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Abstract be achieved with minimal impact to application performance.

To increase platform memory efficiency, hyperscalers like
Google and Meta transparently demote “cold” application
data to cheaper cost-per-byte memory tiers like compressed
memory and NVMe SSDs. These systems rely on standard
kernel paging policies and mechanisms to maximize the
achievable memory savings without hurting application per-
formance. Although the literature promises better policies,
implementing and deploying them within the Linux kernel
is challenging. Delegating policies and mechanisms to user
space, through userfaultfd or library-based approaches, in-
curs overheads and may require modifying application code.

We present PageFlex, a framework for delegating Linux
paging policies to user space with minimal overhead and full
compatibility with existing real-world deployments. Page-
Flex uses eBPF to delegate policy decisions while providing
low-overhead access to in-kernel memory state and access
information, thus balancing flexibility and performance. Ad-
ditionally, PageFlex supports different paging strategies for
distinct memory regions and application phases. We show that
PageFlex can delegate existing kernel-based policies with lit-
tle (< 1%) application slowdown, effectively realizing the ben-
efits of state-of-the-art policies like Hyperbolic caching [18]
and Leap [12] prefetching, and unlocking application-specific
benefits through region- and phase-aware policy specializa-
tion.

1 Introduction

Memory cost as a fraction of hyperscalers’ total cost of owner-
ship (TCO) has been growing at an alarming rate [25,32,48].
Offloading cold memory to cheaper cost-per-byte memory
tiers like compressed memory and NVMe SSDs offers a
promising way to increase platform memory efficiency. Re-
cent hyperscale deployments like Google’s g-swap' [32]
and Meta’s Transparent Memory Offloading (TMO) [48]
demonstrate that significant (20-30%) memory savings can

'We adopt [48]'s terminology for Google’s swap infrastructure.

These systems rely on the OS’s page reclamation mechanisms
to offload “cold” application pages (pages that haven’t been
accessed recently) and minimize the chances of costly page
refaults from the swap backend, which directly impact appli-
cation performance. Consequently, correctly inferring what
pages are cold and whether to offload them—i.e., the page of-
fload or reclamation” policy—is crucial to improving memory
savings without hurting application performance. Similarly,
prefetching the offloaded pages before they are reaccessed
can hide the cost of refaults, making prefetching equally im-
portant.

Existing deployments leave the critical page offloading
decisions in the kernel: they maintain page ordering based
on page access information using kernel mechanisms, and
use control loops in user space to determine the threshold
for offloading pages based on application impact. For page
ordering, they rely on traditional Linux kernel LRU mecha-
nisms like active/inactive lists [48]; multi-generational LRU
(MGLRU) [6]; or implicit ordering through per-page “age”
fields [32], where orderings are updated based on page access
information that is checked periodically [32]. However, many
more sophisticated eviction algorithms have been proposed in
recent work [15, 18,35,42,50] that could potentially further
improve memory savings. Our measurements show that there
is a significant gap between LRU and the optimal decisions
for real-world accesses from page access traces (§2.3). Simi-
larly, for prefetching, existing systems rely on Linux’s default
read-ahead, while more advanced prefetching policies like
Leap can improve performance by 7—75% [12].

Linux currently offers limited paging policy choices, and
improving these policies or implementing new ones in ker-
nel code brings significant challenges. Deploying kernel
changes across a large fleet is a slow and risky process, and
experimental or application-specific policies are harder to up-
stream [28, 34]. Existing user-space designs, such as those
that rely on Linux userfaultfd [3, 38, 40, 54] or custom

2We use the terms offload and reclaim (Linux term) synonymously.



libraries [26, 41,45, 53], can externalize (i.e., allow out-of-
kernel implementations for) paging, but introduce new prob-
lems. By migrating the entire paging infrastructure to user
space, userfaultfd dramatically increases the cost of re-
faults (e.g., by more than 50% for zswap (§ 2.4)). Additionally,
it imposes a high deployment barrier by requiring user-level
swap implementations—along with the effort to maintain
them—since it cannot leverage the kernel’s mechanisms.

Custom memory management libraries such as DiLOS or
Application-Integrated Far Memory (AIFM) [23,26,41,45,53]
completely avoid kernel paging for flexibility and lower pag-
ing overhead, but pose similar challenges. They often require
modifying applications, and while their slow path (i.e., re-
fault from swap) is generally much faster, they introduce
considerable performance overhead even when no memory
is offloaded, as they force a custom interface [52]. Both
userfaultfd and custom libraries introduce significant op-
erational overhead at scale, where maintaining stability, effi-
ciency, and seamless integration with existing infrastructure
is critical. Thus, in this paper, we ask the following question:
Can we delegate paging policies to user space without slow-
ing down the application or compromising compatibility with
existing deployments (i.e., avoiding application modifications
and the need to reimplement swap infrastructure)?

Our solution is PageFlex, a framework designed to dele-
gate the paging policy outside of the kernel, while keeping it
compatible with existing kernel-based swap deployments like
g-swap [32] and TMO [48]. To achieve these goals, Page-
Flex only delegates non-performance-critical policy decisions
made for prefetching and proactive reclamation outside the
kernel code. Enabling policies requires tracking the state of
memory and how it is being accessed (e.g., paging activity and
page access information), which could introduce considerable
overhead if significant kernel state needs to be exported to
and processed in user space. To address this issue, PageFlex
uses eBPF programs [10] to provide a flexible, low-overhead
view of in-kernel memory state to externalized policy code.

At a high level, PageFlex implements policies by observing
the changes to memory state and access information, and
making decisions based on them. To track memory state,
PageFlex traces various paging events (page status changes
like page allocations, frees, swap-ins and -outs) and access
signals (through page faults and periodic checks on access
bits) and exposes them to the policies implemented as eBPF-
based event handlers. To enable policies to efficiently track
and maintain metadata based on observed state, PageFlex
provides event handlers with safe, overhead-free access to a
small amount of in-kernel metadata for each page. Policies
subscribe to only the events they need, providing handlers
to process them and optionally communicate with user-level
code for more complex decision making. Any policy decisions
made in user space are enforced by PageFlex through paging
hints (page in or out) using the madvise syscall interface.

To make it easier to write policies, PageFlex provides

generic reclamation and prefetching policy models that sup-
port a variety of policies with a simple interface. Our recla-
mation model generalizes g-swap’s per-page, age-based
ordering to instead employ generic, per-page weights. In
this model, most existing eviction heuristics can be imple-
mented as custom weight-update functions that consume the
page-access information PageFlex periodically exports. Our
prefetching model enables customized trend detection, al-
lowing the implementation of state-of-the-art policies like
Hyperbolic caching [18] and the Leap [12] prefetching. Our
re-implementations require no changes to the kernel and only
a handful of lines of policy code (17 for Hyperbolic caching
and 21 extra lines for Leap in addition to 160 borrowed from
its original implementation [1]). Going beyond a single static
policy for an application, PageFlex supports specialization
for memory regions within a process and runtime policy ad-
justments.

