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Abstract
CPU scheduling performance on mobile devices, especially
under user interactions, is hindered by a fundamental seman-
tic gap: the kernel scheduler lacks visibility into the user
interaction context, treating latency-critical UI threads and
background tasks equally. In this paper, we identify an im-
possible trinity, i.e., scarce prime cores, cross-process IPC
dependencies, and tight latency deadlines, which exacerbate
the mobile scheduling problem.

To survive the impossible trinity, we present MUSCHED, a
semantic-aware scheduling framework for modern mobile de-
vices that makes interaction capability a first-class scheduling
objective. MUSCHED disentangles cross-process dependen-
cies for critical threads along the interaction path and places
these threads in a new VIP scheduling class between RT
and CFS, allowing interaction-critical tasks to preempt nor-
mal background work without compromising system stability.
Furthermore, MUSCHED proposes a scheduling policy plug-
and-play mechanism that facilitates on-demand policy update
in the user space without kernel recompilation for COTS mo-
bile devices. In laboratory evaluations, MUSCHED reduces
average application cold-start time by 14.8%. Furthermore,
MUSCHED has been deployed on more than 20 million mo-
bile devices since 2024. The deployment results show that
MUSCHED reduces real-world startup anomalies by more
than 30.7%. This deployment underscores the pivotal role
of semantic-aware scheduling in achieving optimal mobile
Quality of Experience.

1 Introduction

Mobile devices have evolved into the primary computing
platform for billions of users [3], supporting workloads that
range from immersive gaming [16] to high-fidelity multime-
dia processing [19, 24]. Unlike server workloads that prior-
itize aggregate throughput or tail latency [7, 11, 13, 20], the
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defining metric for mobile systems is Quality of Experience
(QoE), which is dictated by the responsiveness and smooth-
ness of user interactions. Whether launching an application or
scrolling through a feed, users expect instantaneous feedback.
The operating system’s CPU scheduler acts as the critical
arbiter in meeting these expectations, determining when and
where tasks execute on the underlying hardware.

However, achieving optimal interactivity on modern mobile
platforms remains difficult. Despite decades of optimization,
mobile users still experience perceptible jitter, frame drops,
and sluggish application launches [21, 25]. The root of this
problem lies in a fundamental semantic gap: the kernel sched-
uler operates on low-level abstractions (threads and times-
lices). It lacks high-level visibility into the user’s interaction
context. It cannot distinguish a critical thread rendering a UI
animation from a background thread performing a routine
backup, often treating them with “fairness” that is detrimental
to interactivity. Designing a scheduler that bridges this gap
faces three unique challenges that distinguish mobile systems
from desktop or server environments.

1. Resource heterogeneity and constraints. Mobile
System-on-Chips (SoCs) operate under strict power budgets
and thermal envelopes. Consequently, high-performance ex-
ecution resources are scarce; a typical modern SoC features
a heterogeneous architecture with only one or two “prime”
cores alongside several performance and efficiency cores.
Unlike server environments where compute can be over-
provisioned, the mobile scheduler must make zero-sum deci-
sions to allocate these precious cycles. Existing scheduling
heuristics such as ARM energy-aware scheduling (EAS) [23]
infer task importance mainly from historical CPU usage, mak-
ing them too slow and imprecise for short-lived interactive
bursts under resource constraints.

2. Complex cross-layer dependency. Mobile applications
are not monolithic; they rely on extensive system services.
A single user touch event triggers a cascade of execution
spanning the application process, the system server (e.g., In-
putManager), and the kernel. In Android, these interactions
rely heavily on synchronous Inter-Process Communication
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(IPC) and lock-based synchronization. This creates deep and
implicit dependency chains in which a high-priority UI thread
may block while waiting for a lower-priority background ser-
vice. This phenomenon is exacerbated by the scheduler’s in-
ability to see this cross-layer dependency. A delay in any link
of the dependency chain propagates to the display, stalling
the entire interaction.

3. Unforgiving latency deadlines. The window for pro-
cessing user input is vanishingly small on mobile devices.
Modern displays with 120Hz refresh rates demand that a
new frame be rendered every 8.3ms. Furthermore, interac-
tive workloads are characterized by extreme “burstiness”: a
touch event generates a sudden spike of short-lived, latency-
critical threads (e.g., layout calculation, render commands)
that must be serviced immediately. Neither CFS nor Real-
Time (RT) classes can satisfy mobile latency deadlines safely.
CFS prioritizes fairness over the immediate “unfair” preemp-
tion required by a touch event, leading to deadline misses
during 120Hz rendering. Conversely, assigning static RT pri-
orities is unsafe for the complex Android software stack; it
cannot adapt to the rapidly changing context, where a thread
is critical one moment and background noise the next, risking
thermal throttling and system-wide starvation.

These three intertwined challenges are difficult to solve
together, forming an impossible trinity (a.k.a., trilemma) for
existing scheduling frameworks to navigate in this specific
mobile landscape. Addressing this trilemma requires breaking
the cross-layer fragmentation between application semantics
and kernel scheduling, and moving beyond a one-size-fits-all
policy toward adaptive scheduling decisions tailored to each
application’s interaction context.

However, this shift is far from straightforward. On the one
hand, the scheduler must capture the critical path of an inter-
action and disentangle its dependency chain across threads,
locks, and IPC transactions, so that urgency can be propagated
end-to-end rather than stopping at a single runnable thread.
On the other hand, such adaptivity must remain practical for
commercial off-the-shelf (COTS) devices: policies must be
updated safely, react quickly to changing runtime scenarios,
and preserve system stability at production scale.

To solve this, we present MUSCHED, a semantic-aware
scheduling framework designed for modern mobile SoCs.
The core insight of MUSCHED is that interaction capability
should be a first-class citizen in scheduling. Hence, we intro-
duce a new “VIP” scheduling class that sits between RT and
CFS, ensuring critical interactive tasks preempt normal back-
ground work without risking system stability. MUSCHED
bridges the semantic gap between low-level kernel scheduler
and high-level user interaction through two key mechanisms:
Scenario-Aware Annotation, which identifies critical threads
(e.g., Render, UI) based on runtime hooks; and Priority Prop-
agation, which dynamically boosts the priority of any thread
(even in other processes) holding a lock or handling an IPC
transaction required by a VIP task. This ensures that the en-

tire dependency chain of an interaction executes with high
urgency. Moreover, MUSCHED fundamentally rethinks the
division of labor between user space and kernel space. Instead
of hardcoding policies into the kernel, MUSCHED proposes
an eBPF-based scheduling policy plug-and-play mechanism
to adapt the scheduling policy on demand in user space to
break the one-fits-all problem for COTS mobile devices. This
user-space design is practical and deployable, requiring no
kernel recompilation to update policies.

