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Abstract
The OS page cache is central to the performance of many
applications, by reducing excessive accesses to storage. How-
ever, its one-size-fits-all eviction policy performs poorly in
many workloads. While the systems community has experi-
mented with a plethora of new and adaptive eviction policies
in non-OS settings (e.g., key-value stores, CDNs), it is very
difficult to implement such policies in the page cache, due to
the complexity of modifying kernel code. To address these
shortcomings, we design a flexible eBPF-based framework
for the Linux page cache, called cache_ext, that allows de-
velopers to customize the page cache without modifying
the kernel. cache_ext enables applications to customize the
page cache policy for their specific needs, while also en-
suring that different applications’ policies do not interfere
with each other and preserving the page cache’s ability to
share memory across different processes. We demonstrate
the flexibility of cache_ext’s interface by using it to imple-
ment eight different policies, including sophisticated eviction
algorithms. Our evaluation shows that it is indeed beneficial
for applications to customize the page cache to match their
workloads’ unique properties, and that they can achieve up
to 70% higher throughput and 58% lower tail latency.

CCS Concepts: • Software and its engineering → Mem-
ory management.
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1 Introduction
In his 1981 paper on OS support for databases, Michael Stone-
braker lamented that OS buffer cache mechanisms were ill-
suited for the needs of databases at the time [71]. He ar-
gued that the buffer cache’s one-size-fits-all eviction policy
– approximate least-recently used (LRU) – cannot possibly
accommodate the heterogeneity of database workloads.

In the intervening decades, there have been many efforts
to allow applications to customize the page cache. In the
’80s and ’90s, several designs were proposed for extensible
operating systems, which allow applications to customize
the page cache eviction policies [8, 11, 12, 44, 65, 67]. How-
ever, none of these operating systems achieved widespread
adoption, and they were overtaken by monolithic kernels
such as Linux.
Some recent studies have tried to introduce page cache

customization into Linux. P2Cache [52], a concurrently pub-
lishedwork, has proposed allowing applications to customize
the Linux page cache. However, it has significant limitations.
For example, applications can only implement their policies
using a single LRU (or MRU) queue, which means P2Cache
cannot support many classes of eviction policies that either
do not rely on an LRU queue, or require multiple queues (e.g.,
LFU, LHD [5], MGLRU [18], ARC [55], S3-FIFO [75]). Simi-
larly, PageFlex [76], another concurrently published system,
allows offloading page cache policies to userspace. PageFlex
focuses on swapping and prefetching rather than eviction,
and does not track file-based access to pages. Another re-
cent effort, FetchBPF [13], allows users to customize Linux
prefetching policies, but not page cache eviction, which his-
torically has required much more complex data structures.
Finally, Linux itself has tried to contend with this problem,
by adding some customization options to its LRU policy (e.g.,
using fadvise()), and by introducing a new MGLRU pol-
icy [18] to replace the old one. However, as we will show
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in §6, these options often do not result in any meaningful
improvement to application performance.

At the same time, the diversity of applications and work-
loads running on Linux has only increased, from enterprise
file systems and large-scale distributed datacenter ML train-
ing, to multimedia rich applications running on an Android
phone. All of these applications must use Linux’s fixed LRU-
based policies, despite the fact that they are widely known to
be inadequate for many workloads and scenarios (e.g., large
scans [43, 62, 64], multi-core applications [79]).

Applications are “stuck” with Linux’s rigid eviction policy
for two reasons. First, modifying the Linux page cache is
a hard task, requiring extensive kernel knowledge. Second,
upstreaming changes to the page cache is difficult, because
the changes must work well for the wide range of applica-
tions that run on Linux. For instance, it took Google years
to upstream its proposed Multi-Generational LRU (MGLRU)
policy, and even after several years, it is not enabled by de-
fault in all Linux distributions or upstream [18, 20].

The goal of our work is to allow applications to run a very
wide range of custom page cache policies within Linux. To
this end, we design a novel framework, cache_ext, which
provides visibility and control of the OS page cache, without
requiring the application to make kernel changes. cache_ext
takes advantage of eBPF [27], a Linux (and Windows) sup-
ported runtime that allows safely running application code
inside the kernel. We take a cue from sched_ext, an eBPF-
based framework that allows applications to customize the
OS scheduler [41, 46] and that has been adopted by Linux [16].

cache_ext’s design is motivated by four main insights.
First, modern storage devices support millions of IOPS with
low latency, so custom page cache policies must run with low
overhead. Therefore, we design cache_ext so that its eBPF-
based policies run in the kernel, avoiding expensive and
frequent synchronization between the kernel and userspace.
Second, caching algorithms are very diverse and may use
complex data structures. To address this challenge, cache_ext
exposes a simple yet flexible interface that allows applica-
tions to define one or more variable-sized lists of pages, and
a set of policy functions (e.g., admission, eviction) that op-
erate on these lists, which can be used to express a wide
range of eviction policies. Third, in order for cache_ext to
be useful in multi-tenant scenarios, it should allow each
application to use its own policy without interfering with
others. We identify cgroups as a natural isolation boundary.
Thus, cache_ext allows each cgroup to implement its own
eviction policy without interfering with other cgroups. Fi-
nally, custom policies determine which pages to evict and
return page references to the kernel. However, these refer-
ences may be invalid, which could lead to kernel crashes
or security breaches. To solve this, cache_ext maintains a
registry of valid page references, which is used to validate
the page references returned by the user-defined policies.

We demonstrate cache_ext’s utility and flexibility by im-
plementing several custom eviction policies, from “state-
of-the-art” sophisticated policies to “classic” ones: least hit
density (LHD) [5], S3-FIFO [75], Multi-Generational LRU
(MGLRU) [18], least-frequently used (LFU) andmost-recently
used (MRU). We also show how cache_ext enables appli-
cation-informed policies with only minor changes, allowing
applications to use policies that utilize application-level in-
sights. For example, a database can use a custom policy that
prioritizes point queries over scans, yielding higher through-
put for point queries, or an admission filter based on the
thread accessing the page. We compare these cache_ext

policies with the kernel’s default eviction policy and various
options (e.g., fadvise()), and with the recently-upstreamed
MGLRU algorithm. We show that with cache_ext, develop-
ers can significantly improve their applications’ performance
far beyond the existing algorithms provided by the Linux
page cache. Additionally, we believe that cache_ext can al-
low developers to easily incorporate and experiment with
caching policy innovations in the Linux kernel, pushing for-
ward the frontier of caching research.

In general, we find that there is no one-size-fits-all policy
that improves all workloads – customization is necessary
to maximize performance. In particular, cache_ext can im-
prove application throughput by up to 38% using “generic”
policies, and achieve up to 1.70× throughput and 58% lower
P99 latency with application-informed policies.
We have open sourced cache_ext and all policies here:

https://github.com/cache-ext/cache_ext. A key benefit of
cache_ext is that any publicly available policy can be used
by anyone, lowering the barrier to using cache_ext and
experimenting with eviction policies on different workloads.

Our primary contributions are:
• cache_ext, a flexible, scalable, and safe eBPF framework
for custom eviction policies in the Linux page cache.

• A suite of custom eviction policies and userspace libraries
allowing developers to easily experiment with policy
innovations and new policies.

• An evaluation of cache_ext across various applications,
demonstrating the benefits of custom policies.

2 Background and Motivation
By default, the page cache buffers write and read operations
to and from storage devices. In Linux, the page cache tracks
pages and stores them in lists (see §2.1), on which it approx-
imates the LRU algorithm. While this scheme works rea-
sonably well for some workloads, it is inadequate for many
others. For example, scan-heavy workloads perform poorly
with LRU or its approximations [5, 55, 71]. While Linux pro-
vides interfaces (e.g., fadvise() or sysctl) through which
the page cache behavior can be tweaked on a global or per-
application basis, these interfaces are opaque and may not
perform as intended, as we show in §2.1 and §6.1.4.

https://github.com/cache-ext/cache_ext
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Figure 1. Overview of the current Linux page cache eviction policy.

