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ABSTRACT
Today, NVMe SSDs cover a diverse family of devices (e.g., Zoned
Namespaces, Flexible Data Placement, and Key-Value SSDs) and
offer high performance (𝜇sec-scale latency). To leverage the capabil-
ities of these devices, a variety of I/O paths are available (e.g., libaio,
io_uring, and SPDK). On the other hand, to avoid the challenges
and unpredictability that comes with writing code to target such
diversity, most data systems today still rely on the conventional
filesystem APIs (POSIX) and synchronous IO. While (maybe) in-
creasing programmer productivity, this choice leads to sub-optimal
utilization of the modern NVMe storage.

To unify the diverse I/O storage paths and make them more ac-
cessible to a wider-scale of programmers, Samsung built xNVMe that
exposes a single message-passing API with minimal overhead. This
paper takes the next step and integrates xNVMe into a state-of-the-art
database system, DuckDB, by creating a new filesystem extension,
nvmefs, that interacts with blocks on disk instead of files.We demon-
strate that xNVMe integration allows DuckDB to utilize IO Passthru,
SPDK, and Flexible Data Placement. Using these modern I/O meth-
ods, compared to DuckDB’s default sync I/O, nvmefs achieves either
comparable performance for non-I/O-intensive cases or up to 50%
lower query times on I/O-intensive queries.

1 INTRODUCTION
NVMe SSDs have achieved widespread deployment as commodity
and enterprise hardware today thanks to their high performance
and rich feature set [15, 31, 47]. Despite the open specifications
by the NVMe (Non-Volatile Memory Express) group [35], there
is a complex labyrinth of software abstractions to program the
underlying hardware [30].

The POSIX storage abstractions (e.g., pread, pwrite) have been
the holy grail of programmability, stability, and portability to hide
the underlying hardware complexity. However, the need for a low-
overhead, asynchronous programming model to leverage modern
NVMe hardware has created multiple complex alternative I/O stor-
age stacks, such as libaio and io_uring interfaces [20, 30] in the
Linux kernel and the user-space library SPDK [46]. These interfaces
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differ widely in their API, semantics, and performance. The land-
scape of interfaces gets even more complicated if one factors in
different OS (e.g., Linux, FreeBSD, Windows, and MacOS) and SSD
types (e.g., Zoned Namespaces (ZNS) [3], Flexible Data Placement
(FDP) [1], and Key-Value (KV) [9] SSDs). This, in turn, complicates
software development [43] and hinders the mass adoption and
evolution of the NVMe ecosystem.

The reluctance for the adoption of the full capabilities of NVMe
can also be seen in the landscape of database management systems.
Despite the myriad of work optimizing database components for
modern storage [6, 18, 25–27, 37, 38] and showing the bottlenecks
of the POSIX abstractions [14, 15, 20], most real-world deployments
still, conservatively, rely on pread and pwrite.

To make both the hardware and software landscape for NVMe
SSDs more accessible, Samsung built xNVMe [45] that exposes a
single message-passing API to support both asynchronous and syn-
chronous communication with NVMe devices and diverse storage
I/O paths in different OS and userspace libraries with minimal over-
head. The capabilities and high performance of xNVMe have already
been shown using microbenchmarks composed of read and write re-
quests [30], while running xNVMe standalone using the fio tool [11].
Integrating xNVMe into a database management system, however,
have been largely unexplored to the best of our knowledge.

This paper integrates xNVMe into DuckDB [7, 40] without inva-
sive changes to its internals and usage. DuckDB is a state-of-the-art
analytics system that supports out-of-core query execution [23, 24]
but uses POSIX I/O. In contrast to Ottosen et al. [36] that co-designs
DuckDB’s buffer manager with xNVMe, we design a DuckDB ex-
tension for portability over raw performance. More specifically,

• We create a new filesystem extension for DuckDB, nvmefs, that
follows the file abstraction in DuckDB and storage I/O API of
xNVMe and underneath maps data to logical block addresses
directly instead of files.

• We demonstrate how the xNVMe integration with nvmefs gives
DuckDB easy access to io_uring_cmd, spdk, and FDP SSDs.