We implement and evaluate MUSCHED under both con-
trolled laboratory conditions and on a commercial smartphone
powered by a Snapdragon 8 Elite running Android 15, as well
as in large-scale production deployments. In laboratory tests
across 10 representative apps, MUSCHED reduces average
cold-start time by 14.8%. In production, deployed on over
20 million devices since 2024, MUSCHED reduces cold-start
anomalies by 30.7%, animation frame-drop anomalies by
24.9%, and swipe frame-drop anomalies by 35.7%, while
maintaining system stability.

This paper makes the following contributions:

• We characterize the scheduling bottlenecks in mobile
interactive workloads, identifying priority inversion and
cross-process dependency as key sources of latency.

• We design MUSCHED, an extensible scheduler using
eBPF that introduces a VIP priority class and a priority
propagation mechanism for IPC and lock contention.

• We deploy MUSCHED on over 20 million commercial
devices and show that user-space scheduling policies can
be safely iterated on without kernel changes and deliver
significant improvements across key interactive metrics.

2 Background and Preliminaries

This section details the unique characteristics of mobile inter-
active workloads, the heterogeneous hardware, and the current
Linux scheduling policy used by Android. We highlight why
existing mechanisms fail to bridge the semantic gap between
high-level user expectations and low-level kernel schedulers.

2.1 Characteristics of Mobile Devices

Mobile Interactive Workloads. Unlike server workloads de-
fined by aggregate throughput, mobile systems are driven by
the user’s perception of fluidity. Human sensitivity to visual
latency is acute; research indicates that users can perceive de-
lays as low as 100ms in discrete interactions (e.g., application
launch) and jitter in animations if frame times exhibit high
variance [18]. To maintain the illusion of fluidity, modern
mobile displays operate at high refresh rates (60Hz-120Hz),
imposing a hard deadline for frame rendering (16.6ms or
8.3ms). The Android graphics pipeline enforces this via the
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vsync signal. Missing a vsync deadline results in a “jank” (i.e.,
frame drop), which directly degrades the QoE.

However, achieving this consistency is complicated by the
workload’s extreme variability. Mobile execution is event-
driven and bursty: a period of idling can be instantly inter-
rupted by a touch event, triggering a complex chain of com-
putations. Furthermore, these workloads operate in a volatile
environment, where network conditions (e.g., cellular han-
dover) and background activities (e.g., notifications, updates)
introduce unpredictable interference.

Heterogeneous SoCs and Power Constraints. Mobile
System-on-Chips (SoCs) employ heterogeneous multipro-
cessing (HMP) architectures, such as ARM big.LITTLE or
DynamIQ, to balance performance and battery life. A typi-
cal high-end SoC comprises three tiers of cores: (1) Prime
Core: High frequency and out-of-order execution capacity
for single-threaded bursts. (2) Performance Cores: Balanced
cores for sustained heavy lifting. (3) Efficiency Cores: Low-
power in-order cores for background tasks. The scheduler’s
placement decision is critical: placing a UI thread on an effi-
ciency core causes jank, while running background tasks on
the prime core wastes power. Moreover, these decisions are
constrained by strict thermal envelopes. The system may cap
frequencies or disable cores entirely to prevent overheating,
thereby dynamically adjusting hardware capacity.

2.2 Status Quo Scheduler in Android
In this paper, we focus on the scheduling mechanism on An-
droid, a widely adopted, open-source mobile operating system.
Android relies on the Linux kernel’s scheduling framework,
augmented with mobile-specific policies. The kernel manages
tasks using priority-based scheduling classes.

Priority Hierarchy. Linux maintains a global priority scale
ranging from 0 to 139, where lower values denote higher
priority. On Android, this priority scale is divided into two
primary classes:

1. Real-Time (RT) Class (0–99): Threads in this range
preempt all non-RT tasks. To avoid starving the sys-
tem, Android grants RT privileges sparingly, typically
reserving them for strictly latency-sensitive pipelines
such as audio processing and the display compositor
(i.e., SurfaceFlinger).

2. Completely Fair Scheduler (CFS) Class (100–139):
This is the default class for the vast majority of applica-
tion threads, including the UI thread. Priorities in CFS
are mapped to “nice” values ranging from -20 (priority
100) to +19 (priority 139). CFS aims to distribute CPU
time fairly among tasks based on their weights (derived
from nice values) using a Red-Black tree to track the
virtual runtime (vruntime).

Energy Aware Scheduling (EAS). Android augments CFS
with the EAS policy. EAS uses an energy model to esti-

mate the power impact of assigning a task to a specific core
cluster. It relies on task load-tracking mechanisms, primar-
ily Per-Entity Load Tracking (PELT) or Window-Assisted
Load Tracking (WALT), to predict future CPU demand using
historical execution times.

Android User-Space Policy. To bridge the gap between
application semantics and kernel scheduling mechanisms, the
Android framework dynamically adjusts the priorities of ap-
plication threads based on the app’s lifecycle state (e.g., Fore-
ground, Background, Top-App). It employs two main knobs.
(1) Cgroups (cpusets): Android segregates tasks into cgroups
such as top-app (access to all cores), foreground (limited
access), and background (restricted to efficiency cores). (2)
Nice Values: The framework adjusts the nice values of threads.
For instance, the UI thread of the currently focused app is
typically assigned a favorable nice value (e.g., -10), while
background threads are penalized (e.g., +10).

2.3 Limitations of the Status Quo

Despite these layered optimizations, the “battle of the sched-
ulers” [5] continues on mobile devices because standard
heuristics are fundamentally misaligned with interactive needs
due to the following two reasons.

Reactive vs. Proactive. EAS and CFS are reactive; they
rely on historical average observations through the PELT or
WALT mechanism to ramp up frequency or migrate tasks.
Such decisions are made from local signals, such as a task’s
recent CPU utilization or the current load of a core, rather
than from the end-to-end structure of a user interaction. How-
ever, a mobile interaction is a short causal chain spanning UI,
rendering, system services, Binder calls, and locks. A critical
thread may spend most of its time blocked on another task and
therefore appear lightweight to utilization-based heuristics,
while the remote-side delay is already consuming the same
frame or launch deadline. Consequently, boosting frequency
or migrating a task after its load has become visible cannot
recover the waiting time already accumulated along the inter-
action path; by the time the scheduler reacts, the end-to-end
deadline may have already been missed.

Lack of Cross-Process Visibility. Android applications
are heavily componentized, relying on synchronous IPC to
communicate with system services, e.g., the Binder mecha-
nism in Android. While Android can adjust the priority of the
calling thread, the kernel scheduler is unaware of the semantic
dependency chain. Standard priority inheritance mechanisms,
such as those for local mutexes, do not automatically extend
to complex IPC transactions or to cross-cgroup boundaries.
Consequently, a high-priority UI thread often blocks wait-
ing for a service thread that is stuck in a restricted cgroup or
running with a low CFS priority. Linux implements priority
inheritance for local futex and rt_mutex contention, but this
mechanism does not extend to the Binder IPC path or across
cgroup boundaries, leaving a common and consequential case
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Figure 1: Motivating example: a main thread hands off an IPC
request to a lower-priority task. OS scheduler lacks visibility
into this dependency, leading to excessive waiting time.

of priority inversion unresolved in the stock kernel.
Figure 1 illustrates a common priority-inversion pattern in

mobile interactions. Many latency-sensitive application tasks
do not execute in isolation, but depend on cross-process com-
munication with other system components. When the remote-
side task of such an IPC path experiences a long scheduling
delay, the caller thread is forced to wait as well, even if the
caller itself has a much higher priority.

