USENIX

THE ADVANCED COMPUTING
SYSTEMS ASSOCIATION

uCacHEe: A Customizable Unikernel-based 10 Cache

llya Meignan--Masson, Masanori Misono, Viktor Leis, and Pramod Bhatotia,
Technical University of Munich

https://www.usenix.org/conference/fast26/presentation/meignan-masson

This paper is included in the Proceedings of the
24th USENIX Conference on File and Storage Technologies.

February 24-26, 2026 * Santa Clara, CA, USA
ISBN 978-1-939133-53-3

Open access to the Proceedings of the
24th USENIX Conference on File and Storage Technologies
is sponsored by

F NetApp-
D



ARTIFACT ARTIFACT ARTIFACT
EVALUATED EVALUATED EVALUATED
@ usenix @ usenix @ usenix

AVAILABLE

REPRODUCED

UCACHE: A Customizable Unikernel-based I0 Cache

Ilya Meignan--Masson, Masanori Misono, Viktor Leis, Pramod Bhatotia
Technical University of Munich

Abstract

Data-intensive cloud applications require high-
performance IO caching to fully leverage modern storage
systems like NVMe SSDs and cloud storage. Today’s develop-
ers face a dilemma: choose a simple, but often slow, OS-level
IO cache, orafast,but complex, userspace cache. This trade-off
forces developers to sacrifice either performance or simplicity.

This paper introduces UCACHE, a novel IO cache that
resolves this fundamental tension. Leveraging a unikernel-
based 1ibOS architecture, UCACHE seamlessly integrates
application-specific knowledge directly into the OS-level
cache. It combines an mmap-like memory surface with an
explicit, conventional interface, offering fine-grained control
over cache behavior. This design allows for the seamless inte-
gration of application-specific semantics within the OS-level
cache itself—a capability previously confined to complex
userspace solutions; thus, ensuring scalability, performance,
and adaptability. The core of uCacHE’s flexibility is the UVFS
abstraction, which enables direct adaptation to diverse IO
backends while maintaining filesystem compatibility without
the performance overheads of the traditional OS IO stack.

Our evaluation demonstrates that UCAcHE effectively
merges the simplicity of OS-level caches with the performance
and flexibility of userspace solutions. For out-of-memory
workloads, UCACHE achieves performance on par with kernel-
bypass IO libraries, proving it can eliminate the IO caching
bottleneck for data-intensive applications.

1 Introduction

IO caching is an essential aspect of the performance of
modern data-intensive applications [32, 13, 27, 45, 46, 86, 88]
running in the cloud. A wide range of applications, including
key-value stores, database systems, and data-processing
frameworks, rely on IO caches to avoid issuing IO requests
for every data access. At the same time, modern cloud
applications use a variety of underlying storage options,
including locally-attached high-performance NVMe SSDs [1],
and cloud storage systems such as block [2] and object [3]
stores. This diversity of applications and storage options
requires caches that are both flexible and performant.
Historically, applications have relied on the OS for 10
caching through the page cache, viammap [50]. This approach
is simple and effective for many use cases [14, 49, 62], as it
abstracts the complexity of IO operations and relies on vir-
tual memory mapping to translate memory accesses to I0

operations. However, OS-level IO caching presents several
limitations for data-intensive cloud applications. First, current
implementations of the page cache suffer from scalability and
performance issues [63]. Prior studies [71, 61, 89] have con-
cluded that the complex IO stack, the slow page fault handling,
and context switch overheads limit the performance of OS-
level caching, especially on high-performance devices such as
NVMe SSDs. Furthermore, the isolation between the OS and
applications in traditional architectures forces OS-level 10
caches to use general-purpose semantics. Traditional OS in-
terfaces, i.e., POSIX, only offer limited flexibility. This can lead
to suboptimal performance or even undesirable decisions, e.g.,
like evicting a page from an uncommitted transaction [24]. Be-
sides, OS-level caches lack native support for non-filesystem-
based storage systems such as cloud object stores.

Due to these limitations, the most common approach for
many high-performance cloud applications is to implement
IO caching logic directly in userspace [43, 30, 45, 68, 88, 46, 86].
This gives developers granular control over cache manage-
ment, enabling them to tailor policies to specific application
semantics and data access patterns. While this approach
solves the flexibility problem, userspace caches are complex
to use and often specific to a system. Additionally, these
userspace solutions also typically demand exclusive control
over the storage device, preventing applications from using
standard IO system calls or reusing robust kernel filesystem
implementations.

This prevailing dichotomy between convenience and
simplicity (OS-level caches), and performance and control
(userspace caches) presents a fundamental challenge for the
design of modern data-intensive systems. Despite efforts
to improve OS-level caching by addressing the scalability
and performance issues [63, 61, 73, 19] or by integrating
some application-defined logic in the kernel [90, 94, 16],
existing solutions still do not achieve sufficient performance
and flexibility for modern data-intensive applications. This
forces developers to rely on complex userspace caches, often
requiring them to re-implement custom caching libraries for
their specific application.

In this paper, we thus ask the following research question:
Can the OS provide a general, simple, flexible, and performant
memory-mapped IO caching framework that meets the needs
of modern cloud applications?

To address this question, we propose UCACHE, a novel
OS-level caching architecture. UCACHE defines a new
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interface for OS-level caching that extends the mmap interface
with flexible control over the cache policies. As an OS-level
cache, UCACHE can leverage existing OS IO stacks, including
filesystems. UCACHE can also be flexibly extended to use
application-defined IO backends.

UCACHE leverages the unikernel [54] architecture to
remove the isolation between the OS and the application.
Unikernels, based on library OSes, co-locate all software
components within a single address space without privilege
isolation which offers several compelling advantages: (1)
The application and the OS can directly access each other’s
symbols, simplifying communication. (2) The lack of isolation
leads to simpler and smaller OS implementations. (3) Modern
unikernels are POSIX-compatible, allowing most existing
applications to run with minimal modifications.

To this end, UCACHE provides a customizable OS-level
cache by addressing three challenges. First, UCACHE addresses
the limited flexibility of traditional OS-level caches and
the lack of cooperation with the OS of userspace caches by
sharing the Virtual Memory Area (VMA) abstraction between
the application and the kernel, granting direct access to
cache operations. This allows developers to customize buffer
replacement policies based on application-specific needs.

Second, uCAcHE avoids the performance bottlenecks
stemming from reusing the kernel’s general-purpose
memory manager, which uses global locks. Instead, it
employs optimistic lock-free operations to ensure scalability,
even with batch processing or non-standard buffer sizes.

Third, uCAcHE overcomes the trade-off between the flexi-
bility of OS-level IO stacks and the performance of userspace
IO libraries. Itachieves this by decoupling the control and data
paths using the UVFS abstraction. This approach combines the
performance of kernel-bypass IO with the broad filesystem
support of OS stacks and allows for flexible use of multiple
IO backends (USTORE), including an NVMe-optimized one.

We implement UCACHE as a library in OSv [36] and demon-
strate its effectiveness in three use cases. First, UCACHE can
serve as an efficient drop-in replacement for mmap. Second, an
application can infuse its semantics in the cache operations,
especially for enforcing transactional safety. Finally, we
show that UCACHE can integrate simply in data-intensive
applications, using their workload knowledge to improve
caching performance and their custom IO backends.

Using this prototype, we evaluate our design against both
OS-level and userspace caches. Our benchmarks show that
UCAcHE improves performance by up to 55x compared to tra-
ditional OS-level caching (mmap),and provides similar through-
put to highly optimized userspace IO libraries (SPDK [83]).

In summary, we make the following contributions:

« We propose a new architecture for IO caching that makes

an OS-level cache customizable by the application (§ 2).

« We design a unikernel-based caching library that combines

a simple interface, scalable caching operations directed by

extensible policies, and flexible IO backends (§ 3 and § 4).

« We implement a prototype of UCACHE and demonstrate
its effectiveness through detailed evaluation and several
real-world use-cases (§ 5 and § 6).

