cycles per period to ensure smooth video playing in the foreground. The video
app is started at time T ; then, the social app is started at time 2T , so the video app
is switched to the background. At time 10T , the video app is switched back to the
foreground again. When the video is finished, the social app is switched back to the
foreground and executed until completion.

(a) Fair scheduling and governing

(b) User-centric scheduling and governing

Fig. 2. A motivating example.

5To make the example simple, we assume that an application requires the same number of computing cycles
no matter which cluster it runs on, although the big can often execute more instructions in a cycle than the
LITTLE. Moreover, the overhead required for thread migration is ignored in the example.
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Figure 2(a) shows the result derived based on the scheduler and governor described
in Section 2.1. Initially, the device is idle with the LITTLE cluster being active, and
core 2 is in the off mode to save power. When the video app starts at time T , core 2
is turned on and the two video threads, denoted by V1 and V2, are allocated individu-
ally to the cores so that each thread can obtain 0.6 mega cycles during the scheduling
period. The social app starts running at time 2T . As both cores are occupied by one
thread, the social thread, denoted by S, is allocated randomly to core 1. Because all
application threads are treated equally by the scheduler, the social thread has to share
the available computing cycles evenly with the video thread. To achieve smooth user
interaction, the governor activates the big cluster and attempts to increase the CPU
frequency. However, the social app is only allocated 0.5 mega cycles per period, al-
though the cores are already operating at the highest frequency level. As a result, the
user may not interact with the social app smoothly until the video app is switched
back to the foreground at time 10T . Similarly, because each of the two synchronized
video thread is only allocated 0.5 mega cycles per period, the user may not experience
smooth video playback until the video finishes at time 14T . At that time, the LITTLE
cluster is also activated with core 2 turned off to save power. Finally, the social app is
executed in the foreground on core 1 until completion at time 15T . Treating all threads
equally may, ironically, affect the user’s experience.

The foreground application usually dominates the user’s attention. In user-centric
scheduling and governing, delay-sensitive and delay-tolerant threads are allocated dif-
ferent numbers of computing cycles to improve the user’s experience and save energy
simultaneously. We use the example in Figure 2(b) to explain the potential benefits.
Suppose the computing resource allocated to a foreground thread is six times that al-
located to a background thread on the same core. When the video app starts at time T ,
the scheduler treats its two threads equally as usual. At time 2T , the social app starts
to run in the foreground. To achieve smooth user interaction, the scheduler moves
V1 to core 2 and allocates core 1 exclusively to S; then, it reallocates the computing
cycles to the three threads based on their sensitivity. Consequently, the social app is
executed with sufficient computing cycles per period until the video app is switched
back to the foreground at time 10T . Similarly, to achieve smooth video playback, the
scheduler moves V1 back to core 1 and reallocates the computing cycles accordingly.
After the video finishes playing at time 16T , the social app is switched back to the fore-
ground. Because the social thread only needs 0.6 mega cycles per period, the governor
turns off core 2 and scales down the CPU frequency to save power. Finally, the social
app finishes at time 18T . Although the two apps finish later than in Figure 2(a), the
user may not be aware of the delay, and may even feel satisfied due to smooth user
interaction and video playing. Moreover, this schedule requires less energy than the
previous schedule derived in Figure 2(a) because it uses a frequency lower than or, at
least, equal to that used in the previous schedule to deal with the same part of the
CPU workload. Note that the social app can also stay in the background to save more
energy. In other words, user-centric scheduling and governing is designed to react to
user behavior to improve user experience and save energy.

2.3. Design Challenges

Although the previous example demonstrates the benefits of user-centric scheduling
and governing, several design challenges must be resolved in order to realize the con-
cept, in addition to the issue of compatibility with existing mobile operating systems.

Determining Thread Sensitivity: The first challenge is how to determine the sen-
sitivity of each application to reflect the user’s perception of its delay. A straightfor-
ward way is to categorize mobile applications based on how they affect user experience
and assign them fixed sensitivity; however, such a way cannot react to individual user
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behavior. This is particularly difficult because an application could have different de-
grees of sensitivity for individual users depending on how they use it. Even for the
same user, an application’s sensitivity might vary over time as the focus of the user’s
attention changes.

Scheduling and Governing Based on Sensitivity: Another challenge is how to
perform scheduling and governing based on thread sensitivity so that both user experi-
ence and energy efficiency can be improved. Intuitively, the scheduler should allocate
more computing resources to threads with higher sensitivity than those with lower
sensitivity. However, computing resources are finite because the governor simultane-
ously attempts to limit the available resources to save power. Therefore, the scheduler
and governor should cooperate to find a balance between user experience and energy
efficiency for threads with different levels of sensitivity.

3. USER-CENTRIC SCHEDULING AND GOVERNING

In this section, we explain how thread sensitivity is determined (Section 3.1); present
the design details of our user-centric scheduler and governor (Section 3.2); and dis-
cuss some technical issues that arise when integrating our design into the Android
operating system (Section 3.3).

3.1. Thread Sensitivity Determination

3.1.1. Observations. First, we make two observations about human attention and in-
teraction that provide useful insights into determining thread sensitivity.