The example in Figure 1 shows this effect using a high-
priority main thread (i.e., lower prio value) and a lower-
priority dependent task (i.e., higher prio value). Before op-
timization, the main thread runs, then enters uninterruptible
sleep while waiting for the dependent task to finish. However,
the dependent task remains in the runnable state for an ex-
tended period before obtaining CPU time. As a result, the
main thread cannot be woken up promptly, and its end-to-end
waiting time is amplified by the remote-side scheduling delay.

This problem is especially harmful to Android graphics
critical paths. For example, when SurfaceFlinger or another
graphics-related thread issues a Binder request, a delayed
remote-side service thread slows down the return of the IPC,
which in turn delays layer composition and increases the like-
lihood of frame drops and visible jank. After optimization,
MUSCHED marks the waiting main thread as VIP and propa-
gates this urgency to the dependent task, thereby allowing the
remote-side runnable interval to shrink and the main thread
to wake up earlier.

3 System Overview of MUSCHED

Addressing the impossible trinity among scarce resources,
cross-process dependencies, and tight deadlines requires the
scheduler to understand each application’s interaction struc-
ture: which threads lie on the critical path of user-visible op-
erations, when these threads should be prioritized, and which
cross-process dependencies they rely on. MUSCHED follows
a split architecture that separates semantic policy decisions
from scheduling implementation, as shown in Figure 2. The
user-space layer captures interaction semantics and updates

User space
Kernel space

MUSched Scheduling Backend

MUSched VIP scheduling class CFSRT

Plug-&-Play Scheduling 
Policy Library

Prio. group 1 policy

Prio. group 2 policy

……

Interaction-aware
Priority Annotation

Scenario-based
annotation

Dependency-aware 
propagation

MUSched Scheduling Utility

CPU load balancing Policy reconciliation

Annotated Threads
eBPF map

Figure 2: System overview of MUSCHED.

policies, while the kernel-space layer enforces these decisions
on the scheduler fast path. This separation allows MUSCHED
to adapt policies for different applications and interaction
scenarios without recompiling the kernel or shipping a full
firmware update.

In user space, a plug-and-play scheduling policy library
stores scenario-specific policies, such as the task types to pro-
mote and the lifetime of each VIP promotion. These poli-
cies are loaded, unloaded, and updated through an eBPF-
based gateway, which provides a narrow interface between
policy management and kernel enforcement. VIP schedul-
ing also relies on interaction-aware priority annotation: the
user-space controller observes framework-level events, iden-
tifies key interactive threads, and marks them as candidates
for MUSCHED’s VIP scheduling class. Threads that are not
annotated continue to follow the original Linux scheduling
path. To handle dependencies that are not visible from a sin-
gle thread alone, MUSCHED further introduces dependency-
aware propagation, which carries VIP urgency across Binder
calls and lock dependencies when a critical thread is blocked
by another task.

In kernel space, MUSCHED introduces a VIP scheduling
class between the RT and CFS classes. This class is imple-
mented with per-core VIP queues that host threads requiring
temporary priority elevation during user-visible interactions.
During scheduling, RT tasks retain the highest priority; VIP
tasks are served before normal CFS tasks only when no RT
task is runnable. To preserve system stability under contention,
a load balancer prevents VIP and RT tasks from accumulat-
ing on a single CPU core, while a policy reconciliation agent
resolves conflicts among user-space policies and bounds their
impact on existing RT and CFS policies.
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4 MUSCHED Design

In this section, we introduce the essential building blocks of
MUSCHED.

4.1 Kernel-space Scheduling Backend

To support interaction-aware prioritization on COTS mobile
devices, MUSCHED introduces a VIP scheduling class be-
tween the built-in RT and CFS classes. The actual scheduling
policy is built on top of eBPF to facilitate on-demand mod-
ification in user space. To keep this VIP scheduling class
compatible with existing classes, MUSCHED also proposes
a policy reconciliation module and a CPU load-balancing
module, which are combined to maximize CPU utilization
and task throughput.

Non-intrusive scheduling class. As we noted in Section 2,
on Android OS, RT scheduling is used for system-defined
critical tasks such as sensor management and system UI ren-
dering, while other user-space non-critical tasks use the CFS
strategy for fairness. As Android applications grow more com-
plex, with multi-threaded rendering pipelines and application-
specific critical threads, the two existing scheduling classes
prove insufficient. The RT class is reserved for system-critical
tasks such as audio and SurfaceFlinger; placing application
threads there would risk starving these system services. CFS,
while safe, weights threads by their historical CPU utiliza-
tion, which does not reflect interaction criticality: a UI thread
that has been idle waiting for a Binder reply appears less
CPU-intensive than a background computation thread, and
is consequently assigned lower priority. We therefore need
a scheduling class whose effective priority lies above CFS
but below RT, and whose priority decisions are informed by
interaction semantics.

Priority conflict reconciliation. To avoid unnecessary
CPU resource contention between VIP and RT tasks, we first
try to prevent RT and VIP tasks, as well as multiple VIP tasks,
from being placed on the same core during CPU selection.
When a task is woken up, the scheduler first determines which
CPU it should be executed on. At this point, the scheduler
attempts to find a suitable CPU using the following strategy.
First, it tries to find a CPU core that is idle and places the
task in that CPU’s local queue. If no CPU is currently idle,
it tries to find a CPU whose task queue contains no RT or
VIP tasks. If neither condition can be satisfied, the scheduler
selects the CPU whose task queue contains no RT tasks and
has the fewest VIP tasks.

CPU load balancing. Under heavy-load conditions, it is
often unavoidable that multiple VIP and RT tasks are placed
in the same CPU’s task queue. Given that the completion
times of various tasks differ, we further design a CPU load-
balancing strategy, depicted in Figure 3, to fully utilize multi-
ple CPU cores.

First, whenever a CPU enters the idle state, load balancing

Normal A
VIP B
VIP C

TaskQueue
For #0

CPU 0 CPU 1

Normal D

CPU 2

Normal E
VIP F
VIP G

CPU 3

Normal A
VIP C

CPU 0 CPU 1

Normal D

CPU 2

Normal E
VIP G

CPU 3

VIP B VIP F

push
pull

TaskQueue
For #1

TaskQueue
For #2

TaskQueue
For #3

Figure 3: CPU load balancing in MUSCHED that balances
both normal and VIP tasks on mobile CPUs.

is triggered. The scheduler attempts to search for and pull
tasks from other CPUs’ task queues based on the following
rules. It traverses the task queues of other non-idle CPUs and
first tries to select those that contain both RT and VIP tasks.
If none are found, it then selects the queue with the largest
number of VIP tasks. From the selected queue, it chooses the
first VIP task eligible to run on the idle CPU and migrates it
to that CPU.