Artifact. uCAcHE implementation is publicly available at
https://github.com/TUM-DSE/uCache

2 Background and Motivation

In this section, we examine the two approaches for 10
caching: OS-level caching and userspace caching. Based on
their benefits and limitations, we motivate the need for a new
IO caching tailored for data-intensive cloud applications.

2.1 10 Caching: OS-level Vs Userspace

IO caching is a fundamental technique for enhancing the
performance of applications that frequently access persistent
storage. The primary benefit is realized by reducing the
volume of IO operations through the retention of frequently
accessed data. In this paper, we focus on caches accessed
via load/store instructions. Implementations of IO caching
typically follow one of two architectural approaches—at
the operating system level or in userspace—each presenting
distinct advantages and limitations (Figure 1).

OS-level caching. The traditional approach to cache
IO accesses is to use the OS page cache [4] via the mmap
system call [50]. In the background, the kernel transparently
manages the cache, using page faults as a cache miss indicator.
This approach provides good cache hit performance and is
completely transparent to the application [14, 49, 62].

However, mmap notoriously introduces significant
performance overheads, especially with modern NVMe
SSDs [73]. These performance overheads stem from several
factors, including global locks in the kernel [63, 61, 24, 71],
lack of asynchronous IO operations, and costly TLB shoot-
downs [9, 38, 10]. The OS page cache also faces limited
scalability of the Virtual Memory Area (VMA) manage-
ment [21, 22]. Some studies propose improvements to the
kernel to address these overheads [79, 73, 19, 62, 63, 61],
though it may overly specialize the OS for a use-case.

Moreover, the transparency of the virtual memory interface
leaves little control of caching to the application. The POSIX’s
madvise only offers limited options, and the kernel may
ignore them. Some applications prefer to use non-hardware-
supported page sizes, such as 8KiB [67] or 16KiB [57], while
the POSIX API only allows hardware-supported sizes. Some
applications, especially database systems, require transac-
tional cache semantics, i.e., pages modified by unlogged
operations should not be evicted.POSIX’s mlock is inadequate
for this due to its system call overhead and the kernel-imposed
limits on the amount of lockable memory. Some propose
extending madvise [19], or adding page priorities in the
cache to guide the eviction policy [79, 62], but these still
require costly syscalls to share application preferences.

In addition, OS-level caches are limited to the IO kernel
stacks, preventing applications from using memory mapping
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with specialized storage systems such as AWS S3 [3]. This
further restricts applications from using OS-level caches,
especially as more and more applications rely on cloud-native
storage solutions [72] that are not supported natively in
traditional OSes.

In short, OS-level caching is simple and general, but suffers
from performance overheads and a lack of flexibility.

Userspace caching. Due to the aforementioned issues,
most data-intensive applications design and implement their
own caching in userspace [45, 46, 86, 88, 32, 27, 13]. Existing
studies realize this either by utilizing page fault notification
mechanisms to the application or by preemptively checking
for cache misses before accessing pages.

Userspace page fault handling uses mechanisms such
as general-purpose signals [69], userfaultfd [51, 64] or
upcalls [34] to transmit fault information to a user-space
handler, which then instructs the kernel how to resolve
the fault. However, userspace page fault handling incurs
costly context switches and extra operations to exchange
information between the application and the OS [34].

Most modern applications [45, 58, 30, 43, 86] instead use
userspace caches with a pin/unpin interface to intercept
accesses to the pages and manage the replacement of pages
without page fault handling. However, this approach requires
intricate integration with the application—making pin/unpin
calls at the appropriate places—to benefit from its design. In
particular, system developers must integrate the cache oper-
ations in their concurrency control which incurs significant
complexity [45, 43]. Although Tricache [30] automatically
adds pin/unpin calls in a compiler pass, this does not take
into account the transactional semantics of the application.

Userspace caches can fully utilize storage devices by
leveraging high-performance kernel-bypass libraries, such as
SPDK [83], or specialized libraries to access object stores [29],
and provide the application with full control over cache
replacement. However, reaching this superior performance
and control requires significant engineering effort.

Contrary to OS-level caching, userspace caching achieves opti-
mal performance and offers fine-grained control over the cache to
the application, but is complex and tends to be use-case specific.

2.2 Motivation: A Unikernel-based IO Cache

The missing 10 caching abstraction. In this paper,
we claim that the OS-level approach can overcome the
performance and control limitations by specializing the OS
to the application for high-performance IO caching in cloud
applications. In light of the performance and flexibility of
userspace caches, one could simply integrate userspace
solutions with unikernel architecture. However, this would
not address the lack of generality of userspace caches. Instead,
our proposition aims to combine the appeal of transparent OS-
level IO caching with the performance and control over page
replacement of state-of-the-art userspace caching libraries.
To reach this goal, we need to redesign the way the

OS-level Userspace uCache
’ Application ‘ ’ Application ‘
@ @ in { unpin .
3 load / @ P i P .
& store & | Specialized . Application
& = s Cache . load /
=)

= mmap ! ! : l store
B Page cache _ Stsli;ac?(e Ngtz\gk . 2| uCache @
£ g ki | '_GE)
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Figure 1: Comparison with IO caching approaches.
Unikernel-based IO cache (UCACHE) enables a performant
and flexible yet general IO caching.

application interacts with the OS. We define a new OS
interface for the application to control the cache and to
redesign the OS-level IO cache mechanisms to address the
performance overheads. To enable flexible and efficient
customization of the OS IO cache, we leverage the unikernel
architecture [54], which creates virtual memory images
using single-address-space library OSes. Prior studies demon-
strated unikernels to be promising in the context of Network
Function Virtualization [55] and memory disaggregation [85].

The unikernel architecture offers several benefits for our
goal. First, unikernels directly link the application with the
OS; thus, they eliminate the overhead of system calls and allow
the kernel to expose specialized operations to the applications.
Second, the single-address-space design allows the OS to
integrate application semantics, while the hypervisor ensures
strong isolation among unikernel applications. This design
also makes the resulting unikernel smaller, simpler, and more
predictable, as multi-process management is a major contrib-
utor to the implementation complexity in general-purpose
OSes. Finally, major unikernels offer sufficient POSIX API or
Linux binary compatibility [37, 36, 60], supporting diverse
applications with minimal software changes.

Example use-cases enabled by uCacHE. We further
motivate our approach by presenting several use cases.

(1) Practical memory-mapped I0: UCACHE makes mmap-
based caching practical for data-intensive applications by
enforcing application-defined semantics at the time of cache
creation. Specifically, applications can statically configure
cache properties, such as the page size to match its data layout
or the specific IO backend to optimize interaction with the un-
derlying storage device, allowing them to benefit from the sim-
plicity of OS-level caching without sacrificing performance.
(2) Buffer manager for DBMSs: Database systems avoid
OS-level caching due to its lack of precise eviction control,
which makes guarantee of transactional safety difficult [24],
let alone its performance limitations. UCAcHE addresses this
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by allowing the cache’s replacement policy to be integrated
with the database’s concurrency control mechanism. The
application can cheaply prevent the eviction of a page from
the cache while leveraging the simplicity of transparent
memory-mapped IO caching.

(3) Simple workload specialization: Traditional mech-
anisms for advising the OS (e.g., madvise), are too coarse-
grained and fail to capture domain-specific knowledge.
UCACHE enables applications to infuse knowledge about
their workloads in the OS, potentially improving cache hits
rate and overall application performance.

3 Overview

3.1 System Overview

We present UCACHE, a novel IO cache design that resolves
the fundamental tension between the simplicity of OS-level
caches and the performance and flexibility of userspace
solutions. Our core design goal is to provide a general, flexible,
and performant memory-mapped IO caching framework that
meets the needs of modern data-intensive cloud applications.

Unikernel-based architecture. UCAcHE is built upon a
unikernel architecture [54]. Unlike traditional monolithic
OSes, the unikernel architecture co-locates the application
and the OS subsystems, including UCACHE, in a single address
space. This single-address-space design fundamentally
changes the interaction model by eliminating the need for
expensive system calls and context switches, significantly
reducing performance overheads. Further, the unikernel
architecture allows the application and the OS to directly
access each other’s symbols, simplifying the communication
between the application and UCAcCHE. Crucially, it enables
UCACHE to become “application-aware”, dedicating all
hardware resources to the application.