• Our evaluation shows that DuckDB with nvmefs, and without
any manual tuning, executes I/O-intensive queries up to 50%
faster for an aggregation benchmark [23] and TPC-H [42], and
for non-I/O-intensive cases exhibits similar performance.

The rest of the paper is organized as follows. Section 2 and
Section 3 provide a brief background for xNVMe, before Section 4
describes its integration into DuckDB. Section 5 evaluates the per-
formance of nvmefs. Finally, Section 6 discusses next steps for xNVMe
integration into data-intensive systems, and Section 7 concludes.
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Figure 1: The xNVMe programming model. [44]

2 XNVME
xNVMe is an open-source framework providing a C API and a cross-
platform user-space library (libxnvme) implementing this API for
NVMe devices. The API advocates a command-centric program-
ming model designed around a message passing interface that is
exposed through a queue abstraction to provide both asynchronous
and synchronous API. On top of the xNVMe API are the NVMe com-
mand set-specific APIs that help with command construction and
packaging of NVMe semantics into the general xNVMe command
infrastructure. These NVMe command sets are utilized in building
command-line tools for interacting with NVMe devices. In this
section, we provide a brief exposition of the programming model
of xNVMe. For more details, the reader can consult [30, 45].

Programming Model. xNVMe revolves around expressions for
shipping commands. To do so, one needs a device handle to send
commands to and a buffer to carry the command-payload (if any).
With these things in place, one can choose to send the command
either in a synchronous, blocking, manner or in an asynchronous,
non-blocking, manner via a queue. Figure 1 illustrates the model.

Reading an LBA. We illustrate using the xNVMe API with a
C-style pseudo-code example. The example shows how to read a
logical block address (LBA) from an NVMe device.

A device-handle (xnvme_dev in Listing 1) is obtained by pro-
viding an identifier such as the OS device path (/dev/nvme0n1),
a PCIe-address (0000:03:00.0), or an NVMe-transport endpoint
(10.11.12.42:4200). In addition to the device identifier, options
are selected via xnvme_opts.

The selection of an I/O interface is done by libxnvme which
decides based on the capabilities of the I/O storage paths available
to the library at runtime. This default behavior is overridden by
configuring options, e.g., setting opts.be.async = "io_uring".
In this case libxnvme will use io_uring or fail in creating the
device handle if the library is not present.

1 struct xnvme_opts opts = xnvme_opts_default ();
2 struct xnvme_dev *dev;
3 dev = xnvme_dev_open("/dev/nvme0n1", &opts);
4 if (!dev) exit(errno);

Listing 1: Opening an NVMe device.

With a device-handle in place, one can start preparing the pay-
load buffers for the data to be read (Listing 2). struct xnvme_geo
describes the device characteristics for the payload buffer alloca-
tion. In our example, we are interested in the size of an LBA. The

buffer-allocator, xnvme_buf_alloc(), provides a pointer to virtual
memory, which is aligned according to the I/O constraints of the
provided device (dev) and any potential requirements of the I/O
interface, such as direct memory access (DMA) capability.

1 struct xnvme_geo *geo = xnvme_dev_get_geo(dev);
2 size_t nbytes = geo ->lba_nbytes;
3 void *buf;
4 buf = xnvme_buf_alloc(dev , nbytes);
5 if (!buf) exit(errno);

Listing 2: Preparing payload buffers.

A command-context (xnvme_cmd_ctx) encapsulates the command
(ctx.cmd), the command-completion-status (ctx.cpl), the device
to submit the command to (ctx.dev), or the queue to submit the
command via (ctx.queue). The most significant command-field is the
opcode (ctx.cmd.opcode) because it is the encoding of the opera-
tion to be performed. The command is submitted in a synchronous
manner in Listing 3, with a pre-allocated queue in the background.

1 struct xnvme_cmd_ctx ctx = {
2 .dev = dev ,
3 .mode = XNVME_CMD_SYNC ,
4 .cmd.opcode = XNVME_SPEC_NVM_OPC_READ };
5 err = xnvme_cmd_pass (&ctx , buf , nbytes , 0x0, 0);
6 if (err || xnvme_cmd_ctx_cpl_status (&ctx)) exit(-err);

Listing 3: Submitting a command syncronously.