In addition, on every CPU tick, the scheduler proactively
checks the execution status of VIP tasks in the task queue. If
it detects a VIP task that has remained runnable for too long,
it will also attempt to balance the workload. More specifi-
cally, if the currently running task is an RT task and there
exists a VIP task that has been runnable for a long time, the
scheduler will actively select a new CPU during the tick. A
4 ms threshold is used to determine whether a VIP task has
remained runnable for too long. If such a task exists, load
balancing is also triggered: the scheduler traverses the CPUs
where the task can be executed and selects the target CPU
with no RT tasks and minimal VIP tasks. We set the migra-
tion threshold to 4 ms, which is approximately half of the
8.3 ms frame budget at 120 Hz. If a VIP task has already
remained runnable for more than half a frame interval, fur-
ther delay on the current CPU materially increases the risk
of a missed frame deadline. Conversely, thresholds below 2
ms trigger excessive migrations, because transient run-queue
delay of 1-2 ms is common even under moderate load, and
the migration cost itself becomes non-negligible. In practice,
this parameter is also influenced by hardware capability and
product goals. For flagship or performance-oriented devices,
we use lower thresholds, whereas we set higher thresholds to
reduce frequent migration overhead for thermally constrained
or battery-oriented products.
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4.2 Plug-and-Play Policies based on eBPF

Different applications and interaction scenarios, such as app
start and window switch, require different VIP time limits
and dynamic promotion of selected tasks to VIP status. More-
over, these policies must be updated as applications evolve.
To implement VIP scheduling policies for each application,
traditional approaches that modify the kernel scheduler re-
quire intrusive changes to the kernel. This intrusive design is
impractical for production-ready mobile devices because mod-
ifying the kernel requires frequent reboots to apply the new
scheduling policy. MUSCHED adopts a fine-grained schedul-
ing policy for each application, which can be updated when
the applications are updated. Moreover, due to the variety of
mobile applications, it is necessary to decide the scheduling
policies on the fly for unseen applications. Hence, it is not
possible for a large-scale mobile device vendor to publish
policy patches that frequently require a system reboot.

According to the above analysis, MUSCHED therefore
adopts an eBPF-based design because eBPF uniquely com-
bines safe in-kernel programmability, rich observability, and
efficient user–kernel communication. Specifically, eBPF facil-
itates MUSCHED to dynamically update the scheduling policy
without a system reboot, which is necessary for application
updates and new application installations.

MUSCHED implements the VIP scheduling class on top
of Linux sched_ext. The kernel-side backend maintains per-
core VIP queues, while the user-space scheduler updates
scenario-specific policies through BPF maps and dispatch
queues.

During scheduling, each CPU first serves RT tasks. If no
RT task is runnable, it selects tasks from the local VIP queue
before falling back to CFS tasks, ensuring that interaction-
critical threads receive bounded priority elevation.

To prevent starvation of certain tasks under high load, tasks
in the VIP queue are scheduled in a first-in-first-out (FIFO)
manner, and each VIP task in the queue is assigned a 3 ms time
slice. For the cpu.share allocation in cgroups, MUSCHED
by default inherits the kernel’s configuration. In addition, to
prevent other normal tasks from starving when there are too
many VIP tasks, a time limit is imposed on VIP tasks. For
each VIP task, if it has used up its time slice but has not
exceeded the limit time, it is reinserted into the back of the
queue; if it runs out of both the slice time and the limit time,
its VIP label is temporarily removed until the next enqueue.
Since different types of VIP tasks have different computa-
tional requirements, we configure the time limit based on
profiling of representative workloads: 20 ms for audio tasks,
10 ms for video tasks, 120 ms for webview tasks, and 20 ms
for display tasks. These limit times reflect the computational
profile of each interaction class and also serve as the main
safeguard against starvation. Audio tasks use a 20 ms budget
to match typical buffer-processing windows; video tasks use
10 ms to cover a decode-and-render cycle; WebView tasks use

Table 1: Annotated scenarios related to user interaction.
Task Type Examples

Animator splashworker; wmshell.main; wmshell.anim
UI Main thread; UI thread
Render Render thread
WebView CrRendererMain; Chrome_InProcRe

120 ms because page layout and script execution often span
multiple frames; and display tasks use 20 ms to align with
composition-critical work. Once a task exhausts its limit, it is
demoted from VIP and returns to CFS until the next qualify-
ing event, ensuring that priority boosting remains temporary
and bounded rather than allowing indefinite VIP service.

4.3 Semantic-aware Mobile Scheduling
Another key problem we face is identifying critical tasks cur-
rently queued in the CFS scheduler. To address this, we first
introduce scenario-aware annotation, which provides guid-
ance for labeling critical tasks based on a predefined list.
Furthermore, considering that VIP tasks may depend on the
completion of some normal tasks, we design a priority propa-
gation for inter-process interaction. It dynamically propagates
VIP tags to the normal task that a VIP task depends on, ac-
celerating its execution and preventing bottlenecks caused by
such dependencies.

Scenario-aware Annotation. To identify which threads
belong to the critical path of user interactions, MUSCHED
combines three complementary sources of information. First,
Android already exposes several thread roles that consistently
lie on interaction-critical paths across applications, such as the
main/UI thread, RenderThread, MotionThread, and Binder
worker threads serving user-facing requests. These roles gen-
eralize well across applications and therefore form the default
annotation candidates in MUSCHED.

Second, we refine this default set through offline profil-
ing. For each target scenario, such as app launch, swipe, or
animation, we repeatedly execute the application and col-
lect multiple systrace traces. From these traces, we analyze
wake-up relationships and per-thread CPU load to identify
additional threads that repeatedly appear on the end-to-end
critical path. This step captures application-specific critical
threads as a dependency graph, which is not directly exposed
as standard Android roles.

Third, we further use jank traces collected from beta users
in the field to diagnose missed cases and augment the anno-
tation set. These online traces help us cover rare or highly
application-specific behaviors that may not appear in con-
trolled offline runs. Together, these three sources provide
broad practical coverage of critical threads while keeping the
annotation process lightweight.

These analyses yield the thread categories shown in Table 1.
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Some categories, such as render thread and Binder worker
pools, generalize across applications, while others require per-
application identification of the concrete thread instances. At
runtime, MUSCHED identifies these instances through frame-
work hooks placed at SystemUI, Launcher animation transi-
tions, app foreground/background switches, focus changes,
and frame-rendering callbacks. When the framework detects
that an application has entered a user-interactive state, it tags
the corresponding threads with VIP labels so they can be
scheduled with elevated priority.