Foreground Domination: Mobile applications with a large number of creative
functionalities induce various user habits and behavior patterns [Falaki et al. 2010].
However, a thread’s sensitivity is highly dependent on the application that the user is
currently focusing on. Because the foreground application usually dominates the user’s
attention [Chang et al. 2013], this observation suggests that threads belonging to the
foreground application should be differentiated from those belonging to background
applications.

Highly Sensitive Interaction: Most mobile users interact with their devices fre-
quently and sometimes switch between mobile applications quickly. Studies of human
computer interaction indicate that people usually expect to receive feedback from their
devices within a few hundred milliseconds after each touch interaction [Donohoo et al.
2011; Tolia et al. 2006]. To avoid an adverse impact on user experience, if the user
is interacting with the foreground application, we should provide as many computing
resources as possible to ensure a timely response.

3.1.2. Sensitivity States and Transitions. Based on the above observations, we classify
thread sensitivity into three levels: high (interactive), medium (foreground and sys-
tem), and low (background). However, there are different ways to classify sensitivity.
For example, we can further divide the background applications into two sensitivity
levels, depending on whether they use the audio interface. In contrast, a simple dis-
tinction between foreground and background applications could also be useful. In the
following, we discuss the three sensitivity states, as well as possible transitions of
threads between the states.

Sensitivity States: Figure 3 shows the transitions between the high, medium, and
low sensitivity states. Once an application thread is forked, it will remain in one of the
three states until its termination. All threads belonging to an application should be in
the same state because they may be interdependent. Thus, all the threads belonging
to the current foreground application are deemed medium or high sensitivity threads,
depending on whether the user is interacting with the application. In contrast, all
threads belonging to background applications are classified as low sensitivity threads
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Threads

Background

Threads

High

Medium
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Fig. 3. Sensitivity states and thread transitions.

because they attract less user attention. Moreover, in our design, any system threads
that do not belong to user applications are categorized as medium sensitivity threads
and their sensitivity will never change.

Sensitivity Inheritance and Transitions: The initial sensitivity of application
threads is derived from the root parent of all user applications. For example, the first
thread of any application in Android is created by a system service called Zygote, whose
sensitivity is set as medium. When an application is started in the foreground, the
first thread inherits its sensitivity from Zygote, and subsequent threads inherit their
parents’ sensitivity. Next, we describe the possible transitions of application threads.

Medium → Low. This transition occurs when the foreground application is switched to
the background. When a switch takes place, all threads belonging to the foreground
application will change from the medium to the low sensitivity state.

Low → Medium. This transition occurs when a background application is switched
to the foreground. Note that there is always a foreground application. In current
practices, if the foreground application is terminated, or switched to the background,
it will be replaced by the previous application or the home user interface. All the
threads of the new foreground application will transit from the low to the medium
state.

Medium → High. This transition occurs when a user interacts with a mobile device.
When the user touches the screen or any button, all application threads whose sen-
sitivity is medium will transit to the high sensitivity state because only one appli-
cation can run in the foreground.

High → Medium. This transition occurs when the user does not interact with the mo-
bile device for a few hundred milliseconds6 after an interaction. In other words, a
thread will only remain in the high state for a short time after each touch because
the response to the touch is supposed to be finished in a few hundred milliseconds.
All the threads with high sensitivity will revert to the medium state.

Display Toggle: There is also a special case that is caused by the display toggle.
When the display is turned off, all application threads are forced into the background
and therefore change to low sensitivity. As soon as the display is turned on, all the
threads revert to their original states, i.e., their states before the display was turned
off.

3.2. Scheduler and Governor Designs

6Following the measurements reported in [Tolia et al. 2006], our implementation adopts 500 ms.
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3.2.1. Design Principles. Before explaining how our design exploits the sensitivity
states, we present some principles that our scheduler and governor follow to find a
balance between the two conflicting objectives discussed earlier.

User Experience Considerations: To improve user experience, more computing
resources should be allocated to threads with higher sensitivity than those with lower
sensitivity. Thus, our scheduler allocates the CPU time per scheduling period according
to whether the threads are in the high, medium, or low sensitivity state. It also tends
to distribute high- and medium-sensitivity threads to active cores by balancing the
total sensitivity of the threads on those cores.

Energy Efficiency Considerations: To reduce energy consumption, the manage-
ment of computing resources should be based on the sensitivity of the running threads.
To this end, our governor allocates as many resources as possible to high-sensitivity
threads, sufficient resources to medium-sensitivity threads, and limited resources to
low-sensitivity threads. Moreover, given the same number of threads and the same
number of cores, it has been observed that imbalanced utilization will consume more
energy than balanced utilization [Wei et al. 2010]. Thus, our scheduler attempts to
balance not only the sensitivity but also the utilization among cores.

3.2.2. Scheduler Designs. Next, we explain how our scheduler exploits thread sensitiv-
ity to perform thread prioritization, thread allocation, and thread migration.

