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Abstract
Modern storage systems operate under high concurrency,
making large volumes of outstanding I/Os the norm. How-
ever, current I/O submission logic requires requests assigned
to the same CPU core to be processed in a serialized man-
ner, turning the software stack into a bottleneck due to high
per-request overhead.
We argue that the primary cause of this inefficiency lies

in the end-to-end enforcement of the strict address contiguity
validation—the constraint that each I/O request must access
a contiguous range of addresses (e.g., file offsets, sectors, and
logical block addresses). Through system-level analysis, we
find that while the address contiguity requirement is crucial
at the device level as defined by the NVMe protocol, it is un-
necessarily enforced throughout the entire I/O stack. Based
on this insight, we proposeHitchhike, an efficient request sub-
mission logic that defers address contiguity validation to the
device driver. Unlike solutions that resort to kernel-bypass or
aggressive polling for performance, Hitchhike achieves high
efficiency within the standard OS stack by allowing a sin-
gle request to encapsulate multiple non-contiguous address
ranges. This mechanism drastically reduces the number of
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ACM ISBN 979-8-4007-2359-9/2026/03
https://doi.org/10.1145/3779212.3790173

individual requests traversing the stack, thereby amortizing
the kernel’s per-request overhead.

We apply Hitchhike to a graph engine, a B-tree store, and
FIO. Experimental results show that Hitchhike effectively
improves throughput and reduces CPU overhead, while pre-
serving compatibility with existing kernel semantics and
hardware interfaces.

CCS Concepts: • Hardware→ External storage; • Infor-
mation systems→ Storage management.
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1 Introduction
Modern storage systems have evolved to support an un-
precedented degree of parallelism across the entire I/O stack.
Concurrency now permeates every layer: multi-core CPUs
enable applications to generate massive numbers of con-
current requests [29, 31, 32]; software frameworks such as
asynchronous programming models [43, 46] and batched
submission APIs [1, 10, 12] are designed to fully exploit this
concurrency; and NVMe SSDs offer tens to hundreds of hard-
ware queues, each capable of handling thousands of in-flight
operations [7, 14, 53, 54]. Consequently, maintaining a large
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Figure 1. Strict vs. Deferred Address Contiguity Validation.

volume of outstanding I/Os—defined as the number of in-
flight requests simultaneously active in the system—is no
longer an exception, but the operational norm [18, 27]. This
shift reflects a broader architectural trend: I/O throughput is
increasingly achieved through parallelism, making the effi-
cient handling of outstanding I/Os a critical design concern.
While high degrees of outstanding I/Os are essential for

saturating modern storage, they expose severe inefficiencies
in the Linux request submission path [12, 37, 55]. Although
a single CPU core now manages thousands of in-flight re-
quests, the kernel often fails to process them efficiently in
batches. Specifically, while the kernel attempts to merge
requests to reduce overhead, this optimization is strictly
limited to contiguous physical addresses. Consequently, non-
contiguous requests are forced to traverse the file system,
block layer, and device driver independently [12, 27, 55]. This
per-request execution incurs substantial CPU overhead and
creates a software bottleneck that squanders the parallel po-
tential of the hardware. This inefficiency is evidenced by the
significant 2.9× performance gap we analyze in §2.2.

The Primary Cause. We argue that the primary cause of
inefficiency in handling large volumes of outstanding I/Os
lies in the strict address contiguity validation (§3). Specifi-
cally, as shown in Figure 1, Linux I/O stacks enforce a con-
straint where each request must access a contiguous range of
addresses, spanning file offsets, physical sectors, and logical
block addresses (LBAs). This design is rooted in the NVMe
protocol’s requirement [14] that each command operate on
a continuous LBA region. This requirement leads to an ob-
servable performance gap: For instance, modern I/O stacks
can efficiently handle large sequential reads (e.g., 128 KB per
request) with minimal CPU involvement. In contrast, pro-
cessing the same data volume via random reads (e.g., 4 KB
per request) can require several times more CPU cycles (§2.2).
The underlying reason is that each non-contiguous address
range must be issued as a separate request, each incurring
the full weight of the software submission overhead.

State-of-the-art I/O submission mechanisms attempt to
reduce software overhead through different strategies. User-
space frameworks like SPDK [51] bypass the kernel entirely,
minimizing system call and context switch costs. Kernel-
based interfaces like io_uring [10] introduce batching, shared
memory, and efficient ring buffers to streamline submissions.
However, both approaches fundamentally adhere to the same
end-to-end address contiguity limitation. They treat each
disjoint address range as an independent unit and maintain
a rigid one-to-one mapping from the application layer down
to the NVMe command [12, 37]. This raises a key question:
can we process large volumes of outstanding I/Os with the effi-
ciency of sequential requests, while still preserving the NVMe
protocol’s requirement for per-request LBA contiguity?
Insight. We make a key observation: the software I/O

stack does not inherently require strict address contiguity
throughout the entire submission path. Instead, this guar-
antee is only necessary at the device boundary, where the
NVMe protocol requires each command to target a single,
contiguous range of LBAs. As shown in Figure 1, this in-
sight reveals a new design opportunity—by deferring the
address contiguity validation to the driver level, we can lift a
long-standing constraint on request merging. Such delayed
validation enables the software stack to merge I/O requests
that were previously unmergeable due to non-contiguous ad-
dresses. The result is a submission logic that treats a group of
outstanding I/Os more like sequential ones—amortizing ker-
nel operations, reducing per-request overhead, and greatly
improving throughput and CPU efficiency.
Hitchhike. Based on this insight, we present Hitchhike,

a novel and efficient request submission logic. Hitchhike de-
couples the strict address contiguity validation from the early
stages of the I/O stack, allowing a single request, termed a
Hitchhike I/O, to encapsulate multiple non-contiguous ad-
dresses. Functionally, Hitchhike aggregates the addresses of
outstanding I/Os into a single offset vector, enabling the ker-
nel to apply operations by iterating directly over the address
vector—similar to how the iov_iter interface [9] handles mul-
tiple buffers in vectored I/O [2]. Upon reaching the device
driver, Hitchhike rebinds the necessary metadata and re-
constructs individual NVMe commands, each satisfying the
required contiguous LBA constraint. Unlike state-of-the-art
alternatives, Hitchhike delivers this performance without
resorting to kernel-bypass mechanisms or aggressive polling,
thereby maintaining protocol compliance and system versa-
tility.
Hitchhike Systems.We integrate Hitchhike into three

applications: the microbenchmark tool FIO [5], the graph
processing framework Blaze [26], and the B-tree database
LeanStore [29]. Hitchhike operates solely on the request
queues that the storage engine prepares for submission,
without interfering with other application logic. As a re-
sult, the integration requires minimal code changes—a few
dozen lines in the application’s core submission function.
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We evaluate Hitchhike by comparing it against the standard
Linux kernel and SPDK across a variety of workloads. Our
results highlight two primary benefits. First, regarding effi-
ciency, Hitchhike reduces the CPU cores required to saturate
NVMe bandwidth by up to 75%. Second, this reduced over-
head directly translates into significant gains in single-core
throughput: we observe bandwidth improvements ranging
from 1.43×–3.5× for micro-benchmarks and 1.17×–2.54× for
real-world applications. We open source Hitchhike and our
changes to FIO and applications at https://github.com/haslabo-
ratory/Hitchhike-AE. The main contributions of this paper
are:

• We provide both theoretical and empirical analysis
demonstrating that the strict end-to-end enforcement
of address contiguity validation is a key root cause
behind the inefficiency of handling large numbers of
outstanding I/O requests in modern software stacks.