Therefore, to avoid compromising performance, some ap-
plications implement their own userspace-based caches [4,
30, 59, 61]. However, userspace caches are not a panacea.
First, they require significant effort to implement. Second,
they typically require the application to specify the size of the
cache in advance. However, the amount of memory available
to an application may change over time (e.g., when mul-
tiple applications run on the same physical server). Third,
application-specific caches are hard to share across processes,
due to security and compatibility issues. Ultimately, even ap-
plications that implement their own userspace-based cache
often still rely on the page cache by default as a “second-
tier” cache [4, 30, 59], allowing operators to fully utilize the
server’s memory and share memory across processes. As
such, despite the page cache’s limitations, it is still used ex-
tensively by storage-optimized workloads, such as key-value
stores [33, 59, 70], databases [35, 61], and ML inference and
training systems [14, 58].
Customizing the page cache is not an easy task – it is

deeply intertwined with other performance- and correctness-
critical memory management and filesystem code paths.
While work to modernize the page cache is ongoing, it does
not yet seem to have achieved this goal. In particular,MGLRU,
an alternative page cache eviction policy, has still not been
enabled by default in upstream Linux several years after
it was introduced, and it does not provide customization
interfaces [18, 20]. Indeed, in §6 we show that MGLRU some-
times underperforms the default LRU algorithm, and that in
general there is no single eviction policy that performs best
across a wide range of workloads.
We now provide a primer on the Linux page cache. We

also describe the eBPF framework, which cache_ext uses to
allow applications to write custom page cache policies.

2.1 Linux Page Cache
The page cache is a core component of the Linux kernel, re-
sponsible for caching data from storage. While anonymous
memory pages are managed similarly to file-backed memory,
in this paper we focus specifically on file-backed memory.
The kernel’s default eviction policy is an LRU approximation
algorithm which uses two FIFO lists, termed the active and

inactive lists.1 As shown in Figure 1, when a page is first
fetched from storage, it is added to the tail of the inactive
list. If that page is accessed again, it will eventually be pro-
moted to the active list. This policy uses the inactive list as
a preliminary filter and keeps frequently accessed pages in
the active list. On eviction, pages are removed from the head
of the inactive list. If necessary, the page cache will balance
the lists by demoting pages from the head of the active list
to the tail of the inactive list. Notably, during balancing or
shrinking, pages in the active list that have been referenced
are typically demoted to the inactive list, rather than being
given another chance in the active list, as is typical for LRU
or CLOCK-like algorithms.
Importantly, active and inactive lists are segmented by

cgroup. cgroups are a Linux mechanism that isolate resource
usage for groups of processes [37]. Each cgroup has its own
set of page cache lists which count toward its memory alloca-
tion, allowing for cgroup-specific eviction when its memory
threshold is reached. Processes in cgroup A can access a page
“owned” by cgroup B – such an access will update the page’s
metadata (affecting its placement in cgroup B’s lists), but will
not count against cgroup A’s memory limit. The combination
of these per-cgroup lists make up the page cache as a whole.2

Pages in the page cache can be accessed through memory
mappings (in which case the page table entry access bit will
be set) or through file-based interfaces (e.g., read()). We
focus primarily on file-based accesses.
The page cache also keeps track of “shadow entries” in

order to mitigate thrashing. After a page has been evicted,
these entries retain some metadata, enabling calculation of a
page’s refault distance (i.e. the time elapsed between eviction
and the new request). If a page has been evicted and inserted
again recently enough, the kernel may decide to insert it di-
rectly into the active list instead of the inactive list. There are
several additional edge cases in the kernel’s implementation,
but these are the broad strokes of the existing policy.

Folios. Linux is moving away from struct pages to folios,
which represent either zero-order pages (a single page) or the
head page of a compound page (a set of contiguous physical
pages that can be treated as a single larger page) [17]. While
the page cache now largely uses folios, we use the terms
“folio” and “page” interchangeably, as in our workloads all
folios represent a single page.

Userspace interfaces. While LRU is a commonly-used
eviction policy that works well across many workloads, there
are many applications that would benefit from a different
policy for their I/O requests. For example, LRU is notoriously
bad for scan-like access patterns. In order to try and solve
this well-known problem, the kernel provides madvise() and

1The Linux page cache algorithm description is based on Linux v6.6.8.
2Technically, each NUMA node has its own set of per-cgroup lists, but this
does not affect our design.
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fadvise() system calls. These interfaces allow userspace
applications to give hints to the kernel about how to handle
certain ranges of memory or files.
While these hints may help in simple cases, we show in

our evaluation that they do not work as expected for some
workloads. Additionally, while the hints may have a semantic
meaning, their actual behavior is highly dependent on the
kernel implementation, which is opaque, may change across
versions, and can yield unexpected results [10, 54]. Advice
values may also be ignored by the kernel for a range of
reasons, or may have restrictions on what memory they can
be applied to. Most importantly, these hints are still subject to
the basic inflexible structure of the kernel’s LRU-like policy.

2.2 eBPF
eBPF [27] allows userspace functions to run in a sandbox
within the Linux kernel in a safe and controlled manner.
eBPF has found many use cases, including observability [40],
security [42, 56], scheduling [16, 41, 46], and I/O acceler-
ation [38, 77, 80–82]. Recent work has also proposed us-
ing eBPF for customizing page cache behavior [52, 76] and
prefetching [13], but as we describe in §7, these works do
not provide a general and flexible interface that allows mul-
tiple processes to customize their page cache policies. eBPF
programs are verified by the kernel before they can be run,
ensuring, for example, that the programs do not contain ille-
gal memory accesses, and that they will terminate within a
fixed number of instructions.

struct_ops and kfuncs. In recent years, improvements
to Linux’s eBPF runtime have greatly expanded the potential
functionality of eBPF programs. For example, struct_ops ex-
poses an interface of function-pointer callbacks to userspace.
These callbacks are implemented as eBPF programs and
can be called by kernel subsystems [51]. Through this in-
frastructure, struct_ops makes it much easier to introduce
new user-defined policies by minimizing complex verifier
changes. This feature has been used for TCP congestion
control algorithms, FUSE BPF filesystems, correcting HID
device behavior, packet scheduling, and by sched_ext, an
eBPF scheduling framework [16, 19, 28, 39, 50].
eBPF programs interact with the kernel via kfuncs: spe-

cialized kernel functions exposed to eBPF that do not nec-
essarily have a stable interface [49]. Properties of the argu-
ments and return values of kfuncs are enforced by the veri-
fier, providing some correctness guarantees. Many kfuncs

that implement complex operations or modify kernel state
have been added to the kernel in recent years [9]. Notably,
eBPF programs also interact with the kernel through helper
functions, which are considered a stable interface [36]. How-
ever, kfuncs are simpler to implement and are more flexi-
ble. As such, the eBPF subsystem is exclusively adding new
functionality through kfuncs, while leaving existing helper
functions in place.

3 Challenges
There are several challenges in allowing applications to cus-
tomize the page cache using eBPF. We describe them below.
1. Scalability. Modern SSDs support millions of IOPS [24,

68], requiring the page cache to efficiently handle mil-
lions of events per second. Any changes to the page
cache in order to enable custom policies must incur a
low overhead, and the policies themselves must also be
efficient.

2. Flexibility. Researchers have proposed many different
caching algorithms. These algorithms often require cus-
tom data structures. Any interface for custom policies
must be flexible enough to accommodate the diversity
of existing caching algorithms and also allow for experi-
menting with novel policy innovations.

