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Abstract

We present PeeR, a novel eBPF runtime that makes latency-
critical eBPF programs preemptable and schedulable while
maintaining low overhead. As eBPF programs grow more
complex, they expose a fundamental gap: performance-critical
hooks execute in a non-preemptable sof tirq context, which
is invisible to the scheduler. These programs bypass resource
controls, break isolation, and cause head-of-line blocking, de-
grading tail latency. PeeR exploits two key properties of eBPF:
the verifier enforces clean program state at helper function
boundaries, making these sites natural preemption points, and
non-trivial programs frequently call helpers, ensuring fine-
grained preemption opportunities. Building on these proper-
ties, PeeR brings cooperative preemption to eBPF: lightweight
budget checks, inserted at each helper call, force programs
exceeding their budget to yield and resume later on per-CPU
kernel threads. Tohandle a wide variety of workloads, PeeR uses
a two-level scheduling model that integrates with sched_ext,
where the outer level controls aggregate CPU time for eBPF
workloads, while an inner micro-scheduler orders individual
tasks according to an operator-defined policy. Our evaluation on
Redis, Memcached, echo-server, and TPC-C workloads shows
that PeeR reduces p99 latency for latency-sensitive requests by
3x to 19.8x over the current eBPF runtime, without starving
competing long-running requests.

1 Introduction

eBPF (extended Berkeley Packet Filter) [26] is becoming the
de facto standard for building latency-critical networking and
storage applications inside the Linux kernel. By allowing appli-
cations to execute custom logic inside the kernel, eBPF avoids
costly context switches and redundant data copies from the criti-
cal path,enabling microsecond-scale processing for networking
and storage workloads. While kernel-bypass frameworks (e.g.,
DPDK [47], SPDK [48]) achieve similar performance, they
sacrifice kernel services such as isolation, scheduling, and
multi-tenancy. eBPF instead delivers high performance while
preserving the kernel’s safety and resource-sharing model,
driving its widespread adoption across industry and academia.

With growing adoption, eBPF programs are becoming
increasingly complex. Developers are now offloading com-
plicated application logic into the kernel, including key-value
stores [9, 28], distributed transactional systems [58], load
balancers [33], DDoS protection [23], transport protocols [6],
and storage engines [56]. These programs often run for tens
of thousands to millions of instructions, resulting in execution
times of hundreds of microseconds.
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While eBPF programs have grown dramatically in complex-
ity, their execution model, which was originally designed for
tiny packet filters, has remained largely unchanged. On latency-
critical I/O paths, each eBPF invocation runs to completion in
arrival order and cannot be preempted, so later latency-sensitive
invocations wait behind long-running ones. Another important
aspect of eBPF’s execution model, for latency-critical applica-
tions, is thatitruns in software interrupt context (sof tirq) [45],
allowing quick and low-overhead execution upon I/O events.

The current eBPF execution model creates two fundamental
problems for modern workloads. First, because these latency-
critical eBPF programs run in softirq context, their execution
time is accounted to the interrupted userspace process, rather
than the eBPF program itself. To make matters worse, eBPF
execution begins immediately after an I/O interrupt handler,
abruptly preempting any colocated userspace process. This
misaccounted and interrupt-driven execution leads to unfair
CPU allocations that starve colocated workloads and introduce
unpredictable interference. Second, the lack of preemption
means that long-running eBPF programs block later invo-
cations, increasing latency for small and latency-critical
invocations, defeating the very purpose of in-kernel execution.

We find that this mismatch has severe practical consequences.
For a colocated scenario, Redis-KFlex, a Redis-compatible
store built on KFlex [9], running under a fair-share scheduler
consumes up to 90% of CPU despite receiving only a 50%
allocation, starving colocated workloads. This problem is
especially concerning in modern datacenter environments,
where colocation is the norm due to CPU oversubscription and
utilization-driven scheduling policies, leading to unpredictable
performance interference. Beyond unfairness, the inability
to preempt long-running programs inflates tail latency. For
a mixed point-scan workload, Redis-KFlex experiences 7.4x
higher p99 latency when short requests are blocked behind
long eBPF handlers as compared to a preemptable execution
model (§3). Taken together, these effects show that the kernel’s
existing execution model no longer provides the control over
the eBPF fast path that applications and developers expect.

To address these issues, this paper introduces PeeR, aruntime
that makes eBPF programs schedulable while preserving their
low-overhead execution model. PeeR achieves this by transform-
ing each eBPF invocation into a schedulable e BPF task, subject
to CPU accounting, preemption, and scheduling policy enforce-
ment. First, PeeR attributes and accounts eBPF execution time,
making eBPF visible and accountable to the scheduler. Second,
PeeR extends the traditional sof tirgexecution model withahy-
brid sof'tirg-worker thread model. eBPF tasksrunin softirq
context as long as they remain within their execution budget;
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once the budget is exceeded, PeeR safely preempts the task
using a lightweight preemption mechanism and resumes it on a
worker thread. Finally, instead of enforcing a fixed scheduling
policy, PeeR integrates with Linux’s extensible scheduler inter-
face (sched_ext) [49], allowing flexible scheduling policies to
control CPU allocations within eBPF and across applications.

Designing PeeR requires addressing three key challenges.
The first challenge is enabling low-overhead preemption of
eBPF tasks without violating their safety and correctness
guarantees. A naive approach is to use existing timer-based
interrupts to preempt long-running eBPF tasks. However, timer
interrupts incur high overheads, negating the performance
benefits of eBPF. More importantly, arbitrary interruption
risks leaving the eBPF task execution state inconsistent,
violating eBPF’s safety guarantees. Our key insight is that
eBPF’s design inherently provides natural preemption points.
Because eBPF restricts interaction with kernel state to helper
functions, helper-call boundaries are safe and well-defined
preemption points that PeeR leverages to enable preemption.

To address this, PeeR instruments the JIT compiler to inject
budget checks at each helper call site, transforming helpers into
lightweight, verifier-safe preemption points (§5.1). When a task
exceeds its budget, PeeR forces it to yield execution at the next
helper call, avoiding arbitrary mid-execution preemption that
breaks eBPF’s correctness guarantees. We bring this technique,
known as cooperative preemption, to the eBPF runtime.

The second challenge is correct context recovery at
resumption. When a long-running eBPF task exceeds its
budget, PeeR must preempt it in softirqg context and later
resume it on a worker thread. Resuming execution in a different
context, however, introduces subtle correctness issues. The
pointers stored on the eBPF task’s stack during softirg
execution are invalid when the task resumes on a worker thread,
as they point to kernel stack memory that is no longer valid in
this new context. Such invalid pointers lead to memory-safety
violations and incorrect program behavior.

To address this, PeeR leverages the strong type information
maintained by the eBPF verifier to automatically patch pointers
in the saved context during resumption, ensuring correctness
without any changes to the eBPF programs (§5.2). PeeR does
this by exporting the verifier’s compile-time type information
for use at runtime. These two mechanisms guarantee safe
preemption and resumption of eBPF tasks.

The third challenge is efficient integration with the scheduler.
To handle this, PeeR integrates with Linux’s extensible sched-
uler interface, sched_ext. PeeR exposes eBPF execution time
to sched_ext so the kernel correctly tracks CPU consumption
and enforces allocation policies. Further, PeeR enables a unified
and configurable scheduling framework for both eBPF tasks
and userspace processes. PeeR provides two layers of configura-
bility: (1) inter-application CPU allocation, which governs how
PeeR schedulesits workerthreads and othercolocated processes,
and (2) intra-eBPF task scheduling, which determines the order
in which eBPF tasks are executed on each worker thread (§7).

We implement PeeR atop the Linux kernel 6.16, extending
the eBPF runtime and scheduler with =~ 5000 lines of code.
We evaluate PeeR with several popular workloads (Redis,
Memcached, echo-server, TPC-C [51]). Our evaluation
shows that PeeR reduces p99 latency for latency-sensitive
requests by 3x to 19.8x over the current eBPF runtime,
without starving competing long-running requests within the
same application (§8.1). We implement multiple scheduling
policies (FIFO, shortest-remaining-processing-time, weighted
round-robin) using PeeR’s scheduler interface and show
that PeeR enforces operator-defined resource-sharing goals
across colocated eBPF and userspace applications (§8.2). We
quantify PeeR’s overhead for a preemption-resumption cycle
to be 247 ns, making PeeR suitable for fine-grained scheduling
even for microsecond-scale workloads (§8.3). PeeR is, to our
knowledge, the first system to make eBPF programs preempt-
able and schedulable in softirg context. We envision PeeR
as a foundation for future latency-critical eBPF applications,
enabling scheduling models beyond the reach of today’s kernel.

PeeR is open source and available at github.com/
hipersys-team/PeeR.

2 Background

eBPF [26] allows users to execute verified programs at
predefined kernel hook points. eBPF use cases fall into two
categories: kernel extensibility (e.g., tracepoints and LSM
hooks) and latency-critical I/O processing (e.g., XDP and tc
hooks). This paper focuses on the latter, where eBPF programs
run on performance-critical paths.