Priority Propagation for Inter-Process Interaction. To
optimize the waiting time of VIP tasks for locked resources,
we design a VIP lock-waiting queue optimization strategy. In
the native Linux mechanism, mutexes are awakened in a FIFO
manner, while read–write locks are awakened in batches based
on the top waiter type, also following a FIFO strategy. Since
both regular tasks and VIP tasks may wait for the same lock
resource, VIP tasks may experience long delays. To address
this issue, we introduce a new wake-up strategy that allows
VIP threads to bypass the strict FIFO sequence, enabling them
to be inserted ahead of multiple non-critical threads and be
awakened preferentially.

Considering that VIP tasks may depend on the completion
of some normal tasks, we further design a call-chain priority
propagation mechanism for inter-process interaction. When a
VIP thread waits for a lock held by a normal thread, including
futex, mutex, and rwsem, the VIP label can be propagated
to that normal thread, elevating its priority to accelerate ex-
ecution and shorten the VIP thread’s waiting time. The core
idea is that when a thread is blocked while acquiring a lock,
it passes the thread ID of the lock-holding thread to the ker-
nel. The kernel identifies whether the blocked thread is a VIP
thread; if so, the VIP priority is dynamically propagated to the
lock holder to accelerate its execution. For each supported syn-
chronization primitive, we place hooks on the lock-acquisition
and release paths to record the current owner thread ID in
kernel-visible state. When a waiter blocks, the hook retrieves
the recorded owner, checks whether the blocked task is tagged
VIP, and, if so, transiently propagates the VIP label to the lock
holder. A thread that merely acquires a lock is not proactively
marked VIP; propagation is triggered only when a VIP waiter
appears and identifies that holder as the blocking dependency.
We apply this mechanism to futex, mutex, and rwsem con-
tention, and revoke the inherited label when the owner releases
the lock, when the dependency disappears, or when the boost
exceeds its bounded lifetime. Once the regular thread releases
the lock, it wakes the VIP thread, and the inherited VIP label
is removed, restoring it to a normal task and returning to the
fair CFS scheduling policy.

Besides, in Android, inter-process communication is also
very common. When a task initiates a synchronous Binder
call, it enters the sleeping state and waits for the remote pro-
cess to return the result. If the remote process is under heavy
load or its priority is low, the server binder may remain in the

Runnable state for a long time, causing the caller task to be
blocked. This issue becomes even more severe in scenarios
such as layer composition in SurfaceFlinger.

We address this issue by monitoring the start of Binder
transactions. When a VIP task communicates with another
process through Binder, MUSCHED dynamically propagates
the VIP label to the callee to accelerate its execution. Specifi-
cally, when a VIP thread initiates a synchronous Binder call,
the scheduler immediately locates the corresponding service
thread on the remote side and tags it as VIP. After the execu-
tion, the dynamically propagated label is cleared, and the task
is restored to a normal task.

4.4 Case Study: Cold-start Acceleration

We take a cold-start acceleration scenario to demonstrate
MUSCHED’s user-space scheduling capability. Cold start is
the most demanding application launch state [1]. It occurs
when an app starts from scratch, with no existing process in
memory. The system must create the app process, initialize
the runtime, and build the first Activity before any frame can
be shown. This procedure often triggers more than 300 thread
creations, large memory allocations from hundreds of MB to
several GB, and intensive file and network I/O. During this
phase, many launch-critical threads become active, including
UI, rendering, animation, web loading, composition, and sys-
tem service binder threads, creating a short but extremely con-
gested window of resource contention. Launch latency thus
becomes a first-order performance objective, and standard
startup metrics (e.g., TTID and TTFD) are highly sensitive
to scheduling decisions. When cold-start time exceeds about
one second, users typically perceive the app as sluggish. Tra-
ditional CFS schedulers prioritize fairness across tasks. Under
heavy contention, this fairness causes critical-path threads on
the launch pipeline to be preempted by less important work.
Moreover, the kernel scheduler lacks semantic knowledge of
the launch sequence and cannot distinguish threads on the
cold-start critical path from best-effort background tasks.

Semantic-aware scheduling of MUSCHED addresses these
limitations by injecting launch-specific knowledge into the
scheduler. Sampling cold-start critical path offline [17], we
annotate launch-critical tasks and add lightweight framework
hooks to tag their threads as VIP. VIP threads receive elevated
priority and are protected from preemption by non-critical
work, directly mitigating CPU contention on the launch criti-
cal path. However, critical tasks frequently block on dependen-
cies such as locks and binder IPCs. To handle this, semantic-
aware scheduling incorporates priority propagation. When a
VIP task waits on a lock, its VIP tag is propagated to the lock
holder, temporarily boosting that thread to accelerate lock
release and prevent priority inversion. Similarly, when a VIP
task issues a synchronous Binder call, the scheduler locates
the serving thread in the remote process and dynamically ele-
vates its priority. The boosted priority is revoked once the lock
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is released or the IPC completes, restoring normal fairness.
By aligning priorities with cold-start semantics, MUSCHED
reduces preemption and blocking delays and accelerates the
launch pipeline, yielding significantly lower startup latency
under load.

5 Implementation Details

Based on the MUSCHED design, we then describe how we
facilitate these policies, with a focus on details specific to
commodity Android devices.

Hooks and Maps based on sched_ext. sched_ext is an
eBPF-based scheduler that allows users to implement schedul-
ing classes using flexible BPF programs, thereby optimizing
scheduling policies for specific workloads and scenarios. We
implement the kernel scheduling behavior described in Sec-
tion 4 via the hooks in the sched_ext_ops structure, and
construct VIP task queues using BPF maps.

The key hooks of MUSCHED include CPU selection, en-
queue, dispatch, and polling. sched_select_cpu selects a
CPU based on energy efficiency when a task is woken up. It
iterates over the system’s performance cores, first preferring
big cores in the idle state; if none are idle, it selects the least
loaded big core, ensuring sufficient compute resources for VIP
tasks. sched_enqueue assigns a task to the VIP queue of the
corresponding task CPU, and invokes scx_bpf_dispatch
to directly dispatch it to the target CPU core’s high-priority
dispatch queue (PRIO-DSQ). While sched_dispatch con-
sumes tasks from the queue by placing them into the local
DSQ, i.e., it determines from which DSQ the CPU fetches
the next task to run. To achieve the load balancing described
in Section 4.1, MUSCHED performs priority-based polling.
scx_bpf_consume(DSQ_ID_VIP) first attempts to run tasks
from the local VIP queue; if the local queue is empty, it
then tries to consume tasks from the neighboring core’s
DSQ_ID_VIP, which we refer to as Steal.

MUSCHED creates a VIP task queue for each core via the
scx_bpf_create_dsq. We use a per-CPU array eBPF map,
named cpu_contexts, to store per-core state, including idle
time, current load information, the number of enqueued tasks,
CPU halt state, etc. We also use a task storage eBPF map,
named task_contexts, to store per-task information such as
weight, current execution state, compute load, enqueue time,
and dequeue time. Together, these two maps maintain the
metadata required by the custom scheduler.