Thread Prioritization: The scheduler allocates the CPU time per scheduling pe-
riod to running threads based on their sensitivity. For this operation, our implementa-
tion borrows the Android priority system, in which the priority of a thread depends on
a value, called the nice value, in the range -20 to 19. A smaller value implies a higher
priority. If the difference between the nice values of two threads is k, the CPU time al-
located to the higher-priority thread is approximately 1.25k times that allocated to the
lower-priority thread; thus, the larger the value of k, the more unequally7 the threads
are treated. After the running threads are prioritized, the scheduler relies on the CFS
to schedule them for execution. Note that thread prioritization is performed whenever
a thread’s sensitivity changes.

Thread Allocation: Each newly forked thread is allocated by the scheduler to an
active core based on its sensitivity. Once forked, the thread inherits its parent’s sensi-
tivity. If the sensitivity is medium or high, the thread is allocated to the core with the
minimum total sensitivity so that it can obtain more computing resources. In contrast,
if its sensitivity is low, it is allocated to the core with the minimum total workload so
as to balance the utilization of the cores. The total sensitivity of a core is the sum of
the sensitivity values8 of the threads running on it. Similarly, the total workload is
the sum of the computing cycles of the running threads. We explain how to estimate
the workload of a running thread later in the discussion of implementation issues in
Section 3.3.

Thread Migration: The scheduler attempts to balance the cores’ sensitivity as well
as their utilization. This is achieved by periodically triggering thread migration. In
each sampling period9, the first step involves moving threads from the core with the

7Our implementation maps high, medium, and low sensitivity states to the nice values of -20, -10, and 10,
respectively. The settings, which are adjustable, are to demonstrate that the low-sensitivity threads can be
treated extremely unequally without affecting user experience significantly.
8Our implementation sets the sensitivity values of high-, medium-, and low-sensitivity threads at 3, 2, and
1 respectively. These settings are sufficient to distribute high- and medium-sensitivity threads to cores.
9Thread migration has a non-negligible overhead. Based on our measurements, it requires approximately
0.06 ms to move one thread from one core to another and 1.6 ms for all threads to migrate from one cluster
to the other on Samsung Galaxy S4. In our implementation, the sampling period is set at 200 ms to allow a
trade-off between the extra overheads and the reaction time to workload changes.
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maximum total sensitivity to the core with the minimum total sensitivity. Threads
are moved one by one sequentially until immediately before the total sensitivity of
the source core becomes lower than that of the destination core. Moreover, it is better
to move threads with higher sensitivity, and the tie is broken at random if multiple
threads have the same sensitivity. The first step, which attempts to balance the sen-
sitivity, allows higher sensitivity threads to run on a core with fewer threads because
the core with the minimum sensitivity usually has fewer threads. The next step bal-
ances the utilization by moving threads one by one sequentially from the core with the
maximum total workload to the core with the minimum workload, until immediately
before the total workload of the source core becomes smaller than that of the destina-
tion core. In this step, threads with lower sensitivity are preferred. They are moved in
FIFO order so that the threads moved in the first step will not be moved back to the
original core.

3.2.3. Governor Designs. We now explain how the governor considers the sensitivity
when managing computing resources with DPM, DVFS, and cluster switching.

DPM: For each sampling period, based on the total workload and the CPU power
model, the governor periodically turns cores on or off to prevent unnecessary power us-
age. In a multi-core system, turning off as many cores as possible will not necessarily
save power because the power consumed by a core is a convex increasing function of
the operating frequency [Mutapcic et al. 2009]. We use Samsung Galaxy S4 that adopts
the big.LITTLE architecture as an example. Based on our measurements, for the LIT-
TLE cluster (with an ARM Cortex-A7 quad-core processor), using two cores is more
effective when using one core has to operate on a frequency over 450 MHz, provided
that the total workload can be evenly distributed between the two cores. Moreover, us-
ing three cores is more beneficial when using two cores has to operate on a frequency
over 450 MHz, and using four cores is more beneficial when using three cores has
to operate on a frequency over 500 MHz. For each sampling period of 200 ms, one,
two, and three cores operating on 450, 450, and 500 MHz can provide 450×0.2=90,
450×0.2×2=180, and 500×0.2×3=300 mega computing cycles respectively. Similarly,
the three thresholds for the big cluster (with an ARM Cortex-A15 quad-core processor)
are 900, 1000, and 1300 MHz, which can provide 180, 400, and 780 mega computing
cycles respectively. In other words, for each cluster, the number of cores to be turned
on simply depends on whether the total workload in a sampling period exceeds the
three thresholds. However, the total workload yielded in the preceding period highly
depends on the sensitivity of the running threads (more details will be discussed later
in the DVFS design). In addition, the number of active cores obviously should not be
larger than the number of running threads. Note that if an active core is turned off,
the threads running on the core must be moved to other active cores and treated as
if they are newly forked threads, as mentioned previously in the discussion of thread
allocation.