Users implement eBPF programs in a restricted subset of
C; the programs are then compiled into eBPF bytecode and
loaded into the kernel. Before execution, the eBPF verifier
performs static analysis to ensure memory safety, bounded
control flow, and non-blocking behavior. Once verified, a
just-in-time (JIT) compiler translates the bytecode into native
machine instructions, enabling near-native execution speed.

eBPF enforces a restricted execution model. The bytecode
targets a simple abstract machine with no direct access to kernel
memory or functions [12]. Programs interact with the kernel
only through predefined helper functions and kfuncs [11,39]
(referred to as helper functions hereafter), ensuring safe,
mediated access to kernel services. Together, these mechanisms
enable eBPF to extend the kernel, even on performance-critical
paths, without compromising system integrity.
Execution model of eBPF on the fast path. For latency-
critical e BPF hooks on the I/O-path, the kernel invokes an e BPF
program each time an I/O event occurs (e.g., packet ingress
or egress). These programs execute inside softirq context
because their hook points lie on the kernel’s interrupt-driven
I/O paths. In softirq, preemption is disabled: CPU time
spent there remains invisible to the scheduler and is effectively
charged to the process that was preempted by the interrupt.
This avoids context-switch overhead.

This design reflects what we call the fast-path assumption:
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Static Analysis (largest program) Execution

Instrs. between

Application #Ins #Calls helper calls p50/p99
Katran [33] 2,587 88 28+54 0.3/7.6
Cilium [1] 7,622 233 32+33 1.5/22
Memcached (BMC) [28] 289 11 2127 2.1/37
Redis-KFlex [9] 1,356 95 12+10 0.5/248
DINT [58] 1,373 25 48+42 0.3/1.1
eTran [6] 1,194 14 79+102 0.4/1.4
RocksDB (XRP) [56] 891 17 27+26 4/882

Table 1: Characterization of common eBPF applications. We
report static properties of each application’s largest single eBPF
program (one tail-call target plus the bpf-to-bpf subprograms it calls),
not the sum over its tail-called suite. #Ins is the instruction count,
#Calls the helper and kfunc call sites, and the last static column is the
meanz+stddev number of instructions between consecutive helper or
kfunc calls. Because PeeR yields only at these calls, this gap bounds
its preemption granularity. All programs contain loops, and p50/p99
(us), measured under representative workloads, differ by up to 500x.

work inside softirq completes quickly and uniformly, so
the impact on the preempted process is negligible. Under this
assumption, request processing proceeds in strict first-come,
first-served (FCFS) order and continues as long as the CPU
has available budget for softirq execution. If processing in
softirgexceedsathreshold, the kernel defers laterrequests to a
special kernel thread called ksoftirqd. ksoftirqd operates at
request granularity: it defers entire batches of pending requests,
but does not pause a long-running eBPF task mid-execution.
This execution model works well for small tasks.

Growing eBPF complexity. eBPF was initially designed for
small, predictable programs suitable for fast-path packet filter-
ing. Over time, its capabilities have expanded significantly [19].
The verifier now admits much larger programs with complex
control flow, including bounded loops, BPF-to-BPF function
calls, and tail calls, permitting long executions whenever a
static bound exists [18, 26]. As a result, the verifier’s one-
million-instruction limit no longer guarantees short or uniform
runtimes. Modern features further decouple static limits from
execution time. Programs iterate over large data structures
stored in maps or auxiliary memory regions [9], and runtime
behavior often depends on workload-specific states, raising
questions about whether the fast-path assumption still holds.

3 Measurement Study

We study real-world eBPF applications using static analysis and
runtime profiling. Our measurements show that modern pro-
grams are complex enough to break the fast-path assumption,
causing latency inflation and unfair CPU allocation.

3.1 Quantifying eBPF Application Complexity

We characterize seven recent eBPF applications spanning load
balancing, networking, key-value storage, and storage. For each
application we statically analyze its compiled BPF objects to
extract, per program, the instruction count, the number of helper
and kfunc call sites, the presence of loops, and the distribution

of instruction intervals between consecutive helper or kfunc
calls. We measure one eBPF program at a time, defined as a
single tail-call target together with the bpf-to-bpf subprograms
it invokes, rather than summing across the tail-called suite;
all counts and intervals are derived from the disassembled
bytecode. We then deploy each application under representative
workloads and measure execution-time distributions using
BPF-based tracing. Table | summarizes our findings.

A single eBPF program is already large and helper-dense.
The largest Cilium program alone spans 7,622 instructions and
233 helper calls, and Katran’s balancer runs 2,587 instructions
with 88 helper calls, even though each suite compiles into many
tail-called programs (33 for Cilium). Programs with loops also
exhibit large variance between median and tail latency due to
data-dependent execution paths. Redis-KFlex implements a
skiplist where point queries complete quickly, but range scans
traverse nodes linearly, a 500x difference between pS0 and p99.
RocksDB (XRP) linearly scans up to 2,000 entries per data
block, inflating tail latency. Finally, because PeeR can preempt
only athelper and kfunc calls, the gap between consecutive calls
bounds its preemption granularity. These gaps can be large, with
maximum gaps of 484 instructions for Katran and 286 for eTran,
and the longest occur in compute loops with no intervening
call: XRP’s data-block scan executes a roughly 100-instruction
loop body with no helper call up to 2,000 times. Iterator-based
loops are an exception, as Redis-KFlex emits a kfunc on each
iteration and keeps its maximum gap to 44 instructions.

Our analysis confirms that while the verifier preserves
eBPF’s safety guarantees, the assumption that programs
complete quickly and uniformly no longer holds.

3.2 Breaking Fast-Path Assumptions

To understand the consequences of this mismatched assump-
tion, we construct experiments that illustrate two problems:
latency inflation within an application and unfair CPU
allocation across applications.

Intra-application latency inflation. Due to non-preemptive
and FCFS execution, long-running eBPF tasks block shorter
ones, increasing latency for latency-critical operations.

To illustrate this problem, we run eBPF-based key-value
stores, a typical use case for eBPF with XDP hooks [9, 28, 58].
For simplicity, we focus on XDP, but these issues generalize to
other fast-path hooks. In the first experiment, we run a bimodal
point-and-scan workload with 99.5% short (0.2 us) and 0.5%
long requests (200 us), a mix common in key-value stores.
Redis-KFlex handles requests on eight CPU cores generated
by an open-loop load generator. More details are in Section 8.

Figure | shows the p99-latency of point queries with
increasing load. We compare this with a hypothetical eBPF
system that supports preemption with a 5 us time slice
(not achievable in current kernels). Even at low load, the
current eBPF implementation exhibits high p99 latency due
to head-of-line blocking from long scan requests. As load
increases, this effect worsens, resulting in up to 7.4 higher p99
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Figure 1: Latency inflation within an application. In
eBPF, long-running SCAN operations (200 us each) block
GET queries, increasing GET (0.2 us each) p99 latency.
With 5 us preemption quanta, point queries p99 latency
improves by up to 7.4x.

latency compared to the preemptable-eBPF implementation.

Offloading to ksoftirqd does not resolve the blocking.

ksoftirqd offers no way to prioritize short tasks. Thus, an
eBPF task runs to completion regardless of whether it executes
in softirq or ksoftirqd context, and shorter tasks always
wait behind longer ones.
Inter-application unfairness. Across applications, long
eBPF execution allows a single workload to monopolize CPU
time because the eBPF execution time remains invisible to the
scheduler. Moreover, most I/O-intensive eBPF hooks run in
interrupt context, so the kernel must execute them immediately
upon I/O events. These eBPF workloads monopolize CPU
and starve colocated tasks, violating fairness and performance
isolation.

We demonstrate this by extending the previous setup to
colocate a CPU-bound job on the same eight CPU cores
with the key-value store, configuring Linux’s scheduler to
allocate up to 50% of CPU resources to each job. We compare
userspace KeyDB [37] against Redis-KFlex to highlight the
differences in scheduling behavior. Figure 2 (left) shows CPU
utilization breakdown as we vary the load on KeyDB. At low
load, the CPU-bound job uses most of the CPU, as expected.
However, as KeyDB load increases, the scheduler allocates
CPU time fairly between KeyDB and the CPU-bound job,
throttling KeyDB as needed. Figure 2 (right) shows the same
experiment but with Redis-KFlex. At low load, the colocated
job again gets its fair share of CPU time. However, Redis-KFlex
starves the colocated job as load increases, using 90% of the
CPU because XDP executes in an interrupt context invisible to
the scheduler. Prior systems, such as DINT [58] and eTran [6],
have observed similar unfairness, corroborating our findings.

Deferring to ksoftirqd does not restore fairness: the
kernel charges CPU time to ksoftirqd itself rather than the
application that installed the hook, leaving the scheduler unable

to distinguish between tenants or enforce per-application limits.