In our architecture (Figure 2), UCACHE interposes between
the application and the underlying storage system. The
application interacts with the cache through normal
load/store instructions and via a high-level API, while
uCactHeE efficiently manages the low-level 10 operations and
resource handling. More specifically, UCACHE consists of the
following core system components:

uCacHE APL. This is the interface that applications use to
interact with the cache. It provides a flexible memory surface
that can be mapped to storage devices using an mmap-like
interface. Beyond simple memory accesses, the API also
enables developers to specify custom caching policies and
includes explicit cache control operations, offering a level
of control previously limited to userspace solutions.

Cache manager. This internal component is the core
of uCacHE’s logic. It is responsible for executing cache
operations, such as inserting or evicting pages, and efficiently
handling page faults that occur due to cache misses. The
cache manager uses the application-defined policies and
leverages optimistic lock-free operations to guarantee
scalability and performance even under high concurrency.

[ Application ]

f ¢ Load / store  Virtual address space
Cache control

' 7 Y

: Fill / evict

Q uCache N
uCache API Cache manager 10 layer
€ > Policies [€ >
Page tables uStore

T A
Unikernel

..............

\ 4
Cached

| ’ 5
| |Uncached . “ <obj>
E—P Data path E LE

NVMe SSD Object store (e.g., S3)
e ! (Local) (Remote)

Figure 2: uCACHE overview. UCACHE enables transparent
memory-mappedIO caching for diverse storage systems (local
SSDs and remote stores). It features scalable cache primitives
directly accessible to the application and allows developers to
customize the replacement policies.

10 layer. A minimalist IO abstraction that acts as a flexible
interface between the cache manager and the underlying
storage. UCACHE introduces a Virtual File System-like
abstraction (UVES) to decouple the caching logic from the
specifics of the storage backend, allowing UCACHE to work
transparently with a variety of storage systems. It provides
a versatile interface that can be used to interact with different
storage stacks (USTORE), including an NVMe-optimized
USTORE or even an application-defined uStore.

System workflow. The general workflow of applications
using UCACHE is as follows. First, the application maps a file
in a USTORE to the virtual memory space through UCACHE’s
mmap call. The application can also specify custom policies
by extending the cache with callbacks. The application then
accesses the cache through regular memory accesses (load-
/store) or by directly calling the cache operations (insertion,
eviction, etc.). Internally, the cache manager executes the
operations and handles page faults due to cache misses. When
the cache needs to access the storage, the cache manager uses
the UVFS functions. The UVFS uses the USTORE associated
with the corresponding file to handle IO operations.

3.2 Design Challenges and Key Ideas
UCACHE strives to address the following challenges.

#1: Application-OS coordination. UCACHE aims to infuse
an OS-level IO cache with the customizability typical of
userspace caches, which derive their flexibility from tight
application integration (§ 2). The application’s knowledge
of its semantics and workload is crucial for optimizing cache
policies; however, conveying this knowledge to a generic OS
cache is challenging due to the OS’s limited understanding of
application semantics. Although a unikernel allows direct OS
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access, forcing applications to explicitly manage the cache
introduces significant implementation complexity.

To bridge this gap, UCACHE uses a shared Virtual Memory
Area (VMA) abstraction, allowing an application to attach
its semantics to specific memory regions (§ 4.1). It further
allows applications to register custom policies as callbacks,
which are defined directly in the application’s code and can
access its symbols (§ 4.2).

#2: Performant and scalable paging. To fully exploit
modern hardware like NVMe SSDs and multi-core CPUs,
UCACHE’s cache operations must be both performant and
scalable. State-of-the-art approaches (§ 2) employ either
batching IO operations to optimize throughput or lock-free
page table modifications to reduce TLB synchronization
overhead. However, combining those two techniques is
challenging as concurrent page table manipulation can
happen while processing a batch.

UCACHE addresses this challenge by employing optimistic
lock-free cache operations (§ 4.3) that maximize scalability,
even when operations are processed in batches or when
eviction targets are composed of multiple pages.

#3: Efficient and flexible IO operations. uCAcHE faces two
challenges regarding accessing storage devices and systems.
First, modern cloud applications typically combine diverse
storage backends, from high-performance locally-attached
storage devices to remote object stores. A practical IO cache
thus faces the challenge of flexibly adapting to these backends
without sacrificing performance. Second, applications also
access the same storage backend for various purposes,
including cases where caching is undesirable, such as for
write-ahead logs. The cache, therefore, faces challenges of
maintaining compatibility with the rest of the OS storage
stack while optimizing storage access for caching.

UCACHE addresses this challenge with the UVFS (§ 4.4),
which provides a versatile IO abstraction of the underlying
storage stacks, represented by the USTORE abstraction.
USTORE enables the use of different backends transparently
through the same interface. UCAcHE also natively provides an
NVMe-optimized USTORE (§ 4.5) that combines the efficiency
of IO userspace libraries while maintaining compatibility
with existing filesystems.

4 Design
4.1 The Unikernel-based IO Cache Abstraction

UCACHE proposes a general abstraction designed to provide
application developers with a range of interaction models
with the cache, from complete transparency to explicit
control. With uCAcHE, a file is mapped into a single virtual
memory area (VMA), and applications may tailor the cache
operations through custom policies. UCACHE manages the
memory mapping and handles faults in the mapped areas to
transparently replace pages in the cache. UCACHE also offers
direct access to the cache primitive operations, enabling the

[ Application ]

uCache API J

T T
¢ Creates  Customizes Explicit control

VMA struct (per region) (optional)
Start Primitives
End Global policies Uses o
Flags VMA-specific policies evict()
Buffer size Buffer-specific policies ::> prefetch()
Policies Optional policies
VMA #1 VMA #2
i > [ [ 7
Virtual address | | 4k | 4k | 4k | 4k | 4k 8 | &k
space | A # LV
— NN\ L2 2
Buffer Physical
4k | 4k | 4k 4k | 4k Y
memory

Figure 3: uCAcHE interface. A single VMA represents a
corresponding cache region, and the application can cus-
tomize a caching policy per cache. Caching is performed
in the application-defined Buffer size granularity. UCACHE
API primitives allow applications to explicitly control caches.

application to leverage knowledge about its semantics and
workloads explicitly (Figure 3).

uCacHE VMAs. To bridge the semantic gap between
the application and the OS, UCACHE introduces a shared
Virtual Memory Area (VMA) abstraction. This shared VMA
represents a continuous region of the virtual address space
corresponding to a region of a file. In the rest of this paper,
we use cache to designate a collection of VMAs. Unlike
Linux, where VMAs are in-kernel structs and a single mmap
region can span multiple VMAs, UCACHE’s shared VMA
ensures that a cache region corresponds to a single VMA.
This design allows the application to explicitly specify the
custom policies to a specific cache region.

Each VMA is subdivided into a series of fixed-size Buffers,
where each Buffer serves as a unit of cache operation. The size
of the Bufferis not constrained by the hardware page sizes,and
the application can choose arbitrary sizes that match their log-
ical operations. A key design choice is that all Buffers within
a VMA must be the same size, which is defined at the time
of VMA creation. This uniformity simplifies memory man-
agement and ensures predictable performance for the custom
operations that an application can define for each VMA.

Application interface. The application manages the cache
through uCacHE API (Table 1). The main function is mmap,
which maps a specified file into the virtual address space.
The mmap call takes a mandatory argument: the filename, and
three optional arguments. The application can specify the
Buffer size associated with this memory-mapped region and
the USTORE operations, such as uRead/uWrite indicating how
the file is accessed. Additionally, the application can specify a
custom data structure to use as the resident set to keep track of
the cached Buffers. The application may also associate cache
policies on page fault handling (§ 4.2) using the setPolicy()
function. Following cache initialization, the application
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[ Function [ Description |
Cache control
mmap(file,bufSize,uStore, Create a file mapping
Optional<residentSet>) — addr
munmap (addr) Unmap a mapping
setPolicy(addr, pol, func) Specify custom policy
Cache primitives
msync(addr[]1) Sync Buffers to storage
evict(addr[]) Evict Buffers
prefetch(addr[]) Async prefetch Buffers
writeback(addr[]) Async writeback Buffers
ensureCached(addr[]) Ensure Buffers are cached

Table 1: uCacHE APL Policies customize page fault handling
on the associated cache region. UCACHE also exposes primitive
functions for applications that desire explicit cache control to
remove any page faults and realize the optimal caching.

accesses the cache using load and store instructions.