To perform the operation in asynchronous fashion, a callback
function and a queue must be set up as shown in Listing 4.

1 static void callback(struct xnvme_cmd_ctx *ctx , void *
cb_arg) {

2 if (xnvme_cmd_ctx_cpl_status(ctx)) exit(EIO);
3 }
4 struct xnvme_queue *queue = NULL;
5 err = xnvme_queue_init(dev , 32, 0x0, &queue);
6 if (err) exit(-err);
7 xnvme_queue_set_cb(queue , callback , NULL);
8
9 struct xnvme_cmd_ctx *ctx;
10 ctx = xnvme_queue_get_ctx(queue);
11 ctx ->cmd.opcode = XNVME_SPEC_NVM_OPC_READ;
12 submit:
13 xnvme_cmd_pass(ctx , buf , nbytes , 0x0, 0);

Listing 4: Submitting a command asyncronously.

I/O Path Support. xNVMe currently supports a wide array of I/O
storage paths such as POSIX aio, libaio, Windows IOCP,Windows
IORING, io_uring, io_uring command, psync (pread,pwrite),
block-layer IOCTLs, NVMe driver layer IOCTLs. These storage
paths are supported on compatible OSes, such as Linux, FreeBSD,
Windows, and MacOS. To add to the OS managed storage paths
are the userspace NVMe drivers from SPDK and libvfn. The same
unchanged C API examples outlined previously will work with all
the storage I/O paths outlined above. In case the API is invoked on
a non-NVMe device, then a fallback shim layer maps the NVMe
commands to appropriate OS managed I/O operations. The popular
Linux I/O benchmarking tool fio also provides xNVMe as an I/O
engine [10] in its options.

Language Support. xNVMe is implemented in C for low-level
control for system programming. C++ can directly consume the
C API, and xNVMe provides bindings for Python and Rust. It is
planned to make these bindings idiomatic to reduce the impedance
in integrating the bindings in different programming languages.
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3 WHY XNVME?
In this section, we provide the reasons that prompted the birth of
xNVMe in 2019 and shaped its evolution over time to highlight its fit
for database systems.

3.1 Fracture of the POSIX Interface
The POSIX API was envisaged as the holy grail of contracts between
application developers and the operating system, enabling the cre-
ation of portable and efficient applications through the system call
interface. The POSIX file-based abstractions for storage (e.g., pread,
pwrite) have long been the de facto storage programming primi-
tives, consistent with the UNIX philosophy of “Everything is a
file”. However, the interface was developed nearly 50 years ago
during an era of slow, small storage devices and limited application
diversity. It has fractured over time across different OS in both its
API and semantics due to the following reasons.

Fast Hardware and the Quest for High Performance. Stor-
age hardware has undergone a sea change over the last five decades,
transitioning from tape to HDDs to SSDs, with increasing capacities
and bandwidth at diminishing costs. The advent of NVMe SSDs,
almost fifteen years ago shifted the performance cost tradeoff be-
tween memory and storage toward the storage end [2, 13]. Not only
have capacity and bandwidth improved dramatically, but latency
has also decreased significantly, leading to higher performance
demands from applications. This shift has drawn considerable at-
tention to the performance overheads of kernel storage APIs [4]
compared to userspace I/O libraries, notably SPDK [19], NVMeDi-
rect [21], and NVMeVirt [22].

Over time, SPDK has emerged as the storage I/O library preferred
by applications that require high storage performance, but its API
and design represent a departure from the POSIX storage APIs.
Recently, Linux has also taken note of the performance differences
offered by storage I/O libraries. This has accelerated the mainstream
adoption of io_uring and NVMe I/O Passthru work in the ker-
nel [20]. This line of work borrows several ideas from the userspace
storage library stack, such as shared memory between userspace
and the kernel, asynchronous queuing mechanisms for requests
and responses, and polling, to name a few. Similar divergences for
performance can be observed in other OS as well.