We evaluate PageFlex with a variety of workloads and
policies. PageFlex introduces very little additional applica-
tion slowdown compared to kernel implementations of the
same policies. For page reclamation, we show that Redis and
synthetic benchmarks run at most 1% slower when using
PageFlex’s LRU implementation as compared to g-swap’s
functionally-equivalent but kernel-based variant. For prefetch-
ing, a PageFlex-based implementation of Linux’s read-ahead
policy provides similar benefit to the native in-kernel imple-
mentation: when measuring the page refault rate from an
SSD-like swap backend, Linux’s kernel-based read-ahead is
82% faster than no prefetching, while PageFlex delivers a
76% improvement with minimal (0.8%) overhead when there
are no prefetching benefits.

Going beyond these default policies, we implement various
policies from the literature and demonstrate their memory
savings and performance benefits. PageFlex’s LFU policy
offloads up to 2x more memory than LRU at any given per-
formance slowdown for a synthetic LFU-friendly workload.
Similarly, PageFlex-based Hyperbolic caching allows up to
5% more memory savings for real-world workload traces.
PageFlex-based Leap prefetching improves the refault rate
with strided accesses by 75.4% over the Linux default, which
cannot capture strided patterns. Our workload-aware, special-
ized policies show up to 36% more memory savings for a
key/value store, and 6% for the GAPBS PageRank workload,
compared to LRU for the same performance target. Moreover,
PageFlex enables these flexibility and performance benefits
despite modest overheads from its supporting infrastructure.
For example, compared to the in-kernel implementation of
g-swap, PageFlex’s periodic page table scans are 17% slower
due to eBPF overheads, and enforcing paging actions from
user space through syscalls takes 14% longer.
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Figure 1: Average memory offloaded (% of total memory us-
age) with periodic LRU eviction (colored bars) simulated on
page access traces of real workloads (detailed in Table 2) at
two different allowed page refault rates (1% and 5%), overlaid
against Belady’s MIN. The white space in each bar shows the
opportunity for more memory offloaded at the same perfor-
mance target.

2 Background and Motivation

We begin by motivating the need for a platform to easily ex-
plore novel paging policies. We then discuss the requirements
for investigating paging policies in the data center. We de-
scribe paging alternatives, including kernel-based, user-level,
and library-based implementations, showing that current so-
lutions fall short of meeting these requirements. Additionally,
we survey paging policies from the literature and provide a
background on eBPF.

2.1 Motivation for policy investigation

We begin by exploring the potential for improving on stan-
dard reclamation policies like LRU by comparing its effective-
ness against an optimal policy based on Belady’s MIN [16].
We evaluate these policies by simulating the proactive recla-
mation approach used in hyperscaler data centers using the
traces described in Table 2. These deployments [32,48] proac-
tively offload application pages to swap devices like NVMe
SSDs [48] or in-memory compressed caches like zswap [7].
Rather than reclaiming pages in response to memory pressure,
which can be disruptive to application performance (since
reclamation happens on the critical path of memory alloca-
tion), these systems proactively reclaim data in a manner that
limits the impact on application performance.

Figure 1 shows the difference in the fraction of memory
offloaded for two different performance constraints. To simu-
late the policies, a target amount of memory is offloaded at
the end of each interval (similar to TMO [48] and g-swap [7])
based on each algorithm (i.e., ordered by the last access time
for LRU and the next access time for MIN). As a proxy for
application impact, we use g-swap’s promotion rate’, the rate
of page refaults normalized to the working set, averaged for
all intervals. We vary the memory offload targets and measure
the largest target that results in a refault rate below 1% and

3We use the terms promotion rate and refault rate synonymously.

Policy User-

Infrastructure Kernel faultfd Library  PageFlex
App portability X
Debuggability X
Reuse swap stack X X
Faster rollouts X
Min. overheads X X
Fault isolation X

Table 1: Comparing various paging designs.

5%. Even at these low refault rates, the gap between LRU
and MIN is significant for all traces, ranging from 14-37%
at 1% refault rate and 22-38% at 5%, strongly suggesting
that there is opportunity to design better eviction algorithms.
Our goal is to make it easier to experiment with and adopt
such algorithms—both existing research algorithms and novel
ones—to close this gap.

2.2 Hyperscaler paging goals

When experimenting and adopting a new paging policy, hy-
perscalers have several goals. Application portability with-
out source code modifications increases ease of adoption for
new policies. Hyperscalers need the ability to easily develop
and debug a new policy implementation. To aid in this goal,
they want to reuse existing swap stack implementations for
components that are not critical to the policy (e.g., swap de-
vice implementations, swap device sharing, swap accounting).
Once policies are developed, hyperscalers need the ability
to roll them out to their fleet of servers; given fleet sizes,
deployment speed of new policies (and any fixes to critical
bugs) is critical. Once deployed, policy enforcement should
operate with minimal overheads to limit potential regressions
in application performance. Finally, if the policy has bugs,
their impact should be limited in scope. Table | summarizes
various paging designs with respect to these criteria. In the
subsequent sections, we dig into these alternatives in more
detail.

2.3 Kernel-level paging

Page reclamation. Page faults can be expensive (e.g., 410 us
for zswap [32] to tens/hundreds of us for SSD), so minimizing
refaults is crucial to avoid hurting application performance.
The page reclamation policy determines what pages to re-
claim and when, relying on past page access information to
predict future demands. Reclamation policies rely on two key
mechanisms: (1) per-page measures to order pages based on
their re-access probability and (2) a control loop that deter-
mines which pages to offload by enforcing a threshold based
on the perceived application performance impact.

Current hyperscaler reclamation reuses existing Linux ker-
nel mechanisms based on various LRU approximations to



maintain page ordering. TMO [48] reuses Linux’s active/in-
active lists to track pages for on-demand reclamation. While
efficient, these lists track page coldness at a very coarse granu-
larity (active vs. inactive) and do not track page access counts.
Recent improvements like MGLRU [6] enable a configurable
number of levels, allowing for more fine-grained page cold-
ness tracking. MGLRU also introduces page “aging” scans
to scan page tables and constantly move pages from younger
to older generations, rather than relying on memory pres-
sure events. Another approach, employed by g-swap [32],
maintains an implicit ordering based on a per-page coldness
“age”, which tracks time since the last access for every page.
Similar to MGLRU, g-swap employs aging scans using its
kstaled kernel thread; the resulting aging allows bucketing
pages by coldness at a fine granularity. g-swap relies on a
pre-configured age threshold to trigger reclamation.