The uCacHE API also provides primitives for explicit
cache control at the Buffer level. msync () writes back Buffers
if modified, and evict() removes them from the cache.
Other primitives such as prefetch() and writeback()
perform asynchronous I/O operations to exploit performance
of modern storage such as NVMe SSDs. Additionally,
ensureCached() is the explicit equivalent of accessing the
address of the Buffers, without triggering a page fault to
ensure the caching of Buffers.

4.2 uCacHE Customizable Caching Policies

UCACHE aims to relieve the application developers from
most of the burden of cache management. While uCACHE’s
primitives allow developers to tailor cache operations to their
applications, requiring all applications to explicitly control
the cache would lead to significant complexity. To balance
flexibility with usability, UCACHE incorporates a lightweight
extensibility mechanism that enables simple customization
of the cache policies. More precisely, UCACHE’s extensibility
is centered around the page fault handling (Listing 1). This
handler defines multiple hookpoints where the application
can attach custom policies or simply use the default policies.

Policy hookpoints. Drawing inspiration from existing
OS extensibility mechanisms like Linux’s extended Berkeley
Packet Filter (eBPF) [5], UCACHE uses a callback mechanism
to extend the cache operations. UCACHE defines hookpoints
for each customizable policy described in Table 2. Developers
implement custom policies directly in the application
code and attach them to the corresponding hookpoints.
Application-defined policies are compiled and linked in the
unikernel, and thus, they can access any unikernel symbols.

At runtime, the custom policy is executed when uCACHE
reaches the hookpoint. Contrary to eBPF, UCACHE does not
require executing extensions in an isolated environment, as
the unikernel architecture already co-locates the application
and the kernel. Instead, UCACHE natively executes extensions
for maximum performance.

Policy granularity. The defined hookpoints are categorized
into four categories regarding the granularity of policies:

1 void ensureCached(void* addr[]1){ // Explicit control (primitive)
for (void* addr_: addr) {
Buffer buf = get_buffer(addr_);
if(buf.isCached()){ // is the Buffer already cached ?
optHook_cached(buf); < // -> e.g., to update metadata
6 continue;
} else {
handle_fault(buf); // if not, insert it
}
}
1}
> void handle_fault(Buffer buf) { // Page fault handling
while(needToEvict()){ &>
std: :vector<Buffer*> evictionCandidates;
// choose the VMA to evict from
std: :vector<VMA> victims = chooseEvictionVMAs(); <>
1 for(VMA v: victims){ // choose eviction candidates
18 evictionCandidates.insert(v.chooseEvictionBuffers()); @
// => calls isEvictable() @ with each Buffer
}
21 evict(evictionCandidates); // evict Buffers (primitive)
optHook_eviction(evictionCandidates); @

insert(buf); // insert Buffers in virtual address space

std: :vector<Buffer*> candidates;

if(buf.vma.hasPrefetching()){ @ // by default -> false
candidates. insert(buf.vma.choosePrefetchBuffers()); <b>

28 prefetch(prefetchCandidates); // prefetching Buffes (primitive)

}
optHook_insertion(prefetchCandidates); @

:\}

Listing 1: uCACHE extensible cache policy. UCACHE defines
several hookpoints (denoted as <> ) to customize the caching
operation when handling page faults. Each policy has a scope,
ranging from the granularity of a Buffer to cache global.

global, VMA-level, Buffer-level, and optional. The global
policies @ determine whether Buffers need to be evicted and
which VMA to draw candidates from for eviction. Policies
that select candidates for eviction and prefetching are specific
to each VMA <t> . UCACHE defines a policy at the Buffer
granularity to check if a Buffer @ is evictable. Optional
hookpoints @ can be used by the application to update
metadata or perform additional operations.

Those fine-grained hookpoints allow an application
to selectively customize the policies, simplifying the
implementation effort by reusing already defined policies.
For example, application developers can customize the
isEvictable() policy separately from the eviction policy
(chooseEvictionBuffers()), allowing them to make
existing policies aware of their specific concurrency control
without having to re-implement the entire eviction policy.

Resident set customization. Cache replacement policies
use various data structures to efficiently track cached buffers.
For example, FIFO is optimally implemented with a queue,
while the CLOCK algorithm [23] performs well with a hash
table. Therefore, UCACHE enables applications to specify
the resident data structure that is used to keep eviction
candidates at cache creation (see Table 1).

4.3 Efficient and Scalable Memory Management

To exploit the modern high-performance storage devices
(e.g., PCle 5.0 NVMe 2.0 SSDs [35]), cache operations must
be parallelized. On the other hand, to keep a consistent
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[ Policy hookpoint [ Description |

ay Global
needToEvict()—bool Cache has enough space
chooseEvictionVMAs()—>VMA[] Select VMAs to evict from
b> VMA-specific

chooseEvictionBuffers()—addr[] Select Buffers to evict
hasPrefetching()—bool VMA needs prefetching
choosePrefetchBuffers()—addr[] Select Buffers to prefetch
¢ Buffer-specific

| Can this Buffer be evicted

Optional
[ App-specific operations

isEvictable()—bool

optHook_*()

Table 2: uCAcHE’s policy hookpoints. UCACHE provides
different types of hooks to customize the IO caching policy in
a fine-grained manner.

state of the cache, the page table entries and TLB must be
synchronized across cores. However, using a global lock for
the page table manipulation fails to achieve high performance.
To address this issue, UCACHE leverages optimistic lock-free
operations to reduce the synchronization overhead due to
accessing the centralized page table.

We note that these caching operations are especially
designed for data-intensive applications that interact with
high-performance devices. Applications that use a slow
storage backend (e.g., remote object store) may use the
prefetch() primitive to hide storage access latencies and
schedule another thread during 10 wait.

Lock-free cache insertion. First, we explain page insertion
in the case of a 4k Buffer cache (Figure 4). First, the cache man-
ager allocates a 4k physical page. Subsequently, it attempts
to write the allocated physical address to the corresponding
PTE through Compare-And-Swap (CAS) instruction with
the condition that its previous PTE’s physical address is zero.
This operation does not require a TLB invalidation since the
VMA memory is zero-initialized. At this point, the present bit
of the PTE is still kept to zero. If the CAS operation succeeds,
the cache manager reads the data from the corresponding
storage and loads it into the allocated memory region. The
cache manager then finalizes the operation by performing
another CAS operation to set the Present bit to one.

The initial CAS operation fails when another concurrent
core already triggers a page fault handling on the same Buffer.
In that case, the cache manager frees allocated physical
memory and polls the PTE until its Present bit becomes one,
then resumes the application execution. In this way, UCACHE
ensures only one core handles page faults while removing
a global lock for the page table manipulation.

This approach requires all page table entries, including
intermediary levels of the page table, to be allocated in
advance. Fortunately, pre-allocating the intermediary levels
of a region in the page table only incurs 0.2% of memory
consumption overhead for a classic 4-level page table in the
x86-64 architecture.

Large buffer size. uCACHE’s lock-free cache operations

Explicitcontrol -~ Page faults
by applicatiom y y in the Buffer
‘ Cache manager (per core thread)
® Insert Buffers to @ CAS(new_paddr, @ Alloc
resident set prev_'paddr=0) phys mem
R ‘dv © st @ Update
esident se :
Present Eblt 3 Data fetch

Buffer 10 Layer
8k uvFs @
I_:l_‘ uStore € £

A\ 4 v

new PTE 1L 4k <

wol Storage

Page tables |_| \—> Data path E

Virtual address Physical L. Control path |
space memory ~ t------------a

Figure 4: uCAcHE cache insertion flow. UCAcHE’s lock-free
cache operations ensure threads handles page faults without
requiring a global lock, realizing scalable operations.

can be naively extended for Buffer sizes of multiple pages
(e.g., an 8KB Buffer consists of two 4K pages). In such a case,
the cache manager first allocates physical pages for a Buffer,
followed by attempting to update the first PTE of the Buffer,
regardless of where the page faults occur within the Buffer.
If this succeeds, the cache manager reads the data into the
allocated memory and then updates PTEs in order. If the
first CAS fails, meaning that the concurrent core is already
handling the page fault, the cache manager polls the last PTE
and waits until it becomes present.