DVFS: After the number of active cores has been determined, the governor selects
an appropriate operating frequency for this sampling period according to the total
workload and the sensitivity of the threads running on each core. Specifically, if any
threads are in the high sensitivity state, the highest frequency level is selected directly
so as to provide them with as many computing resources as possible. For each interac-
tion, because the threads only remain in that state for a very short time, energy will not
be wasted unnecessarily and the user’s experience will be improved significantly. Oth-
erwise, if there are no high-sensitivity threads, the operating frequency is selected as
follows. Let us consider any of the active cores. For medium-sensitivity threads on the
core, the computing cycles they need will be completely satisfied. In contrast, the com-
puting cycles of low-sensitivity threads may only be partially satisfied. Our implemen-
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tation treats low-sensitivity threads as unequally as possible and only provides them
with the least computing resources, given that all the medium-sensitivity threads’
needs are satisfied. Recall that we adopt the Android priority system for thread prioriti-
zation. Let the number of computing cycles allocated to the medium-sensitivity threads
be Cm in this sampling period. Then, the number of cycles allocated to low-sensitivity
threads on the same core can be calculated by Cℓ = Cm ×

Nℓ

Nℓ+1.25k×Nm

, where Nℓ and

Nm denote the respective numbers of low- and medium-sensitivity threads on the core;
and k is the difference between their nice values. Therefore, the core should operate on
a frequency of at least (Cℓ +Cm)/0.2 MHz if we want to satisfy the medium-sensitivity
threads’ needs.

Commercial mobile devices allow operations on a number of frequency levels. We
could simply select the lowest available level that is just sufficient to satisfy the cy-
cles calculated above. However, such a selection could not react promptly to sudden
workload increases. Thus, a higher level should be selected if the workload is likely
to be heavier than expected. The governor selects one level higher than the originally
selected level if the the original level could result in core utilization above a certain
threshold10. Furthermore, if the workload increases twice in a row, the governor se-
lects the median between the current level and the highest level to deal with a po-
tential bursty workload. The half-scaling policy could scale up to the required level
quickly without wasting much energy because the CPU power model is an exponen-
tial function of the frequency level. Finally, the highest among the levels selected for
the active cores is used if the CPU only supports synchronous scaling. Note that the
big and LITTLE clusters are supposed to support frequency levels in different ranges;
thus, the frequency level is selected from the union of all the levels of the two clusters.
Moreover, the frequency level will remain the same during the sampling period unless
some event, like the user touching the screen, changes the sensitivity of any threads
to high.

Cluster Switching: Once the operating frequency has been selected, the governor
determines whether to switch the CPU from one cluster to the other. If the LITTLE
cluster is the currently used cluster and the selected frequency exceeds its highest
level, the big cluster is activated immediately with the same number of cores being
turned on; then, the threads running on each LITTLE core are moved to a correspond-
ing big core. Cluster switching is performed immediately so as to ensure the quality
of user experience. In contrast, if the big cluster is used currently and the selected fre-
quency is below its lowest level, the cluster will remain unchanged (and thus its lowest
level is used instead), unless this has also happened in the preceding two sampling pe-
riods. Recall that the half-scaling policy will be trigged if the workload increases twice
in a row, as mentioned in the DVFS design. In other words, if the selected frequency
continues relatively low, the workload is likely to be light so that the LITTLE cluster
will be able to cope. Accordingly, the LITTLE cluster is activated to save power. More-
over, the overhead incurred by cluster switching is relatively large, compared with
that required for DPM. Such a design can alleviate the ping-pong effect between the
clusters as well.

3.3. Implementation Issues

In this section, we consider some technical issues that arise when implementing our
scheduler and governor in the Android operating system.

10Our implementation sets the threshold at 75%, which is the average of the two corresponding thresh-
olds, 90% and 60%, set respectively for the big and LITTLE clusters in the Ondemand implementation of
Samsung Galaxy S4.
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Integration Details: For portability across different Android platforms, we imple-
ment most of our design in the user space, and minimize the modifications of kernel
codes by adding several hooks in the kernel space. The communications between the
kernel and the user space are handled by proc connector [Love 2010]. Since the na-
tive proc connector can only pass thread events, we extend it to pass hardware driver
events as well. We add two hooks to the kernel core to trigger an event when a thread
is forked or terminated; and one hook to the touchscreen driver and another to the dis-
play driver to trigger corresponding events because these events will be recorded by
the corresponding hardware drivers in the kernel layer. Furthermore, we create a ker-
nel module comprised of two timers: one generates an event every 200 ms to indicate
a sampling period, while the other generates an event when the count reaches 500 ms
after each user interaction. The decisions made by the scheduler and governor in the
user space, like a thread’s movement and the operating frequency, are communicated
to the kernel via system calls and sysfs [Love 2010]. Our implementation comprises 25
files and 3879 lines of C code, among which 400 lines are scattered in 4 files belonging
to the kernel space.

Our scheduler and governor react to each of the six events as follows. 1) On receipt
of an event where a thread is forked, the scheduler performs thread allocation and
thread prioritization to determine the thread’s core and nice value. 2) If a termina-
tion event occurs, all the information about the thread maintained by the scheduler
is deleted. 3) For a touch event, the scheduler performs thread prioritization to assign
the foreground threads the nice value that corresponds to high sensitivity, and then
resets the 500ms timer to record the elapsed time. In addition, the governor performs
DVFS to adjust the operating frequency to the highest level. 4) If the event is triggered
by the display toggle, the scheduler performs thread prioritization to reflect the thread
transitions caused by turning the display on/off. 5) An event generated periodically
by the 200ms timer invokes DPM, thread migration, DVFS, and cluster switching in
sequence. Moreover, whenever such an event is generated five times11, the scheduler
queries the application manager in the framework layer about the current foreground
application via dumpsys, and performs thread prioritization if necessary. 6) When the
500ms timer expires, the high-sensitivity threads revert to medium sensitivity.