To determine how many pages to offload, hyperscaler sys-
tems employ control loops to constantly monitor application
performance impact metrics (e.g., g-swap’s refault rate or
TMO’s pressure stall information (PSI)) and adjust the of-
floading threshold accordingly. These control mechanisms
are implemented in user space, and they use cgroup knobs
like memory.reclaim or g-swap’s reclaim age threshold to
inform kernel mechanisms.

Page prefetching. Prefetching offloaded pages that are
likely to be accessed into local memory hides the high cost
of refaults, which is especially useful for high-latency swap
backends like SSDs. Current prefetch policies detect histor-
ical patterns in refaulted pages to guess simple trends like
sequential or strided accesses. For example, Linux uses a sim-
ple read-ahead policy that looks for successive refaults to
adjacent pages for sequential patterns; even minor levels of
noise can throw off its trend detection. Prefetch aggressive-
ness, the number of pages to prefetch, depends on the number
of hits seen for the previously prefetched pages.

As with reclamation policies, we want to support easy adop-
tion of experimental policies. For example, the Leap [12]
policy uses a more complex trend detection that can handle
both sequential and strided patterns even in the presence of
noise. Leap can achieve up to 0.7—37.5% higher prefetching
coverage over Linux read-ahead, while maintaining similar
accuracy for some workloads [12].

Challenges with kernel-based policies. Experimenting
and adopting new policies written in the kernel is challeng-
ing. Deploying kernel changes across a large fleet is difficult,
analogous to what warehouse-scale operators like Google
already observed for CPU scheduling [28] and networking
stacks [34]. Kernel rollouts even at a monthly cadence are
“not well-tolerated” at Google [28]. This prevents both fast
roll-outs for any critical bugs as well as rapid iteration with
new policies. Furthermore, experimental policies or policies
tailored to specific workloads are harder to upstream, requir-
ing maintaining separate forks for new policies and a constant
developer effort to keep them in sync with the upstream ker-

nel. These challenges motivate the need for moving paging
policies out of the kernel.

2.4 User-level paging

User-level paging is a well-known technique used to trans-
parently manage OS pages from user space [2, 20, 27, 38,
40,43, 54], typically supported by an interface like Linux’s
userfaultfd [3]. With userfaultfd, a user-space handler
process can register to manage sections of an application’s
address space, causing the kernel to synchronously route all
page operations (page faults, map, unmap, madvise, etc.) for
these regions to user space. Combined with the ability to write-
protect and unmap the pages at any time (using madvise), the
handler can transparently back the registered memory regions
with a custom swap mechanism. Policies can then be imple-
mented in the handler process without any kernel involvement.
However, this approach has several limitations, both in terms
of overheads and compatibility.

First, by routing page faults through the user-space handler,
the approach increases refault costs, directly impacting appli-
cation performance. This overhead comes from the additional
user-kernel transitions and the extra copy required to move
the page data from the buffer provided by the user-space han-
dler into the destination page. To quantify this overhead, we
measure the cost of a zero-page fault (a fault that does not re-
quire servicing by the swap backend) for both userfaultfd
and the kernel, focusing on the per-page fault overheads due
to the interface. Figure 2 shows the median cost; while a
kernel zero-page fault takes 1.2 us, the same fault handled
by userfaultfd takes 5.6 us, with up to 4 us spent waiting
for the handler. For reference, fetching a page from zswap
backend takes 6 us at the median; userfaultfd would add
more than 50% overhead to this cost. In §6.2, we show that
overheads of even a few microseconds can entirely erase the
performance benefit gained by avoiding refaults.

Second, memory regions managed through userfaultfd
require custom swap backend implementations in the handler.
Normally this is an advantage, as it allows for non-standard
swap backends like cloud-based storage [2]. However, ex-
isting large-scale deployments like g-swap and TMO heav-
ily rely on the kernel’s swap subsystem for paging mecha-
nisms, swap device implementations (like zswap [7]), swap
device sharing, cgroup-based memory and swap accounting,
etc. Moving this functionality outside the kernel requires sig-
nificant development effort.

2.5 Custom library-based approaches

Flexibility in memory management has been well-explored
in the RDMA-based far memory space [13,19,26,39,41,45,
47,53,56]. Systems like DiLOS [53] and AIFM [41] and its
derivatives [26,45] completely bypass the OS and provide
libraries/user-level runtimes for applications to use directly.



- Base
[ friiiiiey] [exacony
El User/kernel
jumps

s s
A 5 D eBPF hooks

2 3 4 5
Time (ps) (median)

Linux
Userfaultfd

PageFlex

Figure 2: Cost of zero-page fault served from the kernel and
from the userfaultfd handler.

By parceling everything within the application, they also limit
the blast radius of any policy implementation bugs to the
application.

However, library-based approaches introduce a custom
memory interface that requires application modifications.
They also introduce performance overhead even without any
memory offloading, as they bypass the highly-efficient ad-
dress translation hardware (TLB & MMU) and introduce
additional dereferences for memory indirection in software,
resulting in up to a 40% slowdown [45]. Note that, unlike the
overhead caused by refaults (which can be traded off with
memory savings), this overhead cannot be avoided. Like user-
level paging, library approaches face compatibility challenges,
as they, too, lift the entire swap infrastructure into user space
and do not offer a clear solution for swap device sharing.

2.6 eBPF

eBPF (Extended Berkeley Packet Filter) allows user-defined
programs to run within the Linux kernel, offering the flexi-
bility to observe kernel activities and even customize their
behavior without any overhead [10]. These programs are writ-
ten in a C-like language, compiled into bytecode, and then
verified by the kernel to ensure they are safe to execute. The
programs are then "hooked" to specific points in the kernel
(e.g., tracepoints, kprobes, etc.), triggering synchronous exe-
cution at those points. Data can be shared efficiently between
eBPF programs and user space using eBPF maps. For safety,
access to kernel data structures is not permitted unless ex-
plicitly whitelisted through specific access points, such as
writable tracepoints [5]. eBPF has been widely used to unlock
customization for various kernel subsystems like packet pro-
cessing [24,46], file systems [17], process scheduling [28,31],
storage [51,55], kernel locks [37] and even prefetching [21].

3 PageFlex Design

In this section, we first discuss our design goals and how they
motivate PageFlex’s design, followed by a detailed overview
of PageFlex’s mechanisms.

3.1 Design Goals

Our key goal is to enable writing new paging policies while
meeting the hyperscaler paging goals discussed in § 2.2. More
concretely, our solution requires the following considerations:

1. Compatibility: Our solution must coexist with current
kernel-based policies and swap backends; i.e., some work-
loads running with the default policies and others using Page-
Flex but sharing the same swap backend.

2. Fail-safety: Failure of any PageFlex components (e.g., due
to policy bugs) should not affect other workloads or even
crash the apps whose policy is handled. This allows for safe,
non-disruptive policy upgrades that are crucial for warehouse-
scale deployments [28].