The Need for Asynchronous Storage Interfaces. The POSIX
storage APIs were designed to be synchronous, where the calling
code is blocked until the system call completes. Modern low la-
tency NVMe SSDs require low-overhead decoupling of the I/O
submission and completion paths to efficiently utilize CPU cy-
cles [15, 19]. This has driven the demand for asynchronous storage
APIs. Early attempts at asynchronicity relying on the epoll/select
calls only provided partial asynchronicity and were cumbersome
to use. This led to the introduction of the POSIX asynchronous I/O
API (aio_* system calls). However, these APIs never achieved their
goals of portability and widespread adoption and suffered from per-
formance overheads compared to userspace libraries. More recently,
io_uring has gained attention as a programmable asynchronous
I/O abstraction in Linux for both userspace applications and kernel
subsystems. However, it incurs higher overheads than SPDK and
requires in-depth knowledge of the Linux kernel to achieve high
performance.

Evolution of NVMe SSDs. Although the NVMe protocol stan-
dardizes the programmability contract with SSDs, its command sets
continue to evolve through various technical proposals aimed at
leveraging advances in SSD technology. Emerging types of SSDs
such as FDP SSDs [1] and computational storage SSDs [16], and
upcoming proposals for QoS (Quality of Service) [17] and NVMe
over CXL (Compute Express Link) [12, 33] offer functionality that
extends beyond the traditional read and write abstractions of the
POSIX API. Wrapping these capabilities within a POSIX abstraction
not designed for such use cases inevitably sacrifices their benefits.
Furthermore, experimental extensions to long-established OS ab-
stractions often face resistance from maintainers who prioritize
stability over innovation. As a result, storage vendors must expose
new functionality either (1) through low-level NVMe device drivers
within the OS or (2) via userspace I/O libraries such as SPDK. Both
approaches pose programmability and deployment challenges that
limit usability and adoption. Regardless of the chosen approach,
the POSIX API is effectively abandoned.

3.2 xNVMe and Unification of Storage I/O Paths
This divergence from the unified POSIX API is unfortunate and has
created significant portability and programmability challenges. The
existence of multiple I/O stacks, each with its own assumptions,
syntax, and semantics, introduces a steep learning curve and creates
architecture lock-in that propagates into applications. xNVMe was
introduced nearly six years ago to preserve the motivation behind
the POSIX API of providing a unified interface for NVMe devices
that can flexibly accommodate the fragmentation of storage paths
described earlier. Its design principles are as follows:

(1) Provide an efficient and scalable asynchronous API across
various storage I/O paths.

(2) Achieve native performance of the underlying storage path
while using the xNVMe API.

(3) Provide clear API and semantics rather than generic concep-
tual abstraction for minimalism and extensibility.

3.3 What is xNVMe Good For?
Given the maturity and stability of the project, xNVMe is now well-
positioned to serve a wide range of use cases, namely:

• Storage systems, such as key-value stores, database systems,
and userspace filesystems, which require portability and high
performance across I/O paths but face complexity due to diverse
I/O stacks.

• Virtualization systems, including virtual machine monitors and
hypervisors (e.g., QEMU, Rust-VMM), which can benefit from
a unified library and API to efficiently manage and switch be-
tween multiple storage I/O paths.

• Storage hardware testing, where hardware specifications are
implemented and verified across different programming lan-
guages (e.g., C for firmware, Python for testing), necessitating
flexible tooling without language constraints.

In this paper, we integrate xNVMewith a state-of-the-art database
system, DuckDB, to demonstrate its potential for database systems
and guide its integration into other data-intensive systems and use
cases mentioned above.
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Figure 2: An example of how nvmefs maps the different file types to Logical Block Addresses (LBAs). The LBA ranges for the
database and write-ahead-log consist of a single file. The temporary storage LBA range can contain multiple files. LBAs to file
blocks mapping for the temporary files is maintained by the TemporaryFileMetadataManager in nvmefs.

4 INTEGRATION INTO DUCKDB
DuckDB is an in-process database management system optimized
for analytical processing [7, 40]. As a design principle, DuckDB
keeps its core codebase as simple and dependency-free as possible
to be lightweight and allow easy adoption on a variety of platforms.
Therefore, for integrating xNVMe into DuckDB, we choose to create
a DuckDB community extension [8]1, which we call nvmefs2.