Workload Estimation: The total workload of a core in a sampling period is nor-
mally defined as the sum of the computing cycles used by the threads running on the
core. Note that we cannot determine how many cycles a thread will eventually use in a
sampling period during its execution. A general practice, as also adopted by Samsung
Galaxy S4, uses the historical workload in the previous sampling period as the basis
for workload estimation. This estimation strategy is sensible for mobile applications
because of its adaptability to changeable workloads. Similarly, to estimate the work-
load of each running thread, we monitor how many computing cycles the thread used
in the previous sampling period and then estimate its computing cycles in the current
period. In Android, the amount of time that every thread has been executed is main-
tained by the kernel (specifically, in /proc) since it is forked. Therefore, the number of
computing cycles used by a thread in a sampling period can be calculated by simply
multiplying (i) the ratio of the thread’s execution time in the period to the length of the
sampling period by (ii) the CPU frequency used for the period.

Extra Overheads: Our design distinguishes between threads according to how they
may affect user experience. Hence, in every sampling period, we have to update the

11In Android, all the running applications are maintained by the application manager in the framework
layer, while all threads belonging to an application are maintained by the kernel (or, more precisely, in
/proc). The communication between the application manager and the kernel requires some time because it
involves two languages, namely Java and C.
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sensitivity and estimate the computing cycles of each thread, as well as search for the
threads associated with some specific sensitivity. These fine-grained actions introduce
extra overheads in our design, compared with traditional coarse-grained approaches
that only consider the number of running threads and the utilization of each core. To
reduce the search and computation overheads, in addition to maintaining the threads
in some elaborate data structures, we set the sampling period at 200 ms to enable a
trade-off between the extra overheads and the reaction time to workload changes. Our
sampling period is longer than that adopted in traditional approaches; for example,
Samsung Galaxy S4 sets the sampling period at 10 ms for thread migration, and 100
ms for DPM along with DVFS and cluster switching.

4. PERFORMANCE EVALUATION

4.1. Experiment Setup

To gain further insights into user-centric scheduling and governing, we conducted ex-
tensive experiments on a commercial Android smartphone with some real-world mo-
bile apps. We used a Samsung Galaxy S4 smartphone, which is equipped with two
different quad-core processors. The LITTLE cluster allows operations on 8 frequency
levels in the range 250 to 600 MHz, while the big cluster supports 9 frequency levels
in the range 800 to 1600 MHz. Either cluster can be active at a time, and the four
cores of the active cluster have to operate on the same frequency synchronously, but
they can be turned on/off individually. The specifications of the related hardware and
software are detailed in Table I. If necessary, the smartphone can access the Internet
via an ASUS RT-N10 802.11n access point dedicated for our experiments. We used the
power monitor produced by Monsoon Solutions12 to measure the smartphone’s tran-
sient power and energy consumption. In addition, we instrumented the source codes of
the investigated apps to measure their response and completion times (if they did not
provide such information). The experiment environment is shown in Figure 4.

Table I. Specifications of Samsung Galaxy S4.

Hardware
CPU Quad-core ARM Cortex-A15 (800∼1600 MHz, 9 levels)

Quad-core ARM Cortex-A7 (250∼600 MHz, 8 levels)
Memory 2GB LPDDR3 RAM
Screen Super AMOLED 1920×1080 pixels
Network IEEE 802.11 a/b/g/n/ac WiFi
Storage 16GB SD 2.0 compatible
Battery 2600 mAh

Software
OS Android 4.2.2

Linux Kernel 3.4.5

We studied possible combinations of applications with different characteristics,
namely, interactive, non-interactive, CPU-intensive, and I/O-intensive. OI File Man-
ager, RockPlayer, OpenExplorer, and FtpCafe, all of which can be found on Google
Play, were chosen for the performance evaluation13. OI File Manager provides a user

12Monsoon Solutions, Inc., http://www.msoon.com.
13It would be ideal to use popular apps. However, to ensure a fair comparison, the input workloads for
different designs must be reproducible and the performance of the investigated apps should be quantifiable.
Thus, the source codes of the apps should be available for instrumentation. The four apps were chosen
because they can generate respective workload patterns of the four application types. The reported results
may be similar to the results of experiments conducted based on some popular apps without open source
codes, because different types of applications usually have different workload patterns but the same type
may have similar patterns.
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Fig. 4. The experiment environment.

interface to manage files and directories on a smartphone. It served as an interactive
app, and was used to open and close a directory (which took 1s and 0.5s, respectively)
10 times to generate high-sensitivity threads. RockPlayer is a software-decoding video
player for playing multimedia files. It was deemed a non-interactive app, and used to
play a 60-second movie trailer with a resolution of 640×360 and a frame rate of 30 fps
so as to create long-running threads with medium sensitivity. OpenExplorer provides
a zip facility for file compressing and uncompressing. It served as a CPU-intensive
app, and was used to compress a 67.4MB file to create low-sensitivity threads. FtpCafe
is an FTP client that enables file transfer from one host to another. It served as an
I/O-intensive app, and was used to download a 65.9MB file from the Internet to cre-
ate low-sensitivity threads. The investigated apps are categorized in Table II. OI File
Manager and RockPlayer were used as foreground applications, while OpenExplorer
and FtpCafe were used as background applications. Note that, to reduce the potential
influence of human intervention, we wrote scripts to launch the apps and trigger the
corresponding actions in all the experiments.