3. Minimal overheads: Any overheads introduced by the Page-
Flex infrastructure must be minimal. More importantly, over-
heads that directly impact the application performance must
be negligible (i.e., background overheads are more tolerable).

To achieve these goals, PageFlex only externalizes non-
critical policy decisions for prefetching and proactive recla-
mation to user space, while the kernel continues to provide
core mechanisms for page access tracking, on-demand page
fault handling and page reclamation. This division of labor
achieves compatibility (1), unlike userfaultfd and library-
based approaches. Also, because policy decisions are not
critical to application functionality, PageFlex failures will not
crash the application (2). Finally, PageFlex uses eBPF pro-
grams to provide a flexible, low-overhead view of in-kernel
memory state to the externalized policy code. More specifi-
cally, policies run their performance-critical code inline with
the kernel paths using eBPF to flexibly process the page events
as they occur, without incurring the overheads of exporting
large volumes of page event metadata to user space (3).

3.2 System Overview

Figure 3 provides an overview of PageFlex’s design. At a
high level, PageFlex consists of a kernel component (left half
of the figure) with eBPF programs where policies run in-
band with the kernel events to get a low-overhead memory
view and arrive at paging decisions. This information is then
shared out-of-band with a user-level component (right half)
which is used to enforce these decisions and implement any
non-performance critical policy infrastructure.

3.2.1 In-kernel policy execution

To provide a memory view, PageFlex tracks various basic
paging events with explicit kernel tracepoints. Policies then
subscribe to (any subset of) these events and provide event
handlers that PageFlex runs synchronously with the paging
events in the kernel as eBPF programs. We discuss these
components below.
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Kernel paging events. The left-most box in Figure 3 shows
the set of in-kernel page events PageFlex provides for policy
handlers to subscribe to. (Figure 4 shows all the page state
transitions these events cover.) OnPageAlloc (arrows 1 and
7 in Figure 4) and OnPageFree (arrows 3 and 4) events are
raised when a page enters or leaves the memory, either due
to allocation or freeing by the application or being moved
in from/out to the swap backend. These events are useful
for keeping track of the current memory and swap state. For
access information, PageFlex tracks two sets of events: for
unmapped pages, OnPageFault (arrows 5 and 6) is raised
when an unmapped page is requested by the process through
a page fault (regardless of whether the page is mapped from
the swap backend or the swap-cache)—it reports both swap-
cache hit and miss events as both are useful access signals for
prefetching (§2.3). For mapped pages, PageFlex periodically
collects page access bits similar to g-swap. OnPageScanned
(arrow 2) is raised for each page with information on whether
it is accessed. Combined, these events provided the necessary
information for all the policies we implemented (§6.3).

eBPF-based custom event handlers. Policies subscribe
to (any subset of) the above events and provide custom han-
dler functions that PageFlex runs inline with the events as
eBPF programs. Allowing policy-specific handlers with eBPF
avoids the need for indiscriminately tracing and communicat-
ing everything to user space. In fact, we will show that most
policies can make their decisions in their event handlers and
only export digested data (like policy outcomes to enforce or

statistics for policy tuning in user space). The event handlers
run synchronously with paging paths, potentially impacting
application performance (e.g., slower page fault handling due
to OnPageFault events). However, the overhead of eBPF pro-
grams is very little (<50 ns per eBPF invocation), allowing
PageFlex to use them aggressively even in high-frequency
paths. (We quantify the overhead of eBPF in §6.5.)

Low-overhead per-page state. Policies generally need
to maintain per-page metadata as they learn from page ac-
cesses and make decisions over time. For example, g-swap
keeps track of page ages for LRU ordering. As we will see in
§4.1, most reclamation policies assign per-page scores that
are updated over time based on page accesses. Such state
can be maintained in user-space data structures (e.g., a hash
table) or eBPF maps, however, these introduce overheads
(i.e., lookups, additional memory). Fortunately, all the events
traced in PageFlex are page-specific and the kernel page struc-
tures are already available for these events. Thus, PageFlex
reserves a small space (4 bytes) in the kernel page structure
for each page and provides safe and exclusive read/write ac-
cess from the event handlers. This space also allows PageFlex
event handlers to mark or track events for only a subset of
pages based on policy-specific criteria. For example, online
learning policies like LRB [42] may want to sample a subset
of pages and track only those pages through their lifetime
(e.g., send their access events to user space) for training their
models. The state is limited (a 4-B state per each page incurs
a fixed 0.1% memory cost, same as g-swap), however it is
more than enough for most policies. By default, the state is
reset when the page is swapped out, but policies can option-
ally persist the old state across reclamations if needed (at an
additional memory cost of 0.1% incurred for swapped-out
pages as well).

3.2.2 User-level policy control and enforcement

PageFlex employs a dedicated user-level agent process to
initialize and run policies for the applications that opt in for
PageFlex. The agent process loads the policy’s eBPF handlers
and lets policies configure them through eBPF maps. Policies



// Reclaim interface (per-page)
struct {} state; // 4B max
UpdateWeight(state, accessBit): {}
onSwapIn(state, oldState): {}
default { state = 0 }
OnSwapOut (oldState): {}
default { oldState = 0 }

// Hyperbolic caching

state.age++;

// Prefetch interface (per-page fault)
PredictTrend(page, isHit): {}

struct { u8 hits; u8 age; } state;
UpdateWeight(state, accessBit):
if (accessBit) state.hits++;

return (state.hits / state.age);

onSwapIn(state, oldState): default
OnSwapOut(oldState): default

// Linux read-ahead
PredictTrend(page, isHit):
if (isHit and page in prevWin) nHits++;
// re-use linux function
newWin = __ swapin_nr_pages
(lastPage, page, nHits);
previWin = newWin; lastPage = page;
if (newWin) nHits = ©;
return newWin; // to prefetch

Figure 5: PageFlex simplified interface for most policies (left) and example policy implementations (center and right).

can push events (e.g., page in/out decisions) to user space and
handle them asynchronously with user-level handlers (e.g.,
issuing paging actions). Additionally, policies can perform
any non-critical and complex functionality in their user-level
code using the information passed from the event handlers,
e.g., control loops used in page reclamation (§ 2.3). PageFlex
enables two-way shared-memory communication between
user space and the eBPF event handlers with eBPF maps.

Enforcing policy outcomes. PageFlex acts on the pol-
icy outcomes using madvise hints from the user-level agent
to page in (for prefetching) or page out (for reclamation).
Specifically, the agent process uses the process_madvise ()
wrapper to issue madvise hints against a different (process’)
address space. Using a hardened interface like madvise lets
us avoid introducing new kernel infrastructure while still mak-
ing the decisions outside the kernel. However, this introduces
additional overhead due to extra user/kernel crossings when
compared to the policy decisions made in pure kernel de-
signs. E.g., in g-swap a kernel thread, kreclaimd, reclaims
pages. We amortize these overheads by issuing madvise calls
on batches of pages. (As shown in the results in §6.5, both
prefetching and proactive reclamation paths do not directly
affect application latency, allowing us to batch aggressively.)