3. Isolation and sharing. The page cache is shared by
many applications. Therefore, we must avoid a situation
where one application’s policy interferes with those of
other applications, while still allowing applications to
benefit from the shared nature of the page cache.

4. Security. Custom eviction policies return page refer-
ences to the kernel to indicate which pages to evict. This
must not lead to unsafe memory references.

4 Design and Implementation
In this section, we present cache_ext’s architecture and dis-
cuss how it addresses the challenges described in §3. Figure 2
shows a diagram of the system. At a high level, cache_ext
allows users to run custom eviction policy functions, which
are implemented as eBPF functions in the kernel. The pol-
icy functions are triggered by particular events (e.g., folio
eviction, access, admission), and operate on a user-specified
number of variable-sized eviction lists, which store pointers
to folios managed by the policy. The policy functions de-
termine which folios to admit or evict to and from the lists
based on metadata (e.g., access frequency, recency, which
thread accessed the folio), which is stored in eBPF maps.
Upon eviction, cache_ext runs a user-defined eviction func-
tion to propose a set of eviction candidates for the kernel
to evict. While this interface is relatively simple, it is also
flexible, and can support a wide set of eviction policies from
the literature either exactly or approximately.
We now describe cache_ext’s design in detail, starting

with our design choice to implement cache_ext’s eviction
policies within the kernel, rather than in userspace, to ensure
scalability (challenge 1 from §3).

4.1 Policies in Kernel or Userspace?
Our first key design decision is whether to run cache_ext’s
policies in the kernel or in userspace. While from a develop-
ment standpoint it might be simpler to run the eviction poli-
cies in userspace, doing so would require notifying userspace
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Figure 2. Overview of cache_ext. Eviction lists hold pointers to folios.

Workload Baseline Benchmark % Degradation

YCSB A 82,808 op/s 69,089 op/s -16.6%
YCSB C 76,166 op/s 62,578 op/s -17.8%
Uniform 44,618 op/s 35,443 op/s -20.6%
Search 42.3s 44.4s -4.7%

Table 1. Performance of workloads without and with userspace-dispatch.

about all page cache events. However, modern SSDs can ser-
vice millions of IOPS, each of which may trigger a page cache
event (e.g., folio access, insertion).

Userspace-offload overhead. We estimate the “best-case”
overhead of such a userspace-offload architecture. We attach
eBPF programs to existing kernel tracepoints (folio inserted,
accessed, and evicted). The eBPF programs use a lockless
ring buffer to notify userspace on each event [48]. Since no
userspace logic actually processes these events, this provides
an optimistic measure of this architecture’s overhead.

We run two applications on an enterprise SSD to evaluate
this architecture: YCSB workloads with RocksDB [70], a key-
value store, and a file search workload using ripgrep [32], a
parallelized grep-like tool, where we search the Linux kernel
sources 10 times. The workloads are allocated 8 GiB and
1 GiB of memory, respectively. We run these applications
on both the baseline system and with the eBPF benchmark
programs. The results are presented in Table 1, with the
benchmark yielding up to a 20.6% performance decrease,
without even implementing a custom eviction policy.
As such, we opt to run the policies within the kernel as

eBPF functions, rather than offloading decisions to userspace.
We decide to use eBPF as it has already proven to match the
kernel’s performance, even in performance-critical domains
such as networking [38] and storage [80]. While eBPF pro-
grams face many restrictions due to the verifier, we find

that cache_ext can provide sufficient flexibility for custom
policies, as we describe below.

4.2 Interface
Caching is an active research area, with many recently-
proposed eviction and admission algorithms [5–7, 69, 72,
73, 75, 78] that take advantage of different workload features
(e.g., recency, frequency, size), using various techniques (e.g.,
conditional probability models [5], Markov chains [7], ma-
chine learning [69]). To ensure flexibility, cache_ext should
allow experimenting with a wide range of policies, includ-
ing relatively sophisticated ones. We implement cache_ext
using struct_ops and new kfunc APIs in accordance with
modern eBPF practices. We now describe cache_ext’s API
and demonstrate how it can be used to implement a wide
range of policies, addressing challenge 2 in §3.

4.2.1 Policy Functions. cache_ext allows applications
to define custom eviction policies as policy functions, a set
of eBPF programs that trace caching events and determine
which folios to evict from the page cache. Policy functions
are triggered by five events: policy initialization, request
for eviction, folio admission, folio access, and folio removal.
Policy functions are implemented using eBPF’s struct_ops
kernel interface [51], as shown in Figure 3.

Eviction vs. removal. These five events are central to
page cache decisions. Notably, requests for eviction and folio
removal are different: in the former, the kernel asks the pol-
icy to propose folios to evict, while in the latter the kernel
informs the policy that a folio was actually evicted. This
distinction exists for the following reasons. A folio can be
evicted in circumvention of the “normal” eviction path if, for
example, the file containing it is deleted. Conversely, in rare
cases, proposing a folio for eviction does not guarantee that
it will be evicted (e.g., the folio is in use by the kernel).

struct_ops. We use eBPF’s struct_ops feature to mini-
mize verifier changes to add new eBPF hooks. struct_ops
is designed to allow kernel subsystems to expose modular
interfaces to eBPF components. struct_ops programs are
loaded into the kernel like any other eBPF program. Using
struct_ops also makes it much easier to extend cache_ext

and add new hooks. For example, we implemented an ex-
tension to cache_ext that added a page cache admission
filter with only 15 additional lines of verifier-related code,
which we evaluate in §6.1.5. Our struct_ops hooks are lo-
cated within the core page cache code, requiring ∼200 lines
of modifications. Once a set of policy functions is loaded and
verified, the kernel will call the appropriate eBPF program
when the corresponding event occurs. The eBPF programs
can then manipulate the eviction data structures and meta-
data, as we now describe.

4.2.2 Eviction Lists. Eviction algorithms are implemented
on a wide range of data structures. Nevertheless, we observe
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// Policy function hooks

struct cache_ext_ops {

s32 (*policy_init)(struct mem_cgroup *memcg);

// Propose folios to evict

void (*evict_folios)(struct eviction_ctx *ctx,

struct mem_cgroup *memcg);

void (*folio_added)(struct folio *folio);

void (*folio_accessed)(struct folio *folio);

// Folio was removed: clean up metadata

void (*folio_removed)(struct folio *folio);

char name[CACHE_EXT_OPS_NAME_LEN];

};

struct eviction_ctx {

u64 nr_candidates_requested; /* Input */

u64 nr_candidates_proposed; /* Output */

struct folio *candidates[32];

};

Figure 3. struct_ops for cache_ext and eviction context.

that many of these policies can be implemented either exactly
or approximately using linked lists, where the policy iterates
over one or more lists and evicts items based on a calculated
per-item score. For example, the “classic” eviction policies,
(e.g., LRU, MRU) are all based on lists, with items inserted or
evicted from the head or tail of a list. Similarly, families of
policies like ARC [55], segmented LRU [47] or MGLRU [18],
can be implemented usingmultiple variable-sized lists, where
items are inserted into any list or moved between lists. Even
recent “state-of-the-art” policies, such as LHD, S3-FIFO, or
LRB either store data directly in a list [75, 78], or sample
objects and evict the ones with the lowest score [5, 69].
In order to facilitate an interface flexible enough for all

these policies, cache_ext is built around an eviction list API,
a simple interface for policies to construct and manipulate
a set of variable-sized linked lists. Each node in the list cor-
responds to a single folio, and stores a pointer to that folio,
rather than the folio itself. Importantly, the actual folios are
still stored and maintained by the default kernel page cache
implementation, in order to minimize changes to the kernel.

kfuncs. This API is implemented as a set of eBPF kfuncs

(kernel functions that are exposed to eBPF) and is shown
in Table 2.3 For example, init() can call list_create()
to create a new eviction list, and folio_added() can call
list_add() to add the folio to a list. Newly-created lists are
added to a “registry”, an internal per-policy hash table which
maps from list IDs (exposed to eBPF) to the lists themselves.
Notably, these lists are indexed – that is, given a folio pointer,
the APIs can directly obtain that folio’s list node. This is
necessary for operations such as deletion from the list, and

3The actual functions have a “cache_ext” prefix to prevent name collisions,
but we omit it for brevity.