4.1 DuckDB Files & Storage I/O
DuckDB maintains three types of files: database, write-ahead-log
(WAL), and temporary. Database file keeps the database records.
WAL is for the transaction log, to be used for recovery if needed.
Temporary files are responsible for storing the intermediate query
results that are spilled to disk due to lack of space in the buffer pool.
The movement of the data to or from main memory is maintained
by the buffer pool for both the database and temporary files [23].

Each DuckDB file is composed of blocks, where the default block
size is 256 KiB. For temporary files, DuckDB uses different sizes of
blocks, ranging from 32 KiB to 256 KiB. A different file is created
for each block size. The different block sizes help with performing
I/O at a granularity that minimizes fragmentation depending on
the size of the data being persisted [34].

DuckDB provides a FileSystem abstraction to support differ-
ent file system implementations. When an OpenFile call is is-
sued, DuckDB’s VirtualFileSystem determines which supported
filesystem is to be used. The default is the LocalFileSystem, which
uses OS filesystem abstractions and synchronous I/O. This also
helps with DuckDB’s goal of supporting a wide variety of platforms.
However, it also falls short in utilizing modern NVMe storage for
I/O-intensive applications.

4.2 nvmefs: The NVMe File System
nvmefs, the NVMe File System, offers an alternative way to manage
data on disk for DuckDB. It inherits from DuckDB’s FileSystem
for compatibility and is implemented as a DuckDB community
extension. To indicate a file should be handled by nvmefs, the user
needs to add the file path prefix nvmefs://.

Setting the Storage I/O Backend. nvmefs implements storage
I/O following xNVMe’s API (Section 2), hence, supporting all the
storage backends xNVMe supports. The user provides the choice for

1Extensions in DuckDB are compiled as dynamically linked libraries.
2Code and examples can be found at https://github.com/itu-rad/nvmefs. We plan to
upstream nvmefs as a DuckDB community extension.

the backend together with the storage device path in a configuration
file. This file is persisted using DuckDB SECRETs manager, following
the design of other community extensions. At initialization, the I/O
backend choice is read from this configuration information and set
by nvme_opts, as shown in Section 2. If not given, xNVMe chooses
a backend based on what is available at runtime.

LBA Mapping. Since some storage I/O backends bypass OS
layers, such as I/O Passhtru (io_uring_cmd) [20] and spdk [46],
nvmefs directly keeps track of the LBAs assigned to each DuckDB
file. As Figure 2 illustrates, each database, WAL, and temporary
file has its LBA range set. Since there is one database and WAL
file, keeping the start LBA and the current LBA for writes is suffi-
cient. For temporary files, however, the LBA ranges for the many
files may be interleaved. Hence, nvmefs keeps track of the LBAs
assigned to temporary files through a metadata manager, called
TemporaryFileMetadataManager. It maps each temporary file-
name to a list of LBA ranges, as shown in Figure 2, where the
ranges do not have to be consecutive. A TemporaryBlockManager
keeps track of which blocks are free or not.

NVMe Queues. I/O backends that use async I/O need NVMe
queues to be set (Listing 4). nvmefs creates a separate xnvme_queue
for each DuckDB worker thread. This eliminates the need for syn-
chronization when multiple threads access the same queue and is a
common optimization while using NVMe devices [4, 15].

FDP Integration. Flexible Data Placement (FDP) [1] is an emerg-
ing SSD technology that is included in the NVMe base specification.
With FDP, the host can indirectly influence where data is stored
on the SSD to group the data with similar lifetimes onto the same
erase blocks and reduce the extra rewrites during garbage collec-
tion. This, in turn, results in lower write amplification, which is the
ratio between the amount of data actually written to the device vs
the data intended to be written by the application.

We implement FDP support using xNVMe’s I/O Passthru back-
end in nvmefs. Without xNVMe, this implementation has to use the
lower-level io_uring_cmd API, which is more cumbersome and
error-prone compared to relying on the scaffolding and future-
compatibility provided by xNVMe.

In DuckDB, FDP is used to separate the database data from
the temporary data, as the temporary data has the lifetime of a
query, while the database data is stored long term. When nvmefs
opens an nvme_device, it checks whether FDP is enabled on this
device using xNVMe’s get-feature API. If it is enabled, then the write
command receives different placement identifiers for the temporary
and database data. Otherwise, no such identifier is given.

https://github.com/itu-rad/nvmefs
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(a) TPC-H scaling factor 100.