Policy isolation. As in ghOSt [28], PageFlex provides sep-
arate “enclaves” for running different policies simultaneously
for different groups of processes. Each enclave binds to a sin-
gle Linux kernel cgroup and applies a single policy to all the
processes in that cgroup. The enclave separation is provided
in the event handlers (in eBPF), user-space code and in the
communication between the two. This enables targeted policy
application for select workloads while the rest continue to use
the default kernel policy (while sharing the same swap back-
end). And, if at any point PageFlex fails (or during upgrades),
the cgroup bindings are gracefully released without any effect
on the attached processes. Additionally, because PageFlex
uses the kernel’s swap subsystem, existing kernel-based recla-
mation like g-swap can be configured to take over on failure,
a feature usefaultfd-based designs cannot provide.

4 Policies in PageFlex

In this section, we first show how PageFlex enables writing
prefetching and reclamation policies with varying degrees of
specialization, followed by a discussion on the limits of its
policy expressibility.

4.1 Unlocking policy customization

Proactive reclamation. We start with a goal of unlocking
various eviction algorithms for hyperscaler reclamation sys-
tems like g-swap (described in §2.3) with PageFlex. To that
end, PageFlex replaces g-swap’s per-page LRU age that de-
fines eviction ordering with generic per-page weights that are
policy-specific. PageFlex then lets the policies provide cus-
tom functions to update these weights—and the way weights
are updated can implement a variety of policies. For example,
an LRU ordering maintains the time since last access as the
weight while, for LFU, it is the number of hits. Many other tra-
ditional eviction heuristics such as LRU-K [36], LRFU [33],
LIRS [30], Hyperbolic [18], LHD [15], etc. can be similarly
expressed as simple functions of the page accesses. Even more
complex ones based on multiple queues [50] can be modeled
by partitioning the weight space to represent different queues
(our 4-B per-page state allows a 32-bit weight which is large
enough in practice). PageFlex runs these policy-specific func-
tions through its (eBPF) event handlers while maintaining the
page weights in the low-overhead per-page state (described in
§3.2), thereby achieving the flexibility to implement various
eviction algorithms for g-swap without kernel changes.
Along with policy flexibility, PageFlex’s mechanisms can
also easily support policy-agnostic infrastructure that is re-
quired to support the reclamation policies. Like g-swap, Page-
Flex employs periodic page-table scans to collect page access
bits and allow page weight updates, exports page-weight distri-
butions using eBPF maps, and runs the control loop in the user-
level agent to determine the eviction threshold. To simplify
policies, PageFlex abstracts away this common infrastructure
and provides the interface shown in Figure 5 for most polices
(like above) that can work with simple update functions. The
only required function is UpdateWeight, which is called pe-
riodically for each page after checking its access bit (provided
as accessBit) and returns a new weight (see the example



for Hyperbolic caching [18] in the center). The function can
maintain a small state (state) persisted as long as the page
is in memory. By default, the state is reset once the page is
swapped out. This works for most policies as they do not need
the access history after a page gets reclaimed. Some policies,
however, remember the order of recently reclaimed pages to
maintain a ghost queue [50], while a learning-based policy
may want to remember the tracked pages across reclamations,
and g-swap remembers the page age when it was reclaimed,
etc. To enable such policies, PageFlex optionally lets the poli-
cies customize the behavior at OnSwapIn and OnSwapOut to
persist and retrieve the state (oldState). More specialized
policies, however, may bypass this simplified interface and
directly work with the core paging events described in § 3.2.

Prefetching. As discussed in §2.3, prefetching policies
require page refault history for trend detection and predict-
ing the next pages in the trend to prefetch, and the num-
ber of prefetching hits (through minor-faults) to adjust the
predictions. PageFlex can provide both the signals with
OnPageFault events. Similar to reclamation, PageFlex takes
care of the policy-agnostic support like enforcing prefetch-
ing decisions while only requiring the policies to define a
PredictTrend function, where they can detect any trend and
return the pages to prefetch. The function could be marked to
run directly in the eBPF event handler or in user-level code
depending on complexity. Figure 5 (right) shows the Linux
read-ahead policy implemented with PageFlex’s simplified
prefetching interface.

4.2 Application-specific policies

PageFlex further supports applying distinct paging policies to
different continuous memory regions and execution phases
within a user application. This capability is particularly bene-
ficial for workloads with diverse memory access patterns. For
example, two memory regions with distinct memory access
patterns might exist in a graph processing application: graph
edges are traversed sequentially, while vertices are accessed
randomly. In such scenarios, applying separate prefetching
(and reclamation) policies to the two regions can significantly
enhance performance and memory savings.

Specialization in PageFlex is guided by application-
provided hints. PageFlex offers an inter-process communica-
tion (IPC) interface, enabling authorized agents to provide
these hints. Each hint message associates an existing Page-
Flex policy, along with specific parameters, to a designated
memory region represented by memory addresses. With Page-
Flex’s IPC client library, agents can be developed to monitor
and analyze applications’ memory access patterns (e.g., de-
tecting sequentiality) and translate these observations into cor-
responding PageFlex hints (e.g., applying lookahead prefetch-
ing with a step size of N). Agents can be implemented within
the application process or as independent, authorized pro-
cesses running alongside the application. By providing hints
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to PageFlex for region creation/deletion or adjustments to
prefetching/reclamation policies, applications can create spe-
cialized spatial and temporal and paging policies.

As illustrated by Figure 6, PageFlex enforces specializa-
tions through a new policy, RegionPolicy, which composes
existing PageFlex policies and dynamically manages isolated
sub-policies for specific memory address regions. Upon re-
ceiving a hint from an agent, PageFlex dynamically creates,
updates, or removes sub-policies. Internally, PageFlex main-
tains a mapping table that associates memory regions with
their corresponding sub-policies. To ensure correctness, the
regions in this table are non-overlapping, and each region can
be linked to at most one prefetching policy and one recla-
mation policy. PageFlex dispatches events to the appropriate
sub-policies based on the virtual address of the accessed page,
operating seamlessly across both user and kernel space.

4.3 Limits of policy expressibility

To avoid the CPU and memory overheads of exporting page
access data to user space, PageFlex makes the design choice
to limit the policy to eBPF programs which need to work
with very limited state in the kernel. This may limit policies
in some ways. First, writing complex policies could be chal-
lenging with eBPF due to verifier restrictions on program
complexity (§ 2.6), limiting some policies such as LRB [42]
which require ML model inference. Second, limited state
such as the 32-bit per-page weights available to summarize a
page’s access history that are only accessible to eBPF code
(as opposed to complex user-level data structures) could also
limit the policies which work with more “information con-
text”. For example, a hypothetical policy that looks for spatial
access patterns across the address space over time may be
challenging to implement.