3.3 Challenges in Making eBPF Schedulable

The current eBPF runtime lacks mechanisms for schedulability
and execution-time attribution. Our goal is to bridge this gap
by making eBPF programs schedulable without sacrificing
safety or performance. However, making eBPF schedulable is

User/User Colocation

User/eBPF Colocation

100

;
Redis-KFlex (eBPF)
Batch Job

I KeyDB (Userspace)
0% Batch Job

Offered Throughput (%)

100

20 40 60 80
Offered Throughput (%)

20 40 60 80 100 O

Figure 2: Unfair CPU allocation for colocating eBPF and userspace jobs.
CPU utilization breakdown when a colocated job (allocated 50% CPU) shares
cores with KeyDB (multithreaded userspace, left) and Redis-KFlex (eBPF, right).
The scheduler correctly throttles KeyDB, but Redis-KFlex starves the colocated
job because it executes in a context invisible to the scheduler.

challenging because its execution model differs fundamentally
from that of other kernel work. We identify three key challenges:

¢ Enabling fine-grained preemption with low overhead.
Performance-critical eBPF programs are invoked at high
frequency. Any scheduling mechanism must preserve
fast-path performance when preemption is unnecessary, and
impose minimal overhead when preemption occurs.

e Preserving eBPF correctness under preemption.
The eBPF verifier reasons about programs as single,
uninterrupted executions and assumes atomic completion.
Introducing preemption risks violating assumptions about
register state, stack contents, and helper function behavior.
A schedulable eBPF must preserve these correctness
guarantees without requiring uninterrupted execution.

* Providing expressive scheduling abstractions. eBPF cur-
rently has no interface to interact with schedulers. A schedu-
lable eBPF requires new abstractions that are expressive
enough to support per-task priorities, budgets, and policies.

Addressing these challenges requires rethinking the execution
model of eBPF programs on the I/O path. In the next section,
we present PeeR, a system that achieves schedulability while
preserving eBPF’s safety and performance guarantees.

4 PeeR:Preemptable eBPF Execution Runtime

PeeR is a new eBPF runtime that makes latency-critical eBPF
programs preemptable and schedulable in softirq context,
where preemption is otherwise disabled. We implement PeeR
for native XDP and describe extending it to other hooks in
§6. We build PeeR on a simple but important observation:
non-trivial eBPF programs must interact with the kernel
through eBPF helper functions and kfuncs, as shown in Table 1.
To safely call into kernel code, the verifier already tracks
strict invariants at helper boundaries: held locks, borrowed
references, and incomplete map operations. PeeR exploits this
structure for cooperative preemption. Helper boundaries are
candidate preemption points where the verifier has precise
register and stack types. PeeR enables yielding at a site only
when the verifier reports no unsafe resource is live and the
enclosing hook has passed the audit in §6.

Figure 3 summarizes PeeR’s key components. PeeR adopts
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Figure 3: PeeR’s design overview. eBPF tasks execute in softirq
under sched_ext-provided budgets. Tasks exceeding budget yield
to a continuation buffer and resume on PeeR-kthreads. Both paths
report CPU time to sched_ext for unified accounting.

a hybrid execution model: short tasks run in softirq as a fast
path, while long-running tasks are deferred to per-CPU PeeR
worker kernel threads (PeeR-kthreads) as a slow path. On the
surface, this model resembles ksoftirqd’s threaded model,
but PeeR operates at eBPF task level with distinct mechanisms
for budget checks, control-flow transfers, and scheduling. In
this work, tasks remain on their originating CPU and are not
migrated.

Fast path. Each eBPF task enters softirq @ with a
configurable budget @, a global preemption quantum set by
sched_ext (§7.2). Budget checks occur at helper call sites:
PeeR augments eBPF’s JIT compiler to wrap each helper
with a prologue that checks remaining budget (§5.1). This
turns helpers into precise, low-overhead preemption points
compatible with the verifier. Tasks within budget enter the
helper with minimal overhead and run to completion in FCFS
order. Tasks that exceed their budget yield @: PeeR saves their
execution state, consisting of a 512-byte stack, 11 registers, and
program context, to a per-CPU array. It then returns control
to sof tirqimmediately, allowing subsequent I/O to proceed.
Upon exiting softirg, PeeR flushes yielded tasks into a
continuation buffer @ and wakes the local PeeR-kthread.

Slow path.  Yielded tasks resume on PeeR-kthreads @ (§5.2).
PeeR instantiates one PeeR-kthread per CPU at boot time.
Scheduling occurs at two levels: at the outer level, sched_ext
schedules PeeR-kthreads as ordinary kernel threads, control-
ling the aggregate CPU time all eBPF tasks on the slow path
receive @. At the inner level, a micro-scheduler running within
each PeeR-kthread orders eBPF tasks @. The micro-scheduler
pulls continuations from the buffer, restores their state, and
resumes them in policy-determined order. Resumed tasks
follow the same budget enforcement; if a task yields again,
control returns to the micro-scheduler, which requeues it
and selects the next task. This two-level model enables
operators to implement policies such as priority scheduling
or shortest-remaining-processing-time (§7). Both paths report
CPU time to sched_ext @, closing the feedback loop for
system-wide scheduling.

5 Cooperative Preemption

Preemption sits at the core of making eBPF schedulable. For
eBPF programs on I/O paths that execute millions of times per
second, the preemption mechanism must be lightweight while
preserving eBPF’s correctness guarantees. PeeR therefore
avoids traditional interrupt-based preemption, whose timer
signals and context switches would be too costly on the fast
path, and instead adopts a cooperative preemption model.

In classical cooperative scheduling, threads run until they ex-
plicitly call yield(), giving up the CPU at well-defined points.
This avoids frequent interrupts and reduces context-switch over-
head, but relies on applications to correctly insert yield points.
PeeR retains these benefits while automating the process: rather
thanrequiring programstocallyield(),PeeR enforces budgets
and checks for preemption at eBPF helper sites, i.e.,invocations
of helper functions that eBPF programs use to interact with the
kernel. These sites are natural points for preemption: helpers are
fundamental to any non-trivial eBPF program, and the verifier
already enforces strict pre- and post-conditions at these call sites
(e.g.,no held locks, valid pointers, and constrained stack usage).

Figure 4 illustrates a state machine of this model. Each
helper site triggers a preemption check. If the program remains
within budget, execution continues into the helper. If the
budget has expired, however, the program starts yielding:
PeeR invokes a yield handler that saves the current execution
state, including preemption site identifier, eBPF stack, and
registers (§5.1). The handler then transfers control back to the
kernel. The program enters a preempted state until sched_ext
reschedules it (§7), when the program starts resuming. PeeR
restores the saved state, performs necessary pointer patching,
and resumes at the original preemption site (§5.2).

Cooperative preemption via compiler-inserted yield points
is well established. Wasmtime [4] inserts epoch checks at
function entries and loop headers, and low-latency schedulers
approximate preemption for userspace RPC handlers through
compiler instrumentation: Concord [34] polls a dispatcher-
written cache line, while Compiler Interrupts [2] and
TinyQuanta [40] trigger yields from instruction-count-driven
probes. Go [7] instead preempts asynchronously with signals,
using compiler-emitted metadata to avoid unsafe points. Like
these systems, PeeR may yield only where program state is safe;
Concord, for example, avoids yielding inside locks or external
libraries. PeeR faces analogous but distinct constraints. Rather
than choosing yield points heuristically, it reuses the eBPF
verifier’s helper-boundary invariants (no locks held, valid
pointers) and adds eBPF-specific rules that forbid yielding
while RCU-protected pointers or other BPF-held resources are
live. PeeR adds two mechanisms that userspace runtimes do
not require. It rebases PTR_TO_CTX and PTR_TO_STACK values
across a context switch using verifier-derived type information
(§5.2), and it resumes through CFI-safe trampolines.
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Figure 4: PeeR’s state diagram. At each helper site, PeeR checks
the task’s budget. Tasks within budget continue; tasks over budget
yield, saving their context until sched_ext reschedules them.

call preempt_check
test eax, eax
jnz yield_site_1

; check 1if execution budget has expired
; check if eax != @ (should preempt)
; jump to yield site_1 (line m) if eax != @

helper_site_1:
call bpf_map_lookup_elem
mov [elem], eax

; address of helper site 1
; call helper function
; store helper return value

NoOuUhWN R

=B

yield_site_1:
m+1 mov rill, 1
m+2 jmp yield_handler

; atomic state saving for site_1
; load site_id (1) to ri1
; execute yield handler; store eBPF context

Figure 5: JIT-augmented assembly for a bpf_map_lookup_elem()
helper site. The preemption check (orange) tests a global flag and
conditionally jumps to the yield stub (blue), which records the site
identifier before invoking the yield handler.

5.1 Preemption Path

PeeR augments helper functions to implement preemption
at helper sites. Since eBPF is JIT-compiled, PeeR modifies
the JIT compiler to emit the necessary code snippets for
preemption budget checks and state saving.