Eviction list API
u64 list_create(struct mem_cgroup *memcg)

int list_add(u64 list, struct folio *f, bool tail)

int list_move(u64 list, struct folio *f, bool tail)

int list_del(struct folio *f)

int list_iterate(struct mem_cgroup *memcg, u64 list,

s64(*iter_fn)(int id, struct folio *f),

struct iter_opts *opts, struct eviction_ctx *ctx)

Table 2. cache_ext eviction list API.

is facilitated using a per-policy hash table which maps from
folios to list nodes. We discuss this hash table further in §4.4.

4.2.3 Eviction Candidate Interface. Policy functions it-
erate over their eviction lists in order to determine which
folios to evict. Note that policies do not directly evict folios –
rather, they propose eviction candidates to the kernel, which
checks if the folios are indeed valid eviction targets (i.e. not
pinned or in use by the kernel) and evicts them if they are.
Eviction candidates are proposed to the kernel in batches of
up to 32 folios. Most of cache_ext’s changes to the core page
cache code are to facilitate this batched eviction process.

List iteration. eBPF currently does not provide a straight-
forward way to iterate over the eviction lists, so cache_ext

provides a new iteration kfunc which allows policy func-
tions to iterate over an eviction list and make decisions for
each node. Specifically, list_iterate() takes a list to it-
erate over, an iter_opts struct, an eviction context, and a
callback function. list_iterate() maintains an iteration
counter and calls the callback function on each node. The
callback function (which is also an eBPF program) then de-
cides whether to keep or evict the passed folio. Folios cho-
sen for eviction are added to the candidates array in the
eviction_ctx struct. The iter_opts struct specifies how
the interface should treat evaluated folios. For example, they
can be left in place, moved to the tail of the list, or moved to
a different list. This enables implementing policies that make
use of multiple lists and require balancing the lists, such as
S3-FIFO or ARC.
We provide two modes for this interface. In the “simple”

mode, list_iterate() runs until enough candidates are
chosen (e.g., 32) using the callback function’s return value
to indicate whether to skip the folio or evict it. In the “batch
scoring” mode, the callback function returns scores for 𝑁
folios. list_iterate() then selects the 𝐶 folios with the
lowest score for eviction. This mode can be used for policies
such as LFU.

4.2.4 eBPF limitations. We ran into a number of chal-
lenges when implementing cache_ext’s eviction lists. eBPF
maps, the standard way to maintain state in eBPF programs,
do not provide interfaces that both store items in a spec-
ified order while also providing random access, both of
which are necessary to implement eviction properly. Specifi-
cally, eBPF provides maps such as BPF_MAP_TYPE_QUEUE and
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u64 lfu_list;

int lfu_policy_init(struct mem_cgroup *cg) {

lfu_list = list_create(cg);

return 0;

}

void lfu_folio_added(struct folio *folio) {

u64 freq = 1;

list_add(lfu_list, folio, true); // Add to tail

bpf_map_update_elem(&freq_map, &folio, &freq);

}

void lfu_folio_accessed(struct folio *folio) {

u64 *freq = bpf_map_lookup_elem(&freq_map, &folio);
__sync_fetch_and_add(freq, 1); // Increment freq

}

long score_lfu(int id, struct folio *folio) {

return bpf_map_lookup_elem(&freq_map, &folio);

}

void lfu_evict_folios(struct eviction_ctx *ctx, struct

mem_cgroup *cg) {

struct iter_opts opts = { /* Set scoring mode */ };

list_iterate(cg, lfu_list, score_lfu, &opts, ctx);

}

void lfu_folio_removed(struct folio *folio) {

bpf_map_delete_elem(&freq_map, &folio);

}

Figure 4. Simplified LFU implementation with cache_ext.

BPF_MAP_TYPE_STACK, which provide pop() and push() op-
erations, but do not allow deleting or accessing elements
from the “middle” of themap. Conversely, BPF_MAP_TYPE_HASH
provides random access, but no method to easily maintain
an ordering of elements (e.g., MRU order). A notable ex-
ception is BPF_MAP_TYPE_LRU_HASH, which provides both an
LRU structure and random-access, but is too deeply tied to
its specific algorithm for our purposes [23]. This necessitated
the development of a custom data structure for cache_ext.

While eBPF has introduced experimental support for cus-
tom data structures and more complex locking in eBPF, this
support is not yet mature enough for our use case [2, 21, 26].
As such, we designed our list API to be managed by the ker-
nel and exposed to eBPF via kfuncs. Additionally, in order
to avoid concurrency issues and verifier limitations around
locking, the provided API is concurrency-safe and makes use
of locks under the hood, in the kernel implementations. As
eBPF matures, new features could further reduce overhead
and provide even more flexibility for eBPF policies.

4.2.5 Example: LFUPolicy. To illustrate how cache_ext’s
policy functions can be used to implement custom policies,
we walk through implementing a simple eviction policy, LFU,
using cache_ext. LFU evicts the least-frequently accessed
item in the list, which requires storing access frequencymeta-
data. Our LFU implementation uses a single list and an eBPF

map for frequencies. It approximates LFU with cache_ext’s
batch scoring mode to select the 𝐶 (e.g., 32) least-frequently
accessed folios out of the first 𝑁 (e.g., 512) folios.
A simplified version of the policy is shown in Figure 4.

When the policy is loaded, lfu_policy_init() is called, cre-
ating a new eviction list. On insertion, lfu_folio_added()
adds the folio to the tail of the list using list_add() and sets
its frequency to 1 in the freq_map eBPF map (not shown).
When a folio is accessed, we increment its frequency. On
eviction, lfu_evict_folios() calls list_iterate(), which
calls the score_lfu() callback function on 𝑁 nodes in the
list, until 𝐶 eviction candidates are proposed. The score
function returns the frequency of each folio as its score.
list_iterate() then selects the 𝐶 folios with the lowest
scores, which are added to ctx->candidates as eviction can-
didates. Folios not selected as eviction candidates are then
moved to the end of the list by list_iterate(). The kernel
will then attempt to evict the eviction candidates. When a fo-
lio is evicted, lfu_folio_removed() is called, and the folio’s
metadata is removed from the map. Note it is not necessary
to remove the folio from the list upon eviction, as this is
done by cache_ext. We discuss this point further in §4.4.

4.3 Isolation
We now tackle the third challenge from §3: allowing applica-
tions to deploy their own policy functions without interfer-
ing with other applications’ policies, while preserving the
sharing property of the page cache, whereby applications
can avoid having to load duplicate pages into memory.

cgroups. We observe that implementing policies within a
cgroup can address this challenge, due to the fact that within
a cgroup, processes have the same custom eviction policy,
and different cgroups can each use their own eviction policy.
In addition, deploying per-cgroup policies fits the common
pattern of deploying modern applications via containers,
which isolate each application in its own memory cgroup.
Note that processes from cgroup A can still access page cache
memory managed by cgroup B, and benefit from accessing
shared data. However, both cache_ext and the baseline page
cache are not fully isolated. If a page critical for cgroup A
is managed by cgroup B, which evicts it, that could lead
to a performance degradation. In that case, cgroup A will
likely bring the page back into memory and manage it in the
future. However, we believe that such workloads are rare in
practice, as it is unlikely that two applications with entirely
different access patterns will operate on the exact same files
frequently enough to cause a problem.
We extend eBPF’s struct_ops functionality to support

cgroup-specific struct_ops for per-cgroup policies (it cur-
rently only supports system-wide policies). This involved
adding a cgroup identifier (in the form of a file descriptor) to
the kernel’s struct_ops loading interface, along with corre-
sponding libbpf interfaces in userspace.
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4.4 Security
Memory Safety. Wemust ensure that cache_ext prevents

unsafe memory accesses (challenge 4 from §3). Specifically,
cache_extmust ensure that eBPF programs only return valid
pointers (i.e. in the eviction candidate interface). Otherwise,
a malicious eBPF program could return invalid values, lead-
ing to memory corruption or a kernel crash. We note that
sched_ext solves this in part by using PIDs as identifiers
for processes. However, folios do not have analogous easily-
obtainable unique identifiers, so we resort to using pointers.