0

20

40

60

80

100

120

140

1 3 5 7 9 11 13 15 17 19 21

ex
ec

ut
io

n
tim

e 
(s

ec
)

tpc-h query

baseline
xnvme
xnvme-fdp

0

1

2

3

4

5

6

1 3 5 7 9 11 13 15 17 19 21

ex
ec

ut
io

n
tim

e 
(s

ec
)

tpc-h query

baseline
xnvme
xnvme-fdp

(b) TPC-H scaling factor 1000.

Figure 3: TPC-H results with DuckDB’s LocalFileSystem (baseline) vs nvmefs using io_uring_cmd I/O backend with (xnvme-fdp)
and without (xnvme) Flexible Data Placement. Buffer pool is 20 GB and number of threads is 16. Only queries with odd numbers
are shown for brevity. Notice the different y-axes across the graphs.

5 EVALUATION
Our evaluation goals are (1) to showcase the flexibility nvmefs,
hence xNVMe, brings to a real-world data management system, and
(2) to investigate the performance impact of modern storage I/O
techniques such as I/O Passthru, SPDK, and FDP on data analytics.

To achieve our goal, we compare nvmefs with different configu-
rations against DuckDB’s default LocalFileSystem, based on the
OS filesystem and synchronous I/O. We use ext4 for the filesys-
tem. Our comparison covers three I/O backends that give a good
overview of the landscape: traditional filesystem, I/O Passthru [20]
(as close to kernel bypass as possible while still using the Linux
kernel infrastructure), and SPDK (user-space NVMe driver) [46].

For this comparison, we use both the standardized analytics
benchmark TPC-H [42] and the aggregation benchmark proposed
by Kuiper et al. [23] to evaluate DuckDB’s performance on aggre-
gation queries when intermediate results must spill to disk.

While already deployed in datacenters, FDP SSDs cannot be
purchased separately yet. Thus, we use a server (Table 1) provided
by Samsung Memory Research Center with FDP SSDs.

Finally, we use xNVMe 0.7.5, SPDK 22.09, and DuckDB 1.2.0. The
buffer pool size and the number of threads for DuckDB in each
experiment will be stated in the corresponding sections. Otherwise,
the default options are kept for DuckDB.

5.1 TPC-H
Figure 3 shows the execution times for TPC-H queries when run
with DuckDB’s LocalFileSystem, baseline, and nvmefs with the
I/O Passthru (io_uring_cmd). In addition to a regular run with
I/O Passthru, xnvme, we evaluate our preliminary support for FDP
SSDs in DuckDB, xnvme-fdp. As Section 4 describes, this support
separates the database and the temporary data on the SSD.

We run TPC-H with scaling factor 100 (Figure 3a) and 1000
(Figure 3b), which results in a database size of 26 GB and 265 GB,
in DuckDB thanks to DuckDB’s compression. For brevity, we show
the results only for the queries with odd numbers, while reporting
average and maximum values from the entire result set.

We set DuckDB’s buffer pool size to 20 GB and the number of
threads per query to 16 in these experiments. This means that the
database itself does not fit into the buffer pool, and there will be

CPU (2×) - Intel(R) Xeon(R) Gold 6342
RAM 500 GB
Cores (Threads) 24 (48)
Clock rate (Turbo) 2.8 (3.5) GHz
L1 (D/I) & L2 per core 48 / 32 KiB & 1.3 MiB
L3 shared cache 36 MiB
Operating system CentOS Stream 9
Kernel (Linux) 6.13.0 (custom)
FDP SSD
Capacity & Block Size 3.76 TB & 4 KiB

Table 1: Hardware specifications.

some intermediate query results creating further I/O pressure. For
a sanity check, we ran experiments with smaller TPC-H scaling
factors, 1 and 10, that can fit into the 20 GB buffer pool. We did not
observe significant performance differences across the baseline and
nvmefs runs for these cases.

From Figure 3, we see that especially query 9 and 13 benefit from
the I/O Passthru backend and FDP. While not shown in Figure 3,
the execution time for query 12 gets halved with FDP.