Preemption check and yield handler in assembly. Figure 5
shows how PeeR’s JIT compiler augments an eBPF helper
site, bpf_map_lookup_elem(),in pseudo x86 assembly. PeeR
assigns a unique site_id (line 5 shows site 1), enabling it to
identify where a program was preempted for later resumption.
During JIT compilation, PeeR inserts a short preemption check
prologue (orange highlight, lines 1 to 3) immediately before
eachhelpersite. Because helpers are called frequently, this check
must be lightweight. Furthermore, it needs to preserve register
values to save the execution state to the continuation buffer.
The preempt_check() call on line 1 evaluates a per-CPU
preemption flag; the scheduler sets this flag at the end of each
budget period (details in §7.2). We measure that the prologue
costs one to two cycles when the flag is not set (§8.3), adding
negligible overhead to fast-path execution. This flag is retrieved
into register eax (line 2). Since eax would be overwritten
by the helper call regardless, reusing it is safe; the function
alsouses the no_caller_saved_registers GCC attribute to
avoid clobbering BPF argument registers. If the flag indicates
the budget has expired (line 3), PeeR jumps to a per-site stub
(blue highlight) that stores the site_id into x86 register r 11
(line m+1), a register not used by eBPF programs. Control then
transfers to a shared yield handler (line m+2) that saves execution
state and returns control to sof tirq or the worker thread.

Execution state capture. When the budget check triggers
a yield, PeeR captures all execution state without clobber-

ing live registers or stack contents. The shared handler at
line m+2 immediately saves state into a continuation buffer
of type struct peer_cont before any other operations. An
eBPF program’s execution state consists of 11 registers (88
bytes), a 512-byte stack, and a program-specific context. The
context type varies by hook; for instance, XDP programs re-
ceive struct xdp_md, and socket programs receive struct
__sk_buff.Since the hook type is known at compile time, PeeR
can generate type-specific context-saving routines for each pro-
gram. The handler also stores the site_id and a reference to
the current task. Because registers and stack are laid out contigu-
ously, the handler copies all 600 bytes with a single memcpy (),
then saves the context and returns control to the kernel.
Context saving for XDP. In this paper, we implement
context saving for XDP, one of the most performance-critical
hooks. In Linux’s networking stack, the NIC driver polls
incoming packets in batches via NAPI polling; XDP programs
execute immediately upon arrival, before socket processing or
routing. The XDP context, struct xdp_md, contains pointers
to the packet’s start and end. Saving this struct alone is
insufficient: packets are allocated from the driver’s buffer pool
and remain valid only within the current NAPI poll cycle.

To extend packet lifetime without copying, PeeR rebinds the
packet to an independently owned frame managed via reference
counting. This preserves packet datain place and stores minimal
metadata in the buffer’s headroom. PeeR then returns a new
verdict, XDP_YIELD, in place of the program’s. The driver treats
XDP_YIELD as a consumed packet and continues its NAPI poll,
so the fast path never blocks waiting for the deferred result. The
continuation records a pointer to this frame; upon resumption,
the worker reconstructs a consistent packet view from the
same underlying buffer. After the program completes, PeeR
decrements the reference count and returns the buffer to the pool.

5.2 Continuation Path

PeeR wakes the local PeeR-kthread when fast-path execution
finishes, or sched_ext does so when it schedules the kthread.
The micro-scheduler (§7.3) selects the next eBPF program
from the continuation buffer; the PeeR-kthread then restores
its state and resumes execution from the preempted helper site
on the slow path.
Pointer patching. Resuming a preempted eBPF program
requires restoring execution state to registers and memory. How-
ever, pointer values saved at yield time become invalid when
execution resumes on a worker thread: the stack resides at a
different address, and the execution context has been remapped.
Naively restoring stale pointers causes memory corruption.
PeeR has access to the old and new base addresses, but patching
is not straightforward: a 64-bit value could be a pointer or an
integer, and the kernel retains no type information at runtime.
PeeR extracts type information from the eBPF verifier.
In eBPF’s calling convention, r10 serves as the frame
pointer (stack base) and r1 holds the context pointer ctx at
program entry. The verifier tracks the type of each register
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@ Value before Value after

r2 = ctx + 8 preemption resuming
r3 = rile - 16
*(r10-8) = r2

r5 = 42

call helper site 1

Context pointer: 0x8000 ——[+6x1000]—» ©0x9000
Frame Pointer ri1o: oxfeof —I[ ]—> oxeo0f

Base address change

@ Pseudo eBPF bytecode

@ Value before Value after
preemption resuming

r2 » PTR_TO_CTX
> PTR_TO_STACK

" r2 > PTR_TO_CTX: ©0x8008 ——[+0x1000]—» 0x9008
rie[-8] » PTR_TO_CTX r3 > PTR_TO_STACK: 0xfeeo —I[ ]—> 0xe000
5 > gy >r10[-8] > PTR_TO_CTX:  0x8008 —[+0x1060]—> ©0x9008

Verifier-derived r5 - scalar: 42 —T[no patch]—» 42

patch descriptor at site1 Patching actions

Figure 6: Pointer patching at resumption. © Pseudo-eBPF bytecode
calling helper at site 1. @ Patch descriptor with verifier-derived
types at this site. ® Base address changes between preemption and
resumption. @ PeeR applies pointer rebases according to the patch.

and stack slot at every instruction; two types are relevant for
PeeR: PTR_TO_STACK for frame-pointer-derived values and
PTR_TO_CTX for context-derived values. PeeR intercepts this
information before JIT compilation, recording which locations
hold PTR_TO_STACK or PTR_TO_CTX values at each helper site
in a patch descriptor. At resume, PeeR consults the descriptor
and rebases each pointer to its new base address.

Figure 6 illustrates this mechanism. © shows pseudo-eBPF
bytecode where r2 derives from the context pointer, r3 de-
rives from r10, stack slot r10[-8] stores r2’s value, and r5
holds a scalar. PeeR leverages the verifier to generate a parch
descriptor at this site (shown at @), which stores the type
information of variables in registers and on the stack. ® illus-
trates that when the program yields and resumes, the context
moves from 0x8000 to 0x9000 (+0x1000) and the frame pointer
from 0xf00f to 0xed0f ( ). Using the patch descrip-
tor, PeeR rebases pointers according to their types, as shown
in @. It shifts PTR_TO_CTX values r2, r10[-8] by +0x1000
(0x8008 — 0x9008), adjusts PTR_TO_STACK value r3 by

(0xf000 — 0xe000), and leaves scalar r5 unchanged.

One complication arises when multiple control-flow paths
converge at a yield site with different types for the same pointer.
PeeR uses intersection semantics: a location appears in the
patch descriptor only if all paths agree on its type. This is
safe because the verifier enforces type consistency for any
dereferenced value, hence conflicting pointers are always
demoted to scalars and require no patching.

Control-flow transfer under CFI. Finally, the worker must
transfer control back to the helper call where the program
yielded. This requires an indirect jump, but modern CPUs
enforce Control-Flow Integrity (CFI) through Indirect Branch
Tracking: indirect jumps must land only on valid entry points
marked with special instructions (e.g., endbr64 on x86), or
the CPU triggers a hardware exception. PeeR satisfies CFI by
emitting a trampoline for each yield site during JIT compilation.
Each trampoline begins with an endbr64 instruction, marking
it as a valid indirect branch target, followed by a relative
jump to the corresponding helper call. Trampolines are stored
consecutively in the JIT code section, with addresses recorded
in an array indexed by site_id. At resume, the worker looks
up the trampoline for the saved site_id and jumps to it. The

Interface Description

runtime_event ringbuf
set_budget(ns)

Per-CPU stream of execution records for accounting
Sets the global preemption quantum

struct peer_cont cont Per-task continuation buffer and metadata

enqueue(cont) Handles a newly-preempted eBPF program

requeue(cont, runtime_ns) Handles when an eBPF program is preempted again

Table 2: PeeR’s interfaces to schedulers. The top part interacts with
the macro-scheduler across threads, while the bottom part implements
the micro-scheduler that decides task order within a PeeR-kthread.

endbr64 satisfies CFIL, and the relative jump transfers control
to the correct program location. Because PeeR places the yield
check immediately before the helper executes, resuming at
the helper call runs it exactly once, so a yield never skips or
duplicates a helper’s side effects.