Optimistic evictions. UCACHE also performs cache eviction
in a lock-free manner. The eviction algorithm operates as
follows: the cache manager iterates over the associated
pages of the eviction candidate Buffer and selects candidates.
UCACHE then writes back dirty candidates. It then clears
the present bit of each page in the Buffer and performs a
global TLB invalidation via an Inter-Processor Interrupt (IPI),
ensuring that any subsequent access to the Buffer from any
core triggers a page fault. Next, the cache manager attempts
to remove the physical addresses from the page table entry
using a CAS operation. Upon successful completion of CAS
operations for all associated pages, the cache manager frees
the allocated physical memory.

If the CAS operation fails because another core accessed
the page before the TLB invalidation, marked by the accessed
bit, the cache manager aborts the eviction, reverting any page
table updates and marking the pages as present again.

There is one corner case: another core accesses a page in
the Buffer that causes a page fault, but the cache manager is
in the middle of eviction. In this case, the page fault handler
normally uses CAS to attempt to mark the Buffer as Present.
If successful, the handler makes the remaining pages present;
if not, indicating that the cache manager has already evicted
some pages, the page fault handler waits for the eviction
to complete (by polling the last page of the Buffer until it
becomes zero), after which the handler inserts a new page
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[ Function [ Description |

uOpen(filename)—file
uClose(file) Close a file
uRead/uWrite(Buffer) Read/write in storage
uAread/uAwrite(Buffer[],ring)—aio | AsyncIO request
uPoll(aio, timeout) Wait for async IO

Open a file for ~CACHE

Table 3: UVFS APIL. uVFS abstracts the underlying storage
operations. The cache manager uses this API to handle cache
fetches and evictions. The Buffer object contains a memory
location, the file it corresponds to and the offset.

as in the normal page fault case.

4.4 Flexible IO Abstraction with tVFS

Cloud-native applications involve interacting with various
storage systems, ranging from high-performance local NVMe
stores to remote object stores. To flexibly support those
storage systems, UCACHE introduces the UVFS abstraction,
which decouples the cache from the IO backend without com-
promising the performance of the IO operations (Figure 5).

UVES interface. uVFS takes inspiration from the traditional
approach to combine multiple storage stacks, the Virtual
File System (VFS) abstraction. However, the VFS abstractions
focuses on filesystems, whereas cloud applications also
access data from storage systems that provide abstractions
other than files, such as objects or blocks.

UVFS generalizes this abstraction to represent an entire
storage stack, including potentially a filesystem, a block layer,
and device drivers. Table 3 presents the operations offered by
UVFS. UVFS functions use the Buffer abstraction instead of the
combination file offset, size as used in VFS operations. tVFS
operations are associated with the file, similarly to the func-
tion array of VFS, when creating a VMA with mmap (Table 1).

Application-defined uSTORE and uSTORE dispatch. UVFS
dispatches operations to the corresponding implementation
based on the uFile associated with the cache. In Linux, FUSE
is a popular framework that allows users to develop custom
filesystems without modifying the OS. However, FUSE can
impose a significant performance overhead due to the com-
munication between userspace and the OS [80]. Some stud-
ies [33, 18] addressed this issue but only bridged the gap with
the performance of in-kernel filesystems. Moreover, FUSE
also focuses on the filesystem abstraction, which is generally
incompatible with cloud objects and block storage systems.
UCACHE leverages once again the unikernel architecture
to directly use application-defined USTORE from the UCACHE.
Dispatching operations to an application-defined USTORE
simply requires calling the corresponding function instead
of complex application-OS coordination in the case of FUSE.
4.5 NVMe USTORE
Locally attached NVMe SSDs are widely used in the cloud
environment for data-intensive applications that require high
performance. UCAcHE provides a dedicated NVMe USTORE,
customized for high-performance NVMe SSDs.

High-performance NVMe driver. Traditional OS IO stacks
struggle to achieve high performance with modern devices

Normal . [ Cache manager }
10 path
i . uVFS API (uRead() / uWrite() / ...)
. \ 4 \ 4
| uVFS )
Normal -
. VMA #1 | VMA #2
10 Stack
7 v
App-defined
NVMe uStore uStore
| path
AN Object| vma#2 D
: LBA:OXFFF library | objiD 123
i : Driver API call
. L4
: 10 request Network stack
E . GW ) E &
Disk NVMe SSD Object store

Figure 5: The uVFS and USTORE abstractions. The UVFS dis-
patches the operations to the corresponding USTORE, chosen
by the application, NVMe USTORE optimizes the IO perfor-
mance without compromising compatibility with existing OS
stacks.

due to three key limitations. Firstly, they require system calls
to perform IO, adding a context switch overhead. Secondly,
they use interrupts to wait for completion, which incurs
further delays. Thirdly, application/kernel separation leads
to at least one copy of the data, necessitating additional
processing, let alone CPU cache-line pollutions.

Our NVMe USTORE borrows some features from userspace
libraries such as SPDK [83] to overcome those limitations;
NVMe UuSTORE performs zero-copy operations and uses one
NVMe queue pair per CPU core to avoid synchronizing on
IO requests. Contrary to userspace libraries, the USTORE
supports both interrupts and polling to wait for completion
for flexible CPU utilization.

Filesystem compatibility. A file system is essential for
managing files on an NVMe disk. However, implementing
a custom within the NVMe USTORE introduces significant
complexity and prevents the application from using existing
filesystem implementations. To address this challenge, NVMe
USTORE adopts a hybrid approach: it delegates file control
operations to the existing normal IO stacks, while managing
the data path independently for optimized IO performance.

Compatibility with existing filesystems is preserved
through a lightweight translation layer. Specifically, NVMe
USTORE includes MiniFS, which offloads necessary control
path operations (including uOpen, uClose)to the underlying
file system. In addition, MiniFS queries the underlying file
system to obtain the file’s logical block addresses (LBAs) for
subsequent data-path IO requests. Actual uVFS data-path
operations (URead, uWrite, etc.) are directly performed by
the optimized NVMe driver.

5 Implementation and Use-Cases

We implement a prototype of UCACHE along with three
use-cases.
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5.1 uCacHE Implementation

We base our implementation on the OSv unikernel [36].
We implement UCACHE as a separate library that interacts
with OSv’s physical memory manager and IO stack. Our
implementation is composed of about 2,000 lines of C++ code.

Cache manager. The cache manager implements the
CLOCK algorithm [23] as a default eviction policy. For
physical memory management, we integrate LLFree [82],
which supports memory allocations of various sizes between
4KiB and 4MiB, into the memory management library of
OSv. The cache manager requests physical memory of the
same size as Buffers, thus ensuring that Buffers correspond
to contiguous areas of physical memory and enabling the
application to leverage the CPU memory prefetching.

UVFS. We implement UVFS compatible with ext4. OSv
supports ext4 with a port of the lwext library. The uVFS
interacts with this library to retrieve the mapping of file offset
to LBAs. The 1wext library internally uses a block cache
and synchronizes accesses to inodes and blocks using locks
that impose significant overhead, especially when uCACHE
only reads the file metadata. We avoid these limitations by
caching the file offset to LBA mapping into an array, which
only increases memory consumption by 0.2% of the size of
the file. This caching limits our prototype to files with all
blocks pre-allocated (i.e. no sparse file). Our prototype also
does not support concurrent modifications to the structure
of the file (e.g., resizing) while open by uVFS.