For such policies, PageFlex may still be used by shifting



the policy complexity to user space while the eBPF handlers
merely export the necessary state instead of running the policy.
However, in such cases, policies are left to account for the
CPU/memory costs of exporting the state when weighing
against the potential memory savings. It is worth noting that
policy complexity generally translates to increased cost in
making policy decisions to which paging policies are highly
sensitive; as a result the increased cost may discourage such
complex policies regardless of where they are implemented.

S Implementation

PageFlex is implemented with a combination of Linux kernel
changes, a user-space agent written in C++, and a collection
of eBPF programs. We made 608 lines of changes to kernel
code with most of it defining and introducing tracepoints at
various paging events, and supporting the reserved field in
the page struct. Excluding the policy-specific component,
the agent constitutes 2,900 lines of C++ code and the eBPF
programs are 700 lines of code to support the key components
and the simplified policy interfaces.

Tracepoints. We add tracepoints in the kernel code to sup-
port PageFlex’s events (sometimes at multiple places for each
event) and attach eBPF programs to run the event handlers
where needed. Page allocations, frees, swap-ins and swap-outs
are traced from cgroup page charge and uncharge functions
that already track all possible ways pages enter and leave
memory. Page-fault events are traced from page-fault han-
dling code. For page-access scans, we depend on a kernel
thread similar to g—swap’s kstaled whose period can be exter-
nally controlled. Currently, the thread scans all physical pages
in the system in each scan; in future, this can be made cgroup-
specific by moving to the (already-upstreamed) MGLRU’s
page-table-based scans [8]. All tracepoints export the memcg
id of the page so PageFlex can target required cgroups and
a writable pointer to the reserved field in the page struct
(described below).

Per-page persistable state. To provide low-overhead per-
page state for eBPF code, we reserve a 4-byte field in the
kernel page struct (associated with for each page in mem-
ory) exclusively for eBPF use. By default, eBPF disallows
writing to kernel data structures exported through the trace-
points. To allow write access, we use writeable tracepoints [5]
that allow explicitly whitelisting specific (section of) kernel
data structures (in our case, the reserved 4-byte field in the
page struct) to be writable by eBPF programs. This is safe
because we make sure this field is never read by the kernel so
any data written by the eBPF programs has no effect on the
kernel’s operation. To persist the state across swap-outs (the
page structs are freed for swapped-out pages), we re-use
swap cgroup maps that already maintain cgroup ids for swap
entries for cgroup-level swap accounting. When a page is
swapped in, we retrieve the old state and provide it to the
policy through the OnPageAlloc event.

eBPF maps. PageFlex extensively uses eBPF maps
for eBPF/user space communication. For each policy,
we use a BPF_MAP_TYPE_HASH map for policy con-
figuration, BPF_MAP_TYPE_ARRAY map for statistics, and
BPF_MAP_TYPE_RINGBUF for event notifications to trigger
user-level handlers if needed. Policies may employ maps
where needed, too. For policies in § 4.1, we use histograms
modeled on hash maps to communicate page weight distribu-
tions. Region-aware policy in § 4.2 maintains a hash map to
store the VMA segment to sub-policy association, which is
traversed to find the right policy handler at each event. (Cur-
rent implementation reserves 256 slots per enclave.)

6 Evaluation

In this section, we evaluate PageFlex for its flexibility and per-
formance overheads. Specifically, we focus on the following
high-level questions:

e Can PageFlex externalize current (kernel-based) policy
implementations without negating their benefits?

* Is PageFlex flexible enough to support new policies?
Specifically, can PageFlex enable specializing the poli-
cies, from general policy improvements that go be-
yond the current defaults like LRU to more tailored
application-specific ones, and show improved memory
savings?

* What overheads does PageFlex introduce, if any?

6.1 Testbed

We run experiments on a server fitted with two 24-core In-
tel Xeon E5-2696 CPUs each with 128 GB of memory. The
server runs Linux 5.10 with PageFlex kernel changes dis-
cussed in §5. We use g-swap [32] as our kernel-based base-
line for comparison. To ensure a fair comparison, we use
the same kernel rebased with g-swap. Unless otherwise men-
tioned, we use zswap [7] as the swap backend. For a fast
SSD-based swap emulation (with a 50-us mean access la-
tency), we use a block device supported by the Linux ublk
driver using an SPDK Ublk target [11]. We use a combina-
tion of real-world benchmarks like Redis [4], RocksDB [22]
and the GAP benchmark suite [14], and various synthetic
workloads with a memory-access generator when evaluating
application-level performance impact. For some long-running
workloads, we first collect page-level access traces and replay
them faster with the access generator (along with commensu-
rate speedup in policy execution) where we need to collect
a large number of data points; in such cases, we take care
to only compare policy effectiveness (e.g., cache miss rate)
and not raw performance (§ 6.3). Table 2 shows the list of
workloads for which we collected page-level access traces by
periodically scanning the page tables and logging the accessed



Trace group  #Traces #Pages (M) Max RSS (GB) Span (hrs)  Scan interval (s) Description

Redis 1 10 40 1 10 10-M keys, zipf skew = 0.5 workload
Memcached 4 1.3 52 1 60 10M 1024-B and 8-KB obyjs, sliding hotset
Database A 2 1 4 1 30 Proprietary SQL DB (like [44]) benchmark
Twitter KV 3 29-11.2 11.6-44.8 24-100 10 Twitter KV traces [49] played on Redis
Meta KV 4 2.8 11.2 24 10 MetaKYV traces [9] played on Redis

Table 2: Traces used for evaluation of PageFlex policies. We collect the page-level access traces by periodically scanning the
page tables, at a fine granularity (10-60 seconds) compared to their total running time (hours to days).
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Figure 7: Performance comparison of PageFlex’s LRU with g-swap’s kernel-based implementations for (a) Redis with a zipf(0.5)
client and (b) a memory access generator with an LFU-friendly workload. In each case, the left plot shows the raw application
performance at various memory offloading targets and the right plot shows the refault rates for the same.

pages in each scan. We get these traces at a fine granularity
(10-60 seconds) compared to their total running time which
varies from hours to days. Where possible, we always batch
the madvise calls to issue page-in or page-out hints for up to
64 pages. (We quantify the benefitin § 6.5).

6.2 Existing policies on PageFlex

We start with implementing existing policies on PageFlex to
show that PageFlex can support these policies without causing
any application slowdown compared to their functionally-
equivalent kernel-based implementations.