For the other queries, nvmefs performs within a ∼ 10% variance
of the baseline. The close performance between xnvme and base-
line for these queries can be explained by the impact of the OS
page cache, as also stated by the authors of the I/O Passthru work
[20]. While I/O Passthru bypasses the OS layers and provides a
more direct I/O path through the kernel, it also bypasses the OS
filesystem’s data buffering in memory.

Furthermore, all the experiments exhibit a write-amplification
of ∼1, stemming from the mostly sequential data writing behavior
of the analytical workloads we evaluate in this section. Therefore,
xnvme-fdp performs on-par with the others in most queries.

5.2 Aggregation Benchmark
Figure 4 reports the execution times for the aggregation queries
proposed by Kuiper et al. [23], which are performed on the TPC-H’s
LineItem table. The higher the query number, the more results it
produces, hence, the more I/O pressure expected. Similar to Figure 3,
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(b) Wide: Select all columns in the result.

Figure 4: Aggregation benchmark [23] with queries performing aggregation on TPC-H lineitem table with DuckDB’s
LocalFileSystem (baseline) vs nvmefs using io_uring_cmd I/O backend (xnvme). Buffer pool is 20 GB, number of threads
is 16, and scaling factor is 128. As we go from left-to-right on the x-axes, the queries produce more tuples in the results. Notice
the different y-axes across the graphs.

Figure 4 compares nvmefs with io_uring_cmd backend, xnvme,
with DuckDB’s LocalFileSystem, baseline. We omit FDP results,
as FDP performs almost the same as the runs with no FDP with
nvmefs, since the write amplification is also ∼1 for this workload.

The aggregation benchmark comes with two variants for each
query: thin and wide. The thin queries only select the columns
being grouped, while the wide ones select all columns, creating a
heavier memory pressure and higher chances of spilling to disk. We
run the benchmark with a scaling factor of 128, which results in a
database size of 22 GB, and a buffer pool size of 20 GB. We ran this
benchmark with scaling factors (SF) of 32, 8, and 2 as well. While
the runs with SF=32 behave similarly to the ones with SF=128, SF=8
and SF=2 do not create enough I/O pressure to observe differences
between the baseline and nvmefs. Finally, the number of threads
per query is set to 16 in these experiments as well.

From Figure 4a, we observe that nvmfs does not benefit thin
query variants. These variants do not create as high I/O pressure
with SF=128, and the OS page cache can likely handle most of it
as discussed in Section 5.1. On the other hand, the wide variants
benefit from nvmefs as shown by Figure 4b, with ∼ 20% reduction
in query execution times on average.

5.3 SPDK
Finally, Figure 5 demonstrates how nvmefs, by being built on xnvme,
allows DuckDB to utilize spdk as an I/O backend as well. We run
the same aggregation benchmark from Section 5.2, but with scaling
factor 32 that results in a database size of 5.3 GB. To evaluate a
scenario with heavier I/O pressure, we set DuckDB buffer pool size
to 2 GB and run the wide query variants. The number of threads is
set to 1 in this experiment.

Based on Figure 5, we see that xnvme-spdk delivers 4-30% im-
provement for the query execution times over the baseline. On the
other hand, the io_uring_cmd backend, xnvme, almost halves the
query times for most queries.

While io_uring_cmd consistently outperforms spdk in Figure 5,
we note that a more optimized spdk setup in nvmefs is possible (e.g.,
pre-allocating buffers to pass I/O results). Figure 5 simply underlines
that for I/O-intensive cases, even the out-of-the-box spdk support
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Figure 5: Aggregation benchmark [23] with queries perform-
ing aggregation on TPC-H lineitem table with DuckDB’s
LocalFileSystem (baseline) vs nvmefs using io_uring_cmd
(xnvme) and spdk (xnvme-spdk) as I/O backends. Buffer pool
is 2 GB, number of threads is 1, scaling factor is 32, and
queries use the wide variant. As we go from left-to-right on
the x-axis, the queries produce more tuples in the results.

of xnvme benefits DuckDB, while releasing the end-users from the
configuration hurdles of SPDK [43].