USTORE. We modify the OSv NVMe driver to support polling
to completion and asynchronous operations. Our prototype
bypasses the block layer by exposing the driver functions
to the UVES layer. Our prototype USTORE creates one NVMe
queue pair per core to avoid any synchronization for IO
operations.

5.2 Use-case #1: Practical Memory-Mapped I0

As a first use case, we demonstrate that UCACHE benefits
applications that rely on mmap for IO caching. Although
OS-level IO caching is appealing for developers because of
its simplicity, the traditional mmap fails to exploit modern
storage performance and lacks application control over page
replacement (§ 2). uCAcHE provides a high-performance
mmap alternative with few application modifications.

5.3 Use-case #2: Buffer Manager for Database Systems

We envision UCACHE as a useful OS-level caching tool for
database systems, enabling buffer managers directly use page
tables for high-efficiency caching, eliminating indirect layers
like hash tables. The primary challenge is to integrate with
the database system’s concurrency control without requiring
explicit control of the cache. This means cache operations
must coordinate with database operations to prevent the
eviction of a buffer while it is in use.

We demonstrate this use case by porting vmcache [43],
a buffer manager that uses virtual memory for caching, to

UCAcHE. The original vmcache manages concurrency with
guards and tracks buffer state using four states: Evicted,
Unlocked, Locked, and Marked (candidates for eviction).

We port vmcache to uCAcHE by removing around 400 lines
of code (LoC) and modifying around 100 LoC. We modify the
guards to use the ensureCached() function to ensure the
Buffer is cached. We also ensure that the replacement poli-
cies of UCACHE coordinate with the concurrency manager of
vmcache by specifying a custom isEvictable() policy that
prevents the eviction of a Bufferifitis currently locked. Finally,
we use optional hooks to update the state of Buffer in vmcache.

5.4 Use-case #3: Simple workload specialization

Thirdly, uCACHE’s customizability also enables applications
to fit the cache to their use-case. In particular, we showcase
how UCACHE can be used as the IO cache when accessing
Apache Parquet files [6].

Apache Parquetisacolumn-oriented datafile format widely
used in modern cloud-based data lake systems [11, 25, 39, 68].
Parquet provides an efficient data representation that
splits each column of the data into chunks; each chunk is
compressed and stored in the file, while its metadata keeps
the location of each chunk.

We integrate UCAcHE in DuckDB, a popular embedded
analytical database system. DuckDB uses a custom userspace
cache that implements complex prefetching policies for
Parquet files. We use UCACHE to cache accesses to Parquet
files and customize the prefetching policy with DuckDB’s
prefetching logic. On a page fault and if there is no prefetching
already happening, the policy uses the metadata of the
Parquet file to predict the blocks that will be accessed next.
Our port modifies around 100 LoC of DuckDB.

DuckDB’s custom cache does not support remote Parquet
file caching (as of v1.3.2). With uCacHE, DuckDB can
seamlessly benefit from caching of Parquet files, local or
remote, and without requiring extensive implementation
efforts. In particular, one could reuse DuckDB’s HTTPFS
extension that provides S3 support in the form of a filesystem
by making this filesystem compatible with UVFS and using
it to open and access remote files.

6 Evaluation

We evaluate the performance of uCACHE compared to OS and
userspace cache solutions. First, we use microbenchmarks
to investigate the performance of the cache operations
(§ 6.1). We also quantify the memory footprint of uCACHE
(§ 6.2). We further evaluate the performance of UCACHE’s
NVMe-optimized USTORE (§ 6.3). We then evaluate the
performance of UCAcHE for three use-cases (§ 6.4—§ 6.6).

Experimental setup. We run our experiments in a single-
socket server with an AMD EPYC 9654P CPU (96 cores, hyper-
threading disabled), 768GB of RAM, and a Kioxia CM-7 SSD
(3.8TB). All experiments are executed in virtual machines with
the SSD passed through to the guest. The Linux VM uses a 6.12
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Figure 6: UCACHE insertion performance. (left) UCACHE
outperforms mmap for 4KiB page accesses (right) UCACHE’s
throughput improves with larger Buffer sizes.
kernel with transparent huge pages (THP) disabled. We ex-
ecute all benchmarks by pinning application threads to a ded-
icated core to avoid the overhead of the OS scheduling in the
results. OSv limits the maximum number of cores to 64. We run
all experiments three times and report averages across runs.

6.1 CachePerformance

First, we investigate the performance of the IO caching
operations in UCACHE.

Methodology. We use a custom microbenchmark that
uses a configurable number of threads to issue load/store
instructions at sequentially increasing offsets within a file
of 1TiB backed by the cache with 100GiB of physical memory.
We run the benchmark for 120 seconds and report the last
60 seconds to focus on the worst-case performance, where
all accesses trigger a page fault and require eviction. We use
UCACHE’s NVMe USTORE as the backing storage. We compare
the performance of UCACHE to mmap.

We vary the number of threads from 1 to 64 and report
the number of insertions per second. We also break down the
performance of UCACHE for each operation required to insert
a Buffer in the cache. We instrument the code of our prototype
and compute the time for each operation in s using the fre-
quency of the cores (2,4GHz). Additionally, we investigate the
impactofnon-hardware supported sizes for Buffers in uCAcHE
by varying the Buffer size from the default 4KiB to 64KiB.

Result. We first present the benchmark results in Figure 6.
UCACHE outperforms mmap by up to 55x in the read-only case
with 64 threads. The results highlight the lack of scalability
of mmap when using more than 16 threads concurrently. In
comparison, UCACHE scales linearly with the number of
threads, with the number of operations per second per thread
only dropping from 15.5k to 14k.

Performance breakdown. Next, we show the breakdown
of the operations in Table 4. In general, we observe that the IO
operation(s) dominate the latency of inserting a Buffer in the
cache, representing 89% (respectively 98%) of the total time
for the read-only (resp. read/write) workload. The TLB invali-
dation is the second biggest contributor to the overall latency,
representing 6.84% (resp. 0.41%) of the total time. The other op-
erations, including allocating physical memory, manipulating
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Figure 7: NVMe uSTORE 10O performance. NVMe USTORE
offers comparable performance to the user-space polling so-
lution (SPDK).

[ Function [ Read-only [ Read-write ]
Initial checks 1.43 1.43
Total ensureSpace + possible eviction | 61.32 535.28

Eviction Sele-:ction 15.21 8.67
(batch: 512) Write 0.25 518.19

0.1% of invocations TLB flush 424 4.64

Unmap 3.21 3.52

Alloc frame 0.84 0.84

Map (in page table) 0.17 0.17
Read 554.4 579.49

Book keeping 1.85 1.76

Table 4: uCACHE’s page fault handling breakdown in total
seconds (8M insertions with =8k evictions). UCACHE mem-
ory management only imposes minimal overhead and most
of the time is spent performing IO operations

the page table, and choosing eviction candidates, only con-
tribute a total of 3.66% (resp. 1.46%) of the page fault total time.
We note that the TLB invalidation is faster in the read-write
workload which can be explained by the lower throughput
which leads to less lock contention in the IPI mechanism of
the kernel and, in turn, to lower time for this operation.

Variable Buffer sizes. Figure 6 further illustrates the perfor-
mance of UCACHE when using non-hardware-supported sizes
for the Buffers. Managing Buffers of size 32KiB yields more
performance than managing 8x4KiB Buffers. We explain this
observation by the increased time required for IO, which
leads to less synchronization between threads, especially as
the IO operations are completely independent per-core. We
highlight this by plotting the throughput, i.e., the number of
Buffers inserted per second multiplied by the size of the Buffer.
In summary, UCACHE imposes minimal overhead in the
out-of-memory case and scales linearly with the number of
threads used by the application.
6.2 Memory Footprint
We evaluate the memory footprint of UCACHE.
Methodology. We gather the size of all objects used by
UCAcHE and compute the footprint per VMA, depending

on the virtual memory size, the physical memory size, and
Buffer size of the VMA.