Deploying eBPF on Mobile Devices. Deploying eBPF
on commodity Android devices faces constraints that dif-
fer significantly from those in the upstream kernel commu-
nity. The Android eBPF compilation and loading pipeline
is tightly coupled to specific system libraries and SELinux
policies. The system only allows eBPF programs to be
loaded during boot by a dedicated process, bpfloader, and
prohibits loading any new programs after boot comple-
tion [2]. Besides, the eBPF libraries provided by Android

Table 2: Applications used in the laboratory evaluation, se-
lected from top-ranked applications in the application store.

Category Application Package Name

Short Video
TikTok com.zhiliaoapp.musically
Douyin com.ss.android.ugc.aweme

Kuaishou com.smile.gifmaker

Social Media Instagram com.instagram.android
Twitter/X com.twitter.android

Shopping SHEIN com.zzkko
Jingdong com.jingdong.app.mall

Video YouTube com.google.android.youtube

Navigation Baidu Maps com.baidu.BaiduMap

News Toutiao com.ss.android.article.news

differ from community-standard libraries in both interfaces
and evolution pace. To ensure implementation consistency
and portability, we abandon Android-specific eBPF libraries
and instead develop with the community-standard eBPF li-
braries. However, the existing bpfloader does not support
the BPF_MAP_TYPE_STRUCT_OPS type required by sched_ext.
To address this limitation, we extend bpfloader to recognize
and load struct_ops-related objects during the boot phase,
thereby providing the necessary foundation for subsequently
activating the scheduler.

Enabling sched_ext. sched_ext leverages the eBPF
struct_ops mechanism, whose enabling method differs
from traditional kprobe or tracepoint attachments. The sched-
uler is enabled by registering and updating a BPF map of
type BPF_MAP_TYPE_STRUCT_OPS, rather than simply attach-
ing a program to a specific hook. Given the stringent stabil-
ity requirements of the scheduler, this struct_ops map is
restricted to a single update, and any modification requires
destroying and recreating the map. The map also maintains an
enum state with values INIT, INUSE, TOBEFREE, and READY
to indicate the scheduler state, preventing transient interme-
diate states from causing system panics. In the Android en-
vironment, we do not unload the sched_ext program itself;
instead, we indirectly drive the above state transitions via
BPF_F_LINK [4]. This design enables secure activation and
reliable operation of the sched_ext scheduler while adhering
to the safety constraint that eBPF programs should be loaded
only once during boot.

6 Evaluation

In this section, we first present the laboratory evaluation re-
sults of MUSCHED on commodity Android smartphones.

Evaluation Setup. We deploy the proposed approach on
the Magic 7 smartphone, which equips the Snapdragon 8
Elite chipset featuring 2 super CPU cores (@4.32 GHz) and 6
performance CPU cores (@3.53 GHz). The software platform
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Figure 4: Cold-start time of 10 Applications.
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Figure 5: Time in sleep state during cold-start.

is MagicOS 9, which is based on Android 15 with a Linux
kernel version of 6.6.

Benchmarks. We choose 10 representative mobile appli-
cations, selected from the top-ranked applications in the ap-
plication store, as test cases in our laboratory environment,
as shown in Table 2. These applications cover commonly
used categories such as short video, news, shopping, and nav-
igation, etc. We use the native Android scheduling policy as
the baseline, i.e., some predefined tasks are configured as RT
task, while others are configured as normal tasks, and evaluate
the cold-start performance of 10 applications. Each applica-
tion is tested 100 times, and the average result is reported.
To create reproducible yet realistic contention, we combine
application-driven and synthetic background load. We em-
ulate realistic concurrent usage by keeping representative
background activities active while measuring the foreground
app, e.g., short-video scrolling in the foreground together with
navigation, music playback, or other common services in the
background. we use tools such as stress-ng or rt-app to
inject periodic per-core pressure. Unless otherwise stated,
we fix the display mode, thermal state, battery mode, CPU
governor, and cache-clearing procedure across runs so that
the measured differences primarily reflect scheduling policy
rather than platform drift.

End-to-end Performance. The cold-start performance of
10 applications is shown in Figure 4. Compared with the base-
line, we reduce the average cold-start time by 14.8%, while
also achieving more stable performance with the standard
deviation decreasing by 24.25%. These improvements pri-
marily stem from two aspects. First, we identify critical tasks
during application startup and raise their scheduling priority,
while preventing competition for CPU resources between VIP
tasks and RT tasks. Second, our priority-propagation strategy
temporarily boosts the priority of normal tasks that VIP tasks
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Figure 6: Time in runnable state during cold-start.

Table 3: Measured latency (in ms) of a foreground applica-
tion with a background picture-in-picture video call with and
without MUSCHED.
Foreground App. Test Scenario w/o w/ Diff

Taobao Browsing Application Cold Start 149.7 135.0 -9.8%

WeChat Moments Application Cold Start 163.5 126.3 -22.8%

Douyin Live Scroll 10 Live Room 449.0 386.9 -13.8%

News Browsing Scroll Top News Article 584.5 480.5 -17.8%

depend on, thereby reducing overall task completion time.
We further measure the total uninterruptible sleep time

and waiting for scheduling time, i.e., in runnable state, of all
VIP tasks during the startup process for the 10 applications.
The results are shown in Figure 5 and 6, respectively. These
results indicate that MUSCHED reduces both the resource-
waiting time and scheduling-waiting time of critical tasks
during application startup. This result is consistent with our
analysis of why application startup time decreases.

We further evaluate MUSCHED in edge scenarios where a
background picture-in-picture (PiP) video call coexists with
foreground user interactions. Table 3 summarizes four rep-
resentative cases, including application cold start in Taobao
and WeChat Moments, live-room interaction in Douyin, and
article browsing in a news application. Across these scenar-
ios, MUSCHED consistently reduces foreground response
latency by 9.8%–22.8% in all cases, with the largest gain
observed in WeChat Moments. Overall, these results sug-
gest that MUSCHED remains effective under mixed fore-
ground/background workloads, while also highlighting that
semi-interactive scenarios with concurrent media activity still
expose cases that require finer-grained policy reconciliation,
as we designed in Section 4.1.

Overhead of MUSCHED. We further evaluate the run-
time overhead introduced by the scheduling backend of
MUSCHED and its dependency-tracking path. We measure
the overhead in two widely adopted scenarios: short-video
playback and mobile gaming.

In a steady-state short-video playback scenario, we com-
pare the average latency of two scheduler-critical operations,
context switching and pick-next-task selection, before and
after enabling MUSCHED. As shown in Table 4, the average
context-switch latency remains unchanged at 5 µs, while the
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Table 4: Runtime overhead and energy impact of MUSCHED
under video and gaming scenarios.