In order to validate these pointers, we implement a “valid
folios” registry in the kernel. When a folio is inserted, it is
added to the registry. When a folio is evicted, it is removed
from the registry. When cache_ext proposes folio eviction
candidates, the kernel uses the registry to verify that each
candidate is indeed a valid folio before proceeding with evic-
tion. This registry is implemented as a hash table with a
per-bucket lock, which also stores a folio’s list node (as de-
scribed in §4.2.2), which maps from folio pointer to list node.
We find that this design incurs minimal overhead, which we
evaluate in §6.3. Future developments in eBPF may make it
easier to keep track of “trusted” pointers, potentially allow-
ing us to remove this check and further reduce overhead.

Eviction fallback. We protect against adversarial behav-
ior by providing a fallback for eviction. For example, if the
kernel asks a faulty policy to evict 10 folios, but it only pro-
poses 5 candidates, the kernel will fall back to its default
policy and evict additional folios. Similarly, when a folio is
evicted, the kernel ensures that it is removed from any evic-
tion lists, in order to release memory resources and minimize
stale references lying around. Similar fallbacks are present
in other frameworks, such as sched_ext, which implements
a watchdog that forcibly removes misbehaving policies.

kfuncs. We ensure that cache_ext’s list kfuncs verify in-
puts, perform bounds-checking, and enforce loop termina-
tion, in order to minimize potential security risks. We note
that kfuncs are the current best practice for eBPF to interface
with complex data structures, and have been used in multiple
upstream kernel components, such as sched_ext [16].

Root privileges. Loading cache_ext policies requires root
privileges, like other eBPF frameworks. This impacts both
security and usability. Custom scheduling frameworks like
sched_ext and ghOSt [16, 41] mitigate this with a privileged
policy loader, allowing policies to be managed through sys-
temd. We envision a similar solution for cache_ext.

4.5 Kernel Implementation Complexity
Implementing cache_ext required adding ∼2000 lines to the
kernel. Only a fraction of these lines modified the core kernel:
210 lines in the page cache (mostly the eBPF hooks and evic-
tion candidate batching), 80 lines in the verifier (registering

our callback functions), and 80 lines in cgroup code. Imple-
menting per-cgroup struct_ops required 220 lines in the ker-
nel and 75 lines in libbpf. The remaining lines implemented
pure cache_ext functionality: 750 lines for cache_ext’s evic-
tion list kfuncs and 580 lines for registry operations.

5 Policies
In this section, we describe our experience implementing sev-
eral custom page cache policies on cache_ext: from simple
“classic” policies (MRU and LFU) to state-of-the-art policies
such as LHD [5], which uses conditional probabilities to
model different page features (e.g., age, frequency), and S3-
FIFO [75]. We also re-implemented the newly-introduced
kernel policy MGLRU [18] on cache_ext, and in §6.3 com-
pare the cache_ext version with the native-kernel version.
We also explore how an application can make its eviction
policy aware of application-specific information, such as
assigning different priorities to specific types of requests.

5.1 S3-FIFO
S3-FIFO [75] is a recent caching policy designed for key-
value caches, which uses three FIFO queues to quickly re-
move “one-hit wonders” (keys that are accessed only once).
It has been shown to yield high throughput for in-memory
key-value caches. S3-FIFO uses a main FIFO and a small
FIFO to hold ∼90% and 10% of the objects, respectively. New
objects are added to the small FIFO. The small FIFO filters
out short-lived objects, while objects that are accessed more
often are promoted to the main FIFO. It uses a third ghost
FIFO to track recently-evicted objects, in order to promote
them to the main FIFO on readmission.

Implementation. We create eviction lists for the main
and small FIFOs, and a BPF_MAP_TYPE_LRU_HASHmap for the
ghost FIFO. The map then automatically removes entries
from the ghost FIFO in LRU orderwhen it hits capacity.When
a folio is evicted, we create a ghost entry using a pointer to its
struct address_space (which represents a file’s contents),
alongwith the folio’s offset in the file, as the key. Note that we
cannot use folio pointers as the key, as they are not persistent
across evictions. We maintain folio access frequencies in an
eBPF map. We use eviction candidate requests to evict folios,
but also to maintain the 90-10 ratio between the main and
small lists. We use cache_ext’s eviction iteration interface:
if a folio’s access frequency is greater than 1, we move it
to the tail of the main list, balancing the lists. Otherwise,
we propose the folio for eviction, and move it to the tail
of the small list so that it isn’t considered again before it
is evicted. When evicting from the main list, we use the
iteration interface to find folios with access frequency of 0.

5.2 Least Hit Density (LHD)
LHD is a sophisticated eviction policy that uses conditional
probabilities to predict future object accesses [5]. LHD uses
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a hit density metric to determine which objects should be
evicted, along with a dynamic ranking approach which al-
lows it to automatically tune its eviction policy over time.
We use one eviction list, with folios divided into classes

based on their last access and their age at that time. Each
class stores statistics (e.g., hits, evictions, hit densities) for
different folio ages. Folios use metadata from classes based
on which class they most closely correspond to at a given
time. We maintain folio metadata, such as last access time, in
an eBPF map. LHD iterates over the list and selects the folios
with the lowest hit density as eviction candidates. To main-
tain accurate hit densities, LHD requires periodically “recon-
figuring” its statistics in order to ensure that its probability
distributions are accurate and aged appropriately over time
using an exponentially weighted moving average (EWMA).

Reconfiguration. Reconfiguration runs every 𝑁 folio in-
sertions or accesses (where 𝑁 is a relatively large number
– e.g., 220). Reconfiguration is a relatively expensive pro-
cess, as it updates all metadata. In order to avoid the page
cache’s insertion or access hot paths, we use an eBPF ring
buffer to notify userspace that reconfiguration needs to take
place. Userspace then calls a BPF_PROG_TYPE_SYSCALL pro-
gram, which runs an eBPF program without attaching it to
a specific hook. This program then performs the required
reconfiguration, including computing updated hit densities,
and scaling or compressing distributions as necessary. We
use atomic operations to ensure that the page cache can
continue using these values, albeit with some potential inac-
curacy, which we permit for the sake of performance. While
we could implement this reconfiguration step in userspace,
doing so would have required numerous syscalls to interact
with eBPF maps, and atomic updates would not have been
possible. Additionally, we note that in a standard LHD pol-
icy, hit densities and other parameters are stored as floating-
point values. However, eBPF does not support floating-point
operations, so we resort to scaling values by a large constant
in order to approximate such calculations.

5.3 Multi-Generational LRU (MGLRU)
MGLRU is a complex page eviction policy that was recently
added to the Linux kernel [18]. MGLRU groups folios into
generations, each capturing folios with similar access recency.
Each generation is a list and is further divided into tiers, with
tiers acting as logarithmic buckets based on access frequency.
The kernel maintains up to four generations and four tiers
per generation. Eviction starts from the oldest generation,
using a tier threshold computed by a PID controller based on
eviction and refault statistics. Pages above the threshold are
promoted to the next generation; others are evicted.