Table II. Mobile Apps Used in the Experiments.

Foreground Apps Background Apps
Interactive OI File Manager CPU-

intensive
OpenExplorer

Non-
interactive

RockPlayer I/O-
intensive

FtpCafe

We compared our user-centric scheduler and governor (denoted as UCSG) with a
conventional design (denoted as CFS+OD). Recall that we discussed the implementa-
tion and tunable parameters of UCSG in Section 3. CFS+OD employs the CFS [Love
2010] as the scheduler to achieve fair scheduling and implements the governor ex-
tended based on Ondemand [Pallipadi and Starikovskiy 2006] for power management,
as described in Section 2.1. To show the efficacy of UCSG and CFS+OD in energy re-
duction, the adopted metric was the total energy consumption of the CPU required
for a scenario (i.e., launching and executing some combination of apps). Furthermore,
for the performance comparison, different apps should have appropriate metrics. The
metrics adopted for the file manager and the video player were the response time and
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the frame rate respectively; while the metric for the ZIP and the FTP was the com-
pletion time. To assess the extra overheads incurred by UCSG, we also considered the
scenarios where the smartphone is idle with the screen switched on or off.

4.2. Computational Overheads
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Fig. 5. Idle power required by CFS+OD and UCSG.

Figure 5 shows the power consumption when the mobile device is idle. When the
screen is turned off, the whole CPU is put into a low-power dormant mode; thus, the
device consumes hardly any power. When the screen is turned on, one of the four cores
of the LITTLE cluster is active and operates on the lowest frequency of 250 MHz, and
the UCSG’s power consumption is slightly higher than that of CFS+OD. This is be-
cause, compared with traditional core-level monitoring, the thread-level monitoring in
our design introduces extra computational overheads. Specifically, in every sampling
period, UCSG has to update the sensitivity and estimate the computing cycles of each
thread. As discussed in Section 3.3, these fine-grained actions introduce extra over-
heads, compared with traditional coarse-grained approaches that only consider the
number of running threads and the utilization of each core. However, this scenario is
relatively short in terms of mobile users’ daily usage patterns, as the screen usually
switches off automatically (or is turned off by the user) to save energy when the device
is idle.

4.3. Energy Consumption

Figure 6 shows the energy required by CFS+OD and UCSG to execute various com-
binations of applications. In general, UCSG requires significantly less energy than
CFS+OD. This result is as expected because UCSG only allocates limited resources
to low-sensitivity threads. However, in the scenarios when no applications run in the
background, UCSG can still reduce the energy consumption of CFS+OD by 31.4% for
the file manager and 15.2% for the video player, because of its governor design (espe-
cially with the half-scaling policy). The efficacy of UCSG becomes clearer, in general,
when more applications are running in the background. The results show that UCSG
reduces the energy consumption under CFS+OD by 26.2%, 22.6%, and 24.9% respec-
tively when the file manager runs in the foreground while ZIP, FTP, and both ZIP and
FTP run in the background. Comparably, the same combinations of background ap-
plications yield 22%, 11.5%, and 23.4% energy reduction when the video player runs
in the foreground. Interestingly, the reduction when FTP, an I/O-intensive application,
runs in the background is as significant as the reduction when ZIP, a CPU-intensive ap-
plication, runs in the background. The reason is that, although FTP’s CPU workloads
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are light, it generates workloads intermittently. Moreover, CFS+OD always scales the
operating frequency to the highest level to deal with bursty workloads, while UCSG
decides whether to scale up the frequency based on the thread sensitivity.
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Fig. 6. Energy consumption required by CFS+OD and UCSG.

For the scenarios where ZIP, FTP, and both ZIP and FTP run in the background
only, UCSG still achieves significant energy savings and reduces the energy consumed
under CFS+OD by 12.3% for ZIP, by 20.1% for FTP, and by 24.9% when both run si-
multaneously. In these three scenarios, the foreground application is the home user
interface, whose CPU workload is light if there are no user interactions. Consequently,
UCSG normally uses the LITTLE cluster operating on the lowest frequency of 250
MHz during the whole execution, unless the workload increases twice in a row, which
would trigger the half-scaling policy. This explains the considerable reduction in en-
ergy consumption. It is noteworthy that the reduction is greater for FTP than for ZIP
because of FTP’s intermittent CPU workloads. Furthermore, the reduction is more
obvious when the file manager runs in the foreground than when the video player
runs. This is because the former generates CPU workloads that are shorter and vary
significantly, while the latter’s workloads are more stable and consistent. When bursty
workloads occur, the half-scaling policy of UCSG can scale up to the required frequency
level quickly, without wasting much energy. The results show that UCSG reduces the
energy consumed under CFS+OD between 11.5% and 31.4% in various application sce-
narios.