Scenario Metric Baseline Ours

Video Avg. context-switch latency (µs) 5 5
Avg. pick next task latency (µs) 2 3

Gaming
Avg. FPS 119.76 119.69
Worst dropped frames 4 3
Normalized current (mA) 726.62 718.16

average pick next task latency increases only slightly from
2 µs to 3 µs. These results indicate that the IPC and lock
tracking hooks and the dependency-propagation logic add
little overhead to the scheduler fast path in a representative
interactive media workload. We also evaluate a mainstream
mobile game at 120 FPS with default graphics settings to as-
sess runtime cost under sustained high-refresh load. As shown
in Table 4, the average frame rate is nearly unchanged, the
worst dropped-frame count is slightly improved, and the nor-
malized current is comparable. Together, these results suggest
that MUSCHED does not introduce non-negligible overhead
in practice.

7 Experiences and Lessons Learned

In this section, we introduce the experiences and lessons
learned during our development and deployment process of
MUSCHED. We also present big data results on large-scale
commercial smartphones, covering application cold-start per-
formance, frame drop performance in UI animation, and user
swipe scenarios.

7.1 Production Deployment of MUSCHED

Since its deployment in January 2024, the scheduling algo-
rithm designed using MUSCHED has been deployed on over
20 million mobile devices from Honor. The deployment spans
multiple product tiers, including flagship and mid-range de-
vice series, and covers both MediaTek and Qualcomm plat-
forms. Targeted scenarios include application cold-start, web
browsing, and touch-sliding interactions.

To illustrate how MUSCHED performs in real-world sce-
narios, we validate it using large-scale user data. We mea-
sure anomaly frequency across various real-world scenarios,
including application cold start, animation, and swipe, that
significantly impact users’ QoE. Specifically, for application
cold-start, we define a cold-start time that exceeds 2 seconds
as an anomaly; for animation and swipe scenarios, we define
continuous frame drops lasting more than 50ms as an anomaly.
We then measure the anomaly frequency in each scenario be-
fore and after deploying our approach. The anomaly counts
reported here indicate how many times users encounter such
failures per thousand hours of usage. These statistics are first

Table 5: End-to-end QoE evaluation in large-scale production
deployment. Values report anomaly frequencies per thousand
hours of user activity before and after deploying MUSCHED.

Scenario Anomaly
Metrics

# of Anomalies Improvement
Baseline Ours

Animation drop > 50ms 27.2 20.4 25.0%
Swipe drop > 50ms 10.5 6.8 35.7%
Startup startup > 2s 94.5 65.5 30.7%

collected on-device and then aggregated across the deployed
user population for large-scale analysis.

The results in Table 5 demonstrate that our approach consis-
tently delivers stable and significant performance gains in the
real world. As shown in Table 5, we observe clear reductions
in anomaly rates across animation, swipe, and startup sce-
narios. Specifically, animation anomalies decrease by 25.0%,
swipe anomalies by 35.7%, and startup anomalies by 30.7%.

These findings indicate that across diverse workloads and
complex user-interaction scenarios, our scheduling strategy
can effectively identify critical tasks, prevent stalls along the
critical path, and maintain smooth interactions even amid
heavy system-resource contention. It validates the general-
ization ability and robustness of our approach in large-scale
real-world deployments, enabling continuous improvements
to overall user QoE.

7.2 Lessons Learned
Over the course of developing MUSCHED, from initial re-
search prototyping in 2021 to production deployment in Jan-
uary 2024, we have learned several lessons about the practical
realities of user space scheduling on commercial mobile de-
vices.

Lessons Learned ①: Practical gains in development effi-
ciency. Adopting a user-space scheduling framework based
on Linux sched_ext delivers impactful practical benefits, ad-
dressing key challenges in deploying scheduling innovations
on commercial mobile devices.

First, user-space design enables dynamic policy iteration
without kernel recompilation: scheduling logic can be hot-
updated, reducing iteration time from hours to minutes for
scenario-specific policies (e.g., gaming, application cold-
start). Combined with sched_ext’s modularity, this decouples
policy logic from core kernel components, mitigating stability
risks by confining failures to user space.

Second, user-space scheduling facilitates fine-grained sce-
nario adaptation and controlled experimentation. Dynamic
conditional triggering aligns policies with context-aware
demands—aggressive CPU provisioning for games, power-
efficient scheduling for low-interaction phases, and lifecycle-
aware core scaling for application foreground transitions. Its
isolated execution also enables safe A/B testing on production
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devices, supporting “small-batch” validation without potential
global disruption.

Third, the approach lowers developer barriers via high-level
abstractions (e.g., BCC, BPFtrace), enabling policy develop-
ment in C or scripting languages without deep kernel expertise.
It integrates seamlessly with Android’s system services (e.g.,
Activity Manager) and leverages widespread kernel support
for user-space scheduling frameworks.

Lessons Learned ②: Future potentials of MUSCHED.
First, on-demand activation via scenario recognition is non-
negotiable for commercial viability. A single user-space
scheduling framework cannot optimize all mobile work-
loads (e.g., interactive apps, background services, optimized
games). We should integrate it with a scenario recognizer
to dynamically trigger policies in critical contexts (e.g., ap-
plication launches, UI animations) and to auto-exit during
idle/background phases, thereby avoiding unnecessary over-
head and ensuring compatibility across diverse use cases.

Second, tight integration with SoC-specific hardware char-
acteristics is essential. Modern mobile SoCs feature heteroge-
neous cores, dynamic idle states, and CPU affinity constraints.
While kernel mechanisms partially address these, user-space
schedulers leverage fine-grained hardware telemetry (e.g.,
per-core utilization, thermal headroom) to make informed
core-selection decisions, ensuring consistency across chipset
models and unlocking full performance potential.

Third, co-optimization of core selection and frequency scal-
ing is imperative. These two mechanisms are inherently cou-
pled: a high-performance core assignment fails if frequency
is throttled, and aggressive scaling wastes power without in-
telligent core selection. Future user-space frameworks should
unify these controls to balance latency and energy efficiency,
e.g., triggering frequency boosts only for critical tasks on
performance cores. These lessons highlight that the commer-
cial success of user-space scheduling depends on adapting
to real-world hardware diversity, workload variability, and
intertwined resource management challenges.

Lessons Learned ③: No silver bullets for workloads. Our
previous results show that the MUSCHED can significantly
improve some interactive Android workloads. However, its
performance benefits are limited for highly optimized games
with simple, well-understood critical paths.

There are two main reasons. First, mobile games are flag-
ship workloads that showcase the overall device capability.
Major SoC and OEM vendors, therefore, invest heavily in
this domain. For mainstream devices, the frame rate of popu-
lar titles already meets the target cap under most conditions.
Second, compared with the heavily interactive workloads
discussed earlier, the scheduling patterns of mobile games
are relatively simple. The critical threads (e.g., UnityMain,
UnityGfxDeviceW) exhibit stable and highly regular switch-
ing behavior. Consequently, the primary bottlenecks shift to
power and thermal constraints, while SoC/OEM mechanisms
such as CPU load estimation, power governors, and power-

aware schedulers (e.g., PELT/WALT) dominate performance.
We evaluate a large MOBA game and find that with and

without the MUSCHED, the average FPS remains stable, and
frame-time variability shows no statistically significant differ-
ence. Even after applying optimizations such as core selection
and enqueue policies, we observe only a minor decrease in
CPU utilization, while the electric current and device shell
temperature become slightly worse.