• We observe that the enforcement of address contigu-
ity validation is only necessary at the final stage of
request submission—at the device boundary. Thus, the
software stack can defer this constraint to the driver
layer, relaxing unnecessary restrictions during earlier
processing stages. Based on this insight, we propose
Hitchhike, a novel request submission logic that han-
dles outstanding I/Os more efficiently.

• We implement three Hitchhike systems: FIO, a graph
processing framework, and a B-tree database. These
represent both synthetic and real-world scenarios with
outstanding I/Os. We show the benefits of Hitchhike
systems via experiments.

2 Background and Motivation
2.1 Outstanding I/Os and Software Bottleneck
Modern storage systems are designed to support large num-
bers of outstanding I/O requests generated by applications,
such as databases [3, 18, 31], graph processing [26, 49, 50],
and vector search [17, 40], that issue increasingly outstand-
ing I/Os. This trend is driven by the growing parallelism in
hardware (e.g., multi-core CPUs, multi-channel SSDs, etc.)
and software architectures (e.g., asynchronous I/O, corou-
tines, etc.). As a result, a single CPU core often manages tens
or hundreds of concurrent I/O requests in flight. As shown in
Figure 2, in graph analytics, processing a single vertex often
involves accessing the adjacency lists of many neighbors,
which are typically stored in separate data blocks. As a result,
traversing the graph may trigger dozens or even hundreds
of concurrent I/O requests. Similarly, in B+Tree-based stor-
age engines, concurrent range queries or point lookups by
multiple threads can issue I/Os to different leaf or internal
nodes in parallel.

Software is becoming the bottleneck primarily due to three
interrelated factors: 1○ The rapid advancement in storage
bandwidth [11, 39], with PCIe 5.0 SSDs capable of over 2

Outstanding

I/Os

1

8

10

7
3

4

2

Graph index

Layout

(File Page ) (4,5) 6 (7,8) 9 10

5

69

B+Tree

5 | 7

2 6 9

1 2 4 5 6 7 9 10

(1,3)
Layout


(File Page ) (4,5) 6 (7,8) 9 10

Outstanding

I/Os

7

10

8

(1,3)

Figure 2. How outstanding I/Os arise, illustrated with graph
and tree structures.

million IOPS, has outpaced the software’s ability to manage
this throughput, especially for random I/O, which demands a
higher number of CPU cores. 2○ CPU performance improve-
ments have slowed [22], and the CPU overhead for process-
ing the high IOPS from modern NVMe SSDs is escalating.
3○With the widespread adoption of high-performance SSDs
and the rise of the read-as-needed paradigm [21, 31, 50], appli-
cations increasingly rely on issuing large numbers of small
I/O requests. As a result, the kernel I/O stack, initially de-
signed for slower devices, is now a critical limitation [47, 55],
unable to keep up with the demands of high-performance
storage systems.

While io_uring [10] offers optimizations like shared mem-
ory and fixed buffers that reduce overheads in memory man-
agement, it cannot fully address the fundamental challenges
of how the Linux kernel handles outstanding I/Os. The rea-
son for the kernel’s overhead in managing I/O operations
is the necessity of traversing multiple layers of abstraction
and encapsulation, which leads to extensive communication
between these layers and consequently introduces latency
and overhead. SPDK [51] adopts methods that bypass the
kernel and allow application code to communicate directly
with device drivers. It is worth noting that io_uring has in-
tegrated support for NVMe passthrough [25], which allows
direct submission of requests to the kernel driver. However,
bypassing kernel layers inevitably sacrifices the semantics
and functionality those layers provide. For example, NVMe
passthrough [25] bypasses the file system, restricting access
to raw block devices only.

2.2 Software Stack Performance Analysis
At first glance, the software I/O stack does not always ap-
pear to be the bottleneck. As shown in Figure 3, a single CPU
core—utilizing only around 60%—is sufficient to saturate the
throughput of a PCIe 5.0 SSD [11] under 128 KB sequential
I/O. However, achieving the maximum throughput under 4
KB random I/O requires significantly more CPU resources,
often occupying 2–4 cores. In this case, the kernel I/O stack
alone consumes over 80% of total CPU cycles, primarily due
to the overhead of managing a large number of small, inde-
pendent I/O requests. This contrast reveals that the software
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Figure 4. Further analysis of the impact of software stack
overhead, with the io_uring engine in FIO.

stack’s efficiency is highly dependent on address contiguity:
it performs well when processing large, sequential I/O, but
becomes a bottleneck when facing high volumes of small,
scattered requests.
To further investigate where this inefficiency arises, we

compare two I/O submission patterns with io_uring in Fig-
ure 4a. In a chunked submission, a single large I/O (e.g., 16
KB) is submitted directly. In contrast, a scatter submission
issues the same amount of data as separate I/Os (e.g., four
4 KB contiguous requests), which are later merged in the
block layer via the plug mechanism. While both ultimately
deliver the same size data to the device (e.g., 16 KB), the key
difference lies in software stack overhead above the block layer
plug queue: Chunked submission incurs this overhead once
per chunk, whereas scatter submission incurs it multiple
times—once per small I/O.

Experimental results confirm this intuition. Despite even-
tual merging at the block layer, scatter submission incurs
much higher submission latency— in the context of asyn-
chronous I/O, it captures the full software stack overhead,
from user-space submission to the return of the kernel’s
commit routine. As shown in Figure 4b, for 64 KB I/O, scatter
submission requires 3.27× the submission time of chunked
submission. Consequently, its throughput is only 34.2% of
that achieved by chunked submission. This shows that under
high outstanding I/O, delays in the software stack—especially

above the block layer—hinder timely request submission, pre-
venting full exploitation of SSD bandwidth.
For sequential reads, merging I/Os into larger requests

in user space is straightforward and widely practiced. In
contrast, random reads are widely believed to be unmerge-
able: they must access data in place, and neither applications
nor the kernel typically reorganize them. However, with the
growing use of high-performance SSDs and the shift toward
on-demand, read-intensive workloads, it is time to revisit
this assumption: why can’t random read requests be merged,
just like sequential ones?