5.3 Handling RCU Pointer Safety

Many eBPF hooks in softirg, such as XDP, execute under
an implicit RCU read-side critical section. Under Read-Copy-
Update (RCU), readers proceed without locks and writers defer
freeing data until all pre-existing readers finish. This allows
programs to safely dereference pointers returned by helpers
like bpf_map_lookup_elem() withoutexplicitlocking. When
softirqg completes, the critical section ends. This behavior
poses arisk for PeeR: if PeeR yields a program holding such
pointers, the kernel exits the protected section, risking other
programs updating these pointers or even freeing them to cause
use-after-free after the task is rescheduled on PeeR-kthreads.
PeeR prevents this by restricting preemption to helper sites
where no RCU-protected pointers are live. We again rely on the
verifier: its type tracking identifies RCU-protected values, such
as map-value pointers (PTR_TO_MAP_VALUE) and RCU-tagged
kernel pointers (MEM_RCU), and its liveness analysis marks a
value dead after its last dereference, even if it remains on the
stack. PeeR queries this information at each helper site and
injects preemption checks only where no RCU values are live.
At first glance, this restriction reduces PeeR’s preemption op-
portunities, butin practice itrarely does. The common pattern is
to look up an RCU-protected value and dereference it within the
same stretch of code, before the next helper call. The pointer is
then dead under liveness analysis at the following helper bound-
ary, so that site can still yield. A yield pointis forgone only when
a program holds an RCU-protected pointer live across a helper
or kfunc call, which is uncommon. When a program does guard
shared state with a BPF spin lock, that region cannot yield: the
verifier forbids helper calls while a lock is held, and PeeR, con-
sulting the verifier’s lock state (active_locks), emits no check
at the few data-structure kfuncs still permitted there. Sleepable
RCU [41] could lift the restriction entirely by allowing a critical
section to span a preemption point; we leave this to future work.

6 Correctness and Hook Safety

PeeR preempts and resumes an eBPF invocation while
preserving the safety guarantees of the verifier. Two conditions
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are required to guarantee safety: eBPF-level safety (§6.1)
requires that, at any point where an eBPF program can yield, the
program’s own state is clean and reconstructable. Hook-level
safety (§6.2) requires that the kernel path invoking the program
can tolerate it being preempted and resumed later. The eBPF
verifier guarantees the first requirement. To evaluate the
second, we characterize eBPF’s common hooks individually
and determine whether each is compatible with PeeR.

What PeeR guarantees. PeeR makes a fast-path eBPF
invocation reentrant: it can yield at a helper boundary, let other
work run on the core, and resume from the same site under the

same invariants as the fast path, however long it was suspended.

Across that yield, PeeR preserves memory safety for the three
kinds of state an invocation depends on:

1. ItseBPF state, the registers and stack, is saved and restored
with each pointer rebased to its new address (§5.2).

2. Its kernel state, any RCU-protected object or acquired
reference, stays valid because PeeR never yields while
one is live (§5.3).

3. Its hook context, the program’s input, stays valid past
the original call. For XDP, PeeR retains the packet as an
xdp_frame (§5.1).

What PeeR does not guarantee. Similar to prior work
on preemptive scheduling [34, 35, 40], PeeR allows for
interleaving of eBPF program invocations. Normally on the
softirqfast path, an eBPF invocation runs uninterrupted, so
an eBPF application may be written with the assumption that
accessing shared state is atomic. Under PeeR, a later invocation
can run while a program is preempted and modify that state, so
the program might read a map entry, yield, and resume to find a
different value. Logic written on the assumption that the entry is
stable across the invocation can then incur a race condition. As
aresult, the program must synchronize explicitly, for example
by guarding the access with a spin lock. This is already the case
for existing eBPF programs that run in preemptable context,
and PeeR extends this requirement to eBPF programs running
in a previously non-preemptable context. This interleaving
can also change per-core completion order. If a program yields
and a later invocation runs on the same core, the later one can
complete before the first resumes, so a program that requires
per-core completion order must serialize explicitly.

6.1 eBPF-level safety

PeeR establishes eBPF-level safety with two conditions, both
derived from the eBPF verifier. First, it yields only at a helper
function boundary where the verifier has already proved the call
safe and reports no eBPF lock held, so the program’s registers,
stack, and pointers all carry assigned types. This leaves a clean
snapshot that PeeR can later reconstruct. Second, it yields only
where the verifier reports no outstanding eBPF resource, such
as a live RCU-protected pointer or an acquired reference, since
yielding while one is live could let the kernel reclaim it under
the suspended program (§5.3). The verifier guarantees both

conditions; a site that cannot satisfy them emits no yield point.

6.2 Hook-level safety

The verifier exists only within eBPF context and does not have
visibility into the surrounding kernel context. A hook must
meet three conditions for compatibility with PeeR:
1. The program’s input stays valid after it yields. For XDP,
PeeR holds the packet past the original call.
2. The caller does not require the result immediately, so it
can continue while PeeR applies the result later.
3. The calling kernel code holds no lock while the program
runs.
Resumption runs in process context on an ordinary PeeR-
kthread, not inside softirq. Deferring eBPF work to a kernel
thread has the same properties that already exist when the kernel
hands softirq processing to ksoftirqd. The difference is
in granularity; PeeR defers a single eBPF invocation rather
than a batch. Before resuming, the PeeR-kthread re-creates
the environment the hook runs in, so the continuation executes
under the same invariants as the fast path. Below we describe
how XDP meets each condition.

Input lifetime. The program’s input must stay valid until
PeeR applies the result. For XDP, the packet buffer is owned by
the driver’s page pool and is valid only for the duration of the
NAPI poll. The driver can recycle it locklessly only because the
program runs to completion within that poll. PeeR must there-
fore extend the buffer’s lifetime past the original call. It retains
the packet as an independently owned xdp_frame (§5.1), so
the driver does not recycle it before the continuation finishes.

Deferred result. The caller must accept the program’s
verdict after the original call returns rather than during it. PeeR
returns XDP_YIELD in place of the program’s verdict (§5.1);
the driver treats it as a consumed packet and continues its NAPI
poll, so the fast path does not wait. On resume, PeeR applies the
program’s real verdict, covering all native single-buffer actions:
XDP_DROP and XDP_ABORTED free the frame, XDP_PASS builds
an skb and injects it, XDP_TX transmits via ndo_xdp_xmit, and
XDP_REDIRECT completes through the standard redirect path.

Caller-sideinvariants. The verifierreasonsonly abouteBPF-
visible state and cannot prove that surrounding kernel code
holds nolock across the call, so we check this per hook. For XDP,
the NAPI receive path invokes the program without holding a
driver or stack lock that must be released by the time the verdict
is produced, so deferring the verdictleaves no caller-side critical
section open. The one piece of caller state a yield could disturb
is the XDP redirect bookkeeping, kept in a per-task networking
context (bpf_net_context). PeeR handles this by completing
redirects from the PeeR-kthread’s own networking context and
flush list rather than the original poll’s, similar to cpumap.
PeeR does not check a hook at runtime. It is built only for
hooks that meet these conditions, and every other hook runs
unchanged. Table 3 applies this audit to common hooks, as
a design-time classification rather than a runtime test. As §2
explains, PeeR targets latency-critical I/O processing, not eBPF
as a whole. These are the packet and storage fast paths such as
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Hook Compatible?

Why

The driver runs the program on an xdp_buff and expects a packet verdict. PeeR retains the packet as an xdp_f'rame on yield
and applies the verdict on resume, covering all five native actions. Multi-buffer and tail-call programs are rejected at load.

The hook runs over an skb and returns a TC action. PeeR can apply terminal actions such as drop, stolen, and redirect
after a yield, once it retains the skb and the redirect state. Continuing actions re-enter the classifier chain or the network
stack, which lies outside the eBPF continuation, so PeeR supports only the terminal actions.

An eBPF program is one action inside a larger action list. After it returns, the caller may run later actions, repeat, or jump to
another chain. Reconstructing this requires the full action-list and chain state, which the eBPF continuation does not capture.

The hook runs in NVMe completion on a request-scoped context and either completes the read or resubmits the next I/O.
PeeR can retain that request and resumption state across a yield and apply the action later. We do not implement this adapter,

Native XDP [22,31] v
tc/ TCX (direct-action) [16] v
TC action chains (act_bpf) [15] X
XRP storage (NVMe) [56] v
but the contract fits the model.
Tracing, LSM, sockets, block [13, 14, 17] X

These hooks fall outside PeeR’s model for two reasons. PeeR cannot defer the result for tracing or LSM: tracing runs
under locks held by the caller, and LSM must return its allow-or-deny decision before the caller continues. Socket and
process-context hooks already run preemptably and do not require deferral.

Table 3: Hook compatibility with PeeR’s correctness model. A hook is compatible only if the eBPF continuation and the retained hook object

suffice to apply the final action without resuming caller-side kernel control flow. PeeR currently implements native XDP.

XDP, tc, and XRP. The hooks PeeR does not support, including
tracing and LSM, are also not its target: their programs are short
and event-driven, not the long request processing that causes
head-of-line blocking, so they have little need for preemption.
softirgpackethooks suchas LWT and netfilter share the same
skb-verdict structure, and applying PeeR to them is future work.