Lessons Learned ④: No free escape with eBPF. In the in-
kernel setting, eBPF is deliberately restricted and, in practice,
not Turing-complete. For kernel safety, the verifier of eBPF
enforces strict constraints: no direct modification of kernel
data structures, no unbounded loops, a 512-byte stack limit,
and no dynamic memory allocation. The verifier itself does
not scale well to complex control-flow paths. When the code
contains layered if-else conditions, the program can easily be
rejected during verification.

In practice, we agree with these safety constraints, but fast
prototyping and iteration often require us to escape the pure
eBPF model. Our main strategy is to treat eBPF as a thin con-
trol plane and leave complexity back into the kernel (modules)
via the kfunc mechanism. With simple annotations, selected
kernel functions can be exposed as callable kfuncs to eBPF
programs. To support updates to kernel data structures, we
implement a memcpy-like BPF kfunc that performs the ac-
tual writes in kernel space. For existing complex scheduling
algorithms, we encapsulate them as kfuncs rather than reim-
plementing them. To cope with stack and allocation limits,
we store state and large data structures in global variables and
BPF maps. To keep verifier complexity manageable, we avoid
deep branching and, when necessary, split decision logic into
multiple shallow control flows.

8 Related Work

MUSCHED builds on several pioneering works, including
application-specific OS scheduling and eBPF-based user-
space OS management. In this section, we introduce the works
related to MUSCHED.

8.1 OS Scheduling Advancements
OS scheduling has been widely studied in the last few decades.
Academia and industry introduce a spectrum of general-
purpose policies as well as many domain-specialized sched-
ulers that target latency, throughput, or energy trade-offs.
Widely adopted policies such as FIFO and the Linux Com-
pletely Fair Scheduler (CFS) provide simple yet effective
performance across a wide range of workloads.

Beyond general-purpose schedulers, recent years have seen
a proliferation of scheduling work tuned to specific workloads
or application patterns. For example, for remote procedure
calls (RPCs) in data centers, existing works such as Shin-
juku [13], Shenango [20], and eRPC [15] push the envelope on
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tail latency and per-core efficiency. Work in this area often in-
volves co-designing CPU scheduling with network transport,
as RPCs typically encompass both networking and computing
components. Another example is in the serverless comput-
ing domain, SFS [8] and Alps [9] focus on the peculiarities
of short-lived, latency-sensitive function executions across
highly bursty request arrivals. These designs explore tech-
niques including lightweight isolation, fast placement, and
resource reclamation to reduce cold-start and queuing delays
and to improve utilization in multi-tenant environments.

Mobile systems introduce a different set of constraints
where user experience and energy consumption are primary
concerns. For example, SmartOS [10] leverages reinforce-
ment learning to obtain the importance of each task on mobile
devices and allocates resources according to user preference.
Orthrus [22] proposes a framework that co-optimizes the pro-
cess scheduling and CPU frequency governing on mobile OS
for both energy efficiency and quality of service. Targeting the
slow UI responsiveness problem, TIHMM [25] reconstructs
the process state model on Android with new “hogging” states
to reduce the suboptimal resource allocation of the original
Android process management.

Compared with the above works, MUSCHED not only fo-
cuses on specific scheduling problems during cold start or UI
animation but also acts as a fundamental framework to solve
the trinity problem of mobile scheduling.

8.2 User-space OS Management with eBPF

Extended Berkeley Packet Filter (eBPF) is a lightweight in-
kernel virtual machine that runs sandboxed programs at well-
defined OS hook points. Programs interact with the kernel
and user space via maps, enabling low-overhead telemetry,
state sharing, and control. Because eBPF enforces safety and
verification, it lets developers iterate on policy logic in user
space while applying enforcement close to the kernel. This
property makes eBPF a natural substrate for user-space OS
management: user processes can define, tune, and deploy poli-
cies quickly, and eBPF provides fast, safe kernel mediation
and observability. Prior work has explored both eBPF-based
management and broader user-space delegation to make OS
policies more reconfigurable.

A representative work is ghOst [12], which delegates CPU
scheduling decisions to user-space agents. Its key idea is to
keep the kernel responsible for safe enforcement and low-
level task state management, while allowing developers to
implement scheduling policies in user space and update them
without redesigning the whole kernel scheduler. This design
supports a variety of scheduling models, including centralized,
sharded, and preemptive scheduling, and has demonstrated
that user-space schedulers can provide both flexibility and low
latency for datacenter workloads. Building on this direction,
Syrup [14] extends user-space scheduling beyond CPU cores
to jointly manage the networking stack and NIC, showing that

policy delegation can coordinate multiple OS subsystems.
Beyond CPU scheduling, eBPF-based management has

also been explored in the memory-management domain.
CacheBPF [26] facilitates the modification of page-eviction
policies without changing core kernel code. FetchBPF [6]
uses eBPF to implement pluggable memory prefetch strate-
gies. It highlights how introspective kernel probes en-
able workload-aware prefetching. Results show substantial
throughput gains for memory-bound applications.

These prior systems either move selected OS functionality
into user space or use eBPF to customize a single subsys-
tem. In contrast, MUSCHED focuses on interaction-aware
CPU scheduling for commercial mobile devices. It couples
user-space policy adaptation with low-overhead kernel en-
forcement to support scenario-aware prioritization and cross-
process dependency handling without invasive and frequent
kernel changes, which is impractical on COTS devices.

9 Conclusion

This paper presents MUSCHED, a semantic-aware schedul-
ing framework for modern mobile SoCs. MUSCHED ad-
dresses the fundamental semantic gap between low-level ker-
nel scheduling and high-level user interaction, which becomes
especially problematic in the face of the mobile scheduling
trilemma: scarce high-performance cores, complex cross-
process dependencies, and unforgiving latency deadlines.
MUSCHED introduces a new VIP scheduling class between
RT and CFS, identifies interaction-critical threads through
scenario-aware annotation, propagates priority across Binder
and lock dependencies, and supports user-space policy up-
dates without kernel recompilation.

In laboratory experiments, MUSCHED reduces average
application cold-start time by 14.8%. In large-scale produc-
tion deployment on over 20 million commercial devices since
2024, MUSCHED reduces cold-start anomalies by 30.7%, an-
imation anomalies by 24.9%, and swipe anomalies by 35.7%,
while preserving system stability. These results demonstrate
that semantic-aware, deployable user-space scheduling is a
practical way to improve mobile QoE on commercial off-the-
shelf devices.
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