2.3 Strict Address Contiguity Validation
To identify what prevents these random outstanding I/Os
from being merged, we further analyzed the metadata com-
position of the I/O requests. Listing 1 illustrates a typical
submission interface from io_uring, where each request in-
cludes metadata fields such as opcode, fd, offset, addr, and
len. This metadata guides the request’s traversal through
the kernel I/O stack and dictates the particular operations,
such as file system inode lookups, address translation, and
buffer pinning. In other words, I/O metadata is not merely
descriptive—it encodes operational semantics.

Listing 1. Definition of io_uring_prep_rw
1 void io_uring_prep_rw( )
2 {
3 sqe ->opcode = (__u8) op;
4 sqe ->fd = fd;
5 sqe ->off = offset;
6 sqe ->addr = (unsigned long) addr;
7 sqe ->len = len;
8 }

We examine these fields one by one. The opcode specifies
the operation type, such as read or write. We focus primarily
on read requests. The addr and len fields describe the mem-
ory buffer and size for the data transfer. Importantly, modern
interfaces such as readv [2, 9] already allow a single request
to carry multiple buffers, reducing the need for separate re-
quests based on memory layout alone. This leaves fd and
offset, which together define the logical location of the data.
The fd acts as a namespace or prefix—often representing a
file or device—while offset specifies the position within that
namespace. The file system uses both to translate the final
LBA. Unlike buffers, which can already support multiple
segments, each I/O request is still limited to a single, con-
tiguous offset range—in other words, each request usually
has a unique (fd, offset) pair.

Our analysis of the kernel I/O path identifies a pervasive
design principle we term strict address contiguity vali-
dation. Under this model, the I/O stack enforces continuity
checks end-to-end, requiring the file offset, physical sector,
and final LBA to each form a continuous range. This rigid en-
forcement is originally driven by the NVMe protocol, which
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mandates that each hardware command describe a contigu-
ous LBA region. However, current software stacks adopt an
overly conservative strategy by extending this hardware-
specific constraint to all address types throughout the entire
upper software stack. Consequently, even when multiple out-
standing requests target nearby data, they must be processed
as separate units if their target addresses are not strictly con-
tiguous. This limitation significantly amplifies processing
overhead and restricts merge opportunities under random
access workloads.
Taking graph computing as an example, when respond-

ing to a breadth-first search (BFS) query, each vertex visited
will issue a batch of 4K random read requests to find subse-
quent vertices, all of which are collocated in a single large
file [26, 33, 49]. Linux I/O submission logic treats each re-
quest as an independent unit. Each I/O request is processed
independently through the entire kernel stack, repeatedly
triggering identical operations. This redundant processing
incurs significant CPU overhead and hampers submission
efficiency. These findings call for a rethinking of I/O submis-
sion: Merging requests with different offsets can enhance
performance while preserving kernel semantics.

3 Design Philosophy
3.1 Deferred Address Contiguity Validation
We observe that the requirement for strict address contiguity
is only essential at the final stage—when requests are trans-
lated into NVMe commands and submitted to the hardware.
Earlier stages of the I/O stack (e.g., file system, block layer)
can safely operate on grouped non-contiguous addresses,
as long as contiguity is restored before reaching the device.
The discussion on scatter submission also demonstrates that
these early kernel stages account for a vast majority of CPU
overhead and are a key root cause of bottlenecks in the
software stack. This insight motivates deferred address conti-
guity, which allows requests with non-contiguous addresses

to be merged and processed together within the kernel, sig-
nificantly reducing redundant operations without violating
NVMe protocol constraints.
Figure 5 compares request submission paths under the

strict and deferred address contiguity models. The path cov-
ers major stages—system call entry, file system traversal, and
block layer processing (plug queue)—which we abstract into
five representative steps: request check, offset translation, bio
preparation, buffer pinning, and bio submission. For clarity,
some minor operations (e.g., iocb initialization) are omitted.
In the strict model, each I/O request independently tra-

verses all five steps, resulting in redundant execution and
high overhead. In contrast, the deferred model merges mul-
tiple requests into a single Hitchhike I/O, which carries two
vectors: a buffer vector (using the kernel-provided struct
iovec) and an offset vector (maintained by our custom struc-
ture). Offset- and buffer-related steps (e.g., offset translation,
buffer pinning) are iterated over the vector, while other steps
(e.g., request check, bio preparation, bio submission) are exe-
cuted only once for the entire group. This consolidation is
Hitchhike’s key advantage: by reducing redundant kernel
operations, it significantly lowers CPU submission cost and
accelerates request dispatch to the device.

3.2 The Hitchhike Approach
Guided by the principle of deferred address contiguity vali-
dation, we propose Hitchhike, whose architecture is depicted
in Figure 6. The distinguishing feature of Hitchhike lies in
its ability to encapsulate non-contiguous on-disk addresses
within a single request—a capability that fundamentally dif-
ferentiates it from traditional models. While Standard I/O
restricts requests to contiguous buffers and addresses, and
Vectored I/O (e.g., readv) relaxes only the memory buffer con-
straint while retaining strict address contiguity, Hitchhike re-
moves both limitations. It allows a single submission to carry
both non-contiguous memory buffers and non-contiguous
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target addresses, thereby generalizing the concept of vector-
ization from memory to storage.

3.3 Scope of Applicability.
File-Centric Merging Scope. Hitchhike adopts a conservative
design principle: grouping only requests targeting the same
file descriptor (fd) into a single Hitchhike I/O. This decision
is driven by kernel complexity; requests from different fds
may traverse distinct I/O paths (e.g., across different mount
points, namespaces, or file systems), making blind merg-
ing impractical. Despite this constraint, Hitchhike covers
the vast majority of performance-critical workloads. Data-
intensive applications—such as graph engines [26], B-tree
stores [29], and vector search indices—typically consolidate
data into monolithic files or operate directly on raw block de-
vices. In these single-file scenarios, Hitchhike fully unleashes
its capabilities. For cross-file scenarios, Hitchhike relies on
grouping requests by fd. For instance, a batch of 64 requests
spanning three distinct files is simply processed as three inde-
pendent Hitchhike groups. Our experiments (§6.1.1) confirm
that even smaller batch sizes yield consistent performance
gains. Crucially, in the rare worst-case scenario where every
request targets a unique file, Hitchhike gracefully degrades
to standard I/O behavior without introducing negative side
effects.

Why not SPDK? The limitations of SPDK stem not only
from its semantic gap with the kernel but also from its lack
of device sharing mechanisms and the prohibitive CPU con-
sumption caused by busy polling. In contrast, Hitchhike is
tailored for efficiency-critical scenarios that demand high
throughput without the CPU penalty. It fully preserves ker-
nel compatibility and shared device semantics, making it a
robust alternative for environments where CPU cycles are
scarce or must be balanced between application logic and
I/O processing.

4 Design Overview
4.1 Overview
The Hitchhike submission path. Our analysis shows that
enforcing address contiguity throughout the I/O stack is
overly conservative—only the driver must ensure contigu-
ous LBAs to meet NVMe requirements. By deferring this

requirement, the kernel can process multiple requests to-
gether—even if their addresses are non-contiguous—avoiding
repeated execution of identical kernel operations. As illus-
trated in Figure 7, leveraging this insight, we aim to design
an efficient submission logic, termed Hitchhike, that enables
outstanding I/Os to defer address reconstruction until the
driver stage.