4.4. Application Performance

Figure 7 shows the four applications’ respective performance achieved by CFS+OD
and UCSG. As can be seen in Figure 7(a), UCSG greatly outperforms CFS+OD in
terms of the file manager’s response time. The reason that UCSG reduces the response
time required under CFS+OD by 25.9% to 35.2% is that UCSG scales the frequency
to the highest level immediately when a thread changes to the high sensitivity state.
CFS+OD, on the other hand, scales to the highest level in the next sampling period
if it senses potential workload increases in the current period. This also explains why
the response time achieved by UCSG is generally stable, while that required under
CFS+OD varies significantly with different applications running in the background.
As shown in Figure 7(b), the average frame rates achieved by both CFS+OD and UCSG
are close to the frame rates required for video playing. CFS+OD slightly outperforms
UCSG because (1) the available CPU resources are sufficient to sustain the investi-
gated scenarios; and (2) CFS+OD always scales up to the highest frequency to react
to any abrupt workload changes, while UCSG employs a half-scaling policy. Accord-
ingly, CFS+OD attempts to ensure the application performance at the cost of increased
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power consumption. By contrast, UCSG tends to save more power, provided that the
application performance is guaranteed. We explain their difference in more detail later
with the CPU’s footprints shown in Figure 8. However, both CFS+OD and UCSG can
decode over 29 frames per second in all the scenarios; that is, the video can be played
smoothly.
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Fig. 7. Application Performance achieved by CFS+OD and UCSG.

Figure 7(c) shows the completion times of ZIP under CFS+OD and UCSG in different
scenarios. As expected, CFS+OD outperforms UCSG because the latter only provides
background applications with limited computing resources in order to save energy. In
particular, when the foreground application has heavy workloads and/or some other
application running in the background shares the limited computing resources, the
completion time is prolonged further. The results show that UCSG increases the com-
pletion time required under CFS+OD by between 97.4% and 140.4% for different sce-
narios. The significant increase is due to the extreme parameter settings used in our
UCSG implementation, and can be reduced by changing the settings of nice values in
thread prioritization. Figure 7(d) shows the completion times of FTP under CFS+OD
and UCSG. The results show that UCSG increases the completion time required under
CFS+OD by between 3.7% and 21.5% when FTP is only provided with limited comput-
ing resources. CFS+OD outperforms UCSG more significantly when the file manager
runs in the foreground than when the video player runs. This is because FTP is allo-
cated an even smaller proportion of the CPU time per scheduling period when high-
sensitivity threads exist. Furthermore, the increase is relatively small, compared with
the increase in ZIP’s completion time, because FTP is not a CPU-intensive application
and its completion time is highly dependent on the network bandwidth.
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4.5. CPU Footprints

Figure 8 shows the CPU footprints, i.e., the changes in the cluster usage, the number
of active cores, and the operating frequency, under CFS+OD and UCSG when the video
player runs in the foreground while ZIP is executed in the background. Note that the
whole period of this experiment includes the time required to launch the apps and
change directories to select the target files; moreover, the corresponding actions are
deemed high-sensitivity threads in UCSG. As shown in Figure 8(a), CFS+OD switches
the cluster frequently between the big and the LITTLE until the 30th second. This is
because ZIP is a CPU-intensive application, so the big cluster is activated whenever
the LITTLE one is unable to cope. We observed that ZIP finishes by the 24th second
but CFS+OD does not react to the workload change immediately. On the other hand,
UCSG uses the big cluster occasionally before ZIP finishes at the 49th second, as shown
in Figure 8(b), because it limits the computing resources allocated to ZIP. As far as the
whole period is considered, CFS+OD and UCSG use the big cluster for 23.8% and 14.3%
of the time, respectively.
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Fig. 8. CPU footprints under CFS+OD and UCSG for M+L1.

With regard to the number of active cores, Figure 8(c) shows that CFS+OD always
uses four cores for the whole period. This is because CFS+OD turns all the cores on
once the operating frequency exceeds a threshold (which is set at the current cluster’s
lowest level, i.e., 250 or 800 MHz, in Samsung Galaxy S4), and will not turn a core
off unless the frequency reaches the same threshold and remains at that frequency for
a few sampling periods (which is set at five). In contrast, the number of active cores
under UCSG is usually two, but varies over time, as shown in Figure 8(d). The reason
is that UCSG turns cores on or off based on the total workload in each sampling period
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and only provides ZIP with limited computing resources. The number of active cores
under UCSG for the whole period is about 2.2 on average.