PageFlex LRU vs g-swap. We use g-swap’s age-based
reclamation as our kernel baseline and compare with Page-
Flex’s LRU, which fully implements g-swap outside the ker-
nel (§ 4.1). We run Redis with the memtier client, loaded with
10M keys with 1024-byte values (12 GB total memory), and
measure its performance for requests drawn from a zipf(0.5)
distribution. To compare policies at different degrees of mem-
ory offloading, we configure both systems to tune the age
threshold based on a static memory reclamation target (i.e., a
fraction of total process memory that should be swapped out).

Figure 7a (left) shows the Redis performance (queries per
second) at various memory reclamation targets for both sys-
tems. The overall performance degrades with the increasing
memory offloading as expected, as the refault rate per query
(shown in Figure 7a right) increases. The performance of
PageFlex’s LRU is similar to g-swap’s LRU (within 0.98% of
baseline) for all memory reclamation targets. The refault rates

are also similar, showing their functional equivalence as well.
To give a sense of the potential impact of userfaultfd-like
overhead in the page swap-in path, we show the performance
of g-swap modified to inject an additional 4-us delay for each
page fault, the overhead that userfaultfd introduces (§2.4).
(Note that drawing an apples-to-apples comparison with real
userfaultfd was infeasible, as it cannot use a kernel-based
swap backend as PageFlexdoes; additionally, page access in-
formation is not yet available in userfaultfd). This result
is significantly worse, slowing down the application by up
to an additional 13.3% (for a similar refault rate), showing
the importance of avoiding overheads in the page fault path.
For reference, even a policy that randomly reclaims pages,
which increases the refaults per query by 40% (to 1.4) at the
rightmost point (80% swap), only incurs a 8.1% additional
slowdown. Note that we only look at the direct impact to appli-
cation performance here; we discuss the overheads added to
the asynchronous policy work, which is similar across bench-
marks, in §6.5.

To show another example where PageFlex can support
a policy better suited for the workload, we use a synthetic
memory access generator that generates page accesses from a
skewed distribution interleaved with large sequential scans—a
workload where pure recency-based eviction algorithms like
LRU do poorly and LFU does better as it can filter out the
noisy scans more effectively. We take measurements similar
to Figure 7a, with the number of pages accessed in a fixed
time (5-minute runs) as the performance metric. Figure 7b
shows the results for the same configurations as above, as
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well as LFU implemented with PageFlex. Both LRUs per-
form similarly worse compared to LFU, which degrades more
gracefully with increasing memory offloading, due to the bet-
ter miss rate shown in the right graph. For example, for a 10%
slowdown (25.8 million accesses), LFU achieves 41% swap
usage compared to LRU’s 20% swap usage, providing 2x
the memory savings. Emulated userfaultfd performance
is again significantly worse than the baseline, potentially
negating LFU’s benefit (if it were to be implemented as a
userfaultfd-based policy).

Linux default read-ahead with PageFlex. We externalize
Linux’s default read-ahead policy with PageFlex to quan-
tify the overheads of running a prefetching policy on Page-
Flex. We implemented Linux’s simple sequential trend de-
tection and window size calculation in the PredictTrend
function provided by our prefetching interface, which runs in
the user-level code. The implementation consists of 61 lines,
41 of which were borrowed from the kernel code to perform
window-size estimation.

To show policy equivalence and overheads, we use a syn-
thetic benchmark with sequential and strided access patterns.
The benchmark starts with a large dataset in the swap back-
end and promotes the data into memory with various fault
patterns. Figure 8 (left) shows the rate at which the bench-
mark can promote the pages (with a 10-us no-op work be-
tween the accesses) from a zswap backend. With sequential
accesses, both kernel and PageFlex read-ahead prefetch half
the pages as expected—we limit the prefetch window size
to 1 in all cases. Figure 8 (second) shows the swap-in la-
tency distribution. The no prefetching case (No-Prefetch)
sees the standard zswap swap-in latency (3.5 us at median)
for most pages. For both read-aheads (RdAhead-Kernel and
RdAhead-PageFlex), half of the pages see lower (minor-
fault) latency due to a prefetching hit (1.08 us for kernel
and 1.85 for PageFlex at p25), whereas the other half see
higher latency compared to No-Prefetch due to a miss. The
kernel’s miss latency (6.2 us at p75) is twice as high as usual
major fault, as the prefetches are synchronously issued with
the original page fault and (unlike a block device-based swap

backend) zswap’s swap handling is also synchronous. Page-
Flex, however, prefetches asynchronously, incurring a miss
latency closer to that of a major fault (No-Prefetch). For
both hits and misses, PageFlex’s latency is still slightly (0.5-1
us) higher than the usual minor and major faults respectively—
while a small fraction of it is PageFlex’s eBPF overhead,
we noticed that the interleaved madvise calls that do the
prefetching from PageFlex’s agent thread contribute to this
overhead. Still, PageFlex’s read-ahead is (inadvertently) faster
than the kernel because of its asynchronous prefetching in the
sequential case, but is slightly (3%) slower than the kernel,
as expected, in the st rided case with no prefetching.

The benefits of prefetching are more apparent with an SSD-
like swap backend, where the cost of a major fault is much
higher and prefetching makes a huge difference. Figure 8
(right half) shows the same results with an SSD emulation
backend, where the swap-in latency is 58 us at the median
(for No-Prefetch) and both the read-aheads avoid this cost
for half the prefetched pages. The kernel read-ahead promotes
pages 82% faster than No-Prefetch for the sequential
benchmark, and PageFlex’s read-ahead is similarly (76%)
faster. When not prefetching (in the st ride case), PageFlex
(at 16228 ops per sec) is only 0.8% slower than No-Prefetch
(16364), adding very little overhead. In the figure, we also
show the performance of the Leap [12] prefetching imple-
mented with PageFlex (details in §6.3), which can capture
strided patterns that the default read-ahead implementations
cannot. In the stride case, only Leap prefetches (half) the
pages as expected, and delivers higher performance over the
both read-aheads on both the backends; the difference is
starker in SSD emulation case with a 75.4% improvement (at
28,710 operations per second).

6.3 Beyond default policies

To demonstrate PageFlex’s flexibility, we implemented two
additional paging policies, Hyperbolic caching [18] and a
version of Belady’s MIN [16], as well as the Leap prefetch-
ing [12]. Table 3 shows the implementation complexity of



eBPF User-level

Kind Policy (LoC w/ simple interface)

LRU (g-swap) 6 0
LFU 8 0
Reclaim  Hyperbolic [18] 17 0
Belady’s MIN [16] 33 100
Region-aware (§6.4) 95 204
Linux default 0 61
Prefetch 1 ap [12] 0 187

Table 3: Policies we implemented with PageFlex.
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Figure 9: Refault rates for LRU, Hyperbolic (HC) and Be-
lady’s MIN policies with PageFlex for various page access
traces, for memory offload targets up to 30%.

each.