4.1.1 Metadata Vectorization. The first issue is how ap-
plications submit requests based on deferred address conti-
guity. Hitchhike introduces a new abstraction: the Hitchhike
I/O, which bundles multiple submissions of non-contiguous
addresses into a single submission unit. Drawing inspiration
from vectored I/O interfaces such as readv [2], which allow
a single system call to operate on multiple non-contiguous
buffer regions, Hitchhike applies a similar principle, but at
the level of address: it vectorizes multiple requests of non-
contiguous addresses, along with their associated buffers,
into a single Hitchhike request.

We refer to requests submitted through the Hitchhike I/O
interface as hio, while the merged requests are called hitch-
hikers. Theoretically, a larger merge size leads to greater
efficiency and better performance. Since a Hitchhike I/O dif-
fers from conventional I/O requests in structure—carrying
vectors of both offsets and buffers—it requires minimal ex-
tension to the submission interface. In §5, we detail how we
extended io_uring and libaio to support Hitchhike requests
with only modest changes.

4.1.2 Vectorized Metadata Handling. In Hitchhike, the
kernel handles a Hitchhike request carrying a vector of
non-contiguous addresses by iterating over each address
to perform necessary operations, including access verifica-
tion, offset-to-sector translation, and tag allocation. Since
the driver eventually maps each LBA segment to an inde-
pendent NVMe command, every address must be assigned a
unique tag (command_id) to ensure correct flow control and
full protocol compliance.

4.1.3 Deferred Metadata Binding. The NVMe protocol
requires each command to access a contiguous LBA range
starting at a specified slba [14]. To comply with this re-
quirement, the driver splits Hitchhike requests into multiple
NVMe commands—each corresponding to one LBA segment
in the vector. These commands are individually written to
the submission queue (SQ).

When a device interrupt is triggered upon the completion
of any hitchhiker request, the kernel does not immediately
perform full callbacks for each individual command. Instead,
it first releases only the non-shared resources (e.g., tag) of
the completed request and defers the remaining callbacks.
Once all NVMe commands belonging to a single Hitchhike
request have completed, the system triggers a unified call-
back for that Hitchhike I/O. This reduces the total number

951



Hitchhike: Efficient Request Submission via Deferred Enforcement of Address Contiguity ASPLOS ’26, March 22–26, 2026, Pittsburgh, PA, USA.

1 2 3 ···54 k

address-realted

opreations

Request queue
Metadata

Vectorization

1 2 3 4

HHitchhike I/O

User space

Vectorized
Metadata Handling

5 ··· k

HNVMe Driver

1

3

2

Deferred
Metadata Binding

Storage engine:  B-Tree, Graph

NVMe Device

Syscall Fuction

File System

Block Layer

H

H

H

NVMe command

Figure 7. The overview of Hitchhike.

of kernel operations required. Although this deferred com-
pletion strategy may slightly increase the minimum latency
for some requests, it significantly lowers average and tail
latencies by minimizing per-request overhead—especially
under high load (§6.1).

4.2 Modeling the Hitchhike Submission Logic
For operations that do not require iterating over vector-
ized metadata, Hitchhike effectively amortizes the cost of
processing multiple requests through a single kernel opera-
tion—functionally similar to batching. Based on this obser-
vation, the performance improvement of Hitchhike can be
modeled using Amdahl’s Law, as shown in Equation 1. In this
model, the submission time is divided into the user-space
portion (1 − 𝐾) and kernel-space portion (𝐾). The kernel-
space portion is further split into a non-reduced portion
((1 − 𝛽)𝐾) and a reduced portion (𝛽𝐾), where 𝑛 represents
the number of requests being merged.

𝛼 =
1

(1 − 𝐾) + (1 − 𝛽) ∗ 𝐾 + (𝛽∗𝐾 )
𝑛

=
1

1 − ( 𝑛−1
𝑛
) ∗ 𝛽𝐾

where 𝑛 >= 1; 𝛽, 𝐾 ∈ (0, 1)
(1)

Equation 1 indicates that the speedup, denoted by 𝛼 , is pro-
portional to 𝐾 , 𝛽 , and 𝑛. For 𝑛, a larger 𝑛 implies a higher
level of request merging, resulting in greater amortization
of kernel overhead. However, due to diminishing returns,
the benefit of increasing 𝑛 saturates quickly. As for 𝛽 , this
parameter reflects how much of the kernel processing can
be reduced. Its value depends on the nature of the workload
and the implementation of the kernel stack. 𝐾 denotes the
fraction of submission time spent in the kernel—the por-
tion Hitchhike aims to optimize. Thus, a larger 𝐾 indicates

a greater portion of total submission time spent in the ker-
nel, and therefore a higher potential for improvement. Since
user-space logic varies across applications, the value of 𝐾
can differ significantly. In general, the leaner the user-space
processing, the higher the 𝐾 . For example, a dedicated I/O
thread tends to have a much larger 𝐾 than a thread that
handles both computation and I/O.

To validate our model and assess the optimization poten-
tial of Hitchhike, we conduct a case study using 4KB random
reads with FIO on Linux 6.5. Our profiling shows that offset-
related operations account for 23.8% of kernel overhead, and
buffer-related operations contribute 3.45%. Together, these
non-reduced operations make up only 27.25% of the total
kernel cost. This leaves 72.75% of the overhead (𝛽=0.7275) as
reduced, and thus optimizable by Hitchhike. Assuming ker-
nel time constitutes 80% of total submission time (𝐾=0.8), and
Hitchhike merges 64 requests (𝑛=64), Equation 1 predicts a
theoretical speedup of 2.34×. In practice, Hitchhike achieves
a 2.29× improvement on the same workload (§6.1.3)—closely
aligning with the model and confirming its validity.

4.3 Discussion
• Asynchronous Interface and Consistency. Hitch-
hike naturally aligns with asynchronous I/O models
(e.g., libaio and io_uring), which are prevalent in high-
concurrency storage architectures. By leveraging these
interfaces, Hitchhike allows storage engines to sub-
mit request batches efficiently. Since asynchronous
I/O stacks are inherently orderless and rely on explicit
synchronization primitives rather than submission or-
der, Hitchhike’s out-of-order execution introduces no
correctness issues.

• Write Requests. Modern storage architectures, utiliz-
ing designs like LFS [38] or LSM-trees [36], typically
buffer small writes in memory and flush them as large,
sequential I/O batches. Since the standard software
stack handles large sequential requests efficiently, the
submission overhead is rarely a bottleneck for write
operations. Consequently, Hitchhike primarily targets
read-intensive scenarios, and our YCSB mixed work-
load experiments demonstrate that Hitchhike delivers
performance improvements even without explicitly
applying Hitchhike to write requests.