7 Scheduling eBPF Tasks

The mechanisms in §5 make eBPF programs preemptable, but
preemptability alone does not determine when to preempt or
which continuation to resume next. This section describes how
PeeR integrates with sched_ext [49] to provide schedulability
through operator-defined policies.

sched_ext is aLLinux scheduler interface that allows users to
implement arbitrary scheduling policies via a set of callbacks.
The core abstraction is the dispatch queue (DSQ), into which
tasks are enqueued and from which CPUs pull work. sched_ext
determines scheduling order by controlling how tasks flow
through DSQs, enabling policies such as priority scheduling
or weighted fair sharing.

7.1 Two-Level Hierarchical Scheduling

Scheduling preempted eBPF programs presents a challenge:
on the fast path, programs execute first-come-first-served with
bounded budgets, matching existing eBPF semantics to mini-
mize overhead. On the slow path, however, multiple preempted
programs accumulate within a single PeeR-kthread, requiring a
policy to determine resumption order. sched_ext cannotdistin-
guish among them because they share the same PeeR-kthread,
which is treated the same as all other kernel threads.

We address this with a two-level hierarchy. At the outer
level, sched_ext acts as a macro-scheduler, making task-level
decisions at millisecond granularity: which applications to run,
how long they execute, and how CPU time is divided among
workloads. Once sched_ext schedules a PeeR-kthread onto a
CPU, the micro-scheduler takes over. The micro-scheduler runs
within the PeeR-kthread context at microsecond granularity. It
distinguishes among accumulated eBPF tasks and selects the

subsequent continuation to resume. This division of responsi-
bility allows sched_ext to control how much CPU time eBPF
programs receive in aggregate, while the micro-scheduler
determines which programs benefit from that time.

7.2 Accounting and Budget Enforcement

Table 2 shows the interface between PeeR and sched_ext. The
macro-scheduler uses the top two entries to account for e BPF
program execution time and enforce the execution budget:
Accounting execution time. PeeR exports a per-CPU
runtime_event ring buffer. Each record contains the logical
owner (e.g., a process or cgroup identifier), the CPU, the
execution duration, and whether the task completed or yielded.
Each eBPF task execution updates the runtime_event buffer.
A userspace daemon consumes these events asynchronously
and aggregates them into per-application CPU usage. This
closes the feedback loop: sched_ext observes how much
CPU time each eBPF application consumes and adjusts when
and how often it schedules PeeR-kthreads accordingly. For
example, if an application’s eBPF programs have exceeded
their fair share, sched_ext can deprioritize the PeeR-kthread
or delay its next scheduling opportunity. This makes eBPF
execution visible to system-wide scheduling policy.
Enforcing execution budgets. The macro-scheduler
controls when eBPF programs yield through quantized budget
enforcement. set_budget () configures the preemption quan-
tum, a time interval that defaults to 5 us in our evaluation. The
scheduler advances a per-CPU epoch counter once per quantum.
When an eBPF program begins execution, PeeR records the
current epoch. At each helper call site, the JIT-inserted preemp-
tion check compares the current epoch against the recorded
value, and if the epoch has advanced, the program yields.

7.3 Ordering Continuation Tasks

The micro-scheduler controls which eBPF task resumes
next on a given PeeR-kthread. It uses a simplified version of
sched_ext’s DSQ abstraction, with priority-based ordering
to determine the next continuation task. Operators implement
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u64 enqueue(struct peer_cont *cont) {
return cont->peer_metadata.estimated_work;

}

©WNOUAWN R

10| u64 requeue(struct peer_cont *cont, u64 runtime_ns) {

12 return cont->prio - runtime_ns;
13| }

Figure 7: Sample SRPT implementation. The scheduler prioritizes
continuations closest to finishing by tracking remaining work.

scheduling policies via the bottom three rows of Table 2 by
setting extra fields inside the continuation structure cont and
two DSQ management callbacks.

The enqueue() and requeue () callbacks order tasks on
the per-kthread DSQ. The first time an eBPF task is preempted,
PeeR calls enqueue() to put this task on the DSQ to be
scheduled. Each subsequent time the same task is preempted
within the PeeR-kthread, requeue () is called with the time
spent executing. These functions return a priority number
that determines scheduling order: continuations with a lower
priority number are resumed first. When priorities are equal, a
sequence number provides FIFO ordering. Without application
modification or a custom queueing policy, the micro-scheduler
processes task continuations in FIFO order. Beyond that, the
cont structure allows eBPF programs to provide scheduling
hints (such as flow identifiers, weights, or deadlines) that the
scheduler uses in its priority calculations.

Sample SRPT policy implementation. The priority-based
interface supports a variety of scheduling policies. We
demonstrate the Shortest Remaining Processing Time (SRPT)
implementation as an example in Figure 7. SRPT prioritizes
tasks with the least remaining work, minimizing average
completion time. When a task is first preempted, enqueue ()
initializes its priority to an application-provided estimate
of remaining work, stored in cont. When the same task is
preempted again, requeue () subtracts the elapsed execution
time from the current priority, reflecting progress toward
completion. Since tasks with lower priority numbers are
scheduled first, tasks closer to completion naturally rise to the
front of the queue. Such an estimate is available in many of
the workloads PeeR targets, since the program already parses
each request to dispatch it and can derive a work hint from the
request type, for example a scan’s range or a transaction class.

8 Evaluation

This section evaluates PeeR’s performance and expressiveness;
we implement PeeR in Linux kernel 6.16 with ~ 5000 lines
of C code. We first show how PeeR’s preemption mechanism
eliminates head-of-line blocking within an application, using
a mixed GET/SCAN workload and a TPC-C workload, and
use TPC-C to demonstrate expressiveness across multiple
scheduling policies (§8.1). We then evaluate inter-application
allocation by colocating batch and latency-sensitive jobs under

CPU-sharing policies (§8.2), and finally present microbench-
marks of preemption and resumption overhead (§8.3).
System setup. We evaluate PeeR on two servers (application
and client), each with a 28-core Intel Xeon Gold 5420+ and
256 GB RAM, connected via Mellanox ConnectX-7 400 Gbps
NICs through an Intel Tofino 2 switch. Both run Ubuntu 24.04
with Linux 6.16 modified for PeeR, with hyperthreading, adap-
tive interrupt coalescing, and IOMMU disabled for low latency.

Our scheduler extends scx_layered [30], Meta’s pro-
duction sched_ext scheduler, with PeeR’s accounting and
budget enforcement. We generate requests using loadgen, an
open-loop generator with Poisson arrivals over UDP and TCP.
We use NIC flow steering to evenly distribute load across cores.
For Redis-KFlex, we use a lightweight in-eBPF TCP stack that
executes in the XDP hook. We set PeeR’s preemption budget
to 5 us by default unless otherwise noted.

8.1 Intra-Application Scheduling

PeeR enables preemption within an application and supports
operator-defined policies. We first evaluate the preemption
mechanism on a bimodal workload, then assess expressiveness
across policies on TPC-C [51].

8.1.1 Preemption for Latency-Critical Tasks

We evaluate bimodal Redis and Memcached workloads mix-
ing latency-sensitive GET requests with long-running SCAN
queries, similar to the setup in Figure 1. For this workload, we
use simple FIFO ordering with preemption enabled; no addi-
tional scheduling policy is required to demonstrate the benefits.
For Redis, we compare two multi-core key-value stores: the
userspace baseline KeyDB [37], a multithreaded fork of Redis
(we use it rather than single-threaded stock Redis), and Redis-
KFlex, a Redis-compatible store in KFlex [9] that runs entirely
in the XDP hook. We also add a cpumap-deferral baseline that
tests whether the application can address head-of-line blocking
itself, without kernel changes. The workload is 99.5% GET
(0.2 us)and 0.5% SCAN (200 us). ForMemcached, we compare
the standard userspace server, BMC [28] (a common pattern
where the fast path runs in-kernel but cache misses fall back to
userspace), and KFlex (entirely in eBPF), under a 50/50 GET
(0.2 us)/SCAN (30 us) mix. For both, we measure in-kernel per-
formance with and without PeeR to isolate preemption’s impact.

Figure 8 plots achieved throughput against tail latency, with
Redis (left) and Memcached (right) columns; top plots show
GET p99 latency versus throughput (krps) and bottom plots
show the same for SCAN.

For Redis-KFlex (left column), SCAN queries block GETs
and inflate tail latency under default eBPF. Enabling PeeR
reduces GET p99 latency by 19.8x over default eBPF while
achieving 3.77% higher throughput than userspace KeyDB.
The bottom plots confirm SCANs are not starved: below
1000 krps, PeeR even improves SCAN latency by reducing
blocking among SCANSs themselves. PeeR also achieves 10.3%
higher throughput than default eBPF, because preempting long
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Figure 8: Point/scan workloads for Redis (99.5% GET, 0.5% SCAN) and Memcached (50% GET, 50% SCAN). PeeR retains the
performance benefit of in-kernel execution over userspace, while reducing GET p99 latency by preventing long-running scan operations from
blocking point queries compared to the default eBPF runtime. Userspace baselines: KeyDB and stock Memcached. The x-axis is total achieved

throughput across both query types; curves end at saturation.
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Figure 9: Aggregate TPC-C latency under different scheduling
policies. FIFO with preemption outperforms baseline eBPF; SRPT
achieves 3x lower mean latency by prioritizing short requests.