Results. tCAcCHE’s memory footprint is composed of fixed
sizes, such as the VMA struct itself (144 bytes including all
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policy callback pointers) or the file struct (16 bytes + the
file name). The default hash table-based ResidentSet allocates
aregion relative to the maximum number of Buffers that can
be cached, to avoid potential hash collisions. This represents
thus 8 bytes per Buffer that can fit in the physical memory
given to the cache. Additionally, our prototype UVES stores
the complete mapping of offset in the memory region to
LBAs on disk, corresponding to 8 bytes per buffer in the
region. In total, with v as the size of the memory region, p
as the amount of physical memory available to the cache, and
B, the Buffer size, and Mg;,,¢:s the constant size of structs,
uCAcHE’s footprint is Mfoorprint =85 +8%- -+ Mitructs.

For a setup with 1TiB of memory/ﬁle size, 128GiB of
physical memory size, and Buffers of 4KiB, i.e., the example de-
scribed in § 6.5, this represents 2.25GiB of memory footprint,
representing 1.7% increase in the required physical memory.

6.3 10 Performance

Next, we focus on the IO performance of uCAcHE for
locally-attached NVMe SSDs.

Methodology. UCAcHE uses a synchronous single IO
operation when inserting a Buffer and asynchronous IO
operations in batches when evicting or prefetching. We
evaluate the performance of the IO operations in both
cases by varying the batch size (1 is synchronous, >1 is
asynchronous). We use the SPDK block device performance
benchmark bdevperf [74] to measure the IO performance
with SPDK. We note that the SPDK results represent the
upper bound of the Linux IO performance, outperforming
0OS-level optimized IO mechanisms such as io_uring. We use
the fio framework to measure the performance of libaio,
which is the traditional OS solution for IO operations, and for
the NVMe uSTORE. We measure random read performance
by running all experiments for 90 seconds and report the
performance average of the last 60 seconds.

Results. Figure 7 presents the results. The NVMe-optimized
USTORE of UCACHE only imposes 3.5% of overhead on
average compared to SPDK. uSToRrE outperforms SPDK for
synchronous operations and imposes at most 30% of overhead
with 4 threads and 128 of batch size. USTORE outperforms
libaio by 50% on average and up to 150% with 32 threads
and 128 of batch size.

In summary, UCACHE’s NVMe-optimized USTORE combines
the performance of userspace IO libraries such as SPDK with
the filesystem compatibility of OS-level IO stacks.

6.4 Memory-Mapped IO

We then investigate the benefits of using UCACHE as a
practical replacement for mmap.

Methodology. We evaluate the performance of random
accesses to a memory regions backed by uCAcHE and we
compare to the performance of mmap. We use a memory
region of 200GiB and vary the physical memory available
to the system between 128GiB and 16GiB. We report the

Higher is better 1

107
0 =1 mmap [ uCache
Qo
[oX
S 10°
(%]
Q
2 10°
]
S 7
104 4 Za—

128 64 32 16
Memory Quota (GiB)

Figure 8: Memory-Mapped IO performance. UCACHE signif-
icantly outperforms mmap in random lookups and degrades
less the performance as memory quota reduces.

throughput of the key-value store in terms of operations per
second. We compare the results of tCAcCHE and mmap.

Results. Figure 8 presents the results. UCACHE outperforms
mmap by at least x46 at 128GiB of memory quota and up to x78
at 16GiB of memory quota. We also observe that reducing the
available physical memory for the cache has a bigger impact
on mmap, with the lookups per second at 16GiB of quota repre-
senting only 25% of the performance at 128GiB of memory. In
comparison, the performance of uCAcHE at 16GiB of memory
corresponds to 43% of the performance at 128GiB of quota.

In summary, UCACHE offers a compelling replacement to
mmap even for unmodified applications.

6.5 Relational Database Systems

Next, we investigate the performance of UCACHE when the
application requires the cache to enforce some semantics,
e.g., transactional safety.

Methodology. We investigate the performance of using
UCACHE in the buffer manager of a DBMS by using the
vmcache buffer manager. We use TPC-C to model a transac-
tional workload and measure the transactions per second. We
compare our implementation of vmcache to the two flavors of
the original vmcache design (using madvise and libaio for
the POSIX variant and using the customized Kernel module
for page table manipulation exmap for the exmap variant).
Replacing libaio with more performance I0 mechanisms,
such as io_uring, for the POSIX variant would not improve
performance as the unmapping of pages is the bottleneck in
this configuration [43].

Results. Figure 9 presents the results. Similarly to the results
of the original evaluation of vimcache, we observe that using
madvise to manipulate the page tables leads to significant
overhead, only stabilizing around 90k transactions per second,
compared to using the custom kernel module to control
the page table, exmap, that reaches up to 121k transactions.
Using UCACHE in vmcache also significantly outperforms
using madvise, stabilizing around 118k transactions per
second. Overall, using UCACHE leads to a low overhead, =
3% compared to using exmap.

In summary, compared to specialized userspace caches,
UCACHE has a minor performance overhead while enforcing
the same application-defined semantics.
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Figure 9: Buffer management performance. UCACHE
offers comparable performance to state-of-the-art OS-
specialization solution (exmap) while maintaining transac-
tional safety. (TPC-C size: 5000 warehouses = 1TiB, 128GiB
cache size, 64 threads.)

6.6 Query Processing

Finally, we evaluate the third use case of UCACHE by
investigating the performance of UCACHE to cache Parquet
files in DuckDB.

Methodology. We use the TPC-H workload. We generate
the data using DuckDB’s dbgen tool and export it to Parquet
files. We execute 21 of the 22 TPC-H queries, except Q15 due
to a data generation issue. We run each query three times
in the same invocation and report the average time of the
second and third execution.

Results. Figure 10 presents the results. Our port of DuckDB
outperforms the original version in most queries. In particular,
our port improves the execution time by x4.89 for Q4, by x6.59
for Q6 and by x3.17 for Q17. On average, UCACHE improves
the execution time by x1.98. UCACHE also executes normally
Q7,Q9, Q18 and Q21 when DuckDB runs out of memory.

In summary, UCACHE can simply integrate into complex
application and accelerate their data processing.

7 Additional Related Work

Besides the OS-based and userspace IO caches discussed in
§ 2,10 caching has been researched across various domains.

Improvements to mmap. Linux mmap limitations are well-
known [24]. While prior work optimizes eviction [79, 73]
or page table management [22, 63], it fails to address the
semantic gap inherent in traditional OS architectures.
UCACHE addresses this by using a unikernel architecture to
enable OS-application cache cooperation.

Co-designing 10 caching in Linux. CO-PAGER [47] and
exmap [52] provide a custom interface to control the page
table from userspace using kernel modules, but syscall
overhead still remains. Another line of work exploits kernel
extensibility, namely eBPF [5], to include application seman-
tics about caching in the OS [90, 94, 16, 84, 41]. However,
eBPF cannot directly access the application, which requires
designers to completely embed their semantics in the kernel.
In particular, eBPF solutions generally focus on asymptotic
caching policies (e.g., LRU or FIFO), but lack an efficient and se-
cure mechanism to control cache objects individually (e.g., an

equivalent to mlock). Additionally, eBPF is limited to existing
hookpoints. XRP [90] focuses on in-kernel storage operations,
while FetchBPF [16] focuses on prefetching. cache_ext [95]
enables customization of cache policies. Other caching
parameters, such as the buffer size, are not customizable.
In general, these approaches are limited by the separation
between the application and the OS imposed by the Linux ar-
chitecture. In contrast, UCACHE enables deep application-OS
co-design for better flexibility and performance.

Specialized OS for IO caches.Aquila[61] and 1ibDBOS [93]
leverage virtualization [8] to allow applications to directly ac-
cess specialized kernel functions while using Linux. Aquila
focuses on memory-mapped IO whereas 1ibDBOS provides
buffer cache semantics for database systems. However, they
are unfit for the cloud environment as they require nested
virtualization [12], which incurs additional overheads [48]
and is not generally available in public cloud offerings.

The challenge of the distribution of knowledge between the
application and the OS isidentified by several propositions [31,
85, 44]. uCAcHE takes inspiration from these approaches and
focuses on IO caching, whereas COD [31] focuses on database
systems and DiLOS [85] on memory disaggregation.