• Direct I/O Focus. While Hitchhike’s core principles
are not inherently bound to Direct I/O, our current
implementation focuses on this mode to isolate the
efficiency of the submission path from page cache dy-
namics. Extending Hitchhike to support Buffered I/O is
architecturally viable but introduces complex orthog-
onal factors, such as cache management policies and
data locality. To maintain a clear focus on our primary
contribution, we reserve page cache integration for
future work.
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5 Implementation
Asynchronous I/O interfaces naturally support request aggre-
gation and batching. Although Hitchhike could in principle
be applied to synchronous I/O, doing so would require in-
trusive changes—such as explicitly grouping requests across
threads—which violates our goal of preserving application
logic. Therefore, we restrict our focus to applications that
already use asynchronous I/O. Currently, Linux only sup-
ports two asynchronous I/O interfaces: io_uring and libaio.
Although io_uring is the successor to libaio, many applica-
tions still rely on libaio. Thus, we choose to integrate Hitch-
hike into both libaio and io_uring. Specifically, we integrate
Hitchhike into Blaze [26], a graph processing engine built on
libaio; LeanStore [29], a B-Tree database using io_uring, and
FIO, a widely-used microbenchmark tool. Figure 8 illustrates
the specific operational details of Hitchhike under Linux
asynchronous I/O stack.

5.1 Grpah Case
Scenario: Large-scale request batch submission (mil-
lions of requests). Out-of-core graph processing systems
typically store data on SSDs and maintain indices in DRAM.
Due to the access patterns of graph data, execution often
involves numerous random 4K accesses to a single large
file. Therefore, we integrated the Hitchhike interface into
the graph processing system for performance validation.
Blaze [26], a state-of-the-art graph processing system known
for its bandwidth performance and used as a benchmark in
the literature [34, 44].
Hitchhike does not interfere with the operation of the

storage engine but instead intervenes when the I/O thread
is ready to process and submit the request queue. As shown
in Figure 8, in the libaio interface, request parameters are
encoded in iocb structures before being submitted to the
kernel. Since Linux already supports vectorized buffers via
struct iovec, we only need to handle offsets separately. Our
goal with the Hitchhike-aio interface is to allow random I/O
requests, despite their inherent randomness, to be submitted
to the kernel in a manner similar to sequential I/O, where
fewer iocb are needed.

Due to the strict 64-byte limit of the iocb structure in libaio,
it cannot store additional metadata such as per-request off-
sets. To address this, we introduce struct hitchhiker, which
holds an array of offsets and the number of merged re-
quests. This structure is passed to the kernel via a pointer
and retrieved using standard memory copy operations (e.g.,
copy_from_user), similar to vectored buffer handling.
Hitchhike preserves existing libaio interfaces (io_setup(),

io_getevents(), etc.) for compatibility. During initialization,
extra memory is allocated alongside each iocb to create and
configure its associated hitchhiker structure, including the
maximum merge size. Instead of submitting one iocb per re-
quest, Hitchhike accumulates offsets ofmultiple requests into

the hitchhiker structure. When the merge limit is reached,
both the iocb and the hitchhiker pointer are submitted to-
gether via a new syscall, io_submit_hit(), enabling efficient
batching of random I/O requests.

5.2 KV Store Case
Scenario: Batch submission of small-scale requests
(from a dozen to several dozen). To further validate the
applicability of Hitchhike in the KV domain, we integrated
Hitchhike into another B-Tree storage engine, LeanStore,
as WiredTiger does not support asynchronous I/O inter-
faces. LeanStore’s support for asynchronous I/O and its high
performance have made it a popular choice in various stud-
ies [4, 18–20, 29, 30, 35, 42, 57].

We replaced LeanStore’s io_uring interface with the hitch-
hike -uring interface. LeanStore’s request submissionmethod
differs significantly from Blaze; in Blaze, each group can con-
sist of up to millions of requests, while in LeanStore, the
number of requests per group is determined by the number
of tasks. Moreover, in some YCSB workloads, the proportion
of write requests is much higher than in Blaze. Since Hitch-
hike does not merge write requests, the number of requests it
can merge is much smaller than Blaze. In practice, LeanStore
typically groups only a few to a few dozen requests at a time.
Due to the io_uring interface using shared memory for

data transfer, we introduce the IORING_SETUP_HIT flag
to register shared memory for the hitchhiker structure via
mmap. The size of this memory is determined by the user-
defined merge size. Additionally, we have modified the libur-
ing library to simplify the retrieval and encoding of hitchhik-
ers with (io_uring_get_hite() ) interface. To mark a request as
a hitchhike request, we add the IOSQE_HIT flag to io_uring.

5.3 Kernel Operations Handling
As shown in Figure 8, to avoid affecting the execution of nor-
mal requests, we add a Hitchhike flag (hitchhike_enable) to
all relevant structures (iocb, sqe, dio, bio, request) to indicate
whether a request is a Hitchhike request. Address-related
operations are vectorized only when this flag is set. In the dri-
ver, the results of the vectorized execution—DMA addresses
(physical addresses obtained via DMA mapping of buffers),
LBAs (device addresses derived from offset translation), and
tags (per-request identifiers in the hardware queue)——are
matched in sequence. This generates a separate NVMe com-
mand for eachHitchhiker, ensuring that the NVMe protocol’s
LBA contiguity requirement is satisfied at this stage.

5.4 FIO
As discussed in the context of Amdahl’s Law, Hitchhike’s op-
timization potential is closely tied to the proportion of kernel
overhead, which varies depending on the level of user-space
optimization in different applications. Therefore, we inte-
grate two Hitchhike-based asynchronous I/O interfaces into
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FIO, using microbenchmarks to demonstrate Hitchhike’s the-
oretical maximum performance. This setup also allows us to
analyze the impact of various parameters on Hitchhike, such
as merge degree, queue depth, thread count, and whether a
file system is used.

6 Evaluation
Methodology. We conducted our experiments on a server
machine with two Intel (R) Xeon (R) Gold 6430 CPUs, using
a Linux kernel version 6.5. We evaluated both PCIe 4.0 and
5.0 NVMe storage devices, specifically testing three SSDs:
Samsung PM1743 (PCIe 5.0), PM9A3 (PCIe 4.0), and Dapustor
H5300 (PCIe 5.0). Due to the superior performance of the
H5300, unless otherwise specified, we will conduct tests on
the H5300 by default. To avoid interference during testing,
hyper-threading was disabled, and the number of threads
was kept within the number of CPU cores to ensure each
thread had exclusive access to a core. The NVMe devices
were configured to use the default none scheduler.