Concretely, generations are implemented as eviction lists,
stored in a circular buffer. We track the minimum and max-
imum generation numbers – min_seq and max_seq, respec-
tively. A generation number is mapped to its eviction list by

GET Pool SCAN Pool

Write

scan_pids
map

Read

Userspace

LevelDB cache_ext

Kernel

GET List SCAN List

Figure 5. Overview of GET-SCAN policy implementation.

computing the generation number modulo max_nr_gens to
find the list index. A new generation is created (aging) by
incrementing max_seq. When the oldest generation is empty,
it is retired by incrementing min_seq. We use a map to store
the generation and access frequency of each folio. We port
the PID controller logic from the kernel, and maintain the
global statistics it needs using atomic operations. Refault
detection, needed for computing refault statistics, is imple-
mented using ghost entries, similar to the S3-FIFO policy in
§5.1. Finally, we serialize the generation aging operations
using an eBPF spinlock. On folio insertion, we calculate the
folio’s generation and add the folio to the generation’s head.
On eviction, the policy iterates the minimum generation
list, obtains a tier threshold from the PID controller, and se-
lects folios below the threshold as eviction candidates, while
promoting folios above the threshold.

5.4 Classic Policies: LFU, MRU, FIFO
We implemented three additional “classic” eviction policies:
LFU, MRU and FIFO. §4.2.5 describes our LFU implementa-
tion. For MRU, we add folios to the head of the list upon
insertion, and move them to the head on access. However, if
we evict folios right after they are added to the page cache,
they may still be in use by the kernel to service the I/O re-
quest. This would lead to the kernel refusing to evict the
folios and resorting to the fallback path to evict folios. There-
fore, we skip a small fixed number of folios when iterating
the eviction list before proposing eviction candidates. For
FIFO, folios are removed from the head of the eviction list.

5.5 Application-Informed Eviction (GET-SCAN)
In addition to enabling the implementation of a variety
of general eviction algorithms, cache_ext enables applica-
tions to use eviction algorithms tailored to their design. In
other words, the eviction algorithm can be made aware of
application-level abstractions and uses this information to
make better decisions. To illustrate the value of application-
informed policies, consider the case of heterogeneous queries
in databases. For example, a database serving financial trans-
actions could see many small queries for individual pay-
ments, while also performing slower scan-like queries in the
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background to conduct fraud detection, reconciliation, and
other business processes. While these scan-like queries are
important, they typically have more relaxed service-level ob-
jectives. However, these large scan-like requests can “pollute”
the page cache and degrade the performance of the smaller re-
quests, as generic eviction algorithms struggle to isolate the
folios used by these requests. Ideally, the page cache should
prioritize the small requests over the large ones in the pres-
ence of memory pressure. We note that such workloads have
frequently been examined in the literature [45, 46]. Using
cache_ext, we can build an application-informed policy that
is aware of the different request types.

A folio accessed by a SCAN should not be worth the same
as a folio accessed by a GET. To implement prioritization,
the policy uses two eviction lists: one for folios inserted by
GETs, and the other for those inserted by SCANs. When
loading the policy, the application initializes an eBPF map
with the PIDs of the SCAN threads. When a folio is inserted,
the policy checks whether the PID of the current task is in
the map to determine which eviction list to add the folio to.
Each eviction list independently maintains an approximate
LFU policy, as described in §4.2.5. When the kernel requests
eviction candidates, the policy prioritizes evicting folios from
the SCAN list. Figure 5 illustrates this policy.

5.6 Application-Informed Admission Filter
As mentioned in 4.2.1, we extend cache_ext to also support
an admission filter hook. When a folio is requested and is
not yet present in the page cache, the admission filter deter-
mines whether to allow the folio into the page cache, or to
service it analogously to a direct I/O request. Such a hook
is useful for preventing thrashing in workloads that may
need to read many pages once, but cannot use direct I/O for
performance or coherency reasons. For example, LSM-tree
key-value stores use a compaction process which periodically
reads large files potentially unrelated to servicing requests,
resulting in thrashing of “relevant” files. However, direct
I/O cannot easily be used for these large reads, as these files
(using the same file descriptor) may still be read from the
page cache by other threads to process requests.
To this end, we create an admission policy that prevents

this thrashing behavior, by preventing background com-
paction from evicting folios that will be needed for read
requests in the critical path, on an LSM-tree key-value store
(RocksDB). When RocksDB spawns compaction threads, we
place the thread TIDs in an eBPF map. When a folio is
proposed to be added to the page cache, the policy checks
whether the thread adding it is a compaction thread in the
TID map. If so, our policy does not add it to the page cache.
Otherwise, it is added to the page cache in the “normal” path.

6 Evaluation
We aim to answer the following questions:

Q1: Can cache_ext policies improve application performance
with low developer effort? (§6.1)

Q2: Can different applications use different policies without
interfering with each other? (§6.2)

Q3: What is the overhead of cache_ext? (§6.3)

System configuration. We conduct our experiments on
Cloudlab [25] c6525-25g machines, with a 16-core AMD
Rome CPU, 128GB of memory and a 480GB SSD drive. We
use CPU-pinning and disable SMT, swap, and address space
randomization to make our results more reproducible. We
also drop the page cache before each test. We run Ubuntu
22.04 with Linux v6.6.8 as the kernel.

6.1 Custom Policies (Q1)
In this section, we evaluate the policies described in §5 on a
number of different workloads and configurations.

6.1.1 YCSB. We evaluate our policies by running Lev-
elDB [33], a popular key-value store, on the YCSB (Zipfian)
workloads, as well as against uniform and uniform-read-
write workloads. We compare the custom policies against
both the default and MGLRU Linux policies, using a 100GiB
database with a 10GiB cgroup. We slightly modify LevelDB
to always use pread() instead of mmap() to improve perfor-
mance across the board. While LevelDB will sometimes use
pread(), RocksDB, an optimized fork of LevelDB, makes a
similar modification to improve performance.

Our results in Figure 6 show that cache_ext’s LFU policy
performs best, outperforming both the default and MGLRU
policies, for all the evaluated workloads, except for YCSB
D, which only uses the latest key-value pairs and as such
is cached entirely in-memory. This is not surprising: LFU
should be an ideal policy for YCSB, since YCSB by default
assigns a fixed Zipfian distributed for the access distribu-
tion of each key. Therefore, a frequency-based policy should
perform best. cache_ext’s LFU achieves up to 37% better
throughput than the default Linux policy, and interestingly,
it outperforms MGLRU by an even greater margin. We note
that LHD and S3-FIFO also outperform the Linux policies; in
particular, LHD provides throughput very similar to LFU. As
expected, the MRU policy performs worse than the baseline,
due to its mismatch with the workload’s access pattern. How-
ever, our simple FIFO policy slightly outperforms MGLRU
in most cases, but not the default policy, likely due to its low
overhead compared to MGLRU. We also measure the P99
read latency, for which cache_ext beats the default policy
by up to 55%. Note that YCSB D’s tail latency barely registers
in the figure due to its lack of disk accesses.

Disk access. Since the page cache doesn’t expose system-
wide hit-rate metrics and external tools may yield inaccurate
results [34], we use disk access as a proxy to analyze policy
behavior. We record the total disk I/O (reads and writes)



cache_ext: Customizing the Page Cache with eBPF SOSP ’25, October 13–16, 2025, Seoul, Republic of Korea

YCSB
A

YCSB
B

YCSB
C

YCSB
D

YCSB
E

YCSB
F

Unif.
(100/0)

Unif.
(50/50)

0

5000

10000

15000

20000

25000

30000
Th

ro
ug

hp
ut

 (o
ps

/s
ec

)

13
K

9K

8K

21
0K

2K

13
K

4K

13
K

11
K

7K 6K

23
3K

1K

11
K

3K

9K

8K

5K

4K

13
2K

1K

8K

2K

8K

12
K

7K 7K

21
1K

2K

12
K

3K

10
K

14
K

10
K

9K

20
7K

2K

15
K

5K

14
K15

K

12
K

11
K

20
5K

3K

15
K

5K

14
K

16
K

12
K

11
K

20
8K

3K

16
K

5K

15
K

Default (Linux)
MGLRU (Linux)
MRU (cache_ext)
FIFO (cache_ext)
S3-FIFO (cache_ext)
LHD (cache_ext)
LFU (cache_ext)

(a) Throughput.