SCANSs keeps the receive queue drained, whereas under default
eBPF the queue fills behind blocked GETs and drops requests.

The application can also chunk long requests itself. The
cpumap baseline bounds the work per XDP invocation and
defers the rest of a long SCAN to a per-CPU kernel thread
without kernel changes, but this only relocates the blocking: a
packet batch drains fully before the next, deferred work reaches
the thread only at batch boundaries, and the thread runs those
SCANs with softirgs disabled, so later GETs wait behind them.
At 1.5 Mrps cpumap brings GET p99 to 403 us (against 581 us
for default eBPF and 31 us for PeeR), is the first to saturate, at
3.1 Mrps, and near saturation its SCAN p99 climbs to 350 ms
against 4 ms for PeeR.

For Memcached (right column), both KFlex configurations
(with and without PeeR) achieve 3.46X higher throughput than
userspace; BMC matches userspace because cache misses fall
back to it. PeeR reduces GET p99 latency by 4.5% over default
eBPF. Unlike Redis-KFlex, PeeR’s overall throughputis slightly
lower than default eBPF: with a 50/50 mix and shorter queries,
queue buildup is milder, so preemption overhead is not offset
by reduced drops. Still, PeeR isolates GET latency regardless
of SCAN load, while the cpumap baseline tracks default eBPF
and saturates earlier. At peak, Redis’s 3.6 Mrps is 9 Mpps and
12 Gbps, and Memcached’s 1.5 Mrps is 3.0 Mpps and 3.1 Gbps.
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Figure 10: TPC-C latency by request type. Short queries (Payment)
benefit from preemption across all loads; long queries (StockLevel)
are not impacted until load exceeds 300 krps.

8.1.2 Expressing Scheduling Policies

To demonstrate expressiveness, we run a TPC-C workload and
implement multiple scheduling policies in PeeR. We use a syn-
thetic XDP echo serverto emulate the compute workload, where
each UDP request specifies a spin duration drawn from TPC-
C transaction profiles: Payment (5.7 us, 44%), OrderStatus
(6 us, 4%), NewOrder (20 us, 44%), Delivery (88 us, 4%), and
StockLevel (100 us, 4%), taken from prior in-memory database
measurements [8]. We implement three policies in PeeR’s
sched_ext component: FIFO, SRPT (shortest-remaining-
processing-time), and WRR (weighted round-robin).

Figure 9 compares baseline eBPF (no preemption) against
PeeR under each policy, with load (krps) on the x-axis and
mean (left) and p99 (right) latency on the y-axis. Even the
simplest FIFO scheduler with PeeR outperforms baseline
eBPF, but PeeR’s expressiveness enables more effective
policies: SRPT achieves the best mean and tail latency by
prioritizing short requests, cutting mean latency 3X over
baseline at 300 krps, while WRR is a practical alternative

USENIX Association

20th USENIX Symposium on Operating Systems Design and Implementation

2475



—— eBPF

—O— PeeR

---- Target

BMC + Colocated App

Memcached + Colocated App

Redis-KFlex + Colocated App
(Varied Target)

S 100 100 100
E
a D
o
< z
- O
9]
2~
S =
g <100 100 100
S %
2 504 50+ 501
£
5—0 ; : ; 0 ’ ’ 0 ‘ ‘ ‘ ‘
=28 0 1 2 3 0 5 10 15 10 20 30 40 50
—
=
o ~ 101
g 3 ’
- 104
o ]
3 3 ’
2 04 ‘ ‘ ‘ 04 ‘ ‘ ‘ ‘ : ‘ : ‘
= 0 1 2 3 0 5 10 15 10 20 30 40 50
£ Offered Throughput (Mrps) Offered Throughput (Mrps) Time (s)

Figure 11: Colocation experiments showing latency-sensitive applications (Memcached, Redis) colocated with batch jobs. PeeR enforces

operator-defined CPU allocation among workloads.

when execution time is unknown a priori.

Figure 10 breaks down latency by request type. Short queries
(Payment) benefit from preemption across the entire load range
under all three policies, while long queries (StockLevel) match
baseline until load exceeds 300 krps, so PeeR improves short-
request latency without starving long ones. These gains come
at a deep-tail cost for long requests, which are delayed when
preempted and resumed on a worker. For the Redis point/scan
workload, SCAN p99.9 is comparable to the non-preemptive
baseline at low load (946 us vs. 924 us at 1 Mrps) and rises to
2.3 near saturation (5952 us vs. 2562 us at 3.1 Mrps); in TPC-
C,StockLevel has 1.5—-1.7x higher p99.9 under PeeR,and SRPT
concentrates this cost on the single longest class while improv-
ing the next-longest (Delivery p99.9 of 1145 us under SRPT
vs. 2042 us for the non-preemptive baseline). An operator who
must protect long requests can raise the budget or give them
highermicro-scheduler priority; PeeR’s flexibility to match poli-
cies to workloads is itself expressiveness beyond today’s eBPF.

8.2 Inter-Application Scheduling

We evaluate PeeR’s ability to enforce scheduling policies when
eBPF applications compete with other userspace workloads for
CPU time. We colocate a latency-sensitive eBPF application
(BMC, Memcached, and Redis-KFlex serving GET queries)
alongside a compute-bound batch job, similar to the setup in
Figure 2. A successful scheduler must enforce the configured
CPU allocation while preserving throughput and latency for
both workloads.

Figure 11 shows the results; each column is an eBPF
application, with offered load (left, middle) or time (right) on
the x-axis. Rows show the batch job’s CPU utilization vs. its
target, its normalized throughput, and the eBPF application’s

achieved throughput. With vanilla eBPF, the batch job starves
as load rises: for BMC under a 50/50 fair-share policy, BMC
exceeds its allocation and the batch job’s throughput drops
to 30.9% of its fair share, because eBPF execution is invisible
to the scheduler. PeeR fixes this by making eBPF execution
time visible and accountable, capping BMC’s utilization at its
share so the batch job keeps its throughput; the middle column
shows the same for Memcached, where the batch job’s CPU
collapses to 7% without PeeR but holds its fair share with it.
Beyond equal sharing, PeeR enforces weighted allocations.
The right column varies Redis-KFlex’s batch-job target from
0% to 75% over time: PeeR tracks it within 6% across all config-
urations, whereas without PeeR the batch job’s utilization bears
no relation to its target, receiving only what Redis-KFlex leaves
behind. PeeR thus makes eBPF workloads first-class scheduling
citizens, subject to the same policies as userspace processes.

8.3 Microbenchmarks

PeeR’s performance depends on the low overhead enabled by
the cooperative preemption mechanism, while the preemption
granularity depends on the budget we set. This section studies
PeeR’s instrumentation overhead, its preemption and resump-
tion cost, and the impact of different preemption budgets.

8.3.1 Overhead Breakdown

We measure preemption and resumption overhead by running
an XDP echo server under high load, preempting once per
packet. Figure 12 shows the time spent in each phase, averaged
over more than one million measurements.

Preemption costs 77 ns: reading the sched_ext-set flag
incurs an L1 miss (17 ns), and checking it, transferring to the
yield handler, and saving state adds 60 ns. Resumption costs

2476 20th USENIX Symposium on Operating Systems Design and Implementation

USENIX Association



M Flag read (cache miss) M DSQ task selection

~—= 500ns = 2us

10 ps
No Preemption

=
o
[

=
o
o

[y
o
4

Short p99 Latency (u

Il Preemption Resumption 1ps =O—= 5us
M Kthread activation (batched) m 104

=

9

c 10°
17 60 46 80 44 9

3

2

o 10

(=) >
' . ! 2
0 100 200 300 0 50 100

Execution time (ns)

Figure 12: PeeR overhead breakdown
for a preemption-resumption cycle. The
total 247 ns cost enables fine-grained
scheduling while remaining practical for
microsecond-scale workloads.

170 ns: activating a PeeR-kthread takes 46 ns (amortized across
batched wakeups), selecting the next task from the dispatch
queue 80 ns, and restoring context 44 ns. A full preemption-
resumption cycle thus costs 247 ns, making fine-grained
scheduling practical even for microsecond-scale eBPF tasks.

8.3.2 Instrumentation Overhead

The budget check the JIT inserts before each helper call is
PeeR’s only always-on cost, paid even by a program that never
preempts. We measure it with an XDP program that calls
bpf_get_prandom_u32 in a loop, comparing the stock JIT
against PeeR’s JIT with a budget set so the check executes
on every call but never fires. The check adds one cycle per
helper call, and two when the scheduler is actively writing the
per-CPU budget flag.

8.3.3 Impact of Preemption Budget

While the overhead per preemption-resumption cycle is
constant, the overall overhead depends on the preemption
frequency, which is controlled by the budget. We evaluate the
application-level overhead of PeeR.