Baseline.We integrated Hitchhike into both libaio (hitch-
hike-aio) and io_uring (hitchhike-uring).We exclude XRP [55]
and BypassD [47] as they target orthogonal low-queue-depth
(QD=1) scenarios. SPDK [51] remains the state-of-the-art
baseline for the high-concurrency workloads addressed by
Hitchhike. We compare Hitchhike against the following base-
line approaches :

• libaio [1]: Linux’s native asynchronous I/O interface.
• io_uring [6]: A more recent asynchronous I/O inter-
face that eliminates context switches by utilizing ring
buffers for communication between the user space

and the kernel. For maximum performance, we en-
able fixed buffers (i.e., fb), submission queue polling
(SQPoll), and completion queue polling (IOPoll).

• io_uring_cmd [25]: A new NVMe passthrough I/O
path based on io_uring. We enable fixed buffers (fb)
and completion queue polling (IOPoll).

• SPDK [51]: A toolkit designed for developing low-
latency, high-throughput user-mode storage I/O stacks,
primarily used for block device testing because it does
not support kernel file systems.

Workloads and parameters. Our evaluation included
synthetic microbenchmarks and real-world workloads. Us-
ing FIO-3.37 [5], we conducted microbenchmarks to evalu-
ate Hitchhike’s throughput, latency, and CPU utilization by
performing 4KB random read operations with O_DIRECT,
targeting the same file or device in all tests. For real-world
scenarios, we concentrated on an out-of-core graph pro-
cessing application (based on libaio) [26] and a B-tree KV
store application (based on io_uring)[18]. libaio, io_uring,
and io_uring_cmd default to a batch size of 32, as this size
achieves the maximum bandwidth (Figure 9a).

6.1 Microbenchmarks
6.1.1 Key Parameters.
Wefirst examine two key parameters in Hitchhike’s I/O stack:
queue depth, the maximum concurrency of individual I/O
operations at the device level, and merge size, the number
of requests merged into one Hitchhike request (fixed at 1 for
the baselines).
Merge size. Figure 9b shows that Hitchhike’s perfor-

mance peaks at a merge size of 64. The highest throughput
is also achieved when the Hitchhike request concurrency
reaches at least 4, with only marginal gains beyond this level.
Therefore, in subsequent experiments, whenever feasible, we
configure the merge size to at least 64 and the concurrency
to at least 4.
Queue depth. We compared Hitchhike with three I/O

engines—libaio, io_uring, and io_uring_cmd—at different
queue depths. As shown in Figure 9c, Hitchhike does not
outperform libaio/io_uring at depths below 8, as its small
merge size (under 4) limits its merging capability. However,
once the queue depth exceeds 32, Hitchhike’s throughput in-
creases significantly, especially as the merge size grows from
4 to 64 (and beyond). While io_uring and libaio throughput
plateaus, Hitchhike continues to scale, ultimately reaching
2.8 M IOPS. This shows that Hitchhike benefits from deeper
queue depths supported by modern Linux systems.
CPU utilization. As shown in Figure 9d, while all four

approaches reach full CPU utilization at a queue depth of
32, Figure 9c reminds us that Hitchhike offers a much higher
throughput performance. That is, once CPUutilization reaches
its maximum, libaio and io_uring struggle to process more
I/O requests effectively, even with deeper queues, leading
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Figure 9. The performance impact of batch size, merge size, and queue depth.

their throughput to level off at the queue depth of 32. In con-
trast, at full CPU utilization, Hitchhike is able to significantly
boost its throughput from 1.2 M to 2.8 M IOPS by increasing
the merge size from 4 to 64. This highlights Hitchhike’s key
advantage: reducing CPU overhead through merging.
SPDK. For fairness, SPDK was configured with a queue

depth of 256 to ensure it reached peak performance. As
shown in Figure 9c, SPDK outperforms Hitchhike at low
queue depths due to its polling design; however, at high
queue depths, Hitchhike overtakes SPDK. This result may
seem counter-intuitive, as SPDK achieves extremely low sub-
mission latency, which is roughly 10% of standard io_uring.
However, submission latency alone does not dictate maxi-
mum throughput; rather, it is the total CPU overhead per
I/O—encompassing memory management, reactor loop cy-
cles, and busy polling costs—that determines the saturation
point. Section 4.2 presents an analytical model grounded in
the io_uring framework, employing Amdahl’s Law to quan-
tify Hitchhike’s theoretical gains.
These results demonstrate that Hitchhike is well-suited

for modern Linux systems that support greater queue depths,
where it can take full advantage of the higher concurrency
available at the device level. By merging outstanding re-
quests, Hitchhike effectively reduces the per-request submis-
sion overhead, leading to significantly lower CPU utilization.
This ability to trade queue depth for efficiency can make
Hitchhike beneficial in workloads that generate large num-
bers of concurrent I/Os.

6.1.2 Raw Disk I/O Path.
Based on the parameters from the aforementioned tests, we
further evaluated Hitchhike’s throughput, latency, and CPU
utilization performance on raw disk (without file system).
Throughput. Hitchhike demonstrates a significant per-

formance advantage over the baselines in both single-threaded
and multi-threaded scenarios, as shown in Figure 10a and
10b. In single-thread tests, hitchhike-uring reaches 2.8 M
IOPS, which is 3.5× that of libaio (0.8 M IOPS), 2.6× that of
io_uring-fb (1.1 M IOPS), and 2.1× that of io_uring_cmd-fb
(1.3 M IOPS). Notably, even compared to SPDK, Hitchhike
achieves 43% higher throughput, demonstrating its ability

to outperform both traditional kernel-based interfaces and
user-space I/O frameworks. In multi-threaded tests, Hitch-
hike requires 1/4 to 1/3 fewer threads than traditional in-
terfaces to reach near-maximum SSD bandwidth, achieving
2.7 M IOPS with just 1 thread for both hitchhike-aio and
hitchhike-uring. Moreover, hitchhike-uring maintains 2.8
M IOPS across all thread counts from 1 to 8, reducing CPU
overhead and offering better scalability in multi-threaded
workloads.

Hitchhike vs. Poll.We tested polling-based baselines, as
shown in Figure 10c and 10d, including io_uring with iopoll,
sqpoll, SPDK, and io_uring_cmd with iopoll. Enabling iopoll
boosted io_uring’s performance from 1.1 M IOPS to 1.6 M
IOPS and io_uring_cmd’s from 1.3 M IOPS to 2.0 M IOPS,
matching SPDK. SQpoll provided a smaller boost, increasing
io_uring’s IOPS to 1.3 M. Notably, Hitchhike achieves 2.7
M IOPS on a single thread without relying on polling. Even
though polling can provide performance gains, its draw-
backs are significant. In multi-threaded tests, the per-thread
request rate decreases as the device approaches its peak
throughput. However, because each application thread occu-
pies a dedicated core, all polling-based baselines consumed
100% CPU on the application core. Note that the CPU us-
age in Figure 10d measures application threads. However,
io_uring’s SQpoll mode requires an extra kernel polling
thread, which effectively occupies another dedicated core
not shown in this metric. In contrast, Hitchhike’s per-thread
CPU overhead decreases as the number of threads increases.