YCSB
A

YCSB
B

YCSB
C

YCSB
D

YCSB
E

YCSB
F

Unif.
(100/0)

Unif.
(50/50)

0

10

20

30

40

50

P9
9 

La
te

nc
y 

(m
s)

Default (Linux)
MGLRU (Linux)
MRU (cache_ext)
FIFO (cache_ext)
S3-FIFO (cache_ext)
LHD (cache_ext)
LFU (cache_ext)

(b) P99 latency.
Figure 6. YCSB workload results.
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Figure 7. YCSB throughput vs. total disk I/O.

when running the YCSB workloads for 8 million keys. Fig-
ure 7 demonstrates an inverse relationship between through-
put and disk I/O for YCSB A and C. We observed similar
results for the other workloads. These results illustrate how
policies impact performance – those that make good caching
decisions (e.g., LFU, LHD) interact with disk less, increasing
throughput, while those that don’t (e.g., FIFO, MRU) intro-
duce additional disk overhead.

Takeaway 1: cache_ext can significantly improve appli-
cation performance even with simple policies (e.g., LFU)
that match the application’s access patterns.
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Figure 8. Twitter workload results (LHD, S3-FIFO, and LFU policies) using
LevelDB. No one policy performs best across the different clusters.

6.1.2 Twitter Traces. For many real-world workloads, it
may not be obvious in advance which policy works best
for a given workload. cache_ext makes experimentation
easy, allowing developers to implement a set of policies and
empirically choose the best one for each workload.
We evaluate our LHD, LFU, and S3-FIFO policies on pro-

duction traces from the Twitter cache workloads [74]. The
workloads divide the traces by cluster ID. We compare these
policies to Linux’s default and MGLRU policies. Each cluster
was evaluated with a cgroup size set to 10% of the cluster’s
data size using LevelDB. As shown in Figure 8, we find that,
in general, there is no single policy that is best for all work-
loads. While LHD beats the default and MGLRU policies
by 13% and 30%, respectively, on cluster 34, and LFU beats
them by 13% and 34% on cluster 52, MGLRU dominates on
clusters 17 and 18. In cluster 24, the default policy is best,
while MGLRU consistently resulted in out-of-memory errors,
hence its throughput is equal to zero in the graph.Meanwhile,
S3-FIFO beats or matches the baseline on clusters 34 and 52,
but does not outperform the other cache_ext policies.
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Figure 9. File search workload results (MRU policy).

6.1.3 File Search. We construct a file searchworkload that
searches the Linux kernel codebase (v6.6), using the multi-
threaded ripgrep CLI tool [32]. More specifically, we perform
10 searches within a 1GiB cgroup, which is roughly 70%
the size of the codebase (excluding Git history). File search
would be a particularly challenging workload for Linux’s
LRU-based policies, since it involves a large amount of scans.
We compare the cache_ext MRU policy with the default
Linux kernel policy as well as the kernel’s experimental
MGLRU policy. The results in Figure 9 show that cache_ext
is almost 2× faster than both baseline and MGLRU, since
both policies suffer from the scan “pathology” of LRU.

Takeaway 2: There is no one-size-fits-all policy that per-
forms best for all workloads. Customization and experi-
mentation are necessary to maximize performance.

6.1.4 Application-Informed Policy (GET-SCAN). To
simulate the application we describe in §5.5, we run LevelDB
with a mixed SCAN/GET workload. This workload is highly
skewed and is composed of 99.95% GET requests with a few
SCAN requests (0.05%). We use a separate thread-pool for
SCAN requests to avoid head-of-line blocking at the sched-
uling level, as per prior work [45, 46], with a disjoint set
of threads handling GET requests. While the workload ex-
hibits good cache locality for GETs, it has poor locality for
SCANs, which span many folios and exhibit high reuse dis-
tance. The default kernel policy does not handle this scenario
well, leading to cache pollution due to the SCAN folios.

To evaluate the policy, we compare against Linux’s de-
fault and MGLRU policies, and various fadvise() options:
FADV_DONTNEED, FADV_NOREUSE and FADV_SEQUENTIAL (on top
of the default policy). We apply these options to files used by
SCAN requests, in order to inform the kernel that we plan
to read the files sequentially or only once (SEQUENTIAL and
NOREUSE) or that we no longer need the folios after their use
(DONTNEED). As shown in Figure 10, cache_ext’s application-
informed policy achieves 70% higher throughput and 57%
lower P99 latency for GETs, while SCANs experience an 18%
throughput decrease. In addition, the fadvise() options do
not help much, demonstrating the inadequacy of existing ker-
nel page cache interfaces compared to cache_ext. MGLRU
performs even worse than the default LRU.
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Figure 10.Mixed GET-SCAN workload results.

6.1.5 Application-Informed Admission Filter. We run
our admission policy that filters folios fetched by background
compaction (§5.6) on RocksDB [70] with a uniform R/W
workload. This simple admission filter improves P99 latency
by 17% (from 2.61ms to 2.16ms), because folios required for
read requests are not evicted by folios accessed by the com-
paction threads. We do not see a meaningful difference in
throughput, which is expected, as compaction is infrequent.

Takeaway 3: Even very simple application-aware eviction
policies can significantly improve performance.
Takeaway 4: Existing Linux page cache customization
interfaces are insufficient.

6.1.6 Implementation Complexity. Table 3 shows the
lines of eBPF and userspace loader code necessary to imple-
ment each of the aforementioned policies. The policies are all
implemented in at most a few hundred lines of code, a much
smaller amount than would be necessary to implement them
within the kernel (or in userspace). We find that cache_ext
reduces the complexity of developing new policies by using
its list and policy function abstractions. In addition, devel-
oper experience and velocity are greatly improved, since
eBPF prevents kernel crashes and many types of bugs, en-
abling developers to focus on the policy logic. We found
that it was much easier to experiment with policies with
cache_ext without having to worry about breaking the ker-
nel. For example, we easily introduced various tweaks into
our MRU and LFU policies and evaluated different versions
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Policy eBPF LoC Userspace LoC

Admission filter 35 262
FIFO 56 131
MRU 101 101
LFU 215 110
S3-FIFO 287 157
GET-SCAN 324 112
LHD 367 165
MGLRU 689 105

Table 3. Lines of eBPF and userspace loader code in cache_ext policies.

of S3-FIFO and LHD in order to find the best design. Thus,
cache_ext allows developers to accelerate their applications
with a relatively modest amount of effort, while also easily
enabling experimentation with policy innovations.

Additionally, we have open sourced all of our policies, al-
lowing developers to easily try them with their applications,
lowering the barrier to entry for using cache_ext.

Takeaway 5: Overall implementation complexity for
cache_ext policies is modest, even for complex policies.

6.2 Isolation (Q2)
The Linux page cache already provides a measure of isola-
tion by establishing per-cgroup LRU lists. cache_ext utilizes
this to enable each cgroup to have its own custom policy.
We demonstrate the utility of this by simulating and com-
paring against “global” policies, as opposed to cache_ext’s
per-cgroup policies. We create two cgroups, one running a
YCSB C workload with LevelDB, and the other running a file
search workload with ripgrep. The YCSB cgroup is allocated
10GiB and the file search cgroup is allocated 1GiB. We run
four configurations: both cgroups using the default policy,
both using LFU, both using MRU, and a “tailored” setup:
YCSB with LFU and file search with MRU.