10 caches for cloud storage. Several studies propose adapt-
ing IO cache replacement policies for cloud storage [40, 20, 92].
These are complementary and could be used in uCacHE. Other
work [15, 28] provides caching libraries for cloud storage sys-
tems. Crystal [28] targets analytical databases on cloud stor-
age,whereasLabCloud [15] integrates with existing IO caches
for other types of storage via a file system interface. In con-
trast, uCacHE allows applications to specify their custom IO
backends, offering broader applicability beyond cloud storage.

8 Discussion
8.1 Application Portability

Porting an application to UCACHE involves two primary
aspects: (1) adapting the application to the unikernel
architecture and (2) integrating it with the uCAcHE interface.

Unikernel application adaptation. Modern unikernels
offer a high degree of portability targeting POSIX [36, 37] or
Linux binary compatibility [60], which significantly reduces
the effort required for application porting. A key architectural
limitation of unikernels is their typical lack of fork system
call due to their single-address-space nature. However, this is
often not a major hindrance for modern data-processing appli-
cations, which overwhelmingly favor a multi-threading con-
currency model. A notable exception is PostgreSQL, which tra-
ditionally creates a new process for each client connection [7].
Several studies explore realizing fork in unikernels [53, 87],
which could be integrated into UCACHE to overcome this issue.

uCAcHE interface integration. The design of the uCAcHE
interface deliberately aligns with the existing mmap interface.
This design choice ensures that porting an application that
uses mmap to UCACHE requires minimal code changes while
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Figure 10: Repeated query performance. UCACHE flexibly integrates with customized operations of complex applications, including
format-aware prefetching. (TPC-H SF=300 ~80GiB of data) on Parquet files, 64 threads, 20GiB of cache size).

yielding substantial performance benefits, as shown in § 6.1.
Furthermore, uCAcHE simplifies application development
by offloading complex cache management responsibilities,
allowing the application to focus on its core logic.

8.2 Unikernel Safety

The unikernel architecture removes the isolation between
the OS and the application and executes application code
in a privileged environment. While this presents several
compelling advantages that we exploit for UCACHE, it might
also introduce potential safety issues due to bugs or malicious
actions. Still, the hypervisor enforces strict isolation between
the unikernel and the rest of the system. Additionally, several
orthogonal studies explore lightweight intra-unikernel
isolation using hardware-assisted mechanisms, such as Intel
Memory Protection Keys [75, 42, 56, 59].

8.3 Hypervisor & Cloud Deployment Considerations
uCAcHE targets cloud environments. Modern cloud services,
such as AWS and GCP, support booting custom images, mak-
ing deploying unikernel images possible. This work primarily
focuses on application-level and unikernel-based caching,
leaving hypervisor-side virtual device optimizations (e.g.,
NVMePass [17]) as a separate, though related, area of concern.

8.4 Consistency

Access consistency. Modern distributed data-processing
applications typically adopt a disaggregated architecture
where multiple compute nodes access a shared storage
layer [91, 76, 81]. These systems must maintain consistency
between the data accessed in the compute nodes. UCACHE op-
erates atthe node level and does not provide a synchronization
mechanism with other nodes. Separate processes accessing
the same storage device must therefore be synchronized in
the application or by relying on an external service (e.g., S3).

Crash consistency. For data-intensive applications,
ensuring crash consistency—the guarantee that the storage
system remains in a valid, usable state after an unexpected
failure—is crucial [66, 65]. This is particularly challenging
with IO caches, which buffer data in volatile memory
before it is written to durable storage. UCAcHE offers the
same crash-consistency guarantees as mmap, i.e., it is the
application’s responsibility to ensure durability. Nonetheless,
uCacHE simplify the design of crash-consistent systems
compared to mmap by providing two key features:

«+ Explicit control: UCACHE guarantees that explicit primi-
tives, suchasmsync() andwriteback(), correctly execute
and directly call the IO operations. UCACHE does not suffer
from the syscall overhead which enables applications to
ensure data is persisted on storage more frequently.

« Application-aware policies: Complementary to the
explicit control, an application can register custom policies
through uCacHE API that reflect its specific transactional
semantics. For example, a database system can provide an
isEvictable() policy that checks if a page contains data
that has not been written to the log yet. If it is, the policy
can instruct UCACHE not to evict it, thereby adhering to
the durability guarantees of the database system.

9 Conclusion

In this paper, we introduce UCACHE, a novel IO caching
architecture designed to resolve the gap between the
convenience of general-purpose OS-level caches and the
performance and flexibility of complex userspace solutions.
By leveraging a unikernel-based library OS, uCACHE over-
comes the limitations of traditional approaches by providing
a customizable and scalable framework that integrates
application-specific semantics directly in the OS cache.
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A Artifact Appendix
Abstract

This artifact contains the implementation and scripts to
reproduce the experiments and figures from the FAST26
paper: “uCache: A Customizable Unikernel-based IO Cache”
by I. Meignan--Masson, M. Misono, V. Leis and P. Bhatotia.
uCache leverages the unikernel architecture to infuse
application semantics into an OS-level cache. Our scripts
build a Linux VM image and multiple OSv VM images and
evaluate uCache using four benchmarks: a microbenchmark,
an IO performance benchmark, TPC-C [77], and TPC-H [78].
We automate the measurements and the scripts to reproduce
the plots from the paper.

Scope

The evaluation supports the following five key claims from

the uCACHE paper:

+ (C1): uCacHE’s management operations impose minimal
overhead in the out-of-memory scenario and scale linearly
with the number of threads used by the application
(Figure 6, §6.1). We support this claim with (E1): using
benchmarks/microbench. just.

+ (C2): uCACHE enables the application to use non-hardware-
supported page sizes without incurring additional
overheads (Figure 6, §6.1). We support this claim with (E1):
using benchmarks/microbench. just.

+ (C3): uCacHE’s NVMe-optimized USTORE combines the
performance of userspace IO libraries such as SPDK
with the filesystem compatibility of OS-level 10 stacks
(Figure 7, §6.3). We support this claim with (E2): using
benchmarks/fio. just.

+ (C4): uCAcHE provides a efficient drop-in replacement
to mmap (Figure 8, §6.4). We support this claim with (E1):
using benchmarks/microbench. just.

« (C5): uCAcHE has minimal performance overhead
compared to specialized userspace caches while
enforcing the same application-defined semantics
(Figure 9, §6.5). We support this claim with (E3): using
benchmarks/vmcache. just.

« (C6): UCACHE can integrate into complex applications

and accelerate their data processing by providing caching
(Figure 10, §6.6). We support this claim with (E4): using
benchmarks/duckdb. just.

Reproducing the experiments

You can find the latest project source code on GitHub. Please
refer to the README .md file included in this repository for
detailed instructions on running the experiments.

Hardware Dependencies

The evaluation requires a server with at least 64 physical
cores and 200 GiB of spare RAM (to be allocated to the VM).
The server should also be equipped with a spare NVMe SSD
of at least 1.5 TiB that can be overwritten. In our experiments,

we used a PCI 5.0 NVMe SSD [35].
For the TPC-H experiment, reviewers need to generate

the data, which requires approximately 1 hours and 200GiB
of memory for the scale factor used in our experiments
(300). Creating Parquet files from the database data requires
additional time.

Software Dependencies

We use Nix [26] to build the Linux VM image, which includes
the packages used for the baseline measurements. Our experi-
mentscripts use just [70] forautomation. Our plotting scripts
use Python 3 along with pandas, seaborn, and matplotlib.

Executing the scripts

1. Run nix develop to enter the development environ-
ment with all system dependencies (the nix package
manager is installed on the server). All subsequent
commands must be run inside this shell.

2. Run just -f benchmarks/init.just build_images
to build the VM images used during the experiments.

3. Run the benchmarks/*.just scripts to execute
the evaluations. For the DuckDB experiment,
you first need to copy the TPC-H files to the
SSD using the copy_tpch_files recipe in the
benchmarks/init. just justfile.

4. Run the benchmarks/plots/run_all.sh script to
generate all the plots.
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