Queue depth-latency.As shown in Figure 11a, Hitchhike
consistently achieves the lowest 99th percentile latency. The
reason is twofold: (1) Thanks to request merging, Hitchhike
achieves a lower effective software queue depth, enabling
faster submission of requests to the device. (2) Figure 11b
shows that Hitchhikemaintains lower average andmaximum
latencies, offering more consistent performance despite not
having the lowest minimum latency.
Throughput-latency.We further analyzed the relation-

ship between IOPS and latency at different queue depths.
Figure 11c shows that Hitchhike excels, especially at higher
IOPS, achieving 2.8 M IOPS with 160 µs latency—nearly 2.1×
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Figure 11. Latency analysis: (a), (b), and (c) latency under single-thread (IOPS obtained from varying queue depths of 1 to
1024); (d) Throughput–latency analysis under multi-thread (IOPS obtained from varying thread counts of 1 to 5).
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Figure 12. The file I/O performance.

the throughput of SPDK while maintaining comparable la-
tency. At moderate IOPS (1 to 1.5 M), Hitchhike performs
competitively, surpassing SPDK and traditional methods
with 1.8 M IOPS at 62 µs latency. At lower IOPS, Hitchhike’s
latency is slightly above SPDK’s but still close, indicating
minor delays due to request merging. Hitchhike maintains
stable latency across a wide range of IOPS (1 to 2.8 M), due
to its efficient request merging and lower queue depth.

In our multi-threaded tests, Figure 11d highlights two key
findings: 1) Hitchhike achieved the highest bandwidth (2.8
M IOPS) with 160 µs latency, comparable to SPDK, but sig-
nificantly outperformed libaio, io_uring, and io_uring_cmd,
which reached similar throughput only at much higher laten-
cies (780 µs, 582 µs, and 565 µs, respectively). 2) Under multi-
threaded scaling, Hitchhike—similar to io_uring—experienced

a sharp increase in latency due to kernel I/O stack limitations,
whereas SPDK was able to maintain low latency under the
same conditions.

6.1.3 File I/O Path.
Throughput. as shown in Figure 12a, hitchhike-uring demon-
strated significant improvements, especially on high-perfor-
mance drives. On the H5300, hitchhike-uring achieved 1.6
M IOPS, outperforming libaio by 2.6×, io_uring by 2.3×, and
io_uring-fb by 1.9×, with a 1.5× gain over io_uring-fb-iopoll.
On the PM9A3 PCIe 4.0 SSD, hitchhike-uring reached 875 K
IOPS, which is the maximum random IOPS capacity of the
PM9A3, surpassing libaio by 1.5× and io_uring by 1.4×. The
PM1743 saw hitchhike-uring reach 1.2 M IOPS, exceeding
libaio by 2.1×, iouring by 2×, and iouring-fb by 1.8×. These
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Figure 13. Submit time and NVMe interrupt time in different
batch or merge sizes.

results indicate that while hitchhike-uring offers substan-
tial throughput advantages, especially on high-performance
SSDs, the file system’s overhead somewhat limits its opti-
mization potential, with the performance gains being more
pronounced in raw disk I/O compared to file I/O.
In the multi-threaded scenario, as shown in Figure 12b,

hitchhike-uring continues to demonstrate its superior thread
scalability, fully utilizing all available bandwidth with just
2 threads and maintaining stable performance under multi-
threading. In contrast, both io_uring and libaio require 6
CPU cores, which is 3× that of Hitchhike, and the assistance
from fb and iopoll is not significant.
Latency. As shown in Figure 12c, benefiting from low

software queue depth, Hitchhike maintains consistently low
99th percentile latency across all file I/O operations. Figure
12d further indicates that even though the presence of a file
system reduces Hitchhike’s throughput, Hitchhike achieves
more than double the throughput of io_uring at the same
latency and about 1.5× the improvement over the iopoll
mode.

6.1.4 Software Overhead. To evaluate the reduction in
kernel processing time, we measured the submission time
and the time spent on the NVMe interrupt. To eliminate
interference from asynchronous interrupts, we configure
libaio and io_uring so that the number of submitted requests
in each batch matches the minimum number of completions.
For Hitchhike, we merge an equivalent number of requests
into a single Hitchhike operation. As shown in Figure 13,
increasing the batch/merge size reduces the amortized sub-
mission time for libaio, io_uring, and Hitchhike. However,
libaio and io_uring are limited by system call and scheduling
overheads, so their latency levels off—e.g., 489ns (io_uring)
and 690ns (libaio) for raw disk I/O, and 819ns and 935ns for
file I/O. In contrast, Hitchhike achieves much lower laten-
cies: 169ns (raw disk I/O) and 315ns (file I/O), reducing the
overhead to 24–39% of traditional interfaces. Furthermore,
merging reduces Hitchhike’s amortized interrupt processing
time from 1637ns to 226ns, which is 29.5% of libaio’s and
39.8% of io_uring’s. This reduction significantly contributes
to Hitchhike’s low latency performance.

Summary. Our evaluation on both raw disk and file I/O
paths shows that Hitchhike consistently outperforms kernel-
based and user-space I/O frameworks in terms of through-
put. For latency, Hitchhike delivers better performance than
kernel-based frameworks, matches SPDK in single-threaded
scenarios, but falls behind SPDK under multi-threaded work-
loads. Its key advantage lies in achieving higher throughput
with fewer CPU resources while maintaining more stable
latency across diverse queue depths and throughput levels.

6.2 Graph Processing
We evaluated the execution time of Blaze using six graph
datasets, including both synthetic and real-world graphs.
The evaluation focused on four graph workloads: Breadth-
First Search (BFS), Weakly Connected Component (WCC),
Betweenness Centrality (BC), and PageRank (PR). As shown
in Figure 14, compared to the libaio interface, hitchhike-aio
reduces the execution time by 30% to 66%.

The performance differences observed in Blaze compared
to the FIO in Section 5.2 primarily stem from two factors.
First, these measurements reflect end-to-end application la-
tency, where the proportion of time spent on actual I/O oper-
ations is lower than in FIO; according to Amdahl’s Law, this
naturally limits the potential gains from Hitchhike. Second,
differences in algorithm behavior arise from Blaze’s EDGEMAP
API, where execution is divided into multiple rounds (sparse
or dense). Algorithms with a higher proportion of sparse
rounds, such as BFS and BC, incur more user-space lookup
overhead, reducing Hitchhike’s impact, whereas WCC and
PR benefit from more concentrated requests per round and
show greater relative improvement.

6.3 KV Store
We configured LeanStore with default key-value sizes (8B
for keys and 120B for values) and tested it with cache sizes
of 256 MB, 512 MB, 1 GB, and 2 GB. LeanStore was evalu-
ated using YCSB, and Hitchhike demonstrated performance
improvements ranging from 17% to 34% across workloads
A, B, C, and F. Note that we did not test LeanStore’s scan
operation, as it does not appear to be batched.
Additionally, we draw the following two conclusions: 1).