6 ROAD AHEAD
Section 5 shows (1) how integrating xNVMe makes the modern stor-
age I/O more accessible for a state-of-the-art database management
system such as DuckDB in a non-intrusive way, and (2) how that
access translates to higher performance for I/O-intensive cases.
There are further avenues to explore to achieve a more holistic inte-
gration between the data-intensive systems in general and modern
I/O stack. We list some of them in this section.

Optimizing the Integration. While Section 5 reports very
promising results for nvmefs, our xNVMe integration is a preliminary
one, and further code optimizations are possible. For example, when
it comes to the synchronization points, it is worthwhile to investi-
gate if all is needed and whether some that relies on mutexes can be
redesigned to use atomic operations instead. Furthermore, modern
I/O paths have many tuning knobs. While xNVMe gives a robust
default configuration for the I/O options it supports, with further



Flexible I/O for Database Management Systems with xNVMe CIDR26, January 18-21, 2026., Chaminade, USA

experimentation it would be possible to achieve more workload-
and hardware-aware configurations. As stated in Section 5.3, for
example, the SPDK backend can deliver even higher performance
through optimizations such as pre-allocated buffers. In addition,
experimenting with different FDP placement options can be an
avenue for further optimization.

Other Database Systems. This work proposes a way to inte-
grate xNVMe into a database system in addition to demonstrating
the benefits of this integration. We hope that this encourages more
people to invest in the time to do such integration for other database
systems (e.g., PostgreSQL, CockroachDB, LeanStore). We advocate
that integration of xNVMe is a more robust and sustainable solution
to leverage the capabilities of modern storage instead of creating
separate solutions for the different I/O backends or storage devices.

Other Database Workloads. By integrating xNVMe to other
systems, we can also test its performance impact on other popular
database workloads, such as online transaction processing (OLTP).
OLTP workloads have higher random access patterns compared to
the analytical workloads Section 5 evaluates. Hence, they tend to
exhibit a higher write amplification. We expect, therefore, OLTP
workloads and OLTP-optimized database systems would benefit
more from FDP SSDs. We are aware that the LeanStore [26] team
has done some work to integrate xNVMe into LeanStore. However,
we are not aware of the results or a public codebase.

Accelerator-Centric I/O. Efficient and fast storage access from
hardware accelerators, especially GPUs, has recently gained atten-
tion with the popularity of the AI workloads. This trend has driven
demand for direct, low-cost access to storage with minimal CPU
overhead [32, 41]. However, recent efforts [5, 39] have produced ad
hoc programming models and APIs that not only require familiarity
with low-level hardware interfaces, such as PCIe and NVMe, but
also tightly couple applications to specific hardware technologies.

While these solutions leverage advanced hardware capabilities ef-
fectively, their diversity echoes the fragmentation seen with POSIX
storage APIs following the introduction of newer NVMe SSDs. We
view this trend as an opportunity for xNVMe to establish a standard-
ized programming model and API for GPU applications, one that
manages underlying hardware seamlessly while enabling efficient,
direct storage access. We are actively exploring abstractions and
implementations that facilitate data exchange between GPUs and
modern NVMe storage devices [28, 29].

7 CONCLUSION
Despite the availability of a rich NVMe feature set and diverse
I/O backends, most modern database management systems still
rely on the traditional OS filesystem abstractions and synchronous
I/O. In this work, we propose to leverage the xNVMe framework
to offer a more flexible storage I/O backend for database systems.
To evaluate this proposal, we integrate xNVMe into DuckDB by
adding a new filesystem to DuckDB, nvmefs. We demonstrate that
with nvmefs, DuckDB can now use state-of-the-art I/O backends
such as IO Passthru and SPDK in addition to a wider variety of
SSD types such as FDP SSDs, without requiring intrusive code
changes. Compared to DuckDB’s default filesystem (OS filesystem
and synchronous I/O backend), nvmefs can even halve the execution
times of some queries from the standardized TPC-H benchmark

and an aggregation benchmark proposed by the DuckDB team. We
hope that our experience with nvmefs encourages and helps more in
the community to integrate xNVMe into their data-intensive systems
to leverage modern NVMe landscape.
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