Throughputimpact. Figure 13 shows how the budget affects
throughput for an XDP echo server processing 5 us requests un-
deruniform load. Smaller budgets check more often,consuming
cycles that would process requests: at 500 ns the server saturates
at 275 krps, while at 10 us requests complete without preemp-
tion, matching the no-preemption baseline at 330 krps. A 2-5 us
budget sacrifices some throughput for scheduling responsive-
ness under more complex workloads, which we quantify next.

Latency impact. Figure 14 isolates the budget’s effect on tail
latency using a bimodal workload: 95% short requests (0.5 us)
and 5% long requests (100 us) at fixed 20 krps. We sweep
budgets from 500 ns to 200 us and measure p99 latency for short
requests. The results show a U-shaped curve. At small budgets
(500 ns—1 pus), frequent preemption dominates, inflating
latency to 110-190 us. As the budget increases, overhead
drops and latency reaches a minimum of 31 us ata 2 us budget.
Beyond this, head-of-line blocking takes effect: long requests
yield more slowly, thereby delaying short ones. At a 200 us
preemption budget, p99 of the short requests rises to 565 us.

200 250 300 350
Achieved Throughput (krps)

Figure 13: Throughput vs. p99 latency
for an XDP echo server under varying
preemption budgets. Smaller budgets reduce
peak throughput; a budget of 10 us matches
the no-preemption baseline.
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Figure 14: Preemption budget tradeoff
for a bimodal workload. Small budgets
incur context-switch overhead for the
latency-critical short task, while large budgets
lead to head-of-line blocking.

The U-shape captures a fundamental tradeoff: smaller bud-
gets provide finer scheduling granularity but increase context-
switch overhead; larger budgets reduce overhead but allow
longer blocking. The optimal budget is workload dependent.

9 Discussion

Existing mechanisms for deferred eBPF execution. Linux
provides several mechanisms to defer eBPF work off the fast
path, such as eBPF timers [20], workqueues [21], and XDP’s
cpumap redirect [S0]. eBPF timers schedule callbacks for later,
but they still run in sof'tiraq, steal time from interrupted appli-
cations, and lack hook context or I/O capabilities. Workqueues
defer to a sleepable kernel worker, but each callback executes
as a single eBPF invocation; the scheduler sees only the worker
thread, not individual eBPF tasks. cpumap queues packets to
a per-CPU kernel thread, but the XDP program still runs to
completion per packet and can head-of-line block.

PeeR generalizes this pattern of executing minimal work in
an interrupt context, deferring the rest, but with finer-grained
control. No existing mechanism combines per-invocation
preemption, scheduler visibility, and policy control. None
exposes fast-path eBPF execution time to schedulers or
supports policy-driven decisions over when and how long each
invocation runs. PeeR addresses this gap by treating preemption
as a first-class primitive, rather than requiring developers to
split programs or accept run-to-completion semantics.

Kernel bypass. Kernel-bypass systems achieve high
throughput and low tail latency by removing the kernel from
the critical path, but require monopolizing cores and hardware.
eBPF offers similar performance while retaining OS-provided
isolation, safety, and unified resource management.
Kernel-bypass systems usually assume that scheduling
flexibility requires moving to userspace. Systems such as Shin-
juku [35] and Shenango [42] implement preemption and core
reallocation in userspace because the kernel provides no equiv-
alent. Our work challenges this assumption: eBPF combined
with sched_ext supports similar policies without sacrificing
kernel interposition or dedicating cores to userspace runtimes.
Kernel-bypass retains advantages in hardware-specific
optimizations, custom allocators, and direct device queue
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access, but expanding eBPF capabilities may narrow this gap.
Enabling new eBPF applications. Beyond improving
existing workloads, PeeR opens possibilities for applications
previously unsuitable for eBPF. File-serving, for example,
requires sleepable contexts: programs must yield while
waiting for disk I/O rather than blocking the CPU. eBPF’s
current run-to-completion model cannot express this. PeeR’s
yield mechanism allows programs to suspend mid-execution
during I/O and resume once data is ready, bringing I/O-bound
workloads within reach of in-kernel execution.

10 Related Work

PeeR builds on a large body of prior work.

eBPF for extensibility and latency-critical applications.
eBPF has been widely adopted for extending kernel function-
ality safely and efficiently, with applications spanning memory
management [55], file systems [5], page caches [60,61], and
networking [6]. Beyond traditional extensibility, eBPF has also
been adopted for low-latency, high-performance applications.
XDP [31] and BMC [28] leverage eBPF for high-performance
packet processing and caching. KFlex [9], DINT [58], and
eTran [6] implement full application logic in XDP to bypass
the kernel network stack entirely. XRP [56] and Electrode [57]
use eBPF for storage and for accelerating distributed systems.
However, these systems inherit the non-preemptable execution
model of fast-path eBPF hooks, which increases tail latency
when operations vary in duration, an issue that DINT and
eTran have explicitly noted. PeeR addresses this by enabling
cooperative preemption, allowing eBPF programs to handle
longer operations without blocking other tasks.

Preemptive scheduling for low latency. A complementary
line of work reduces preemption overhead itself to achieve
low latency for applications. Shinjuku [35] achieves 5 us pre-
emption quanta using hardware virtualization, but requires a
specialized OS and dedicated dispatcher cores. ZygOS [43]
adds work stealing to IX [3]’s run-to-completion dataplane,
and Arachne [44] manages user-level threads to rebalance load
at microsecond granularity. Shenango [42] achieves similar
responsiveness through fast core allocation rather than fine-
grained preemption. Compiler-assisted preemption is used
more broadly: Wasmtime [4] inserts epoch checks, Go [7]
preempts via signals at compiler-identified safe points, and
Concord [34], Compiler Interrupts [2], and TinyQuanta [40]
approximate preemption with compiler instrumentation that
polls a shared cache line or counts instructions. PeeR brings
this technique to the eBPF runtime. While Concord is similar in
spirit,the eBPF setting imposes different constraints, since yield
sites must align with verifier state, hook-object lifetimes, and
kernel CFI requirements. User interrupts [29, 38] provide low-
overhead userspace preemption but do notextend to kernel code.
Recent work also proposes hybrid cooperative-preemptive de-
signs that fall back to timer-based preemption when cooperative
yields are too sparse [52]. PeeR instead stays purely cooperative:
on the eBPF fast path a timer could fire between helper calls,

where the verifier leaves no clean state to checkpoint, so PeeR
confines yields to helper boundaries and relies on the bounded
inter-helper gap (Table 1) to keep them frequent. These systems
target userspace applications; PeeR brings similar benefits to
unmodified kernel extensions without specialized hardware.

Inter-application performance isolation. Performance iso-
lation s critical in multi-tenant environments. Junction [24] and
Caladan [25] isolate application performance through smart
resource multiplexing. Static analysis techniques [27] verify
safety and performance properties of kernel extensions. These
approaches do not address long-running eBPF operations that
escape scheduler visibility. PeeR enhances isolation by making
eBPF execution time visible to the scheduler and allowing
programs to yield, preventing resource monopolization.

User-defined scheduling. Frameworks such as ghOSt [32]
and Syrup [36] allow defining custom scheduling policies
for threads and network packets in userspace. FlexNet [10]
proposes coroutine-based structural extensibility for the
network stack, with yield points at protocol-layer boundaries.
However, these systems schedule userspace threads and
packets, not in-kernel eBPF execution. The sched_ext
framework [49] enables implementing custom CPU schedulers
in eBPF, but it does not schedule eBPF programs themselves.
PeeR complements these frameworks by treating existing
eBPF programs as schedulable entities that can be preempted
and rescheduled without modification.

Extending eBPF to enable new capabilities. Recent work
extends eBPF’s capabilities. eNetSTL [53] provides STL-like
data structures for in-kernel network functions; eGPU [54]
executes eBPF on GPUs; and Zussman et al. [S9] implement
new eBPF hooks to enable custom page-fault handling. These
extensions increase both the complexity and execution time
of eBPF programs. PeeR complements this trend by providing
the scheduling and preemption infrastructure needed as
eBPF workloads grow beyond the fast-path assumption.
SchedBPF [46] also explores preemptable and schedulable
eBPF, with a focus on periodically executed programs and con-
tinuous workloads. In contrast, PeeR targets event-driven eBPF
hooks in sof'tirg context on the critical path. We characterize
problems quantitatively in these settings and provide a concrete
implementation of preemption and scheduling mechanisms.

11 Conclusion

We presented PeeR, a runtime that makes latency-critical
eBPF programs preemptable and schedulable in softirq
context, where preemption is otherwise disabled, by bringing
cooperative preemption to eBPF and integrating with
sched_ext. Our evaluation shows that PeeR reduces p99
latency by 3% to 19.8x% for latency-critical requests in mixed
workloads, and enforces resource-sharing policies across
colocated eBPF and userspace applications.
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