As shown in Figure 8(e), the operating frequency under CFS+OD varies substan-
tially between 250 and 1600 MHz (i.e., the big’s highest level) until the 30th second.
The frequency is then scaled down and generally remains between 400 and 600 MHz
(i.e., the LITTLE’s highest level) for the last 48 seconds until the video finishes. This
is because CFS+OD scales the frequency directly to the highest level when a core’s uti-
lization exceeds a predefined threshold (which is set respectively at 60% and 90% for
the LITTLE and big clusters in Samsung Galaxy S4), and it scales down the frequency
step by step when the utilization of all active cores falls below another threshold (which
is set at 40% and 70% for the LITTLE and big clusters, respectively). In contrast, Fig-
ure 8(f) shows that UCSG generally uses frequency levels lower than those used by
CFS+OD, except when the actions deemed high-sensitivity threads are triggered. The
average frequency used by UCSG is 470 MHz, while that used by CFS+OD is 704 MHz.
In summary, UCSG uses the LITTLE cluster for most of the execution and fewer cores
than CFS+OD at lower frequency levels; hence, it is more energy-efficient.

5. RELATED WORK

In this section, we provide a comprehensive review of related work from an application-
driven perspective.

Real-Time Energy-Efficient Scheduling: Yao et al. [Yao et al. 1995] designed a
scheduling model that executes tasks on a single variable-speed CPU. They also inves-
tigated how the energy dissipation of the CPU can be reduced by adjusting its oper-
ating speed dynamically. Their pioneer work has spawned extensive studies on DVFS,
and many theoretical results have been published for real-time applications with var-
ious system and power models under different priority-driven scheduling algorithms
to ensure that such applications can be executed without violating their deadline re-
quirements, while minimizing the energy consumption [Aydin et al. 2006; Chen et al.
2005; Ishihara and Yasuura 1998; Jejurikar and Gupta 2004; Quan and Hu 2007]. The
advent of multi-core CPUs has made DVFS more complicated [Yang et al. 2005; Zhang
et al. 2002], and also brought the research issue on DPM [Benini et al. 2000], which
tries to switch cores to a low-power state when they are expected to be idle for suffi-
ciently long periods. For the combination of DVFS and DPM, some interplay between
the two techniques should be considered in order to minimize the energy consump-
tion [Devadas and Aydin 2012; Gerards and Kuper 2013]. The above research provides
rigid theoretical analysis of real-time applications whose execution behavior, such as
their worst-case execution times and deadlines, is highly predicable or known a priori.

Application-Specific DVFS and DPM: The popularity of mobile devices equipped
with DVFS-enabled CPUs has motivated another research direction for mobile applica-
tions. Multimedia playing is a major mobile application, and estimating the decoding
times of video frames accurately is the core issue when performing DVFS [Hamers and
Eeckhout 2012; Pouwelse et al. 2001]. For 3D graphics games, signature-based estima-
tion was proposed to obtain frame signatures from the graphics engine for workload
prediction [Mochocki et al. 2006]; and in [Gu and Chakraborty 2008], the frame struc-
ture of graphics games was exploited to improve the prediction accuracy. For interac-
tive applications, user-perceived latency acquired from the users’ feedback was utilized
to deal with the dynamic nature of user behavior [Bi et al. 2010; Yan et al. 2005]. In
addition, DVFS techniques have been developed especially for streaming applications
on multi-core CPUs [Singh et al. 2013], and DPM techniques have been developed for
sensing applications [Herrmann et al. 2012]. The above techniques were designed for
specific applications and achieve considerable energy savings by leveraging the appli-
cations’ special characteristics.
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Application-Agnostic DVFS and DPM: Recently, mobile applications have be-
come more popular and diverse. As users often install various applications that have
specific purposes, the design issues of DVFS and DPM become more challenging. Au-
toDVS [Gurun and Krintz 2005] was developed as a general-purpose DVFS scheme
that can distinguish between interactive and batch sessions, and then apply different
scaling policies to each session type. Based on the observation that different appli-
cations may have different usage patterns on hardware resources, a resource-driven
DVFS scheme was proposed in [Chang et al. 2013] to explore the interplay between
the CPU and other resources to facilitate frequency scaling. The Ondemand governor
[Pallipadi and Starikovskiy 2006], which was introduced with Linux 2.6, is used by An-
droid as the default DVFS scheme. The above schemes were all designed for single-core
CPUs. For DPM and cluster switching, device vendors may have different implemen-
tations. However, there has been comparatively little research on application-agnostic
DVFS, DPM, and cluster switching (i.e., governing) for mobile systems, particularly in
conjunction with thread scheduling.

6. CONCLUDING REMARKS

We advocate that mobile operating systems should move toward user-centric schedul-
ing and governing, in which computing resources are allocated to applications in pro-
portion to the degrees of attention they receive from the user. To demonstrate the ben-
efits, we devised a scheduler and governor that allocate computing resources to mobile
applications according to their sensitivity, and implemented our design in the Android
operating system. In addition, we conducted a series of experiments on a Samsung
Galaxy S4 smartphone with some mobile apps found on Google Play. The experiment
results show that our user-centric design is more appropriate for mobile applications,
compared with conventional fair scheduling and governing. The proposed design is par-
ticularly suitable when some applications running in the background generate bursty
CPU workloads intermittently. This is because our design can identify abrupt work-
load changes caused by applications with different levels of sensitivity, and determine
whether to increase the computing resources for certain applications.

In the future, we will consider more sensitivity levels and investigate the impacts
of the number of levels, as well as other tunable parameters, on the efficacy of user-
centric scheduling and governing. We will also extend and accommodate our design to
heterogeneous multi-core architectures with more advanced and flexible features.
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