Evaluation. File search performance is measured by num-
ber of searches executed in a fixed time span (7 minutes).
YCSB performance is measured in terms of throughput. Fig-
ure 11 shows that the tailored setup beats the other config-
urations, yielding 49.8% and 79.4% improvements for YCSB
and file search, respectively, over the baseline. While the
other two cache_ext configurations provide performance
improvements for the workloads corresponding to their pol-
icy, they can significantly degrade the performance of the
other workload, demonstrating that global policies are not a
viable solution. Note that YCSB performs better in the tai-
lored setup compared to the global LFU configuration (and
vice versa for file search compared to the global MRU config-
uration). This is due to improved caching of the workloads
yielding reduced disk contention. The file search workload
improves in the LFU configuration for the same reason.

Takeaway 6: Using cache_ext with per-cgroup policies
allows for fine-grained control and improved performance.
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Figure 11. Isolation workload results: a file search workload (number of
searches executed) and a YCSB C workload (throughput) running concur-
rently in two cgroups. Up and to the right is better.

cgroup size Linux default cache_ext no-op Overhead (%)

5 GiB 234.80 236.51 0.72%
10 GiB 217.48 221.14 1.66%
30 GiB 197.67 198.01 0.17%

Table 4. cache_ext 𝜇CPU per I/O operation using fio.

6.3 Memory and CPU Overhead (Q3)
The advent of faster and larger storage devicesmeans that the
page cache (and cache_ext) must be able to handle millions
of events per second. We run a number of micro-benchmarks
to investigate cache_ext’s memory and CPU overhead.

6.3.1 Memory Overhead. cache_ext’s primary memory
usage is the valid folios registry hash table (§4.4). In the
worst case, we set up the hash table with as many buckets
as there are 4KiB pages in the cgroup (based on its config-
ured size). Each bucket requires 16 bytes to store the hash
table’s internal list pointers. Thus, the memory overhead for
an empty registry is: 16

4096 = 0.4%. Following the same logic,
each filled entry in the hash table uses 32 more bytes for the
cache_ext list node, so the full registry memory overhead
is 1.2%. Therefore, the memory overhead for cache_ext’s
registry is between 0.4%-1.2% of a policy’s cgroup’s memory.
This overhead can be further reduced with recent improve-
ments to eBPF’s handling of kernel objects, allowing eBPF
to directly ensure that some pointers are trusted.

6.3.2 CPU Overhead. To measure the baseline CPU over-
head of our framework, we use a no-op cache_ext policy
and run the fio microbenchmark [3] with 8 threads on a ran-
dread workload. A no-op policy defers to the default kernel
eviction policy while still maintaining cache_ext data struc-
tures, allowing us to measure the baseline CPU overhead
imposed by cache_ext. We compare to the default Linux
policy, using a metric of CPU usage per I/O operation (mea-
sured in 𝜇CPUs, i.e. one-millionth of a CPU). Table 4 shows
that the CPU overhead of no-op cache_ext is at most 1.7%.
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YCSB A B C D E F Uniform Uniform R/W
0.97 0.99 0.96 0.98 0.98 0.99 1.06 1.05

Table 5. Relative performance of cache_ext vs. baseline MGLRU with
YCSB. The harmonic mean is 0.99, indicating a 1% slowdown on average.

6.3.3 Overall Application Impact. To estimate the over-
all impact of cache_ext to application performance, we re-
implemented the kernel’s MGLRU policy, as described in §5.3.
We compare the throughput achieved by the Linux MGLRU
implementation with the cache_ext implementation. Table 5
shows the relative performance for each YCSB benchmark
(shown in §6.1.1), calculated as cache_ext throughput over
baseline MGLRU throughput. The two implementations per-
form very similarly, with an average 1% throughput decrease.

Takeaway 7: cache_ext incurs relatively low overhead.

7 Related Work
eBPF policy customization in Linux. There has been

recent work on customizing memory management policies
using eBPF, such as huge page placement, page fault han-
dling, and page table designs [60, 66, 83]. P2Cache is a re-
cent concurrent proposal for a framework that uses eBPF to
customize page cache policies [52]. While P2Cache is con-
ceptually similar to cache_ext, it only allows LRU or MRU
ordering with a single queue, limiting the types of policies
that can be implemented. Similarly, PageFlex [76] customizes
prefetching and swapping policies by offloading policies to
userspace using eBPF for event notifications and madvise()

to communicate policy decisions. PageFlex focuses on mem-
ory mapping-based page access rather than file-based access.
PageFlex only delegates some “non-performance-critical” de-
cisions to the custom policy and enforces these decisions
through madvise() hints. In contrast, by implementing poli-
cies in-kernel, cache_ext can delegate all policy decisions
to custom policies and enforce them directly.

FetchBPF allows customizing Linux’s memory prefetching
policy, and could easily be integrated into cache_ext as an
additional hook [13]. We note that prefetching policies typi-
cally utilize significantly simpler data structures than page
eviction policies. Additionally, FetchBPF does not consider
multi-tenant isolation or application-informed policies.
Interestingly, the authors of Linux’s MGLRU have pro-

posed adding eBPF hooks to determine which generation
a page should be placed in, but they have not presented a
design nor implementation of such a mechanism [20].

sched_ext is an eBPF framework for custom Linux sched-
uling policies [16]. sched_ext policies can be implemented
entirely in eBPF, like cache_ext, or scheduling decisions
can be offloaded to userspace for more complex scheduler
implementations. This userspace dispatch approach is more
performant for process scheduling than page eviction, as
there are orders of magnitude fewer processes on a machine
than pages in memory, and process scheduling occurs less
frequently than page cache events (e.g., page access).

Extensible kernels. In the ’80s and ’90s page cache cus-
tomization was introduced as a use case for extensible ker-
nels [1, 8, 29, 65], which allow applications to customize
kernel interfaces and policies. For example, VINO [65, 67]
and SPIN [8] allow applications to customize buffer cache
eviction, admission, and prefetching policies. These OS de-
signs never achieved widespread use, even though some of
their underlying ideas have become relevant again with the
adoption of eBPF, which enables extensibility within mono-
lithic kernels like Linux or Windows.

Extensible file systems. Another page cache customiza-
tion approach, introduced in the ’90s, was to allow cus-
tomizable file systems, with custom page cache policies.
ACFS [11, 12] is an application-controlled file system which
enables customizing caching and prefetching. The XN [44]
libOS file system enables running a userspace-level file sys-
tem within the exokernel OS, which can be fully customized.
More recent work in this vein is Bento [57], which allows cus-
tom file systems written in Rust to be installed in the kernel,
without disrupting applications. None of these approaches
would work with existing Linux or legacy file systems.

Userspace caches. Another approach is for applications
to simply implement their own userspace cache, and bypass
the OS page cache with direct I/O. There are many examples
of data systems that implement a userspace cache [15, 53, 70].
TriCache [31] is a recent framework that helps applications
customize their own userspace caches. Nonetheless, many
popular data systems still rely on the page cache, sometimes
in conjunction with userspace caches [22, 35, 59, 63, 70].

8 Conclusion
This work explores the design of a new eBPF framework to
implement custom eviction policies in the kernel, enabling
applications to choose a policy according to their needs and
making the latest caching research accessible to the ker-
nel. We believe our work opens the door to exploring new
dynamic page cache policies, such as ML-based or more
sophisticated application-informed policies, and experiment-
ing with policy innovations, pushing the frontier of practical
caching research. Furthermore, recent efforts in the Linux
community to support more complex eBPF data structures
could benefit cache_ext.
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