Hitchhike achieves lower speedup with LeanStore than with
Blaze because Blaze uses dedicated I/O threads, while Lean-
Store handles both I/O and computation in one thread, re-
sulting in a smaller fraction of kernel overhead. 2).Hitchhike
shows no performance gain on YCSB-D, as its latest-items
distribution servesmost reads from in-memory buffers rather
than storage.

7 Related Work
Recent storage stack breakthroughs have highlighted kernel
overheads’ significance, prompting researchers to reevaluate
and enhance the I/O architecture.
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Figure 14. Execution time comparison for Blaze: Hitchhike-aio vs. libaio. The numbers 32, 64, and 128 denote merge sizes.
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Figure 15. YSCB test for Leanstore: Hitchhike-uring versus
io_uring with the standard I/O stack.

Kernel bypass. Kernel bypass can be broadly categorized
into two approaches: The first, exemplified by SPDK [51],
bypasses the entire kernel, implementing file systems, dri-
vers, and other components in the user space. However, it
places the burden of block management and file system im-
plementation on applications, which can add considerable
complexity. The second approach, represented by XRP [55],
bypasses only specific parts of the Linux kernel. XRP allows
the driver to access the file system to retrieve LBA and di-
rectly submit requests to devices, bypassing system calls
and the block layer. BypassD [47] offloads file semantics to
IOMMU to achieve fast userspace access to shared storage
devices. I/O passthru [25], based on the io_uring command,
directly submits requests to the driver, bypassing the file
system. I/O passthru has been integrated into the mainline
Linux kernel, but currently supports only block access, and
its improvement on throughput remains limited. Hitchhike
reduces kernel overhead without the need for bypassing,
offering a more balanced and flexible solution.

Kernel modification. To tackle the software bottleneck
in I/O performance, researchers have focused on optimizing
the kernel I/O software stack, and proposed several optimiza-
tions to the kernel I/O, such as queue scheduling [8, 23, 53],
reduced context switch overhead [41, 48, 56], and lightweight
block layers [28]. These optimizations primarily focus on
specific components of the I/O stack and are limited by their
inability to eliminate the overheads imposed by the kernel’s

layered design. Additionally, they fail to address the inef-
ficiencies that arise when dealing with small, random I/O
requests, which still dominate many real-world workloads.
This is where Hitchhike comes into play, tackling the broader
issue of kernel-level redundancy by merging similar I/O op-
erations, thereby reducing overall CPU consumption.
Computational storage devices. A completely differ-

ent approach to avoiding kernel overhead is to reduce the
frequency of device interactions by offloading storage func-
tions directly to the device, as seen in several Computational
Storage Device (CSD) systems [13, 15, 16, 24, 45]. The CSD
devices have limited computational power, which makes
handling complex operations difficult. They also require sub-
stantial changes to applications, and offloading tasks to the
device is not always efficient [52], reducing flexibility and
complicating integration with existing systems.

8 Conclusion
As storage hardware scales to support massive numbers of
outstanding I/Os, the strict address contiguity validation in
the software stack becomes a major bottleneck. Hitchhike
addresses this inefficiency by deferring contiguity valida-
tion to the device driver, enabling flexible merging of non-
contiguous requests while maintaining NVMe compliance.
This design significantly reduces redundant kernel process-
ing and CPU overhead. Our evaluation demonstrates that
Hitchhike delivers substantial performance gains across both
microbenchmarks and real-world workloads.
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A Artifact Appendix
A.1 Abstract
This artifact provides the source code, scripts, and experimen-
tal workflows required to reproduce the key results presented
in the paper “Hitchhike: Efficient Request Submission via
Deferred Enforcement of Address Contiguity”. The artifact
includes the modified Linux kernel (v6.5) with Hitchhike
support, adapted versions of standard storage benchmarks
(FIO, SPDK), and integrated applications (Blaze, LeanStore).

A.2 Artifact Check-List
• Program: C, C++, Python, Shell scripts.
• Compilation: GCC, G++ (requires v7 for Blaze, v11
for others), Make.

• Hardware: x86_64 server with NVMe SSDs (PCIe
5.0 recommended). Evaluation uses 32 physical CPU
cores.

• Data set: Generated workloads (YCSB) and Graph
datasets (R-MAT, Twitter, etc.).

• Operating System: Ubuntu 22.04 LTS.
• Kernel: Modified Linux v6.5 (source provided).
• Metrics: IOPS, Throughput, Latency, Execution Time.
• Output: Console logs and parsed figures (Fig 8-11, 13,
14).

• Experiments: FIOmicrobenchmarks, LeanStore (YCSB),
Blaze (Graph processing).

• How to access: Publicly available on GitHub.

A.3 Description
A.3.1 How to Access. The source code, scripts, and de-
tailed documentation are hosted on GitHub:
https://github.com/haslaboratory/Hitchhike-AE

A.3.2 HardwareDependencies. Hitchhike relies onNVMe
SSDs. To fully reproduce the high-throughput benefits, PCIe
5.0 SSDs (e.g., Dapustor H5300, Samsung PM1743) are recom-
mended. The experimental setup in the paper utilizes three
NVMe drives to demonstrate scaling and different device
characteristics.

A.3.3 Software Dependencies.
• OS: Ubuntu 22.04 LTS.
• Compiler: g++-7 is specifically required for compiling
Blaze; standard compilers are used for other compo-
nents.

• Dependencies: SPDK, liburing (included as submod-
ules).

A.4 Installation
The installation process is automated via scripts provided in
the repository. Please refer to the README.md for the exact
script names and execution order. The general procedure
consists of three phases:

1. Kernel Setup:Clone the repository and run the kernel
build script to compile and install the modified Linux
v6.5 kernel. A system reboot into the Hitchhike kernel
is mandatory.

2. Device Configuration: A configuration script is pro-
vided to identify and register the NVMe devices (PCIe
5.0 recommended) used for testing.

3. Dependency Compilation: Build the userspace com-
ponents, including the modified FIO, SPDK, LeanStore,
and Blaze, using the provided installation scripts.

A.5 Experiment Workflow
All evaluation scripts are organized in the evaluation/ di-
rectory, categorized by the figure numbers in the paper.

• Microbenchmarks (FIO):The artifact includes scripts
to reproduce the throughput, latency, and CPU utiliza-
tion results (Fig. 8–11). Users need to run the setup
scripts to prepare the raw disk or filesystem environ-
ment before executing the test scripts in each figure’s
subdirectory.

• Application Benchmarks:
– Blaze (Fig. 13): Scripts are provided to download
graph datasets and execute the graph processing
workloads.

– LeanStore (Fig. 14): Scripts are provided to compile
the database and run the YCSB workload.

Detailed instructions for running specific experiments and
parsing the results are documented in the repository.

A.6 Evaluation and Expected Results
The experiments are expected to demonstrate that Hitch-
hike significantly improves throughput and reduces CPU
overhead compared to standard Linux asynchronous I/O
interfaces, particularly in high-IOPS scenarios on PCIe 5.0
SSDs.
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