Hyperbolic caching [18] is a recent cache eviction policy
that introduces hit density, a new metric defined as the ratio
of the number of accesses seen to the age of the page in
the cache, to order the pages for eviction (lower hit density
gets evicted first). Hyperbolic requires 17 LoC as shown in
Figure 5 (center).

Belady’s MIN [16]. We also implemented Belady’s
MIN [16] with a page access oracle based on the traces;
this policy is not practical for real applications, but serves
as a good representative for complex learning-based policies
like LRB [42] from an implementation flexibility standpoint.
Our MIN implementation re-uses our generic model with one
difference: the UpdateWeight function performs a lookup
to a table with distance to the next access for all pages (in-
stalled before each scan by the user-level code with access to
the trace); one can imagine a policy that uses a learned ML
model like LRB [42] to predict the same information.

We evaluate the performance of the above policies (i.e.,
refault or miss ratio at a given amount of offloaded memory)
on the traces shown in Table 2. Figure 9 shows the observed
refault rate (normalized to trace length) against average swap

usage for one representative trace from each group (the results
for other traces in the group are similar). Hyperbolic caching
(HC) does slightly better than LRU for Memcached, Meta KV
and in some regions of Database A. With Memcached, for
example, Hyperbolic allows up to 5% more memory savings
at a certain refault rates (e.g., 7%). For all the traces, there is a
big gap between either of these policies and MIN, suggesting
opportunity for better policies, as we also noted in §2.3.
Leap prefetching [12]. To show prefetching flexibility,
we re-implemented the Leap prefetching with PageFlex. We
implemented Leap’s complex trend detection (§2.3) entirely
in the PrefetchTrend function provided by our prefetch-
ing interface, where we re-used most of the trend detection
logic from the original Leap implementation [1]. This re-
quired 187 lines of policy-specific code, out of which 160
were copied from the original Leap code. We discussed the
resulting prefetching improvements at the end of §6.2.

6.4 Application-specific policies

We demonstrate PageFlex’s flexibility in supporting special-
ized policies with spatial/temporal workload awareness with
the help of two case studies.

Policy specialization in a key/value store. Meta’s
study [22] demonstrates that key/value store access patterns
exhibit significant non-uniformity, with strong key-space and
temporal locality. We reproduce the access patterns from the
original study [22] using the db_bench tool, focusing on two
scenarios: 1) Region (key-space) hotness pattern, where differ-
ent memory regions are assigned varying eviction thresholds.
We implement a PageFlex agent that monitors the hotness in
different application-defined regions. This agent uses an LRU
policy for all regions but sets distinct reclamation thresholds
based on observed region hotness. We assume the KV store
logically maps its key space onto the address regions (hence
patterns), for example, by using key-range-based heap seg-
regation or by re-organizing/compacting key/value pairs. 2)
Phase change pattern, where the access pattern changes from
random access to sequential scan during the runtime. We im-
plement an agent that dynamically switches the reclamation
policy from the default LRU to MRU accordingly. We then
compare the average memory savings for these specialized
policies with the default LRU policy, while keeping the KV
performance target the same for all policies. As shown in Fig-
ure 10-left, the specialized policies achieve up to 36% more
memory savings than the default LRU policy.

ExtMem [29] policies for PageRank. ExtMem introduced
a specialized compound reclaim and prefetch policy designed
for the PageRank workload within the GAP benchmark suite
[14]. This policy targets a specific memory region within the
application, the “edge array”, applying sequential eviction
and prefetching to optimize performance. To leverage this
policy with PageFlex, we implemented an agent within the
application that sends hints to PageFlex upon creation of
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Figure 10: Specialized policies in KV store and GAPBS
PageRank.

the edge array. This agent assigns a lookahead prefetching
policy and an MRU reclamation policy to the edge array
region. All other regions use the default LRU reclamation
policy. This agent requires adding approximately 10 lines
of code to the application, with no modifications required
within PageFlex. This specialized policy reduces memory
usage by 6.4% (Figure 10-middle) compared to a uniform
LRU policy, with a performance overhead of less than 2%
(Figure 10-right).

6.5 PageFlex Overheads

PageFlex runs most policy infrastructure asynchronously and
overheads introduced in these paths do not directly cause
application slowdown (as we have seen so far), but they still
increase the resource usage, which could be a concern. We
discuss these overheads below.

Page table scanning overhead. Recall that PageFlex em-
ploys a kernel thread to periodically scan page tables to in-
form page access information with OnpageScanned events.
These scans are CPU-intensive and any increased overhead
could limit how often a policy can choose to run these scans,
affecting its efficacy. To isolate the overhead added by Page-
Flex’s eBPF hooks, we compare the CPU usage for each
scan in the Redis experiments from §6.2, where we compared
PageFlex LRU and g-swap. While g-swap’s scans take 0.72
seconds (on 1 CPU core) on average to scan 12 GB of mem-
ory, PageFlex scans average 0.87 secs, a 17% increase due
to the eBPF invocation for each page scanned (=50 ns per
invocation). Note that the relative overhead is constant regard-
less of the application’s memory footprint. Unlike PageFlex,
userfaultfd does not provide page access information.

Paging from user space. Unlike kernel-based policies, pol-
icy outcomes in PageFlex are enforced from the user-level
agent, incurring extra syscall overhead for calls to madvise,
which we amortize with batching. To quantify the overhead,
we compare the work done by PageFlex’s agent for reclaiming
pages to that of g-swap’s kreclaimd thread which reclaims
pages directly in the kernel. While kreclaimd spends an aver-
age of 4.3 us to offload a page to zswap, PageFlex takes 6.9 us
to do the same from the agent, a 57% increase. However, after

batching the offloading with one process_madvise call per
64 pages, the cost comes down to an amortized 4.9 us per
page, a 14% overhead. Note that, assuming similar paging
costs, userfaultfd would incur a similar user-Kernel cross-
ing overhead for its syscalls, in addition to the cost of extra
page copying per syscall.

7 Conclusion

Paging policies determine how much memory can be of-
floaded within a performance target. Existing deployments
employ OS-based policies, making it slow and risky to evolve
them in hyperscaler data centers. User-level designs such as
userfaultfd and library-based approaches can provide bet-
ter policy flexibility by completely externalizing paging, but
they introduce practicality concerns such as significant per-
formance overheads or incompatibility with existing deploy-
ments. To address these issues, PageFlex carefully separates
the paging policy from the underlying mechanisms, and dele-
gates the policy to eBPF programs, thereby providing policy
flexibility while keeping the overheads low. We show that
PageFlex enables writing prefetching and reclamation poli-
cies with varying degrees of specialization, and with virtually
no impact on application performance.
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